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Abstract. Determination of the radial profile of phase space
density of relativistic electrons at constant adiabatic invari-
ants is crucial for identifying the source for them within the
outer radiation belt. The commonly used method is to con-
vert flux observed at fixed energy to phase space density at
constant first, second and third adiabatic invariants, which
requires an empirical global magnetic field model and thus
might produce some uncertainties in the final results. From
a different perspective, in this paper we indirectly infer the
shape of the radial profile of phase space density of rela-
tivistic electrons near the geosynchronous region by statisti-
cally examining the geosynchronous energetic flux response
to 128 solar wind dynamic pressure enhancements during the
years 2000 to 2003. We thus avoid the disadvantage of us-
ing empirical magnetic field models. Our results show that
the flux response is species and energy dependent. For pro-
tons and low-energy electrons, the primary response to mag-
netospheric compression is an increase in flux at geosyn-
chronous orbit. For relativistic electrons, the dominant re-
sponse is a decrease in flux, which implies that the phase
space density decreases toward increasing radial distance at
geosynchronous orbit and leads to a local peak inside of
geosynchronous orbit. The flux response of protons and non-
relativistic electrons could result from a phase density that in-
creases toward increasing radial distance, but this cannot be
determined for sure due to the particle energization associ-
ated with pressure enhancements. Our results for relativistic
electrons are consistent with previous results obtained using
magnetic field models, thus providing additional confirma-
tion that these results are correct and indicating that they are
not the result of errors in their selected magnetic field model.
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1 Introduction

Enhancements of relativistic electron fluxes in the outer radi-
ation belt have been frequently observed during geomagnetic
disturbances (Friedel et al., 2002, and references therein).
The processes that accelerate these electrons have received
much attention by researchers. Recent proposals fall into two
categories. One attributes the acceleration to the transport of
a population of electrons from the outer magnetosphere by
radial diffusion, which has been referred to as an external
acceleration mechanism, and the other relies on the accel-
eration of the electron population already present in the in-
ner magnetosphere through wave-particle interactions, which
was referred to as an internal acceleration mechanism (Frei-
del et al., 2002; Green and Kivelson, 2004; Chen et al., 2005,
2007, and reference therein; Summers et al., 2007; Hudson
et al., 2008). Different mechanisms produce different radial
gradients of phase space density as a function of adiabatic
invariants. Radial diffusion causes a radial profile with pos-
itive gradient in the vicinity of geosynchronous, while inter-
nal acceleration generally leads to a peak inside of geosyn-
chronous. Deriving the radial profile of phase space density
in terms of three adiabatic invariants and tracing its time de-
velopment is crucial in identifying different accelerations of
relativistic electrons in the outer radiation belt. The com-
monly used method is to convert the flux observed at fixed
energy to phase space density at constant first, second and
third adiabatic invariants. Many papers have been written on
this topic recently (Selesnick and Blake, 1997, 2000; Hilmer
et al., 2000; McAdams et al., 2001; Green and Kivelson,
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2004; Onsager et al., 2004; Taylor et al., 2004; Iles et al.,
2006; Chen et al., 2005, 2007).

One of the possible uncertainties that might be introduced
in those studies is associated with the global magnetic field
model chosen to calculate the adiabatic invariants when de-
riving phase space density as a function of them (Green and
Kivelson, 2004; Chen et al., 2005, 2007). For example,
Green and Kivelson (2004) derived the radial profile of phase
space density of relativistic electrons at constant first and sec-
ond adiabatic invariants using data from the POLAR space-
craft along with the Tsyganenko geomagnetic field model
(T96) (Tsyganenko and Stern, 1996) for the time intervals
before and during magnetic storms. They found that the day-
side radial profile has a peak inside geosynchronous orbit,
which is consistent with an internal acceleration mechanism,
but that the night side radial profile has a phase space density
maximum always outside of geosynchronous, which is more
consistent with an external acceleration mechanism. Green
and Kivelson (2004) argued that the inconsistency between
dayside and night side comes from the imperfection of the
magnetic field model used in their study, and they concluded
that relativistic electrons are accelerated primarily by an in-
ternal acceleration mechanism earthward of geosynchronous
orbit during magnetic storms. Chen et al. (2005) calculated
phase space density profiles in the geosynchronous region
and used a variety of magnetic field models to show how re-
sults could be substantially different based on the magnetic
field model. It is clear that such results for phase space den-
sity radial profiles are strongly magnetic field model depen-
dent.

