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Modeling the Outer Belt Enhancements of Penetrating Electrons
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Mega-electron volt electrons in the outer radiation belt present a spacecraft hazard in the form of internal
charging effects during periods of � ux enhancement that often result from the interaction of high-speed solar wind
streams with the Earth’s magnetosphere.The morphologyof these enhancements throughouta complete solarcycle
is described using data from spacecraft in geosynchronous and geostationary-transfer orbits; this then permits
the development of an empirical � ux model for an engineering software tool designed to assess the vulnerability
of satellite systems to the electrostatic charging of shielded dielectrics. This model, named FLUMIC, is unre� ned
but has a speci� c focus to serve a practical need and is very simple to use; it also represents one step in a universal
quest to pension off the venerated but largely inadequate AE-8 code.

Nomenclature
a(L) = � ux scaling factor
b(L) = energy scaling factor
E = energy, MeV
ER = reference energy, 2 MeV
E0 = e-folding energy, MeV
FE = integral � ux with energy > E , cm ¡ 2 day ¡ 1 sr ¡ 1

FR = integral � ux > E R , cm ¡ 2 day ¡ 1 sr ¡ 1

L = McIlwain parameter, Re

Introduction

V ERY energetic electrons in the outer magnetosphere are
trapped or pseudotrapped in a magnetic � eld that is dom-

inated by the Earth’s dipole but is often signi� cantly perturbed
by dynamic interactions of the solar wind and the large current
� ows that these induce. Persistent two or three orders of magnitude
� ux intensi� cations of these electrons, with energy in the range of
0.1–10 MeV, occur regularly. Such electrons can penetrate space-
craft surface structures and deposit charge within dielectric materi-
als; the subsequent electrostatic discharges represent a real hazard
for high-altitudesatellites.1,2

The engineeringrequirement to assess the vulnerabilityof space-
craft components to internal charging has now been addressed by
the development of an engineering software tool (DICTAT).3 To
predict the highest � uences of penetrating electrons to be expected
during any mission, it is necessary to have an appropriate model of
the outer belt and the � ux model for internal charging (FLUMIC)
has been constructed to this end.

Problem
AE-8 (Ref. 4) has been universally used since 1983 to describe

the energetic electron environment, but it is a static average model
that has long been recognized as seriously inadequate in the outer
zone and just an extrapolation of unknown validity above 2 MeV
(Ref. 5). The outer belt encompasses two distinct components that
have different origins and motions, giving rise to contrasting spa-
tial and temporal variations.Cayton et al.6 quantitativelydescribed
these components observed at geosynchronousorbit (GEO) as soft
(30–300 keV with Ts » 25 keV) and hard (300–2000 keV with
Th » 200 keV). The soft electrons are part of the plasmasheet ener-
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gized in transient substorm injections; they appear on auroral � eld
lines, re� ecting a nightside bias and a close link to geomagnetic ac-
tivity indices. The hard component tends to be more stably trapped,
but neverthelessit regularly undergoeshuge � ux enhancements,of-
ten occurring periodically and persisting for many days. Whereas
the soft populationtends to dominate near solar maximum, the hard
population exhibits peak intensities during the declining phase ap-
proaching solar minimum. It is not meaningful to integrate the two
components to afford any typical spectrum or average � uence, and
a more focused model than AE-8 is required.

The strength of the induced internal electric � eld depends on the
rates of charge deposition and leakage; the characteristic charging
time relates to the permittivity and conductivity of the dielectric
material involved.The importanceof this time in relation to the rate
of change of electron � ux, due to either the motion of the satellite
through the magnetosphere or the temporal variability of the outer
belt population, is its constraint on the data selection and averag-
ing proceduresfor calculatingan appropriatemodel. The maximum
electric � eld strength is inversely proportional to conductivity,as is
the charging time constant. Given the � nite current density in the
outer belt, this means that critical internal charging is restricted to
dielectrics of very low conductivity, and it also requires prolonged
exposures. The requirement is to characterize worst-case environ-
ments to assess the maximum level of internal charging for any
particular spacecraft con� guration and geometry. Worst-case pre-
supposes high � uence, but the depth pro� le of charge deposition
depends on shielding thickness and the incident energy spectrum,
making it site speci� c. The harder the spectrum then the more pen-
etrating are many of the electrons, but this does not necessarily
produce a higher E � eld in the susceptible dielectric. Because in-
struments for the detection of mega-electron volt (MeV) electrons
are not easily constructed, they have not been widely deployed; ac-
curatecalibrationis particularlydif� cult.There are then a numberof
speci� c but interdependentaspects to be considered in establishing
the modeling methodology.

Orbital location, L Value
Where electrostatic discharge (ESD) effects have been reported

as due to internal charging, they have invariably occurred in the
outer radiation belt, and it is reasonable to assume that penetrat-
ing electrons with � uences suf� cient to cause ESDs are con� ned to
magnetic � eld lines that map to high altitudes, that is, greater than
about 3Re. For modeling purposes, the McIlwain L value provides
a simple ordering of the data; the outer belt can then be portrayed
as extending between L =3 and L =8, with the peak � ux of pene-
trating electrons being encountered between L =4 and L =5.

