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ABSTRACT

This work presents the study of the quietest time variation in relativistic electrons, auroral
precipitation, ring current, and joule heating during 1999, 2000, and 2004. Geostationary
Operational Environmental Satellite (GOES) data on relativistic electrons with energies above
0.6 MeV, 2 MeV, and 4 MeV were analyzed. The time-series analysis of the relativistic
electrons over a 24-hour averaged interval reveals a precise 24-hour modulation of the
relativistic electron population during all seasons for energies above 0.6 MeV and 2 MeV, and
during the winter season for higher energies above 4 MeV. In addition, relativistic electron
fluxes at energies above 0.6 MeV and above 2 MeV were higher during the descending phase
of the solar cycle compared to the ascending and solar-maximum phases. The cross-correlation
analysis presented a strong correlation of Joule heating, ring current, and auroral precipitation
with the relativistic electron population in three energy bands considered, as indicated by the
zero-time lag. Studying the quiet time variation of relativistic electrons will lead to more
complete ionospheric models, which were previously limited to the geomagnetically disturbed
period.

Keywords: Auroral Precipitation, Relativistic Electron, Ring Current, Magnetosphere, Joule

Heating, Cross-Correlation.

1. INTRODUCTION

Interplanetary  structures  with  the Earth's
magnetosphere-ionosphere system can produce
geomagnetic storm, substorm, and high energy
charged particles trapping in the radiation belt [1,2].
Hundreds of satellites in geosynchronous orbit near
the radiation belt are wvulnerable to relativistic
electrons. These relativistic electrons in an energy
range of MeV can cause damage to the satellite
components or even loss of satellites in severe
events [3, 4]. Thus, the prediction of the relativistic
electron population, understanding their variation
pattern, and study of their relationship with other
interplanetary parameters are essential for the
safety of satellites.
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In the past few decades, considerable studies have
been made to understand the origin and variability
of the relativistic electrons in the radiation belt [5-
8]. The relativistic electron flux at the outer zone of
the magnetosphere is driven by high-speed solar
wind streams [9], and the southern turning of the
Interplanetary Magnetic Field (IMF) has a major
contribution in driving the relativistic electron
population [10]. The final relativistic electron
population is first seeded by the substorms and is
accelerated in the presence of high-speed solar
wind [11,12].

The electrons in the radiation belt exhibit seasonal,
semi-annual, and solar cycle dependence on their
time scales varying from a fraction of a second to
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several years. Numerous studies [13, 14] have
identified seasonal and semi-annual variation,
which can be explained in terms of an increased
southward component of IMF in the geocentric
solar magnetospheric coordinate system - geometric
effect [15], the Earth's position in the heliosphere -
axial effect [16], and the angle made by the solar
wind with the Earth's rotational axis - equinoctial
effect [17]. Baker et al. [18] have shown that
equinoctial fluxes are thrice as large as solstitial
fluxes. They have suggested that seasonal variation
of relativistic electron fluxes is due to the
geometrical effect: Russell-Mcpherron (RM) effect
and solar wind-guided instability related to the
equinoctial effect. Later, Li et al. [13] observed that
the peak time of electron flux lagged the nominal
equinoxes and suggested that the equinoctial effect
by itself could not interpret seasonal dependence of
relativistic electron fluxes.

Radiation belts and ring currents constitute the major
magnetospheric particle population. The drift of
charged particles of the outer radiation belt around
Earth forms the ring current. Large amounts of
magnetospheric particles are trapped into the inner
magnetosphere during storms and substorms, which
increases the intensity of the ring current [19,20].
The quiet time ring current is chiefly conveyed by
solar wind origin, whereas active processes are
associated with an increment in O ions
concentration (ionospheric origin) [21,22]. When the
solar wind enters the Earth's magnetosphere, it
causes the precipitation of ions and electrons,
causing the aurora. These auroral precipitations give
rise to ionospheric currents, which drive the joule
heating [23]. Joule heating arises from the friction
between the neutral particles and the charged
particles in the ionospheric currents [24]. The
overall analysis of mentioned literature reveals the
association of relativistic particle flux with Auroral
precipitation, Joule heating, and ring current.

