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Long Brrn Behavior of Qap ed Relativistic Electrons and 
their Correlation with Solar b ind  Speed1 

R. D. Belian, T. E. Cayton, R. A. Christensen, J. C. Ingraham and 
G.  D. Reeves 
Group NIS-2, Mail Stop 0436, Los Alamos National Laboratory, Los 
Alamos, NM 87545 USA 

Abstract. We examine Los Alamos energetic electron data from 1979 
through the present to show long term trends in the trapped relativistic 
electron populations at geosynchronous Earth orbit. Such populations are 
thought to be associated with high-speed solar wind structures typically 
present near solar minimum. We will show that high-energy electron 
fluxes, E > 1.4 MeV, displayed a solar-like cycle of about 10.5 years, but 
that the behavior is out of phase with the sunspot cycle. 

We will also compare relativistic electrons during the cycle with solar 
wind speed from the MIT plasma analyzers on IMP-8. It will be shown 
that relativistic electrons correlate well with high solar winds only dur- 
ing limited, short periods of time. We will also confirm the observation 
that the higher-energy electrons occur with a longer delay after the es- 
tablishment of the high-speed solar wind. Cornpaxison of our data with 
previously published data indicate that the higher the solar wind speed, 
the sooner the relativistic electrons occur. 

1. Introduction 

Since the dawning of the space age in 1957, scientists have sought to determine 
the cause of events in the space environment near the Earth, that is, in the 
Earth's magnetosphere, and the ability to predict their occurrences beforehand 
in order to prepare for them. 

Relativistic electrons have been known for years to be a major cause of 
component upsets on space assets. The severity of the upsets can be from a 
simple change of state of an electronic switch all the way up to failure of the 
satellite due to damage to a critical component. A particularly bad period 
occurred during the first few months of 1994 when many space assets suffered 
anomalies and one satellite, the Canadian communication satellite Anik E 2 ,  
suffered failure of its momentum wheel control electronics causing loss of the 
satellite mission. 

The damage by relativistic electrons is through the mechanism of deep- 
dielectric charging wherein ionizing electrons penetrate deeply into the interior 
of spacecraft and leave ionization paths within the insulation of cables and on 
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PC boards. When enough charge is generated in the insulation by this process, a 
discharge can occur dumping a large amount of charge on the nearest conductor. 
Jf that conductor happens to be a connected to a sensitive electronic component 
the charge can look like false signals or be large enough to destroy the component. 
Conditions are right for this when there are sustained periods of these relativistic 
electrons. 

Periods of sustained relativistic electron fluxes occurred during the early 
part of 1994 as the consequence of periods of high-speed solar-wind streams. 
High-speed solar-wind streams are common to the declining phase of the so- 
lar cycle and through some, as yet unknown, mechanism cause enhancements 
of relativistic electron fluxes in the trapping regions of up to three orders of 
magnitude that can remain high for as long as 10 days. 

, 

2. T h e  Relativistic Electron Cycle 

The occurrence of these relativistic electron events when viewed at different times 
of the solar cycle tend to follow a cycle of their own. One of the earliest attempts 
to view magnetospheric, relativisticelectrons on long time scales was by Paulikas 
and Blake, 1979, wherein they presented ATS 1,5 and 6 data covering the period 
1967 through 1978. The solar-cycle-like behavior was missed by Paulikas and 
Blake because of the large variation in energy passbands on the instruments on 
the three satellites, but vestiges of it can be seen in their Fig. 15, which shows flux 
rates and smoothed sunspot number. The solar-like behavior began to become 
apparent to Baker et al., 1986, where they showed geostationary data from the 
SEE detector for the period 1979 through 1984. This period contained a solar 
maximum (1979) and the years just before solar minimum (1984) from which 
Baker et al. pointed out that during solar maximum the relativistic electrons 
were very much lower than in 1984 during the approach to solar minimum. 