The GEO has special interest because of the large number of
platforms and the reduced range of dependent variables; it permits
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almost continuous sampling of outer belt electrons even though it
is well outside the peak � uxes, and important conclusions can be
obtained from studies of such measurements.GEO spacecraft posi-
tioned on the geomagnetic equator lie near L =6.6, but others see
a diurnal variation in L with nightside values sometimes reaching
7.5, due to � eld asymmetry and tail distortion. The geotransfer or-
bit (GTO) is also important because it provides the opportunity to
measure in just a few hours a near-equatorial radial pro� le in L .

Tying measurements to L value requires a reliablemagnetic � eld
model and can be accomplished out to L =8 in geomagnetically
quiet times. Although activity-dependent � eld models now exist,7

it is very dif� cult to integrate data properly from disturbed periods.
The best approach is to use L values that correspond with a quiet-
time assumption and to neglect � ux measurements obtained when
K p is large, for example, >3+ . This is lessquestionablethan it might
appear because outer belt electron enhancements (OBEEs) tend to
peak a few days after storm events, when the � eld has returned to a
relatively stable con� guration.

Appropriate Timescale
Operational anomalies reported to be effects of internal charging

on GEO communicationssatellitescoincidewith the enhancements
but typically require charging times between one and three days.8

The notable failures of the Anik E1 and E2 satellites in 1994 have
actuallybeen rationalizedin terms of a 9-day chargeaccumulation.9

Spacecraft passing through the peak of the outer belt encounter
higher � uxes, but invariably this is only for a small fraction of each
orbit. FLUMIC is concernedwith the high extremes of � uence to be
expectedduring a mission and is, therefore,based on peak values of
orbit integrations of the � uxes, daily � uences in GEO, rather than
transient highs or long-term averages.

Low Energy Cutoff
Logically a cutoff should be de� ned by the desire to discrim-

inate between surface and internal charging processes, but physi-
cally there is actually no sharp boundary. Instead, the reality of the
two-component population suggests a cutoff that prevents signi� -
cant contamination of � ux integrations from the softer plasmasheet
electrons.SpacecraftEnvironmentMonitor-2 (SEM-2) detectorson
METEOSAT-3 in GEO sampled electronsbetween 43 and 300 keV,
and a detailed analysis of these data has been undertaken.10 During
OBEEs, the06h to 18h LT � uencefor the200–300-keVchannelwas
greater than that for 18 h to 06 h LT, in contrast to the lower energy
channels. This simple test serves to discriminate between hard and
soft, and it is concludedthat 200 keV is appropriatefor the required
cutoff. The range of 200-keV electrons in aluminum is approxi-
mately0.16mm, but the � uxcutoffdoesnotprecludeanycalculation
of total charge deposition being extrapolated to lower thicknesses.

Study of surface charging also requires a detailed knowledge
of secondary and photoemission, but simulation codes such as
NASCAP11 have been used with much success. The existence of
surface charge may well in� uence the evolution of internal electric
� elds, but given their much shorter timescales, these processes can
be treated, to a � rst approximation,as an effective groundingof the
exposed surface.

Available Data and Models
The radiation belts were much explored in the 1960s and 1970s,

and data from that era were skillfully consolidated into empiri-
cal models such as AE-8. However, the limitations of the latter
have been clearly exposed, and a model designed for this applica-
tion has contrasting requirements: 1) a bias toward electrons with
energy >1 MeV; 2) a bias toward measurements at high equatorial
altitudes, L > 3; 3) restriction to periods of enhanced � ux; 4) calcu-
lation of peak � uence with integration matched to timescale of the
internalchargingprocess;5)properaccountingof seasonaland solar
cycle variations; and 6) a basic representationof spectral hardness.

Empirical models need good measurements, but during the last
couple of decades few radiation belt data have been gathered. Im-
proved detectors of MeV electronshave been developedbut mainly
� own in or near GEO, for example, using geostationaryoperational
environment satellites (GOES), Los Alamos National Laboratory
(LANL) energetic spectrometer for particles (ESP) instruments12

on numerous spacecraft, SCATHA, and METEOSAT-3.9 More re-
cent results from HIPPARCOS,13 CRRES,14 and STRV-115 in GTO
together with observations at low altitude from SAMPEX16 have
expanded the picture of outer belt dynamics.

Outer Belt Enhancements
High-Speed Solar Wind Streams

An inadequacy of AE-8 stems from the consequenceof time av-
eraging a variable � ux that continually exhibits a series of discrete
enhancements, although it is only these enhancements of the outer
belt electrons that produce a risk of internal ESD. For an empiri-
cal model, it is not necessary to understand the physical processes
that control the � uxes, but it is essential to establish the associ-
ated time constants. Figure 1 shows the pattern for typical daily
� uence enhancements of >2-MeV electrons seen by GOES-7 in
January/February1995.Increasesof between2 and 3 ordersof mag-
nitude occur over a few days and are maintained for up to 10 days.

