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Abstract

We investigate the rare events of sudden appearances of relativistic electrons (>700 keV), which are normally confined to the
Van Allen belts, in the slot region. The frequency of occurrence of these events are on average 1-2 per year. To cope with
the scarcity of events, in this study we examine 21 years of trapped relativistic electron fluxes available from the POES and
MetOp Space Environment Monitor (SEM-2). Our statistical analysis show that these events can occur even during moderate
geomagnetic activity. Occurrence of these events correlates with high speed solar winds or ICMEs depending on the phase of
the solar cycle. Most importantly, we show that ULF wave activity plays a significant role in causing these events and the

events could be predicted in 75% of the cases.
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Key Points:

e Puncture events have very little correlation with the strength of the geomagnetic
disturbances.

e Puncture events occur following high-speed solar wind or ICMESs depending on the phase
of the solar cycle.

e ULF wave activity can predict at least 75% of the puncture events.
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Abstract

We investigate the rare events of sudden appearances of relativistic electrons (>700 keV), which
are normally confined to the Van Allen belts, in the slot region. The frequency of occurrence of
these events are on average 1-2 per year. To cope with the scarcity of events, in this study we
examine 21 years of trapped relativistic electron fluxes available from the POES and MetOp
Space Environment Monitor (SEM-2). Our statistical analysis show that these events can occur
even during moderate geomagnetic activity. Occurrence of these events correlates with high
speed solar winds or ICMEs depending on the phase of the solar cycle. Most importantly, we
show that ULF wave activity plays a significant role in causing these events and the events could
be predicted in 75% of the cases.

1 Introduction

The Earth is protected against harsh energetic particles from space by the Van Allen radiation
belts — regions that contain charged particles captured by the Earth’s magnetic field. The Van
Allen belts can be a source of highly energetic electrons (Kanekal et al., 2001) that increase and
decrease on varying timescales. Long-term observations of the outer radiation belt reveals that on
rare occasions there are punctures, which are defined in this study as a sudden enhancement of
relativistic (>700 keV) electron flux by greater than three orders of magnitude in the slot region
(2<L<2.8) within a day. These events are of importance in understanding the physics of the
radiation belts and the evolution of electron fluxes during geomagnetic disturbances.

Relativistic and ultra-relativistic electrons in the slot region, where important space assets
including GPS satellites are located, pose a natural hazard. Many studies using data from
numerous satellites were conducted in the past to understand and predict the energetic particle
appearances in the slot region. Three decades ago, the Combined Release and Radiation Effects
Satellite (CRRES) observed simultaneous injections of MeV protons and electrons at 2<L.<3
after a solar flare event as reported by Blake et al. (1992). This event created a third radiation
belt due to the interplanetary shock impact and was reproduced in a simulation by Li et al.
(1993). A model to forecast the relativistic electron fluxes in real time inside geosynchronous
orbit and down to L = 2.5 in extreme storm events was also developed by Li et al. (2009). Zhao
and Li (2013) analyzed ten years of SAMPEX 2-6 MeV electron flux data and found 23
injection events during which the electron flux at L = 2.5 increased by at least one order of
magnitude. They also noted a correlation of injection events with IMF magnitude, IMF Bz, solar
wind electric field, and solar wind speed. However, there are some disagreements about the
detection of electrons with energies above 1 MeV in the slot region by the SAMPEX instrument
(Selesnick, 2015). As electron flux enhancement is a prerequisite for the appearance of electrons
in the slot region, many studies focused on electron activities inside the radiation belt. Kanekal
(2006) examined the SAMPEX and Polar data and showed that the electron energization in the
radiation belt could be either due to radial diffusion or wave-particle interactions. He also
showed a correlation between the energization processes and the phases of the solar cycle.
Rodger et al. (2010) studied 10 years of measurements of trapped and precipitating electrons
from the POES Satellites and showed that the relativistic (>800 keV) electron enhancement in
the belt lags by approximately one week relative to the low energy (~30 keV) electron
enhancement. Many observations of the outer radiation belt indicated a nominal energy
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dependent barrier isolating the slot region from the belt. The Relativistic Electron Proton
Telescope (REPT) instrument onboard the VVan Allen Probes mission detected a very sharp inner
boundary of the outer radiation belt for the ultra-relativistic electrons (>2 MeV) at L= 2.8, which
was reported by Baker et al. (2014) and referred to as ‘impenetrable barrier’. This barrier
becomes semi-rigid for low-energy electrons and a rigidity profile of the barrier was recorded by
Turner et al. (2016). They studied electron fluxes of the radiation belts from Van Allen Probes
data during 2012—2014 and found that sudden particle enhancements (SPELLS) at L < 2.8 are
common for low-energy electrons but decreases exponentially with increasing electron energies
greater than 100 keV. Relativistic punctures, which involve electrons with energies >700keV,
are relatively rare phenomena.