Here, we provide the first comprehensive set of data covering an entire solar 
cycle period. In Fig. 1 we show 15 years of satellite data from 1979 through 
1994 from six different satellites carrying Charged Particle Analyser (CPA) or 
Synchronous Orbit Particle Analyser (SOPA) instruments. The points are 27- 
day averages. It is important to note that the data are from satellites that all 
operated at the same geographical coordinates (~166 '  west longitude and =lo 
latitude). Also, all of the CPA and all of the SOPA instruments have nearly 
identical passbands for the data shown, although the passbands for the SOPA 
and CPA detectors differ slightly. For further information on the CPA and SOPA 
detectors see Higbie et al., -1978, and Belian et al., 1992, respectively. 

Several things are apparent from the lower trace of Fig. 1. First, the rela- 
tivistic electron fluxes varied on a time scale similar to the solar sunspot cycle, 
in this case x10.5 years (day ~ 4 0 0  to  day ~4250) .  Secondly, the electron fluxes 
exhibit a minimum at the times of solar sunspot maximum, and a maximum 
near the time of solar minimum. 

The data in Fig. 1 clearly demonstrate the solar-like cycle of relativistic 
electrons seen at geostationary orbit within the Earth's protective magneto- 
sphere. That the electrons do not come energized from the Sun is well known 
because measurements outside the magnetosphere do not show enhanced rela- 
tivistic electron fluxes at the time of the magnetospheric enhancements. It is 
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still not clear how and to what extent the Sun drives the relativistic electron 
populations trapped in the Earth's radiation belts. We propose to show here 
some clues to the processes involved. 

'81 '82 
m 
'83 '84 
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Fig. 1. Bartels-rotation (27-day) averages of relativistic electron fluxes (bot- 
tom) and solar wind speed for the 15-year period 1979 - 1994. The electron data 
are from CPA detectors before 1991 and SOPA detectors after 1990. 

The upper trace in Fig. 1 is 27-day averages (a Bartels rotation of the Sun) 
of the solar wind speed as measured by the plasma analyser on-board the IMP- 
8 satellite for the same 15 year period. What is apparent, at least from 1979 
to mid-1988, is that the envelope of the solar wind speed tracks very well the 
envelope of the relativistic electrons. In fact there are many fluctuations in the 
concert between the two traces. However, after mid-1988 whereas the electrons 
continue to decline toward a minimum in 1990, the solar wind speed remained 
relative high, which continued to the end of 1993. Why the solar wind speed 
has remained high is not known at this time; however, there does seem to be a 
disconnect between the solar wind speed and electron fluxes after 1988. 

3. Correlation of Relativistic Electron Fluxes with Solar Wind Speed 

As mentioned above, many of the electron fluctuations occur in concert with 
fluctuations in the solar wind speed, at least this seems true before 1989. This 
points out the possibility that the one is driving the other and in fact that 
has been proposed in the literature. Paulikas and Blake, 1979, looked at and 
established clearcut correlation between the occurrence of high-speed solar wind 
streams and, after about a two-day delay, the occurrence of relativistic electrons 
at the geosynchronous orbit, e.g., see their Figs. 5 - 12 and 16 - 21. For the 
period 1974 - 1977 around solar cycle minimum, Paulikas and Blake showed 
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striking evidence of high correlation between the relativistic electrons and solar 
wind speed, both using 27-day averages and six month averages. Baker et al., 
1986, using data recorded by the SEE detector at geostationary orbit, reported 
similar results, that is, the relativistic electrons seem to become enhanced two 
days after the establishment of enhanced interplanetary solar wind high-speed 
steams. 

Viewed over a longer period of time, the 15 years of this study, the corre- 
lation is not so good. Our data show that there are indeed times wherein the 
correlation is high, for example around solar minimum; however, there are also 
times wherein the correlation is much lower. We made plots of 27-day averages 
of the IMP-8 solar wind speed data and the GEO CPA relativistic electron flux 
(>1.5 MeV) for the period 1979 through 1990. We installed various delays be- 
tween the establishment of the high-speed stream and the electron enhancement 
for these plots. The plots were made with delays of 0 - 9 days and show (data 
presented elsewhere, see Belian et al., 1994) that the speed of the high-speed 
streams are a necessary, but not sufficient cause for the occurrence of relativistic 
electrons. 