Measurements of daily mean solar wind speed from the WIND
spacecraft near the L1 point are also plotted, and the relation-
ship is clear; the majority of enhancements are observed to fol-
low promptly the arrival of high-speed streams at the Earth. Such
streams also undoubtedly cause geomagnetic storms, and a partial
correlation between maximum electron � ux and minimum Dst has
been demonstrated.17 The streams carry the interplanetarymagnetic
� eld (IMF) and its directioncontrols their interactionwith the mag-
netosphere; the more intense OBEEs appear to correspond with
southward IMF.

Recurrent and Nonrecurrent Enhancements: Solar Triggers
High-speed streams are associated with coronal holes appearing

on the solar disk. These coronal holes often persist for a number of
solar rotations and in consequenceOBEEs tend to recur after about
27 days; therefore, it is logical to use 27.4 day Carrington rotations
(CRs) to order data for monitoring these temporal variations. The
27-dayrecurrenceis often clear, but theactualityor visibilityof such
recurrencedepends on the frequencyand stabilityof the high-speed
streams, which both vary throughout the solar cycle with a degree
of predictability.However, a number of nonrecurrentenhancements
have occurred in association with solar proton events (SPEs) and
coronal mass ejections (CMEs). The SPEs of March 1991 and May
1992 are very good examples of some extreme events when it has
been possible to measure electron � uxes in the presence of pro-
ton contamination. Although such events are rare, a few per solar
cycle, the � uences can be very high and can only be treated as ran-
dom anomalously large enhancements (ALEs). The consequences
of CMEs are more dif� cult to track, but there is now good evi-
dence that signi� cant electron enhancements of the outer belt are
sometimes produced.18 ¡ 20

Traf� c Light Days
The GOES data sets have been excellent for monitoring en-

hancements of penetrating electrons (>2 MeV) since 1987 and

Fig. 1 Outer belt enhancements at GEO following increases in solar
wind speed.
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have proved ideal for establishing links with internal charging
effects.2 Comparisonswith data from STRV-1 (discussedlater) have
indicated that these enhancements generally encompass the whole
outer belt. Wrenn and Smith21 have showed that a particular phan-
tom command anomaly on a GEO platform requires a threshold
2-day � uence of 108 cm ¡ 2 sr ¡ 1 . Consequently daily � uences have
been classi� ed as low (green), high (amber), or extreme (red) based
on thresholds at 5 £ 107 and 5 £ 108 cm ¡ 2 sr ¡ 1. Figure 2 shows the
GOES-7 data for 1993 in this format when ordered by CR; days
lacking data due to contamination of the detector by protons with
energy greater than 32 MeV remain white, and days on which their
anomalies occurred are denoted by asterisks.

Register of Enhancements
It is now possible to de� ne enhancements throughout the whole

data set; the start being the � rst day that the daily � uence exceeds
5 £ 107 cm ¡ 2 sr ¡ 1 and the duration given by the number of days it
remains above this level, the sum of red and amber days; the 1993
extract from the full listing is presented as Table 1.

Table 1 Outer belt enhancements during 1993a

Start date, No. red, No. amber, Maximum Total Rotation
Code 1993 day day � uence/cm2 ¢ sr � uence £ 108 day (0–27) CR

93a 3 Jan. 0 8 2.7E +08 14.2 14 1864
93b 1 Feb. 0 6 2.3E +08 8.1 13 1865
93c 8 Feb. 0 9 2.3E +08 12.4 20 1865
93d 22 Feb. 0 6 3.2E +08 12.2 6 1866
93e 3 March 0 4 1.1E +08 3.3 16 1866
93f 12 March 1 8 6.2E +08 17.7 3 1867
93g 22 March 0 7 2.0E +08 8.2 7 1867
93h 6 April 0 6 3.6E +08 7.8 26 1867
93i 16 April 1 3 5.7E +08 8.8 4 1868
93j 21 April 0 8 1.9E +08 7.1 8 1868
93k 10 May 0 16 3.8E +08 24.1 2 1869
93l 5 June 5 1 1.6E +09 65.4 3 1870
93m 14 June 0 3 5.0E +07 1.3 10 1870
93n 25 June 0 4 1.1E +08 3.6 19 1870
93o 11 July 0 7 2.9E +08 11.4 11 1871
93p 22 July 0 5 1.8E +08 6.2 20 1871
93q 8 Aug. 0 5 1.8E +08 6.5 9 1872
93r 17 Aug. 6 3 2.1E +09 100.7 23 1872
93s 4 Sept. 5 3 1.2E +09 48.7 10 1873
93t 14 Sept. 6 1 1.9E +09 86.7 21 1873
93u 1 Oct. 0 5 3.6E +08 10.1 10 1874
93v 10 Oct. 3 5 1.1E +09 41.7 19 1874
93w 5 Nov. 6 3 9.3E +08 47.1 18 1875
93x 3 Dec. 0 5 3.0E +08 9.1 19 1876
93y 17 Dec. 0 7 3.0E +08 11.2 5 1877
93(25) —— 33 138 2.1E +09 573.6 —— ——
aMean duration, 6.8 day.

Fig. 2 Traf� c light representation of GOES-7 daily � uence of >2-MeV electrons during 1993 with reported ESD anomalies.

