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[1] It is well known that fluxes of relativistic electrons in the Earth’s magnetosphere well
correlate with solar wind speed but surprisingly they show a weaker correlation with
geomagnetic activity indices. For a long time, this result seemed puzzling since
geomagnetic disturbances, measured by geomagnetic activity indices, are associated with
strong electric fields and low-frequency waves, which should significantly affect
(directly or indirectly) the particle acceleration to high energies. To understand why the
relativistic electron fluxes show the relatively weak correlation with geomagnetic
disturbances, we investigated statistically the data of relativistic electrons at
geostationary orbit for 6 years (1997–2002) and compared these data with solar wind
parameters and geomagnetic activity indices. We found that, for the generation of the
strong electron fluxes, the combination of two factors is needed: (1) strong geomagnetic
disturbances about two days before the following increases in electron fluxes and
(2) low solar wind density within these 2-day intervals between the geomagnetic
disturbances and following increases in the electron fluxes. By these conditions, the
correlation between the electron fluxes and geomagnetic indices is improved and
becomes higher than the correlation between the electron fluxes and solar wind speed. A
large majority of the strongest relativistic electron events occurred just during these
conditions. This allows us to suggest that not solar wind speed alone but rather
geomagnetic activity combined with low solar wind density conditions may be a primary
cause for the generation of relativistic electrons.
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1. Introduction

[2] Relativistic electrons in the Earth’s magnetosphere are
one of most hazardous phenomena in geospace environ-
ment. Understanding the cause of this phenomenon is an
important area of research. However, despite extensive
studies by many researchers, the behavior of relativistic
electrons is yet not well clear.
[3] The results of statistical analysis showed (Paulikas

and Blake [1979], Baker et al. [1998], O’Brien et al. [2001],
Li and Temerin [2001], Li et al. [2005], and many others)
that the relativistic electron fluxes well correlate with solar
wind speed but show a weaker correlation with geomagnetic
activity indices. Enhancements of electron fluxes occur after
increasing the solar wind speed or geomagnetic activity
with a time delay that increases with energy [Li et al.,
2005]. For relativistic (>2 MeV) electrons at geostationary
orbit, the time delay is about 2 days [O’Brien et al., 2001; Li
et al., 2005; Lyatsky and Khazanov, 2008].
[4] It is commonly suggested [e.g., Baker et al., 1998;

Meredith et al., 2002, 2003; Horne et al., 2005; Li et al.,

2005] that electron acceleration to high energies includes
two stages: first, plasma sheet electrons are accelerated in
the auroral zone during magnetospheric substorms and then
they are accelerated in the inner magnetosphere by low-
frequency waves, so that the total acceleration to relativistic
energies may take some days. The good correlation of
relativistic electrons with solar wind speed led to the
suggestion that a dominant role in the generation of these
electrons is played by low-frequency waves, generated by
high-speed solar wind. Rostoker et al. [1998], Baker et al.
[1998], Elkington et al. [1999],O’Brien et al. [2001], Li et al.
[2005], and others suggested that primarily accelerated
electrons with energy of about 100 keV undergo additional
acceleration by ULF waves, driven by high-speed solar
wind due to the Kelvin-Helmholtz instability on magneto-
pause flunks or random compressions-decompressions of
dayside magnetosphere. On the other hand, Meredith et al.
[2002, 2003], Horne et al. [2005], Summers et al. [2007]
and other researchers investigated electron energization due
to resonant interaction with the very-low-frequency (VLF)
‘‘chorus’’ waves, driven by magnetospheric substorms.
[5] The relatively weak correlation of relativistic electron

fluxes with geomagnetic activity indices seems puzzling
[e.g., Li and Temerin, 2001; Li et al., 2001]. Varying electric
fields of large-scale geomagnetic disturbances, such as
magnetospheric substorms, are much stronger than electric
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fields of ULF waves. As to another candidate, the VLF
‘‘chorus’’ waves, they occur during substorms and their
occurrence well correlate with substorm activity. Why
almost all other phenomena in the magnetosphere and
ionosphere well correlate with geomagnetic activity indices
but relativistic electrons better correlate with solar wind
speed?
[6] In our previous paper [Lyatsky and Khazanov, 2008],