Along with the observation and cataloging of the enhancements of the relativistic and ultra-
relativistic electrons in the slot region, various studies were conducted to determine the
underlying cause of the sudden appearance of these electrons in the radiation belt. Baker et al.
(1998) and Rostoker et al. (1998) each suggested that a relativistic electron flux enhancement
needs both seed electron population of energy 100 — 200 keV and powerful occurrence of ULF
waves in the PC 4 -5 frequency range. Rostoker et al. (1998) also noted that ULF waves tend to
accompany high speed solar wind streams. Liu et al. (1999) proved this observation of
acceleration of electrons by large scale ULF wave theoretically. O’Brien et al. (2001) performed
an extensive statistical analysis of energetic electron enhancements using data from GOES and
LANL. Their superposed analysis revealed that along with the solar wind velocity, the ULF
power recorded by ground stations are an indicator of energetic electron enhancements. A data
base of ULF wave activity indices, which were derived from the world-wide array of magnetic
data from the ground stations and from the three-component magnetometer data from the
geostationary GOES spacecrafts, were cataloged by Philipenko et al. (2017).

As puncture events are a relatively rare phenomena, data samples over many years, preferably
from a single instrument, are needed to carry out a meaningful statistical analysis and determine
possible prediction strategies. Moreover, to see any correlation of these events with solar cycle
variations, observations spanning at least a couple of solar cycles is required. Here we use the
Space Environment Monitor (SEM-2) instruments on the Polar Orbiting POES and MetOp
satellites to obtain a continuous data set for puncture events spanning the last 21 years. SEM-2
instruments are not designed to measure relativistic electrons, although we can utilize proton
channels contaminated by high-energy electrons. We trade off the inaccuracy in the energy range
measurement for the long periods of continuous observations. Low altitude polar orbits also have
the added advantage of sampling the belts frequently and recording events with a greater
temporal accuracy than equatorially orbiting satellites.

In this work, we firstly identify the puncture events and perform a statistical analysis involving
various solar wind parameters and indices during different phases of solar cycles. We show that
the roles played by solar wind to cause a puncture is different during the rising and falling phases
of the solar cycles. Secondly, we analyzed the correlation of puncture events with the ULF wave
activity. We show that 75% of the observed puncture events over the last 21 years match with
predicted events using an algorithm based on the ULF wave activity indices.
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2 Instrument

In this study we use particle measurements by the SEM-2 instrument package onboard the POES
and MetOp satellites. These satellites traverse Sun-synchronous orbits at an altitude of ~800—
850 km. SEM-2 is a multichannel, charged-particle spectrometer that measures the population of
electrons and protons in the Earth's radiation belts and is used to observe particle fluxes
variations resulting from solar and extrasolar activity. There are two orthogonal channels that
measure electron fluxes at 0° and 90°. The 0° measurements come from detectors that are
mounted on the three-axis stabilized platform pointing outward and parallel to the Earth-center-
to-satellite radial vector. The 90° measurements come from the detectors that are mounted
approximately perpendicular to the 0° detectors. Table 1 lists the detector channels that respond
to electrons of various energy ranges. From Table 1, it can be noted that the P6-detector, which is
designed to measure >6.9 MeV protons, also responds to electrons, with energies starting from
700 keV. In this work, we use the P6-90 channel as a proxy for the trapped relativistic electron
measurements of the VVan Allen belt.

Table 1. List of SEM-2 energy channels that respond to electrons

Particle - Data Channel | Energy Range Contaminants

Electron — el 30 keV to 2500 keV Proton - 210 keV to 2700 keV
Electron — e2 100 keV to 2500 keV | Proton - 280 keV to 2700 keV
Electron — e3 300 keV to 2500 keV | Proton - 440 keV to 2700 keV
Proton — p6 >6900 keV Electron — greater than 700 keV
3 Data

We use SEM-2 data from two polar orbiting satellites over 21 years, from 1999 to 2019. The
period from the 1% January, 1999 to the 31% December, 2012 and from the 1% January, 2013 to
the 31* December, 2019 are covered by the NOAA-15 and the Metop-2 satellite, respectively.
NOAA-15 data is available at a 16-second resolution, and Metop-2 data is available at a two-
second resolution. The time series representing the relativistic electron flux, namely the p6-90
channel, along with the corresponding L-shell, namely the LGRF parameter, were extracted.
Time periods of true solar proton events (SPE) have been excluded by using solar proton activity
indications from the P7 omnidirectional detector. This left us with only times during which there
are relativistic electron counts in the P6 data channel. Figure 1 shows the electron flux variation
with L-shell over past 21 years.
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135
136 Figure 1. P6-90 electron flux variation with time and L-shell for last 21 years.