For this report we have plotted relativistic electron fluxes vs. solar wind 
speed as above but for daily averages of the data. Such plots are seen in Fig. 2 
where we plot for various delays. Fig. 2a is no delay between solar wind speed 
and flux, 2b for 1-day delay, 2c for 3-days delay, and 2d for 5-days delay. One 
sees that although there is a tendency for the higher fluxes to occur at higher 
speeds, there is no clearcut one to one relationship apparent. Indeed, one can 
have days of very high solar wind speeds and low fluxes for all delay situations. 

5 . . , . l , ' . ' l , . , , I , . . , l .  ONLY AV- - No M a y  , . , . I . "7 , , . .. 5 , . , , l , , . , l . , , . l . , , . l , , , . l , , . . l , , .  DAILY A V E U C 5  - Onc D.7 alar 
"? 

Fig. 2. Daily averages of solar wind speed vs. relativistic electron fluxes 
with delays of 0, 1, 3, and 5 days for the period 1979 through 1990. All fluxes 
are from the CPA detector and are for energies > 1.4 MeV. 
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CPA 
LoE channel 
Designation 

LoEl 
LoE2 
LoE3 
LoE4 
LoE5 
LoE6 

Paulikas and Blake, 1979, reported periods of high correlation in the 1974 - 
1977 data. Because we have found little correlation in the data sets taken over 
a much longer time span, we thought it would be instructive to look at our data 
on shorter time scales. 

We also wanted to calculate correlation coefficient between the two daily 
averaged data sets. However, there are many periods when one or both data 
sets contains no data for many days. Consequently, we examined the data sets 
for periods wherein both sets contained nearly continuous streams of data. The 
period from January 7, 1980, through October 23, 1980, was found to contain 
continuous solar wind data from IMP-8 and nearly continuous CPA electron 
data. Out of the 285 days in the file there were four scattered days of no CPA 
electron data during this period. For those times the missing daily averages were 
replaced by the average of the day before and the day after, thereby creating 
a continuous file. Correlation coefficients were determined for various subsets 
of these files again implementing delays between the two data sets. Delays of 
0 to 8 days were used and correlation coefficients were computed separately for 
all 12 electron channels of the CPA. The nominal energy ranges for the various 
channels are tabulated in Table 1. 

Energy 
Range (keV) 

30 - 45 
45 - 65 
65 - 95 
95 - 140 
140 - 200 
200 - 300 

CPA 
HiE channel 
Designation 

HiEl 
HiE2 
HiE3 
EE4 
HiE5 
HiE6 

Energy 
Raage (keV) 

200 - 300 
300 - 400 
400 - 600 
600 - 900 
900 - 1400 
1400 - 2000 

The results for the various subsets are tabulated in Table 2. The first subset 
was the entire 290-day period, followed by three smaller, contiguous subsets,. 
January 7 - March 20,1980, March 21 - June 28,1980, and June 29 - October 
16, 1980. The results for each period are shown in the four sub-tabulations of 
Table 2 from top to bottom. The first line of each sub-tabulation contains the 
correlation coefficients for the various energy channels assuming no delay, the 
second line, assuming 1-day delay and so on. 

Several things emerge from a careful inspection of Table 2. 1. The corre- 
lation coefficients for the whole period (upper sub-tabulation) are fairly strong. 
2. The correlation coefficients for the two middle subsets are stronger than for 
the entire period. 3. The correlation breaks down for the last subset (bottom 
sub-tabulation) thus accounting for 2. above. 