This work covers the annual and seasonal variations
of the relativistic electron population of a different
energy band in the outer radiation belt. Along with
this, we study the correlation of relativistic electron
flux with ring current, auroral precipitation, and
joule heating on a seasonal basis: Winter
(November to February), Spring (March, April),
Summer (May to August), and Autumn
(September, October). We believe that this type of
study contributes to the model of the relativistic
electron population in the radiation belt. This paper
is structured as follows: Section 2 describes the
data source and techniques used in the study.

127

Section 3 presents our work's findings, and the final
section includes the conclusion based on the
observed results.

2. DATA SET AND METHODOLOGY

In this work, the relativistic electron flux data of
energy bands >0.6 MeV, >2 MeV, and >4 MeV
provided by the NOAA (National Oceanic and
Atmospheric  Administration) operated Global
Positioning System (GOES) were used. GOES is
equipped with a space environment to monitor
instrument subsystem that continuously monitors
energetic particles on the radiation belt near the
geostationary orbit [25], the data from which can be
accessed through the GOES data access link at
https://lwww.ngdc.noaa.gov/stp/
satellite/goes/dataaccess.html. The observations are
made throughout the years 1999, 2000, and 2004,
which correspond to the ascending, maximum, and
descending phases of solar cycle 23, respectively.
Joule heating (Uj), Auroral Precipitation energy
(Ua), and Ring Current energy (Ug) are calculated
using the procedure suggested by Ostgaard et al.
[26, 27]:

SYMH
4.60.60

Up = 4.10% [(SYMHH_l—SYMHt) (

60

)] 10°

- (1)

Uy = (0.54 AE +1.8)10°... (2)
U = (44AL] - 7.6) 10° ... (3)

AL is the westward auroral electrojet, called
amplitude lower index, AE is the auroral electrojet
index, and SYM-H is the symmetric horizontal
component of the geomagnetic field. The data for
AE, AL, and SYM-H are derived from OMNI
(Operating Mission as Nodes on the Internet),
which provides interplanetary magnetic field and
plasma parameter data from different geocentric
orbiting  satellites through its site link:
https://www.omniweb.gsfc.nasa.gov.
Cross-Correlation Analysis

Cross-correlation is a statistical technique used to
compare multiple time-series data to determine how
well they relate to each other and at what time they
best line up [28-30]. The association between the
compared parameters is measured in the index,
called the cross-correlation coefficient, ranging from
-1 to +1. The coefficient value around zero reveals
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poor relation among the compared parameters,
whereas +1 manifests a high correlation [31,32]. The
plot of cross-correlation coefficient versus time helps
to visualize to what extent the comparable indices
lead or lag each other [33]. We have implied a cross-
correlation approach between the relativistic electron
flux of different energy bands and Joule heating,
auroral precipitation, and ring current to evaluate the
heating and electrical system of Earth's upper
atmosphere the variation of energetic electrons
population on Earth's radiation belt.

3. RESULTS

The results for the seasonal and yearly variation of
relativistic electrons in the three energy bands
above 0.6 MeV, above 2 MeV, and above 4 MeV
for the years 1999, 2000, and 2004 during solar
cycle 23 are presented in the following sections.
The three energy bands are referred to as RE > 0.6
MeV, RE > 2 MeV and RE > 4 MeV, respectively
from here on. The cross-correlation of the
relativistic electron population with Joule heating,

Seasonal Average of Relativist
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ring current, and auroral precipitation are also
presented for the three energy bands for the three
years considered.