Chen et al. (2005) determined the relativistic electron
phase space density at geosynchronous by using multi-
satellite observations of energetic electron fluxes from
geosynchronous satellites during quiet times. The reason
they chose quiet times was to minimize the influence of the
empirical magnetic field models used in their study due to the
relative lack of dynamic variation of the Earth’s geomagnetic
field during quiet times and the models being more capa-
ble of reproducing quiet-time magnetic fields than disturbed
magnetic fields. They found that the quiet-time radial profile
of electron phase space density is energy-dependent. Low-
energy electrons have a positive or flat slope in the vicinity of
geosynchronous, while high-energy electrons have a negative
slope beginning from some location within geosynchronous
orbit. Similar to Green and Kivelson (2004), their results
were also sensitive to the magnetic field model choice and
the error causing by the two different magnetic field models
used in their paper was estimated.

More recently, Chen et al. (2007) found that the radial
profiles of relativistic electrons under storm main phase, re-
covery phase, non-storm phase (or quiet times) and over-
all conditions all have a peak inside of geosynchronous or-
bit. More importantly, Chen et al. (2007) monitored the
radial PSD profiles in time and found that the peaks earth-
ward of geosynchronous are persistent in time, indicating

that an external source of acceleration (radial diffusion) is
unlikely, as that could provide the occasional negative slopes
at geosynchronous but the positive slopes should dominate
in time. Therefore, Chen et al. (2007) argued that such fre-
quent and persistent peaks in equatorial electron PSD near
or inside geosynchronous orbit provide unambiguous evi-
dence for local wave-particle acceleration. Still, the results of
this study are dependent on empirical magnetic field models,
even though the authors did take extra care to minimize that
uncertainty. Thus, more evidence is needed, especially evi-
dence that is not magnetic-field-dependent. At the same time,
further evidence on the gradient of radial profiles under quiet
time conditions is also worthy of investigation. In this paper,
we address these two issues from a different perspective than
the previous works by examining the geosynchronous flux
response to solar wind dynamic pressure enhancements.

Solar wind dynamic pressure enhancements can increase
the magnetospheric magnetic field, which is associated with
an induced electric field that moves particles earthward and
energizes the particles (Shi et al., 2005, 2006). This leads
to significant disturbances of the energetic particle fluxes in
the inner magnetosphere (Li et al., 1993, 1998, 2003; Hud-
son et al., 1998; Lee and Lyons, 2005). Figure 1 shows an
example of a typical response of the geosynchronous elec-
tron flux to an abrupt solar wind pressure enhancement oc-
curring on 18 August 2002. The solar wind data is from ACE
spacecraft and propagated to 17RE using the Weimer’s so-
lar wind propagation technique (Weimer et al., 2003). The
vertical lines indicate the onset of the pressure enhancement.
We plot nine energy channels ranging from 50–75 keV to 1.1
to 1.5 MeV from the top to bottom in each panel. Notice
that the low-energy channels show a flux increase, whereas
the high-energy channels show a flux decrease. For protons
(figure not shown here), all energy channels show a flux in-
crease. This pressure enhancement occurred during a non-
storm time (see the SYM-H panel in Fig. 1). It is clear that
the responses are species and energy dependent. Since solar
wind dynamic pressure enhancements compress the magne-
tosphere, they transport particles inward from larger radial
distance while conserving the first (µ) and second (J ) adi-
abatic invariants. The combination of the pre-existing ra-
dial distribution of phase space density at constantµ and
J and the adiabatic acceleration of particles thus determines
the flux response observed at geosynchronous orbit. There-
fore the response of the energetic particle fluxes at geosyn-
chronous reveals information on the radial profile of their
phase space density just prior to compression.