Total � uenceis the sumfor theenhanceddays,and the rotationday
is that of maximum� uence.The listingsupplies the numericaldetail
of Fig. 2. Table 2 summarizes the distribution of the enhancements
over the11 years,showing the trendwith smoothedsunspotnumber;
values for 1986 and the � rst half of 1987 are from GOES-5 and may
be arti� cially high due to detector noise.

During the 11-year period 184 enhancements were identi� ed,
with a meandurationof 6.9 days.Of the4018days,1216 (30%)were
enhanced (amber) and 275 (7%) were extremely enhanced (red).

Seasonal Variation
Seasonal structure is highlighted in Fig. 3 by plotting, on a log-

arithmic scale, all amber and red GOES >2-MeV daily � uences
against fraction of year counted from a winter solstice.

The maximum envelope has peaks at equinox and troughs at sol-
stice with year end signi� cantly lower than midyear. This pattern
is common to various geomagnetic indices and seems to re� ect a
more ef� cient coupling between the solar wind and the magneto-
sphere near equinox.
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Table 2 Outer belt enhancements, 1987–1998

Number of Number of Number of Number of Mean Total � uence, Smoothed
Year events red, days amber, days amber + red duration, days 108 /cm2 ¢ sr sunspot no.a

1986 20 60 116 176 8.8 —— 14
1987 12 6 58 64 6.0 103 32
1988 13 1 62 63 4.8 70 98
1989 8 0 48 48 5.5 55 154
1990 7 0 32 32 4.6 38 146
1991 12 4 55 59 4.9 85 144
1992 17 17 60 77 4.4 366 94
1993 25 32 139 171 6.8 573 56
1994 24 89 127 216 8.7 1275 30
1995 23 77 102 179 7.8 1312 17
1996 12 27 83 110 9.2 410 10
1997 16 11 79 90 5.6 205 23
1998 15 11 96 107 7.1 233 68
1987–1998 184 275 941 1216 6.9 4725 ——
aCycle 22 minimum in September 1986, maximum in July 1989, and minimum in May 1996.

Fig. 3 Semi-annual variation of >2-MeV daily � uence in GEO during OBEEs since 1 July 1987; line is the FLUMIC model (L = 6.9) envelope.

Fig. 4 Number of >2-MeV electron enhancements at GEO and num-
ber of red and amber days per year throughout the sunspot cycle.

Solar Cycle Pattern
Baker et al.22 conclude that “. . . the relativistic electron pop-

ulation in the outer magnetosphere undergoes the largest solar-
cycle variation of any known particle population.” This is based
on data from GEO during cycle 21 when 27-day running averages
of >1.4 MeV electrons ranged between 5 £ 102 cm ¡ 2 s ¡ 1 sr ¡ 1 in
1979/1980 to 104 cm ¡ 2 s ¡ 1 sr ¡ 1 in 1984/1985. Yearly averages of
>3-MeV electrons gave a factor of » 8 for the same epoch, whereas
the amplitude variation of >0.43-MeV electrons was in-phase but
smaller. The 1985 energy spectrum appears to be much harder than
the 1980 spectrum.

The annual count of enhancementsand overthresholddays in cy-
cle 22, listed in Table 2 and plotted as Fig. 4, clearly supports the
statement; the smoothed sunspot numbers for each year track the
cycle from minimum in September 1986 through maximum in July
1989 to minimum in May 1996. Note how the enhancements peak
during the declining phase of the cycle, just as they did in cycle 21.

Fig. 5 Maximum daily � uence (cm ¡ 2 sr ¡ 1 ) of >2-MeV electrons at
GEO per CR throughout the sunspot cycle, six hatched bars are associ-
ated with SPEs; FLUMIC model for L = 6.9 plotted for comparison.

With internal charging, the frequency of days with � uence exceed-
ing the appropriate threshold should determine the probability of
discharge; the higher the threshold, the greater the role of the solar
cycle seems to be. A more rigorous analysis was undertaken.

CR 1790 started on 16 June 1987 and CR 1944 started on
15 December 1998. Study of high resolution GOES-7 plots per-
mitted many days to be coarsely classi� ed in spite of some proton
contamination. We determined the maximum � uence per rotation,
and this is plotted in Fig. 5. Here six enhancements (23 March
1990, 27 March 1991, 10 July 1991, 11 May 1991, 21 February
1994, and 23 October 1994) are identi� ed as being associated with
SPEs; � ve more smaller ones (1 June 1990, 6 April 1991, 30 June
1992,3 March 1993, and 21 October 1995) may be similarly linked.
It is also possible that one or two onsets were obscuredby extensive
contamination during the active period in 1989.

The pattern set by Table 2 is plainly evident with the frequent
recurrencescoveringa numberof rotationsand peak � uencesduring
the second-half of the cycle being typically an order of magnitude
higher than those during the � rst-half. The number of amber or red
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days per rotation shows an even more marked bias toward the end of
thedecliningphase.Increasein the frequencyofenhancementevents
suggests that more fast solarwind streams reach the magnetosphere,
whereas increase in event duration could re� ect longer or stronger
coupling with larger enhancements or reduced decay rates.

To facilitate the modeling, 20 sunspot phase (SSP) levels
(SSP =0–19), typically 7 rising plus 13 falling, have been spec-
i� ed to cover a cycle,14 but cycles with a duration over 10 years
require one or two extra segments to be appropriately rated. Be-
cause � uences tend to peak near equinox, it is logical to tie these
levels to half-year segments centered at equinoxes. (January–June
and July–December suf� ce.)