we examined the relationship between relativistic electron
fluxes at geostationary orbit and two solar wind parameters,
the speed and density. We found that solar wind density
plays an important role in the decay of relativistic electrons.
In the present paper, we are investigating the effect of
geomagnetic disturbances on relativistic electrons. One of
the purposes of this paper is to answer on the question: why
relativistic electron fluxes correlate with solar wind speed
better than they correlate with geomagnetic activity?

2. Data Used for Analysis

[7] We used for the analysis the data of relativistic
(>2 MeV) electron fluxes measured with the Goes-8 and
Goes-10 satellites, upstream solar wind data, and geomag-
netic activity indices for six years from 1997 through 2002.
The data of relativistic electron fluxes are available from
the NOAA web site at http://spidr.ngdc.noaa.gov; we note
that the data from Goes-10 are available only from July
1998 through 2002. The solar wind data and Kp geomag-
netic activity indices were obtained from OMNI data set
(ftp://nssdcftp.gsfc.nasa.gov/spacecraft_data/omni). The au-
roral electrojet AL indices were obtained from the Kyoto
World Data Center (http://swdcdb.kugi.kyoto-u.ac.jp).

3. Results of Analysis

[8] In this study, we examined the relationship between
relativistic electron fluxes at geostationary orbit and four
quantities: solar wind speed and density, and two geomag-
netic activity indices: the auroral electrojet AL index, and
Kp index. The auroral electrojet AL index shows activity of
magnetospheric substorms which are the strongest distur-
bances at high latitudes, while the Kp index shows geo-
magnetic activity at subauroral and middle latitudes. We
examined the correlation of the electron fluxes with the
square root of the AL index, which improves the correlation.
Since the AL index is usually negative, we took the root
square of the absolute value of this index.
[9] We used for the analysis the daily mean values of the

relativistic (>2 MeV) electron fluxes, the solar wind speed,
and geomagnetic activity indices. Since measurements of
small values of relativistic electron fluxes and solar wind
density, n, may contain large errors, we examined events for
log Fe > 0 and the solar wind density n > 2 cm�3. While
investigating the correlation of the electron fluxes with solar
wind speed and geomagnetic activity, we found that the
responses in relativistic (>2 MeV) electron fluxes follow the
variations in solar wind speed and geomagnetic activity
indices with a significant time delay of about 2 days, which
is consistent with results by O’Brien et al. [2001] and Li
et al. [2005]. Therefore for the analysis we used the 2-day
delay in data of relativistic electron fluxes while correlating

them with solar wind speed and geomagnetic activity
indices.
[10] Figure 1 shows the correlation between the geomag-

netic activity Kp index and log Fe, where Fe is relativistic
electron fluxes as measured with Goes-8 and Goes-10
spacecraft, for 6 years: 1997–2002. One can see that the
correlation is not high: the correlation coefficient is �0.37–
0.38 only. Increasing in the time-delay to 2.5–3 days
insignificantly affects the correlation. This correlation be-
tween the Kp index and log Fe is significantly worse than
that between solar wind speed and log Fe (see e.g., Lyatsky
and Khazanov [2008], where the correlation coefficient for
the correlation between solar wind speed and log Fe was
found to be �0.54–57 for the same time period, which is
consistent with results by Paulikas and Blake [1979],
O’Brien et al. [2001], Li et al. [2005], and others).