3.1 Seasonal Variation of Relativistic Electron

Figure 1 shows the seasonal averages of the
relativistic electrons in the three energy bands for
the year 1999. For the energy bands RE > 0.6 MeV
and RE > 2 MeV, we noticed that the variation of
autumn fluxes over the 24 hours was the greatest.
The variations of spring and winter followed a
similar trend in phase and amplitude over the 24
hours. The amplitudes of spring and winter fluxes
were generally the least; however, the summer and
autumn fluxes had greater amplitudes. The
variation of summer flux was smaller than that of
autumn flux as well. Clearly, for the energies RE >
0.6 MeV and RE > 2 MeV, the autumn fluxes were
more significant and more variable during 1999.
For the high energies RE > 4 MeV, the winter
fluxes over a given 24-hour period were much
greater than the other three seasonal fluxes on
average.
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Fig. 1: Seasonal average fluxes of relativistic electrons for summer, winter, spring, and autumn during the year 1999.
The fluxes are shown for three energy bands over 24 hours shown along the x-axis.
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The 24-hour average trend for all four seasons
showed a trend such that the electron fluxes
declined as the morning (time=6 UTC)
approached, reaching the minimum during the
early morning (6 UTC to 9 UTC) steadily
climbed during the afternoon and evening. The
fluxes reached a maximum during the time = 21
UTC during the night and then decreased. The
24-hour modulation of the average fluxes was
precise for the energy fluxes RE > 0.6 MeV and
RE > 2 MeV. The winter fluxes showed the high
energy flux RE > 4 MeV trend, but the

x10°
[ T

Seasonal
25 T T T

amplitudes were smaller for the other three
seasons.

Similarly, figure 2 shows the seasonal averages for
the relativistic electron fluxes over 24 hours during
the year 2000. For the energy fluxes, RE > 0.6 MeV
and RE > 2 MeV, the summer and spring fluxes
were the smallest with the slightest variation.
However, the winter fluxes were the greatest for the
above energies during 2000, unlike 1999. The
autumn fluxes for energies RE > 0.6 MeV and RE
> 2 MeV showed less variation during the year
2000 compared to the year 1999.
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Fig. 2: Seasonal average fluxes of relativistic electrons for summer, winter, spring, and autumn during the year 2000.

The fluxes are shown for three energy bands over 24 hours, shown along the x-axis.

The winter fluxes for the higher energies RE > 4
MeV were much greater than the other three seasons.
The 24-hour modulation was clear for the winter
high energy fluxes, but the other three seasonal

fluxes did not exhibit any clear modulation. For the
energy fluxes RE > 0.6 MeV and RE > 2 MeV, the
24-hour modulation can be confirmed for the four
seasons from figure 2. Figure 3 shows the seasonal
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averages of the relativistic electron fluxes over 24
hours for the year 2004. For the energies RE > 0.6
MeV and RE > 2 MeV, the winter fluxes were the
greatest, with the other three seasonal fluxes
comparable. The winter flux remained considerably

Seasonal Average of Relativistic Electron for 2

larger for the higher energies RE > 4 MeV than the
other three fluxes. The 24-hour modulation of the
relativistic electrons was clear for the lower energies
for all four seasons and the winter season at higher
energies.
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Fig. 3: Seasonal average fluxes of relativistic electrons for summer, winter, spring, and autumn during the year 2004.
The fluxes are shown for three energy bands over 24 hours shown along the x-axis.

From the seasonal variation for 1999, 2000, and
2004 during solar cycle 23, it was clear that the
relativistic electron population consisted mainly
of lower energy electrons at RE > 0.6 MeV and
RE > 2 MeV. The populations of electrons at RE
> 0.6 MeV and RE > 2 MeV were of the order of
2 x 10°And 3000, respectively. The population
of higher energy electrons at RE > 4 MeV was of
the order 200 to 1400 only. In addition, the 24-
hour modulation was readily apparent for the
relativistic electrons for lower energies during all
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four seasons, whereas for the higher energy
electrons, the modulation was less apparent for
the seasons other than winter.

3.2 Yearly Variation of Relativistic Electron
Figure 4 shows the yearly averaged variation of
relativistic electrons over the 24 hours during the
years 1999, 2000, and 2004 of the solar cycle 23.
The panels of the figure show the variation for the
three energy bands RE > 0.6 MeV, RE > 2 MeV
and RE > 4 MeV.
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Fig. 4: Yearly averaged variation of relativistic electrons in the years 1999, 2000, and 2004 during solar cycle 23 for
three energy bands during a 24-hour time.