Energy Spectrum, Characteristic Energy, Hardness Coef� cient
Because internal charge depositioncriticallydependson electron

energy, it is important to establish the energy spectrum of the in-
cident � ux; an increase in integral � ux FE above a given energy
E might result from general intensi� cation, or a hardening of the
spectrum or both. Baker et al.22 contrastedGEO spectra for January
1980 and January 1985 to illustrate the existence of a signi� cant
solar cycle effect. Although the single-channel detector sensitive
to >2-MeV electrons carried on GOES-7 offered no clues, a sec-
ond channel sampling >0.6-MeV electrons was introduced on the
later GOES satellites, and instruments with better energy discrim-
ination have been � own on other missions. A complete empirical
model ideally requires multipoint spectral measurements between
200 keV and 5 MeV covering the whole outer belt for at least a full
solar cycle. Such measurementsare not available,and given the un-
certaintiesinvolvedin theenergyresponsecalibrationsand sampling
integration,the assumptionof a simple spectral function that can be
inferred from a two-point spectrum offers the best compromise at
present. Both exponential2,22 and power law14,23 distributionshave
been proposed, and here the former is selected, mainly because it
offers better harmonizationwith the charge depositioncalculations.
In reality, the spectra are seldom exponential and never constant
during the prolonged charging process.

By assuming that

FE = F0 exp[ ¡ E / E0] (1)

the hardness of the spectrum is quanti� ed by the characteristic
e-folding energy E0.

Given two integral � uxes, F1 with energy greater than E1 and F2

with energy greater than E2 , then E0 can be determined as

E0 = (E2 ¡ E1) [F1 / F2] (2)

In addition to invoking an exponential spectrum, this equation
assumes that the detectors have sharp energy thresholds. If this is
not the case, an equivalent measure of hardness can be determined
from the count-rateratio between two calibrated energy channels.20

Either way it should be possible to obtain a � rst-order estimate for
trends to be incorporated in the required model.

The solar cycle variation of energy spectrum has been explored
using LANL ESP data for the period from 22 September 1989 to
22 October 1998. Daily averages of integral � uxes for electrons

Fig. 6 Scatter plot of spectral hardness against >1.8-MeV � uence in GEO during OBEEs between 22 September 1989 and 22 October 1998.

>1.8 MeV were analyzed to give a traf� c light presentation,which
was an excellent match for the GOES version when amber and red
thresholds were set at 1.4 £ 108 and 7.5 £ 108 cm ¡ 2 sr ¡ 1 day ¡ 1.
Minor differences can be explained by the spacecraft spacings in
longitude and local time.

For all days above the amber threshold, integral � uxes >0.7 and
>3.5 MeV were also computed and Eq. (2) applied to estimate E0.
Figure 6 shows the resulting spread of values and their correlation
with >1.8 MeV � uence. It supports the consistent � nding that in-
creasing � ux of penetrating electrons generally corresponds with
greater spectral hardness. Table 3 lists the maximum >1.8-MeV
� uence and average E0 for each 6-month SSP together with the
numbers of days in each set; the � uence maxima and enhancement
frequencies con� rm the trend established earlier. Surveying all of
the daily averagesof E0, there is a tendency to peak at SSP =15, but
the solar cycle dependenceis not pronouncedwithin the scatter, and
it basically tracks the frequencyof large � uence events. The spread
of E0 values about their mean is generally within §20%, and this
range needs to be incorporated into any worst-case model.

The CRRES mission proved less fruitful than hoped due to the
premature end to operations after 14 months (see Fig. 5). The
data set covers from 28 July 1990 to 10 October 1991, but the
smoothed sunspot number was remarkably constant during this pe-
riod, which featured only 12 enhancements from the GOES regis-
ter; two of these followed SPEs including the only one to reach red
levels, the truly amazing and probably unique March 1991 injec-
tion event. Vampola14 attempted to extrapolatea solar cycle depen-
dence utilizing a neural network relationship with R K p. Because
he concluded14 that a factor of only 2.6 should cover the variation
of 140 keV to 1.54 MeV electrons over a cycle, it appears that his
analysis was relatively insensitive to the critical enhancements of
the hard component.

Table 3 Solar cycle variation of spectral hardness

Enhancements

Year SSP Data, days Maximum � uence days E0 , MeV

1990/1 7 178 8.95E +08 31 0.46 § 0.06
1990/2 8 183 5.01E +08 13 0.43 § 0.06
1991/1 9 178 4.79E +09 34 0.50 § 0.11
1991/2 10 184 7.61E +08 40 0.46 § 0.04
1992/1 11 181 7.21E +09 26 0.47 § 0.14
1992/2 12 184 5.00E +09 71 0.43 § 0.08
1993/1 13 174 1.90E +09 95 0.46 § 0.05
1993/2 14 182 2.29E +09 88 0.49 § 0.08
1994/1 15 176 2.50E +09 127 0.54 § 0.11
1994/2 16 180 2.07E +09 90 0.49 § 0.08
1995/1 17 172 3.03E +09 89 0.50 § 0.09
1995/2 18 153 1.26E +09 27 0.43 § 0.07
1996/1 19 172 1.27E +09 33 0.40 § 0.08
1996/2 0 176 1.53E +09 42 0.41 § 0.08
1997/1 1 172 1.14E +09 36 0.40 § 0.08
1997/2 2 184 5.38E +08 16 0.38 § 0.09
1998/1 3 158 1.05E +09 22 0.42 § 0.07