Figure 1. Correlation patterns for daily mean values of log
Fe, where Fe is the relativistic electron fluxes in counts/
cm2�s�sr versus daily mean values of geomagnetic activity
Kp index for Goes-8 and Goes-10 data for 1997–2002. The
time delay of Fe with respect to solar wind speed and Kp
index is 2 days. Trend lines and the Pearson correlation
coefficients, R, are shown.
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[11] For understanding the cause for the relatively low
correlation between geomagnetic activity indices and the
electron fluxes, we accounted additionally for the effect of
the solar wind density. It is well known that solar wind
speed and density tend to anti-correlate: high-speed solar
wind is often related to low density, and vice versa. The
anti-correlation, however, is not very strong, so that these
parameters are partially independent. In our previous work
[Lyatsky and Khazanov, 2008], we showed that solar wind
density may significantly affect the relativistic electron
fluxes. Therefore we suggested that a joint effect of geo-
magnetic activity and solar wind density may provide a
better correlation with the electron fluxes.
[12] Indeed, we found that the correlation between geo-

magnetic activity and relativistic electron fluxes increases
significantly with decreasing solar wind density within the
2-day intervals between geomagnetic disturbances and
following variations in the electron fluxes, and this effect

becomes even stronger while considering not the average
but maximal values of solar wind density within these time
intervals. The results of this analysis are presented in
Figures 2 and 3.
[13] Figure 2 shows the correlation of running daily

averages of log Fe versus solar wind speed, V, and Kp index
for events when 3-hour values of solar wind density, n,
within the 2-day time intervals before measured values of
relativistic electron fluxes did not exceed nmax = 6 cm�3.
This figure demonstrates significant improving the correla-
tion between log Fe and Kp index while the correlation
between log Fe and solar wind speed varies insignificantly.
Correlation coefficients, R, for log Fe versus Kp index in
this figure increased to 0.57–0.59 and exceeds the correla-
tion coefficients for log Fe versus solar wind speed. More
rigid restriction of solar wind density leads to further
improving the correlation between geomagnetic indices
and log Fe, so that the correlation coefficients increase up

Figure 2. Correlation patterns for daily mean values of log Fe, where Fe is the relativistic electron flux
in counts/cm2�s�sr versus daily mean values of solar wind speed, V, and Kp index for Goes-8 and Goes-10
data for 1997–2002, for events when solar wind density, n, did not exceed 6 cm�3 within 2-day intervals
before measured fluxes of relativistic electrons. The time delay of Fe with respect to solar wind speed and
Kp index is 2 days.
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to 0.75 and even more. We note that despite the rigid
restriction in the solar wind density and, as a result, in the
number of events, the large majority (from 62 to 68 per
cent) of strong relativistic electron events, related to log
Fe > 3 in Goes-8 data, and log Fe > 4 in Goes-10 data,
were observed during the intervals of low-density solar
wind conditions.
[14] Figure 3 shows the correlation coefficients for the

correlation between log Fe and the three quantities (the solar
wind speed, Kp index, and square root of the AL index) as a
function of maximal magnitudes of solar wind density, nmax,
within the 2-day intervals between measured geomagnetic
indices and following responses in electron fluxes. The two
upper curves in this figure are related to the correlation of
log Fe versus Kp index and the square root of the AL index,
while the lowest curve is related to the correlation of log Fe

versus solar wind speed. One can see a strong increase in
the correlation of log Fe versus AL1/2 and Kp indices for
low-density solar wind while the correlation between log Fe

and solar wind speed becomes worse.
[15] Thus Figures 2 and 3 show a very important role

played by geomagnetic activity in the generation of relativ-
istic electrons during low-density solar wind conditions.
The decrease in relativistic electron fluxes at geostationary
orbit during high-density solar wind conditions may be
caused by enhanced losses of these electrons due to their
spread on EMIC and VLF waves, which are better gener-
ated in the regions with enhanced plasma density [Meredith
et al., 2002, 2003; Thorne et al., 2005; Summers et al.,
2007; Onsager et al., 2007]. Figures 2 and 3 clarify when
and why the correlation between the electron fluxes and
geomagnetic indices may be low or high. The correlation is
low for all solar wind conditions, since geomagnetic dis-
turbances during high-density solar wind conditions are not
able to provide a significant increase in relativistic electron
fluxes because of a strong decay of relativistic electrons.
However, the correlation between geomagnetic disturbances

and following variations in relativistic electron fluxes is
strongly improved for low-density solar wind conditions.