Again, the yearly variation of relativistic electrons
confirms the 24-hour modulation for all three
energy bands during all three solar cycle phases.
The average relativistic electron populations range
from about 1 x 10° to 2 x 10° for the energy band
RE > 0.6 MeV during the years 1999 and 2000. The
average relativistic electron population ranges from
400 to 1200 for the energy band RE > 2 MeV
during the years 1999 and 2000. But for the year
2004, the relativistic electron fluxes were greater
for both the energy bands reaching up to 5 x 10°
and 4000, respectively. Clearly, the years 1999,
2000, and 2004 were in the trend of increasing
fluxes of high energy electrons RE > 0.6 MeV and
RE > 2 MeV. For the higher energy electrons RE >
4 MeV, the fluxes were in the range of 150 to 400
during the years 2000 and 2004. For the year 1999,
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the electron flux at RE > 4 MeV was smaller,
reaching up to 110.

The descending phase of the solar cycle, i.e., the year
2004, has higher relativistic electrons at RE > 0.6
MeV and RE > 2 MeV compared to the ascending
(year 1999) and maximum (year 2000) phases. But for
the relativistic electrons RE > 4 MeV, the maximum
phase (year 2000) and descending phase (2004) both
have comparable electron fluxes.

3.3 Yearly Variation of Auroral Precipitation,
Ring Current, and Joule Heating

Figure 5 shows the yearly variation of solar wind
energy parameters, specifically the auroral
precipitation (Ua (W)), joule heating (U, (W)), and
ring current (Ug(W)) on quiet solar days over the
years 1999, 2000 and 2004, respectively, during the
solar cycle 23.
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Yearly Average of Solar Wind Energies
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Fig. 5: Yearly variation of quiet day auroral precipitation, joule heating, and ring current over 1999, 2000, and 2004.

Figure 5 clearly shows the auroral precipitation
followed a 24-hour modulation like the
relativistic electrons but with a different phase,
and the short time variations were more
numerous. The auroral precipitation decreased to
a minimum just before the morning at time = 6
UTC, then climbed steadily to a maximum at
time = 15 UTC, then started to decrease during
the night. The modulation followed a similar
pattern for the years 2000 and 2004, whereas, for
the year 1999, the modulation was a bit different:
the auroral precipitation rose earlier from the
minimum during the morning, stayed longer
during the maxima phase, and reached the next
minima before midnight. The fluxes then started
climbing during the night, reached a maximum,
and declined until the morning. The period of
modulation of fluxes for the year 1999 appeared
to be shorter than 24 hours.

From figure 5, it is noticed that the modulation was
less apparent for the ring current compared to
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relativistic electrons and auroral precipitation. The
amplitude of the ring current also remained similar
for the three years 1999, 2000, and 2004. The 24
hours averaged ring current remained mostly
between 1 x 10° and 2 x 10° during the three years
considered in the solar cycle 23. Similarly, Joule
heating was observed to fall to a minimum at time
= 3 UTC before the morning, steadily rising during
the early afternoon and remaining high till the
evening before dipping during the evening. The
Joule heating then rose during midnight to complete
the modulation before the early morning minima
the next day.

3.4 Cross-Correlation Analysis

Figure 6 shows the cross-correlation analysis of
relativistic ~electron fluxes with the three
parameters: auroral precipitation (U,), Joule
heating (U;), and ring current (Ug) during the year
1999 in the three subpanels. The cross-correlation
analysis is shown for the three energy bands RE >
0.6 MeV, RE >2 MeV and RE > 4 MeV.
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Fig. 6: Cross-correlation of auroral precipitation, joule heating, and ring current (subpanels: top to bottom) with
relativistic electrons for the three energy bands RE > 0.6 MeV, RE > 2 MeV, and RE > 4 MeV in the year 1999.

Figure 7 shows the cross-correlation analysis of
relativistic electron fluxes with the three
parameters: auroral precipitation (U,), Joule
heating (U;), and ring current (Ug) during the

year 2000 in the three subpanels. The cross-
correlation analysis is shown for the three energy
bands RE > 0.6 MeV, RE > 2 MeV and RE > 4
MeV.
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Fig. 7: Cross-correlation of auroral precipitation, joule heating, and ring current (subpanels: top to bottom) with
relativistic electrons for the three energy bands RE > 0.6 MeV, RE > 2 MeV, and RE >4 MeV in the year 2000.