WRENN, RODGERS, AND BUEHLER 413

Radial Pro� le
Can the evolving picture at GEO be extrapolated to the rest of

the outer belt? Although GEO locations are in no way special with
respect to charged particle dynamics, the measurements are at the
outer fringe of the electron population. Because the background
count rate of the HIPPARCOS star mapper was found to be raised
by 3-MeV electrons, enhancements between December 1990 and
February1993couldbequalitativelymapped in L value.13 Although
centred around L =4 the outer belt electron � uxes are highly vari-
able in both space and time; at � rst sight one gets the impression
that some signi� cant enhancements might not be re� ected in mea-
surements at GEO.

The processescontrollingthe accelerationwith transient trapping
and subsequent loss of the electrons are poorly understood; the so-
called recirculation theory15 addresses the evolution and timing of
enhancementsbut as yet it offers no clues on how the intensi� cation
and energization rates vary as a function of L. Here the relevant
question is as follows: For each value of L , what is the maximum
� ux that is likely to be encountered? The relative timing within an
enhancement event is academic.

Using 1.55-MeV data from CRRES, Brautigam et al.24 con� rm
the spatial structure of enhancements,note the wide variation in the
radial position of their inner edge, quantitativelydescribe the radial
pro� les in terms of “pro� le � ux” and “centroid L” parameters, and
show that these were moderatelycorrelatedwith the Ap15 planetary
index. However, the relevance of these � ndings is questionable,
given that their chosenexampleof an intenseouter zoneon 8 August
1990 fails to even reach the amber threshold at GOES-7.

A satellite in LEO at high inclination rapidly samples a full range
of L values but detects only the particles that reach it, not those
that mirror at higher altitudes.SAMPEX at 520–675 km carries two
telescopes sensitive to MeV electrons and has produced extensive
pictures of outer belt dynamics, but it is dif� cult to infer equivalent
daily equatorial � uences from these measurements.

STRV-1aand STRV-1b were launchedinto GTO on17 June1994.
STRV-1b carries a radiation environmentmonitor (REM) that mea-
sures the energy deposit of electrons in two independent shielded
solid-state detectors15; the energy thresholds are approximately 1.0
and 2.0 MeV. STRV-1a carriesa cold ion detectorwith a background
count rate that is also sensitive to high-energy electrons.8

Results from STRV REM
Orbit-average count-rate and hardness ratio measurements for

August 1994–May 1998 have been binned in terms of the L-value
ranges listed in Table 4. The count rates are approximately propor-
tional to integral� ux greaterthan1 MeV; thehardnessratio is simply
the count-rate ratio between the two channels but using the energy
response calibrations E0 for an assumed exponential spectrum is
approximated by 0.4/ (hardness ratio).20

Threshold levels were selected to specify green, amber, and red
days to highlight electron enhancements; again the red thresholds
were chosen to tag the top 10% of the measurements in each bin,
and the amber thresholds were then set at 1

10 th of these. Traf� c
light maps with the same format as Fig. 2 were compared with the
GOES equivalentsand foundto matchverywell for all but the lowest

Table 4 Maximum count rate and mean E0, as a function of L value

Range in L valueSTRV/REM data
Aug. 94–May 98 2.5–3.5 3.5–4.5 4.5–5.5 5.5–6.5 6.5–7.5

Maximum count rate, s ¡ 1 7.1E +03 8.6E +04 1.2E +05 2.0E +04 6.7E +03

Amber threshold, s ¡ 1 300 5,200 5,800 1,000 185
% Amber days 23 23 23 23 23
Number of amber data 614 625 595 606 548
Mean E0 for amber, MeV 0.67 0.44 0.39 0.34 0.32
Standard deviation, MeV 0.15 0.06 0.04 0.03 0.04

Red threshold, s ¡ 1 1,050 21,500 24,000 4,800 880
% Red days 10 10 10 10 10
Number of red data 249 257 246 258 239
Mean E0 for red, MeV 0.52 0.46 0.45 0.39 0.36
Standard deviation, MeV 0.11 0.05 0.03 0.03 0.03

L-value range.The averagevaluesof E0 , determinedfor both amber
and red days, are presented in Table 4 together with the appropriate
numbers of data and standard deviations and the maximum count
rates for each bin.

Peak � uxes clearly occur near L =4.5, and mean E0 steadily
increases as L gets smaller. The standard deviations at low L are
relatively large, rendering these data as questionable because pro-
ton contamination is likely. If the electrons are accelerated by ra-
dial diffusion and redistributed with little energy loss by cross� eld
diffusion,22 some systematic hardening as a function of L value
might be expected in line with these results.