Since different acceleration mechanisms are expected to
lead to different radial profiles of phase space density, the
geosynchronous flux responses can thus be used as an indi-
cator of the different mechanisms. However, for a conclusive
determination of the acceleration mechanism, observation of
the time development of the radial PSD profiles is necessary.
This is not possible with the technique presented in this pa-
per.
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Fig. 1. An example of typical response of geosynchronous electron flux to a solar wind pressure enhancement occurring on 18 August 2002.
The solar wind data is from ACE spacecraft and propagated to 17RE . The fluxes of 9 energy channels ranging from 50–75 keV to 1.1 to
1.5 MeV from the top to the bottom of each panel are plotted for each available LANL satellite.

When evaluating the response of geosynchronous fluxes
to magnetospheric compressions it is important to note that
a detector measuring flux at a constant energy at a fixed lo-
cation may see somewhat lowerµ particles after a pressure
increase than before because of the increase in the magnetic
field. It is thus necessary to take into consideration the fact
the phase space density decreases with increasingµ when
inferring information on the particle radial profiles. We will
explore this further in the Discussion section.

Although the method we employ in this paper cannot
quantitatively derive phase space density gradients, as did
the previous papers by using a magnetic field model, it can
provide indirect evidence of some of the features of radial
profile from a different perspective and gives results that are
not magnetic field model dependent.

We statistically investigate the response of geosyn-
chronous energetic particle fluxes to 128 abrupt solar wind
dynamic pressure enhancements. It has been know for many
years that there is an equilibrium structure of radiation belt
electrons during quiet times that represent a balance between
pitch-angle scattering losses and radial diffusion (Lyons and
Thorne, 1973). This implies that radial diffusion is essen-
tially continuous. Furthermore, local acceleration is be-
lieved to result from electrons convecting into the near-Earth
plasma sheet in association with convection. This is also
a process that happens essentially continuously. It is only
a matter of the intensity of the process, relative to losses,
that gives the well-known enhancements of relativistic elec-
trons. During more geomagnetically active times the pro-
cesses of convection and radial diffusion are naturally even
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(a)

(b)

Fig. 2. (a)Local-time distribution of proton flux responses to the dynamic pressure enhancements for 5 selected individual energy channels.
The red lines represent percentage of events showing flux increase; the green ones are percentage of events showing no discernible flux
change and the blue ones are percentage of events showing flux decrease.(b) The same as panel (a), except that it if for electrons.

more enhanced. A compression event due to solar wind dy-
namic pressure enhancements reveals the PSD profile that ex-
isted before the compression. Since radial diffusion and con-
vection occur continuously, a significant statistical sample of
compression events will statistically reveal the PSD profiles

under a variety of geomagnetic conditions. We present the
statistical results for all of our events occurring during both
storm times (i.e. main and recovery phase) and non-storm
times, and the results only for non-storm time events. We
use the response to infer information on the radial profile

Ann. Geophys., 27, 851–859, 2009 www.ann-geophys.net/27/851/2009/
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of phase space density for different energy channels and
species, and discuss the implications of the inferred radial
profile on the acceleration of relativistic electrons for non-
storm times as well as storm times and compare this to what
is found for lower energy electrons and protons

2 Data

We use the propagated solar wind data (Weimer et al., 2003)
to identify the pressure enhancements and the relevant solar
wind and IMF conditions. We select all available pressure
enhancements during the years of 2001 to 2003 that satisfy
the following criteria.

– The change of the dynamic pressure is sharp, i.e. sudden
and rapid pressure jump. The duration of period of high
pressure is at least 30 min.

– The increase in pressure is1P≥1 nPa and
1P/P0≥0.5, whereP0 is the pressure prior to the
enhancement.

– Observations are available from at least two LANL
spacecrafts.

The application of the above criteria resulted in 128 pressure
enhancement events.

We use the LANL energetic particle fluxes obtained from
geosynchronous satellites. We use the SYM-H index (Iye-
mori and Rao, 1996) to identify magnetic storms occurring
during the above period. Our statistics show that 62% of the
pressure enhancements occurred during quiet times, 22% at
storm sudden commencement and 16% during a storm main
phase or recovery phase. In this study, magnetic storms are
chosen as those with minimum SYM-H less than−50 nT.
For each one of the 128 pressure enhancement events, we
recorde the flux response (increase, decrease, or no dis-
cernible change) of each energy channel for both electrons
and protons and with respect to the MLT location of the ob-
serving LANL spacecraft that measured that particular flux.