Also, an effect reported by Paulikas and Blake, 1979, is confirmed. That is, 
as one goes from lower to higher energies the peak in the correlation coefficient 
shifts from shorter to higher delays. This implies that the higher-energy electrons 
require longer to be generated than the lower-energy electrons. 
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Table 2. Calculated correlation coefficients for all or parts of a 285-day 
period of daily averages of solar wind speed data and CPA electron fluxes with 
delays from 0 to 8 days 

Delay No. days 
days LoEl LoE2 LoE3 LoE4 LoE5 LoE6 H i E l  HiE2 HiE3 HiE4 HiE5 HiE6 i n  Corr. _ _ _ _  _ _ _ _  ---- ---- ---- _--- ---- ---- ---- ---- ---- ---- ---- --------- 
0 
1 
2 
3 
4 
5 
6 
7 
8 

Correlation Coefficients for l/7 - 3/20, 1980, WY 7 - 80 

1 
2 
3 
4 
5 
6 
7 
8 

0.49 0.54 0.53 0.49 0.44 0.38 0.43 0.36 0.28 0.22 0.18 0.13 
0.48 0.52 0.55 0.56 0.59 0.59 0.61 0.59 0.52 0.45 0.40 0.31 
0.40 0.39 0.42 0.46 0.51 0.57 0.56 0.59 0.58 0.55 0.52 0.45 
0.30 0.28 0.29 0.34 0.39 0.46 0.44 0.48 0.50 0.50 0.51 0.48 
0.17 0.15 0.14 0.18 0.23 0.31 0.28 0.34 0.38 0.40 0.45 0.49 
0.10 0.07 0.07 0.09 0.11 0.18 0.15 0.21 0.25 0.29 0.36 0.45 
0.07 0.03 0.04 0.06 0.06 0.11 0.08 0.12 0.15 0.16 0.22 0.32 
0.02 0.01 0.03 0.04 0.04 0.07 0.05 0.08 0.09 0.09 0.13 0.24 
0.01 0.01 0.01 0.01 0.02 0.05 0.02 0.04 0.05 0.04 0.08 0.19 

0 0.50 0.50 0.49 0.51 0.46 0.37 0.44 0.34 0.23 0.13 0.06 -.01 
0.46 0.43 0.49 0.62 0.69 0.67 0.70 0.67 0.60 0.49 0.39 0.29 
0.24 0.15 0.22 0.41 0.58 0.72 0.66 0.75 0.78 0.72 0.65 0.57 
-.13 -.17 -.12 0.06 0.26 0.48 0.37 0.53 0.64 0.68 0.67 0.64 
-.36 -.36 -.32 -.19 -.05 0.13 0.04 0.18 0.29 0.39 0.46 0.52 
-.41 -.39 -.36 -.30 -.22 -.10 -.16 -.06 0.02 0.110.20 0.27 
-.28 -.27 -.26 -.25 -.25 -.21 -.23 -.19 -.E -.10 -.06 -.01 
-.09 -.02 -.03 -.11 -.21 -.26 -.23 -.26 -.29 -.30 -.29 -.26 
0.07 0.14 0.13 0.05 -.06 -.19 -.l2 -.22 -.33 -.39 -.39 -.36 

Correlation Coefficients for 3/21 - 6/28, 1980, WY 81 - 180 
0 
1 
2 
3 
4 
5 
6 
7 
8 

0.57 0.62 0.64 0.58 0.53 0.47 0.53 0.46 0.35 0.29 0.24 0.15 
0.59 0.65 0.68 0.68 0.68 0.69 0.71 0.68 0.60 0.53 0.45 0.32 
0.59 0.60 0.63 0.64 0.65 0.66 0.67 0.67 0.63 0.60 0.55 0.44 
0.51 0.54 0.60 0.63 0.63 0.65 0.65 0.65 0.63 0.59 0.55 0.49 
0.37 0.39 0.44 0.49 0.51 0.58 0.54 0.60 0.61 0.61 0.61 0.57 
0.23 0.23 0.29 0.34 0.37 0.46 0.40 0.48 0.53 0.55 0.60 0.63 
0.11 0.11 0.17 0.23 0.25 0.35 0.29 0.37 0.42 0.44 0.49 0.53 
0.01 0.00 0.06 0.15 0.18 0.28 0.21 0.30 0.35 0.38 0.44 0.47 
-.04 -.06 -.02 0.03 0.08 0.17 0.09 0.17 0.24 0.28 0.35 0.41 