Figure 8 shows the cross-correlation analysis of
relativistic electron fluxes with the three
parameters: auroral precipitation (U,), Joule
heating (U;), and ring current (Ugr) during the
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year 2004 in the three subpanels. The cross-
correlation analysis is shown for the three energy
bands RE > 0.6 MeV, RE > 2 MeV and RE > 4
MeV.
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Fig. 8: Cross-correlation of auroral precipitation, Joule heating, and ring current (subpanels: top to bottom) with
relativistic electrons for the three energy bands RE > 0.6 MeV, RE > 2 MeV, and RE > 4 MeV in the year 2004.

The correlation of relativistic electrons and auroral
precipitation was demonstrated from the cross-
correlation analysis for all three years 1999, 2000,
and 2004. The maximum correlation around r =
0.95 was reached for all three years at nearly the
zero-time lag. The auroral precipitation and
relativistic electrons followed a synchronized
modulation, and the correlation was very high for
all three years. For all the three years and three
energy bands, the correlation rose steadily from the
negative time lag and reached the maximum at
zero-time lag and steadily decreased over the
positive time lag.

The cross-correlation analysis of ring current with
relativistic electrons revealed that the ring current
reached maximum correlation at zero-time lag
similar to the auroral precipitation for all three
energy bands in the three years 1999, 2000, and
2004 considered. Similarly, the Joule heating
correlates with relativistic electron fluxes for all the
three energy bands at zero-time lag. This is true for
all the three years 1999, 2000 and 2004 considered.
The maximum correlation of around 0.95 is reached
for the time lag of O minutes in all three energy
bands.

3.5 Discussion

From the above cross-correlation analyses, it is
clear that the relativistic electron populations in all
the three energy bands are highly correlated with
Joule heating, ring current, and auroral precipitation
during the three years 1999, 2000, and 2004.
Specifically, the variation in all three factors and
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relativistic electron fluxes are in synchronization.
Poudel et al. [34] had performed a cross-correlation
analysis of relativistic electron flux with sunspot
number, solar flux, and solar wind parameters. This
work extends the cross-correlation to Joule heating,
ring current, and auroral precipitation and, as
explained above, finds high correlations with
relativistic electron population. Poudel et al. [34]
found a good correlation of relativistic electrons
with solar wind velocity and plasma density. The
correlation with Joule heating, ring current, and
auroral precipitation further supports the inference
because the plasma density in the ionosphere is
closely related to the magnitude of Joule heating,
ring current, and auroral precipitation. High-speed
solar wind with high plasma density has been
shown to affect the spatial structure of the radiation
belts, driving up relativistic electrons in these
regions [35]. Similarly, ring current is known to be
enhanced during magnetic storms with greater
plasma densities and high-speed solar winds [23].
When the solar wind enters the Earth's
magnetosphere, the density of relativistic electrons
increases in the initial phase, these electrons are
then lost by different processes such as charge
exchange of magnetospheric ions and pitch angle
loss at mirror points in the radiation belts [36]. The
precipitation of ions and electrons from the
magnetosphere onto the ionosphere causes the
aurora through collisions of these ions and electrons
with neutral atoms in the atmosphere. These auroral
precipitations also give rise to ionospheric currents,
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which drive the Joule heating of the atmosphere
[23]. Joule heating is known to arise from the
friction between the neutral particles and the
charged particles in the ionospheric currents. Joule
heating, therefore, acts as an energy sink for the
energy deposited by the solar wind [24]. Previous
studies [36] have studied auroral precipitation and
Joule heating during geo-magnetically active
periods, but this work studied them during the quiet
periods. These energy deposition mechanisms can
dramatically affect the state of the terrestrial
atmosphere through the increase in neutral gas
density, temperature, and ionization. Therefore, it is
essential to take them into account in ionospheric
modeling during magnetic storms and quiet periods.
lonospheric modeling is known to be important for
real-world applications such as satellite trajectories
and radio wave propagation [36].