3 Statistical results and discussion

Figure 2a shows the local-time distribution of the responses
of proton fluxes to solar wind dynamic pressure enhance-
ments for 5 selected individual energy channels for all 128
events. The red dots give the percentage of flux increase
events, the green dots give the percentage of no discernible
flux change events, and the blue dots give the percentage of
flux decrease events. To more clearly show the trends, lines
are drawn that give the three-point boxcar average of succes-
sive points for each panel. It is clear that the dominant re-
sponse for each energy channel for protons is a flux increase,
the number of flux increase events significantly exceeding the

number of flux decrease events. For the 1.9–3.1 MeV chan-
nel, most of the measurements were below the background so
the event sample is not large enough for the results to have
statistical significance.

Figure 2b shows the local-time distribution of electron flux
responses for 5 selected individual energy channels. It is
clear that for low energy electrons, the dominant response is a
flux increase. However, for relativistic electrons (>500 keV),
the primary response is a flux decrease, the number of flux
decrease events substantially exceeding the number of flux
increase events. We also see a noon-midnight asymmetry for
the flux decrease events, more flux decrease events occurring
on night side than on day side.

GOES 10 observations of>0.6 MeV electrons and 0.7–
4 MeV protons (figures not shown here) during the same
pressure enhancements give the same statistical results,
namely the dominance of proton flux increases at all ener-
gies, and of relativistic electron flux decreases. Note that we
have only evaluated the direct compression effect of pressure
enhancements on the particle flux by comparing the flux just
before and after the pressure enhancements. Later flux vari-
ations after the initial compression, such as considered by Li
et al. (2003), are not considered here.

We consider for simplicity only equatorially mirroring par-
ticles and assume thatµ is conserved in the following dis-
cussion. This is a reasonable assumption for the energetic
electrons at geosynchronous, since energetic electrons gen-
erally undergo weak pitch angle diffusion except very near
the outer boundary of trapping (Lyons, 1997, and references
therein). The assumption is less realistic for protons, since
current sheet scattering can bring them closer to isotropy
(Lyons, 1997). However, the arguments below also hold for
isotropic distributions, except that they apply at constant en-
ergy invariantλ=WkV

2/3 (Wolf, 1983; Wang et al., 2001)
instead of at constantµ, whereWk is particle energy andV
is flux tube volume.

Considering only the radial displacement effect first, for
protons and low-energy electrons, the statistics imply that
the phase space density at the onset of the pressure enhance-
ments at geosynchronous orbit often increased with increas-
ing radial distanceL. Figure 3a schematically shows the
inferred radial profile of phase space density at constantµ

andJ (presumed in this discussion to be 0) prior to and af-
ter the onset of the pressure enhancements suggested by our
statistics. The black line shows the profile prior to the on-
set of pressure enhancements, which is assumed to have a
peak somewhere beyond geosynchronous orbit. The grey
line is the profile after the onset when the distribution has
been pushed earthward with the compression, which shows
how the LANL instruments would observe the population
with larger phase space density that was originally outside
of geosynchronous orbit. This shows how such a radial pro-
file would lead to an enhancement of particle flux at geosyn-
chronous orbit.

www.ann-geophys.net/27/851/2009/ Ann. Geophys., 27, 851–859, 2009
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Fig. 3. Schematic radial profiles of phase space density at con-
stantµ andJ inferred from the particles’ response to the dynamic
pressure enhancements.(a) For protons and low-energy electrons;
(b) For relativistic electrons. The black lines represent the profile
prior to the pressure enhancements. The grey lines represent the
profile after the onset of the pressure enhancements.