137

138 Supplementary measurements of one-hour averaged values of solar wind speed, dynamic

139  pressure, electric field and interplanetary magnetic field and geomagnetic indices Dst, Kp and
140  AE were obtained from the NASA OMNI database. ULF indices were obtained from the catalog
141  at http://ulf.gcras.ru/archive.html.

142



143

144
145
146

147

148
149
150
151
152

153
154
155
156
157

158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187

Confidential manuscript submitted to JGR-Space Physics

4 Events

Puncture events are identified from the time series of the electron flux in the slot region. The
event selection process is described in section 4.1. As events could arise from various physical

conditions, we categorize them in section 4.2 before carrying out statistical analysis.

4.1 Event selection

An algorithmic approach is employed for event selection to allow for the varying nature of the

puncture events. Our detection algorithm calculates a running average of the electron flux in the
region between 2< L<2.8. An event is considered if there is a positive step change in the electron
flux by three orders of magnitude. A minimum gap of three days between two events is set to

avoid multiple detection. All events detected during an SPE are ignored. A few examples of

events are shown in Figure 2.

2
31272015 3f13/2015 31472015 3(15/2015 316/2015 172015 318/2015 319/2015 320/2015 32172015

2
51172005 5/12/2005 51372005 51472005 5/15/2005 5/16/2005

(mirn/ddfyyyy)

5/17/2005 5/18/2005 5/19/2005 5{20/2005

2
162001 31772001 318/2001 31972001 320/2001 32172001

[mm/ddiyyyy)

32272001 323/2001 32472001 32572001

Figure 2. Examples of event detection (red vertical lines). SPE regions are blanked out (white

vertical stripes).

PB-90 flux {counts/cm® 2-5-str) P5-30 flux {counts/cm ™ 2-s-5tr)
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The algorithm detected 45 events. Events occurring either overlapping SPE events or within a
few hours to SPE events were manually removed. We selected 19 events, which involved only
relativistic electrons, for our analysis as shown in Figure 3. It must be noted that some of the
puncture events, which were discarded to avoid data ambiguity, could have been true punctures.
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107!
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Figure 3. The relativistic electron flux density over 21 years. Selected puncture events are
denoted by red dots.

4.2 Event category

A sudden flux increase of relativistic electrons in the slot region is a necessary condition for a
puncture event. Radiation belt electron flux variations occur during solar storms, which are
caused by either high-speed solar wind-streams (HSSWS) or interplanetary coronal mass
ejections (ICMEs) (Friedel et al., 2002). While ICMEs are the main source of geomagnetic
storms during the ascending phase of the solar cycle and solar maximum, high-speed (>500
km/s) solar wind-streams play a significant role in the declining phase and solar minimum
(Richardson et al., 2000). To reflect the differences in the underlying mechanisms that cause
electron puncture events, we break down our data into two categories, which correspond to the
ascending and the descending phases of the solar cycle. Average sunspot number is used to
determine the phase of the solar cycle.

The condition for breaching the barrier may also depend on the position of the belt’s lower
boundary. During solar cycle 23 the radiation belt was closer to the earth compared to solar cycle
24 as shown in figure 4.
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Figure 4. Long-term variation of the lower boundary of the outer radiation belt (white trace) with
averaged sunspot numbers (magenta trace).
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To account for this cycle-to-cycle variation, we further divide the data into subcategories as
ascending-23, descending-23, ascending-24 and descending-24 for solar cycles 23 and 24, as
shown in Figure 5. Both ascending-23 and descending-23 categories have seven suitable events
each and the descending-24 category has five events. There are no unambiguous puncture events
in the ascending-24 category.
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Figure 5. Solar cycle zones to categorize events. Top white trace is the averaged sunspot
numbers.
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227 5 Analysis

228 In this study, we conduct a two-fold analysis of the puncture events. Firstly, we look at various
229  solar indices and solar/magnetospheric parameters around the events. Results of the statistical
230  analysis are presented in section 5.1. Secondly, we examine the ULF wave activity over the
231  study period of 21 years. We then suggest an algorithm that determines the occurrence of

232 punctures, based on this ULF activity. A description of the algorithm and the results are

233 presented in section 5.2.