From the time series analysis of the relativistic
electron population, the 24-hour modulation of the
relativistic electron population is clear for the
energies RE > 0.6 MeV and RE > 2 MeV during all
four seasons in the three years considered. But for
the higher energies RE > 4 MeV, the modulation is
clear for winter only. This may be related to the
much higher fluxes observed for winter than the
other three seasons. Moreover, auroral precipitation
and Joule heating clearly showed the 24-hour
modulation, but no similar modulation of ring
current was readily apparent. The 24-hour
modulation and the relativistic electron fluxes seen
during the geomagnetically quietest periods stress
the importance of studying short-period variations
of the relativistic electrons and associated energy
parameters for accurate magnetospheric and
ionospheric modeling. It is possible the Joule
heating seen is associated with the partial ring
currents present even during geomagnetically quiet
days at all Dst index levels, as shown by Le et al.
[37]. The relativistic electron fluxes seen could
result from viscous interactions that transfer energy
from the solar wind to the magnetic field lines,
which can energize the electrons in the radiation
belts [36].

In addition, Yeeram [38] had found that repetitive
substorm activity driven by high-speed solar winds
was related to relativistic electron enhancements
during the descending phase of the solar cycle. In
our work, we found the auroral precipitation, Joule
heating, and ring current to be highly correlated
during all the three phases of the solar cycle:
ascending (1999), max (2000), and descending
(2004). Adhikari et al. [39] had studied the seasonal
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variation of the magnetic field during the
descending phase of the solar cycle. Future
analyses can analyze the relationship between the
interplanetary parameters and Joule heating, ring
current, and auroral precipitation.

4. CONCLUSION

In this work, the relationship between relativistic
electron population and three parameters, namely,
auroral precipitation, ring current, and Joule
heating, was studied for three years 1999, 2000, and
2004 of the solar cycle 23. Three energy bands of
energies above 0.6 MeV, above 2 MeV, and greater
than 4 MeV were taken. The seasonal and yearly
variations of the relativistic electron population in
the three energy bands were studied using time
series analysis over a 24-hour averaged interval.
We studied the association of electron fluxes with
auroral precipitation, Joule heating, and ring current
through cross-correlation analysis. Based on the
above analyses, we report the following findings:

1. A 24-hour modulation of the relativistic electron
fluxes was reported for the energy bands above
0.6 MeV and above 2 MeV for all four seasons.
This modulation was present over the three
phases of the solar cycle in 1999, 2000, and
2004. For the higher energies above 4 MeV, the
modulation was clear only during winter.

A 24-hour modulation of the Joule heating and
auroral precipitation was also observed, but no
modulation was readily apparent for the ring
current. The modulation was present during all
the three years 1999, 2000 and 2004.

. The generation and loss of the relativistic
electrons on a 24-hour interval in the absence of
magnetic storms warrant further investigation
for the underlying physical mechanisms.

Relativistic electron fluxes at energies above 0.6
MeV and above 2 MeV were higher during the
descending phase of the solar cycle (the year
2004) compared to the ascending phase (the year
1999) and maximum solar phase (the year
2000).

The cross-correlation analysis revealed a strong
correlation (r > 0.9) of Joule heating, ring current,
and auroral precipitation with relativistic electron
fluxes in all three bands. The correlation for the
three parameters with the relativistic electron flux
was highest at zero-time lag.

The three parameters of Joule heating and
auroral precipitation are closely related to the
relativistic electron flux and follow a similar 24-
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hour modulation. The ring current is also
correlated with relativistic electron flux even if
the modulation is not visible.

Despite the findings of this study, additional
investigation is necessary to acquire a better
understanding of the relativistic electron variation
characteristics connected with the entire solar cycle
23. The electron radiation belts are extremely
dynamic regions, continually replenished by
acceleration and transport of particles. It is
important to distinguish regular and climatological
variations of the radiation flux from individual
responses since they establish the baselines from
which fluctuations and large-scale disturbances can
be defined and modeled. Further research into the
nonlinear impacts of the interaction and the effects
of radial transport and local acceleration is still
required, necessitating more complex models and
providing new insights into the long-term and
regular variability.
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