Now, we consider that compression can increase the mag-
netic field, which can dramatically alter the above simpli-
fied inference. Since the particle detectors measure fluxes
within fixed energy channels, theµ values measured by the
detectors may actually be somewhat reduced after the pres-
sure enhancement, which by itself would be expected to lead
to a flux increase because of the increase in energetic particle
fluxes with decreasing energy. Thus we cannot be sure that
the radial profiles at fixedµ actually increased with increas-
ing radial distance for each case where an increase in fluxes
was observed. For example, even if the radial profile were
flat before compression, the adiabatic acceleration would still
lead to small flux enhancements. On the other hand, if the
radial profile actually had a negative slope beyond geosyn-
chronous, we could still observe a flux enhancement if the
flux enhancement from the decrease inµ values exceeded the
flux decrease due to the radial displacement. At this point,
we cannot test the extent to which this occurred only based

on our data and we are therefore not able to draw any conclu-
sions on the PSD radial profiles of protons or non-relativistic
electrons. Despite this limitation, the contrast with the rela-
tivistic electrons discussed below remains.

For relativistic electrons, the statistics imply that the phase
space density at the onset of the pressure enhancements at
geosynchronous obit often decreased with increasing radial
distanceL. Figure 3b schematically shows the radial profile
of relativistic electrons. It illustrates how, after the onset of
a pressure enhancement, the LANL instruments would ob-
serve the population with smaller phase space density origi-
nally outside of geosynchronous orbit, resulting in a decrease
of relativistic electron fluxes at geosynchronous orbit, based
solely on radial adiabatic displacement. Since the detectors
actually measured a somewhat smallerµ after the compres-
sions, which by itself would lead to flux enhancements, we
can be confident of the inferred phase space density decrease
with increasing radial distance and the contrast with the ra-
dial profiles of protons and lower energy electrons. This in-
dicates that the radial profile of relativistic electrons often
peaks earthward of geosynchronous orbit. While we are not
able to conclusively differentiate between an internal or ex-
ternal acceleration mechanism (we do not monitor the time
development of the PSD profile), our result that relativis-
tic electrons often peaks inside of the geosynchronous orbit
is consistent with the results of Green and Kivelson (2004)
and suggests that the result often applies to non-storm condi-
tions, which, in turn, is consistent with the results of Chen et
al. (2005, 2007). Our results thus complement these earlier
results in showing that the relativistic electron PSD statisti-
cally has a peak earthward of geosynchronous and it is not
magnetic field model dependent.

In addition, Lyatsky and Khazanov (2008) found that the
short time scale flux variation of relativistic electrons at
geosynchronous orbit has negative correlation with increas-
ing solar wind density. Since number density is the major
contributor to dynamic pressure, our results that solar wind
dynamic pressure enhancements cause decreasing relativistic
electron flux at geosynchronous are consistent with Lyatsky
and Khazanov (2008).

To demonstrate that the results inferred from Fig. 2 are
not prejudiced by the inclusion of stormtime events, Fig. 4
shows a comparison of protons and electron statistics for two
selected channels for the non-stormtime events, where we
have excluded events occurring during the main and recov-
ery phases of the identified magnetic storms. Storm sudden
commencement events are included, because they reflect the
pre-storm radial profiles. It is clear that, for protons and low-
energy electrons, the dominant response to a compression
is also a flux increase. For relativistic electrons, however,
the primary response is a flux decrease. The statistics for
non-storm conditions in Fig. 4 is quite similar to the overall
statistics shown in Fig. 2a and b, implying that the inferences
above concerning the radial profiles of phase space density
indeed do apply to non-storm conditions.

Ann. Geophys., 27, 851–859, 2009 www.ann-geophys.net/27/851/2009/
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Fig. 4. Local-time distribution of proton and electron flux response
to the dynamic pressure enhancements for 2 selected channels each
for protons and electrons during non-storm times.