4. Discussion and Conclusion

[16] The results of this study showed that two factors are
needed for the generation of strong relativistic electron
fluxes at geostationary orbit: high geomagnetic activity
two days before the following responses in relativistic
electron fluxes, and low-density solar wind within the time
interval between geomagnetic disturbances and the
increases in the electron fluxes. Geomagnetic disturbances,
followed by high-density solar wind conditions, do not
contribute significantly to relativistic electron population.
This explains a weak correlation between geomagnetic
activity indices and relativistic electron fluxes for all solar
wind conditions. However, the correlation is strongly im-
proved for low-density solar wind conditions. The effect of
solar wind density on relativistic electrons is consistent with
recent results by Lyons et al. [2005], Onsager et al. [2007],
and Lyatsky and Khazanov [2008] who found that strong
relativistic electron events tend to occur in times of low-
density solar wind conditions, though they have not inves-
tigated a combine effect of geomagnetic activity and solar
wind density on relativistic electrons and did not report the
strong increase in the correlation between geomagnetic
disturbances and following electron fluxes during these
events.
[17] A possible cause for the effects of geomagnetic

activity and solar wind density on relativistic electrons
may be described in the following way. The magnitude of
the relativistic electron flux in the radiation belt is a result of
the balance between the sources, responsible for accelera-
tion of electrons to relativistic energies, and their losses. The
sources are the electric fields generated during geomagnetic
disturbances, including the electric fields of the VLF
‘‘chorus’’ waves. The chorus waves, according to many

Figure 3. Correlation coefficients for the correlation between daily mean values of log Fe and three
parameters (solar wind speed, V, the Kp index, and the square root of the auroral electrojet AL index) as
functions of maximal values of solar wind density inside 2-day intervals between values of these
parameters and responses in the electron fluxes.
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researchers, are tightly associated with geomagnetic activity
and able to accelerate electrons to high energies [e.g.,
Meredith et al., 2003; Horne et al., 2005; Thorne et al.,
2005; Summers et al., 2007]. This explains an increase in
intensity of electron fluxes with geomagnetic activity by
conditions when losses of these electrons are low. The
losses of relativistic electrons are caused by their pitch-
angle spread on ion- and electron-cyclotron waves and
precipitation into the ionosphere [e.g., Kennel and Petschek,
1966; Summers et al., 2007]. The growth rate of the ion/
electron-cyclotron waves and losses of relativistic electrons
from the radiation belt increase with decreasing the Alfven
velocity, which is inversely proportional to the square root
of the plasma density. Penetrating the solar wind plasma
into the plasma sheet affects the plasma sheet density [e.g.,
Borovsky et al., 1998], which makes the solar wind density
an important factor affecting the losses of relativistic elec-
trons. This possible explanation does not pretend to answer
all questions. A detailed consideration of the mechanisms
responsible for the observed correlation relativistic electrons
with geomagnetic activity and solar wind density is beyond
the scope of the present paper.
[18] Thus in this study we found that for the generation of

strong electron fluxes, the combination of two factors is
needed: (1) strong geomagnetic disturbances about two days
before the following increases in electron fluxes and (2) low
solar wind density within these 2-day intervals between the
geomagnetic disturbances and following increases in the
electron fluxes. By these conditions, the correlation between
the electron fluxes and geomagnetic indices is significantly
improved and becomes higher than the correlation between
the electron fluxes and solar wind speed. A large majority of
strongest relativistic electron events occurred just during
these conditions, which allows us to suggest that not solar
wind speed alone but rather geomagnetic disturbances in
combination with low-density solar wind conditions may be
a primary source of strong relativistic electron fluxes in the
Earth’s magnetosphere.
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