In April 1995, a fast solar wind stream produced a period of
outer belt enhancement. REM data have been analyzed in greater
detail to give the maximum � ux measured in bins of 0.1 in L
for three MeV energy ranges: 1.0 < E < 1.9, 1.9 < E < 2.5, and
2.5 < E < 4.5; these differential � uxes have been converted to an
integral � ux for E > 1 MeV and plotted as Fig. 7. It is emphasized
that these points do not represent a pro� le of outer belt electrons
because peak � uxes at different L values occur at different times
during an enhancement event. Desorgher et al.25 have shown that
at lower L values, high � ux levels appear later and decay slower,
and also that there is a semi-annualeffect in that electrons penetrate
deeper into the magnetospherenear equinox than during summer or
winter. A curve � tted to the points, therefore, serves as a reasonable
worst-case description of L-value dependence.

The four years of STRV data have been examined using the half-
year SSP intervals to track the phases of the sunspot cycle. For
each 6-month period, maximum count rate and an average E0 for
both amber days and red days were determined for the � ve L-value
bins. The preminimum peak is substantiatedby the maximum count
rates for phases SSP =16, 17, and 18, and there is more evidence
for hardening associated with extreme enhancements. In general,
the results are consistent with the picture of the whole outer belt
electron population experiencing a similar level of enhancement
during any of these events, when viewed with a resolutionof at least
1 day and without regard to the relative timings.

FLUMIC
It is a requirement of the engineering tool that a meaningful

electron spectrum is supplied in response to any orbit speci� ca-
tion. Given the complexity of magnetosphericstructure, the lack of
understanding of the processes involved, and the paucity of good
measurements, this cannot be presently achieved with high accu-
racy. Maximum integral � ux (or � uence) for energies greater than
1 or 2 MeV can reasonably be predicted, but the energy spectrum
is critical to the internal charging interaction, and it is dif� cult to
extrapolate the observed solar cycle and L-value dependencies.

The developmentof required scaling algorithms is best suited by
the simple exponential function of Eq. (1) but the selection of a
reference energy E R leads to a more convenient expression:

FE (E , FSC, FYR, L) = a(L) ¢ FR(FSC, FYR)

£ exp

³
{E R ¡ E}

{b(L) ¢ E0(FSC)}

´
m ¡ 2 s ¡ 1 sr ¡ 1 (3)
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Table 5 Six most intense enhancements seen in GEO since 1987

Integral � ux, cm ¡ 2 day ¡ 1 sr ¡ 1

LANL ESP E0, MeVGOES
Month Dates >2 MeV >0.7 MeV >1.8 MeV >3.5 MeV 0.7–1.8 1.8–7.8

March 1991 28/29 6.6E +09 1.7E +10 4.4E +09 5.6E +08 0.82 0.82
May 1992 11/12/13 2.9E +09 2.6E +10 4.7E +09 3.6E +08 0.65 0.66
Sept. 1992 5/6/7/8 2.2E +09 1.9E +10 2.6E +09 1.3E +08 0.55 0.57
Oct. 1992 2/3 3.5E +09 2.9E +10 4.8E +09 2.5E +08 0.61 0.57
March 1995 15/16 5.6E +09 1.3E +10 2.2E +09 1.5E +08 0.61 0.63
April 1995 13/14/15 4.1E +09 1.4E +10 2.7E +09 2.7E +08 0.69 0.73

where fraction of year (FYR) is 0 at a winter solstice rising linearly
to 1 at the next and fraction of solar cycle (FSC =SSP/20) is 0 at a
solar minimum rising linearly to 1 at the next.

Having established and coarsely quanti� ed a set of trends, the
remaining task is to combine them into a model that can satisfy the
engineeringrequirements.Normalizingthe measurementsfrom dif-
ferent instruments necessarily involves some subjective judgement,
given the complexities of calibration. By the use of E R =2 MeV,
the GOES data are, thus, adoptedas an absolutereference,on which
the trends deduced from analyses of ESP and REM data are hung.

The functions appearing in Eq. (3) are simulated by following
equations:

log[FR] = (8.8 + 0.5 sin[2p (FSC ¡ 0.55)])

£ (1 ¡ 0.0435cos[4p FYR] ¡ 0.0326cos[2 p FYR]) (4)

a(L) = 42(L ¡ 2.8)2 exp[ ¡ 0.39(L ¡ 2.8)2] (5)

E0 =0.39 + 0.14FSC, FSC · 0.8

=0.39 + 0.56(1 ¡ FSC), FSC > 0.8 (6)

b(L) = 1.73 ¡ 0.106L (7)

Note that a(L) and b(L) are scaled to be unity for GEO, L =6.9.
Equations(4)and (5)yieldan envelopeofmaximum� ux,whereas

Eqs. (6) and (7) give an average spectralhardness for enhancedcon-
ditions, with §20% being a reasonable spread band. Because high
>2-MeV � ux tends to correspondwith high E0 , the +20% bound is
likely to be more representative of severe internal charging condi-
tions, but softer spectra, which could be relatively more damaging
for lightly shielded dielectrics, should not be ignored. However, it
is acknowledged that the expedient assumption of an exponential
spectrum will seldom be meaningful below 200 keV, whereas no
attempt is made to model the plasmasheet population.