Note that we do not have enough storm-time events (only
20 cases) to show the detailed local time distribution of each
flux variation category as shown in Figs. 2 and 4. But, the
storm-time plots do show the same trend of each flux varia-
tion as the non-storm and the overall cases shown in Figs. 4
and 2, i.e. a flux decrease is dominant for relativistic elec-
trons, but flux increases dominate for low energy electrons
and for protons. Figure 5 shows the statistics for the storm
time events. The percentage of flux increase, decrease and
no change events averaged over all MLT is shown instead of
the fitting curves as functions of MLT, due to lack of suffi-
cient samples. It is clear that the trend for each flux vari-
ation category of electrons and protons is the same as for
the non-storm and overall statistics shown in Figs. 4 and 2.
These results thus suggest that, statistically, consistent with
the results of Chen et al. (2007), the peak of the relativistic
electron PSD is inward of geosynchronous. While Chen et
al. (2007) were able to reliably attribute the peak of PSD to
an internal acceleration mechanism, we are not able to make
such a determination here. The fact that the majority of rel-
ativistic electron fluxes decrease after a compression, does
suggest an internal acceleration mechanism for at least part
of the time. However, Figs. 2 and 4 do indicate a sizeable
number of events with relativistic electron flux increases, so
sudden changes in radial diffusion cannot be discounted as

Fig. 5. The same as Fig. 4, except that it is for storm times and
that it plots the averaged percentage of each flux variation category
instead of the fitting curves.

the source of the PSD peak inward of geosynchronous, for
possibly a smaller part of the time.

There are several wave-particle interaction models pro-
posed to be the possible internal acceleration mechanisms
(Friedel et al., 2002). However, our analysis does not give
new information that would help distinguish between the dif-
ferent proposals.

Our statistics also show a significant noon-midnight asym-
metry of flux decrease events for relativistic electrons (see
bottom middle panel of Fig. 2b, and bottom right panel of
Fig. 4), i.e. more flux decrease events occurring on the night
side than on the dayside. This is consistent with the asym-
metry of magnetic drift paths of equatorially mirroring elec-
trons, which drift following constant magnetic field contours.
The magnetic field is typically more stretched near midnight
and more compressed near noon. Furthermore, studies on
the response of the magnetic field at geosynchronous orbit
to solar wind dynamic pressure changes (Wind and Sibeck,
1997; Borodkova et al., 2005; Wang et al., 2008) suggest
that the magnetic field increases more near noon than on the
night side as a response to solar wind dynamic pressure en-
hancements, which will add to the day-night magnetic field
asymmetry. This asymmetry causes electrons of a particular
energy to move outward at noon and inward at midnight rel-
ative to their drift trajectories in a dipole magnetic field. This

www.ann-geophys.net/27/851/2009/ Ann. Geophys., 27, 851–859, 2009
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suggests that, statistically, the peak of radial profile of rela-
tivistic electrons is more often earthward of geosynchronous
orbit on the night side than on the dayside. Note that we do
not have enough events to evaluate this asymmetry for storm-
time cases.

4 Conclusions

We have inferred some features of the radial profiles of en-
ergetic particles through a statistical study of the geosyn-
chronous particle flux responses to solar wind dynamic pres-
sure enhancements, the majority of which (84%) did not oc-
cur during the main or recovery phase of a magnetic storm.
(Events that were sudden commencements reflect non-storm-
time radial profiles). For protons and low-energy electrons,
the primary response to a pressure enhancement is a flux in-
crease. For relativistic electrons, the dominant response is a
flux decrease, which implies that the radial profile of phase
space density often peaks earthward of geosynchronous or-
bit.

While we are not able to conclusively infer the PSD ra-
dial profile for protons and low energy electrons, because of
the decrease inµ values measured by fixed-energy particle
detectors after a compression, there is a clear contrast with
the inference that the peak of phase space density for rela-
tivistic electrons is within geosynchronous orbit. We have
shown this statistically and without the use of a magnetic
field model. Our result is in agreement with what was found
by Chen et al. (2007), but we are not able to conclusively ar-
gue for an internal or external acceleration mechanism as the
source of the PSD peak, as Chen et al. (2007) have done.

Although our work gives only indirect evidence of the
source of relativistic electrons, and is limited by our sim-
ple equatorial-mirroring assumption, our results complement
those of Green and Kivelson (2004) and Chen et al. (2005,
2007) by being from a different perspective and by not being
magnetic field model dependent. Our results also confirm the
results of Chen et al. (2007), in which the radial profiles of
relativistic electrons during quiet times and storm times were
found to peak earthward of geosynchronous orbit.
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