Correlation Coefficients for 6/29 - 18/16, 1980, DOY 181 - 290. 
0 0.36 0.41 0.35 0.31 0.24 0.18 0.20 0.17 0.15 0.14 0.14 0.15 
1 0.31 0.32 0.32 0.30 0.31 0.32 0.31 0.31 0.30 0.28 0.26 0.25 
2 0.11 0.09 0.12 0.13 0.19 0.25 0.23 0.28 0.31 0.32 0.33 0.33 
3 -.01 -.08 -.11 -.07 -.02 0.07 0.04 0.11 0.18 0.22 0.26 0.28 
4 -.12 -.18 -.24 -.21 -.18 -.12 -.14 -.08 0.01 0.07 0.14 0.17 
5 -.06 -.17 -.22 -.21 -.23 -.19 -.19 -.15 -.09 -.03 0.03 0.07 
6 0.02 -.10 -.15 -.17 -.21 -.21 -.20 -.19 -.17 -.14 -.10 -.07 
7 -.02 -.05 -.08 -.12 -.15 -.16 -.16 -.15 -.16 -.16 -.15 -.13 
8 -.13 -.11 -.11 -.10 -.06 -.05 -.07 -.05 -.07 -.10 -.11 -.11 

289 
288 
287 
286 
285 
284 
283 
282 
281 

72 
71 
70 
69 
68 
67 
66 
65 
64 

99 
98 
97 
96 
95 
94 
93 
92 
91 

110 
109 
108 
107 
106 
105 
104 
103 
102 

4. The Delay Between Establishment of High-speed Streams and 
the Occurrence of Relativistic Electrons 

There is a real discrepancy between the results of Paulikas and Blake, 1979, 
and our findings as illustrated in Table 2 and Fig. 3. This is best illustrated 
by considering electrons of energies >1.5 MeV. Paulikas and Blake in discussing 
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their Fig. 10 (1.55 MeV electrons) indicate that the highest organization of their 
data (least scatter of points) occurred when they used a delay of 36 ho,urs. As 
indicated in Fig. 3, our data is best organized by a delay of five days. Indeed, for 
all periods shown in Table 2, except the last wherein the correlation broke down, 
the correlation coefficients tended to maximize for delays of 3 to 5 days for HiE5 
(E>1.5 MeV). Now, since the energy range in the study of Paulikas and Blake 
and that of ourselves is about the same, the difference must come about due 
to some other operative cause other than simply the occurrence of high-speed 
solar wind. The Paulikas 'and Blake data were taken during July - December 
1974 during the declining period of the solar cycle, just when coronal holes are 
prevalent and high-speed stream structures are known to be highly organized. 
At these times, relativistic electrons are known to abound. In contrast, our 
data were recorded during 1980 at the height of the solar cycle when high-speed 
streams occur in conjunction with Solar Particle Events. It follows that the 
average solar wind speed during enhanced periods was higher for the Paulikas 
period and this has been confirmed. Roughly 75% of the daily solar wind speeds 
shown in Paulikas and Blake were >500 km/s whereas there were 7% for our 
period. This suggests the obvious, that the higher the solar wind speed, the 
sooner the relativistic electrons occur. 

0 
3 

0 - 
3 
4 

Fig. 3. Like Fig. 2, daily averages of relativistic electron fluxes vs. solar 
wind speed for the 20-day time span June 1 - June 21, 1980. Delays for each 
are given above the panels. A l l  fluxes are from the CPA detector and are for 
energies > 1.4 MeV. 
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5. Conclusions 

We are left with the following conclusions. Relativistic electrons follow a solar- 
sunspot-like cycle that is out of phase with the sunspot cycle. Enhanced fluxes 
of relativistic electrons occur in response to enhanced solar wind speeds. The 
higher the solar wind speed, the sooner the relativistic electrons occur. The 
effects of the duration of the high-speed stream have yet to been examined. Is 
there simply a direct correlation between the duration of the high-speed solar 
wind and the duration of the relativistic electron enhancement? Or, are the 
peak fluxes and/or peak energies influenced by them? It may be possible to 
develop an empirical relationship between the speed and duration of the solar 
wind speed and one or more of the following - flux, duration and peak energy 
of relativistic electrons at geosynchronous orbit. 
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