For only 1.8% of days (4% of amber and 14% of red days, mainly
ALEs) do the GOES � uences exceed the values given by Eq. (4).
Data and FLUMIC model output (L =6.9 and E =2) are compared
in Fig. 5.

The L-value dependence re� ected by Eqs. (5) and (7) is clearly
compromisedby the lack of availabledata. The principalfeaturesof
the outerbeltelectrons,the � uxpeaknear L =4.5, and theprevailing
spectral hardeningwith decreasing L are roughlymodeled, but with
no temporal supplement. The � ux peak position and perhaps its
width could be described as functions of FYR and FSC if a more
comprehensive set of reliable measurements were available.

FLUMIC � uxes for appropriate input variables are plotted in
Figs. 3, 6, and 7 to illustrate the various dependencies.

Because the data sources used in the FLUMIC model do not
provide off-equatorialmeasurements, the � ux attenuation as a con-
sequence of � eld-line displacement from the magnetic equator is
introduced using expressions adopted in AE-4 (Ref. 26) and AE-8
(Ref. 4).

FLUMIC can be accessed as part of the DICTAT tool, which
is available within the space environment information system
(SPENVIS), on the Web at http://www.spenvis.oma.be [cited 12
May 2000].

Anomalously Large Enhancements
Since 1987, the six most enhanced events are those listed in

Table 5. Daily averages of integral � uxes are shown for both

Fig. 7 Maximum � ux (m¡ 2 s ¡ 1 sr ¡ 1 ) as a function of L value: >1-
MeV data points from STRV/REM; >2-, >1-, and >0.6-MeV curves from
FLUMIC model (FYR = 0.31 and FSC = 0.88).

GOES-7 and ESP detectors; with the latter, e-folding energies are
calculated for 0.7–1.8-MeV and 1.8–7.8-MeV energy bands. Given
the satellitespacingsin longitudeand local time, there is goodagree-
ment between the GOES and ESP measurements.The near equality
of each pair of E0 values suggests that the exponentialassumption is
not unreasonable.The � rst two enhancementswere associatedwith
solar proton events, but the other four were triggered by the arrival
of high-speedsolar wind at times of optimum magnetosphericcou-
pling. The events do exhibit a range of spectral hardness but, with
the exceptionof the March 1991 event,which is recognizedas being
unique, E0 is con� ned to 0.63 MeV §13%.

As a supplement to the FLUMIC model an anomalously large
enhancementcan be treated by the substitutionof the following two
equations:

FR [ER = 2 MeV] = 6 £ 109 cm ¡ 2 day ¡ 1 sr ¡ 1 (4a)

E0 = 0.63 § 0.08 MeV (6a)

A worst-case GEO spectrum is presented in a recent NASA tech-
nical handbook.27 Because it is based on a single spectrum from
measurements taken on 11 May 1992 over only a few hours at a
selected longitude, it appears to be slightly harsher than that given
here.

Discussion
FLUMIC is an empirical model that has been created for the

speci� c application of internal dielectric charging of spacecraft in
the magnetosphere. It has been generated from an appropriate but
restricted data set. The critical solar cycle dependence has been
largely deduced from routine monitoring in GEO during only one
11-yearperiod,whereas the radial pro� le has been inferredfrom rel-
atively few measurements in GTO. The model has been constructed
with a built-in � exibility that provides scope for � ne tuning. Its ap-
plicability could be enhanced by testing with other data, and any
feedback of this kind would be most welcome. Of course the jus-
ti� cation for a completely empirical model would diminish if a
satisfactory theory of the electron accelerationmechanism could be
established.17

Spacecraft should not contain unshielded dielectrics; when sur-
face chargingbecomesrelevant,the � uxes of electronswith energies
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below 200 keV have to be considered, together with the complica-
tions introduced by secondary emission and photoemission.Effec-
tive modeling would then have to be fully time dependent with
linkage to the local and transient nature of substorm processes in
the magnetosphere.

The importance of peak � uences rather than average values has
been stressed but there is always a dilemma in quantifying worst-
case conditions: What should be done about the 100-year storm?
Engineers have to decide what cost and risk tradeoffsare acceptable
and what limits on contingency factors can be afforded. DICTAT
users keen to develop bomb-proof systems have the option of in-
putting worst-worst-case spectra of their own choosing, but they
must remember that such are not absolutebut, rather,will be charge-
site speci� c. Whereas shielding represents an ultimate form of
protection, there are many other design rules and procedures that
should be embraced to avoid problems caused by internal charging
effects.27

Conclusion
FLUMIC has been designed to enable a predictionof the highest

� uences of penetrating electrons to be expected during a mission;
the orbit integrated� uencesbasedonEq. (3) shouldbe consideredas
probable threat limits for normal operation.However, anomalously
large enhancementsdo occur, and just a few per decade might cause
problems. Rare soft errors in uncritical systems can usually be tol-
erated, but, for critical systems, the temporal functions of Eqs. (4)
and (6) must be replaced by the higher levels that are speci� ed by
Eqs. (4a) and (6a). The model is presented as a signi� cant advance
on what was previously available, but it is hoped that further re-
� nements can be included before the year 2004, when the internal
charging hazard is due to peak again.
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