234 5.1 Superposed Epoch Analysis

235 Inthis analysis, the puncture event time, which is determined by the event selection algorithm
236 (section 4.1), is defined as the 0-epoch. A window of 14 days centered around the event is used
237 inthe analysis. Figure 6 and Figure 7 show the superposed epoch analysis of various solar wind
238 parameters and indices. The left panels and the right panels of Figure 6 are the results during the

239  descending-23 and the descending-24 category respectively.
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Figure 6. Superposed epoch analysis - left panel and right panel represent solar parameters in
descending-23 and descending-24 category respectively. Solar parameters variation (gray lines),
mean value (magenta lines), 25" and 75" quartile values (black lines) around the puncture

events.

The superposed epoch analysis of descending-23 and ascending-23 categories are shown in

Figure 7.
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322

323

324 Figure 7. Superposed epoch analysis - left panel and right panel represent solar parameters in
325  descending-23 and ascending-23 category respectively. Solar parameters variation (gray lines),
326  mean value (magenta lines), 25" and 75" quartile values (black lines) around the puncture

327 events.

328

329 5.2 ULF Wave Analysis and Puncture Prediction

330 Inthis analysis we estimate the enhancement of the energetic electrons in the slot region from the
331 ULF wave activity. Our algorithm uses the ULF indices from the database at

332 http://ulf.gcras.ru/archive.html as a proxy for the strength of ULF signals. From the database we
333 extract two indices, namely the ULF-ground and the ULF-goes. ULF-ground was obtained from
334  the world-wide array of magnetic stations in the Northern hemisphere. ULF-goes was derived
335  from the magnetometers onboard GOES spacecraft. Our prediction algorithm scans the hourly
336  ULF-ground index to identify large disturbances (>200 nT) at very low L-shell. Then the

337  algorithm searches for corresponding disturbances at the geostationary orbit using the ULF-goes
338 index, which reflects the ULF activity at L=6.6. At the geostationary orbit a magnetic

339  disturbance greater than 10 nT is considered significant. We intuit ULF activity in the slot region
340  ifalarge ULF event occurs simultaneously at the ULF-ground and ULF-goes. The strength of
341 the ULF waves at the geostationary orbit and on the ground, which surround the slot region, is
342 used to predict the puncture events. Figure 8 shows the predicted puncture events in magenta and
343 the identified puncture events in red dots. It should be noted that we discarded many potential
344  puncture events to avoid ambiguity in the input data.

345
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347 Figure 8. The relativistic electron flux density over 21 years. Puncture events are shown as red

348  dots and predicted events are shown as magenta dots.
349

350 6 Discussion and Conclusions

351

352 In Figure 6, the solar/magnetospheric parameters are consistently smaller in the right panel

353  representing the descending-24 compared to the left panel representing descending-23. This

354 indicates that the puncture events have no direct correlation with the strength of the geomagnetic
355  activity. Punctures can occur even during a relatively weak solar cycle.

356
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From the fifth row in Figure 7 it can be noted that in the descending-23 category (left panel), the
solar wind speed rises over a day and then declines more slowly over several days as compared
to the ascending-23 category (right panel). It can also be noted that in the left panels all
geomagnetic activities persist for many days as oppose to the right panels where the disturbances
are likely caused by ICME. ICME events are more transient, driving high geomagnetic activity
for typically only 1-2 days (Richardson et al., 2000).

Approximately 75% of the puncture events could be predicted by our algorithm (Figure 8). The
ULF indices database that we used did not include the magnetic stations located in the southern
hemisphere. Moreover, we can investigate additional puncture events that were predicted by our
algorithm, but were not included as punctures in this study, possibly due to our event detection
limitations. All the punctures that occurred during or adjacent to SPE were ignored to avoid the
proton contamination in the detector. Careful study of individual events may be necessary to
consider those that were left out of this statistical picture.

Energetic electrons can breach the energy-dependent barrier and transit the slot region on
occasion, during both ICME and HSS solar driving events. There is no correlation of these
puncture events with storm strength or overall geomagnetic activity, however, there exists a
strong correlation with ULF wave activity. This study shows the importance of ULF waves in
energetic electron enhancements that cause punctures, and, in most cases, it is possible to have a
warning.
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