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ABSTRACT

We investigate how the two geostationary spacecraft,
ESA Meteosat-3 and Swedish Tele-X, are affected by
space weather (characterised by daily-averaged Dst,
daily sum of Kp, and daily-averaged energetic elec-
tron flux (> 2 MeV)) through superposed epoch anal-
ysis and develop neural network models to predict
spacecraft anomalies one day in advance. From su-
perposed epoch analysis we find (1) that the space-
craft anomalies frequently occurred during the re-
covery phase of geomagnetic storms; (2) that the
space environment during the last 4-6 days preceding
an anomaly contributes statistically the most to the
anomaly occurrence; (3) that Kp and Dst would be
better parameters than the energetic electron flux (>
2 MeV) to predict anomalies on Meteosat-3, implying
that the anomalies on Meteosat-3 were mainly caused
by electrons with energy well below 2 MeV (several
KeV to 300 KeV) and due to both surface charging
and internal charging; (4) that the energetic electron
flux would be a parameter as good as Kp and Dst to
predict anomalies on Tele-X, implying that the ma-
jority of the anomalies on Tele-X were caused by elec-
trons with energy above 2 MeV and due to internal
charging. From the developed neural network models
we find that for Meteosat-3 Kp, Dst, and the ener-
getic electron flux give the total prediction rate (for
anomalies and non-anomalies) of 79%, 73%, and 62%,
respectively. For Tele-X the total prediction rates are
64%, 66%, and 67% from Kp, Dst and energetic elec-
tron flux, respectively. The prediction results are in
agreement with the superposed epoch analysis. The
neural network models developed in this study can be
used to predict times with higher risks for anomalies
in real-time from ACE solar wind data.

1. INTRODUCTION

The space environment (including atmosphere,
plasma, radiation, and micrometeoroid/orbital de-
bris) can adversely affect spacecraft in space. The
type of space environment effects depends on the al-
titude and inclination of a spacecraft orbit. The mag-

nitude of interactions between the space environment
and spacecraft varies with local time, season, geo-
magnetic and solar activity, with magnitude varying
from negligible to mission threatening.

In space plasma environment, because electron flux
is dominant in the Earth’s ionosphere and magneto-
sphere, spacecraft can be charged negatively to high
electrical potential until reaching the floating poten-
tial. The charging which leads to a common poten-
tial of a spacecraft is not a problem in itself. How-
ever, the differences in surface conductivity, conduc-
tors and dielectrics will charge to different potentials
in a plasma environment. This differential charging
may lead to arc discharging between surfaces if the
potential difference is big enough. The arc discharg-
ing could cause permanent damage to spacecraft sub-
systems and electromagnetic interference with sensi-
tive electronics [ Tribble, 1995]. Further, charging cur-
rents arise not only from the ambient plasma itself
but from photoelectron and secondary electron emis-
sion. In geosynchronous orbit the currents of photo-
electron emission and secondary electron emission are
important sources of surface charging because plasma
density is much lower and impact energy is higher
than in low earth orbit.

In energetic radiation space environment (including
energetic radiation belt particles, cosmic rays, solar
protons), the total dose of radiation deposited over
the life of the material and the dose rate are two most
important factors responsible for radiation damage.
Energetic electrons (> 100 KeV) are not confined to
interact with spacecraft surfaces and will penetrate
the surface material into a spacecraft interior and de-
posit their energy. The amount of energy deposited
in a material depends on the type of radiation and
its energy as well as the material susceptibility. This
will determine the time scale of the internal buildup
of charges (internal and deep dielectric charging) for a
hazardous electrostatic discharging (dielectric break-
down, gaseous arc discharge) to occur. The time scale
may vary from many hours to several days [Vampola,
1994]. Cosmic rays and energetic solar protons can
trigger single event effects (e.g., upsets, latchup) on
spacecraft [ Wrenn, 1995].



During geomagnetic quiet times, geosynchronous
satellites traverse the plasmasphere and are generally
earthward of the plasma sheet, and the cold plasma
sphere does not support charging. During a typical
substorm, a geosynchronous satellite will pass by the
inner edge of the plasma sheet and observe the in-
jection of ring current plasma, surface charging can
therefore be enhanced due to the injection of hot
plasma. During extended intervals of geomagnetic
activity and major magnetic storms, high energetic
electron fluxes develop on the outer magnetosphere,
geosynchronous satellites are generally immersed in
the energetic electron environment. These penetrat-
ing electrons can become embedded within dielectrics
on satellites building up electric potentials over time
which can exceed the breakdown potential of the di-
electric [ Vampola, 1987].

Geomagnetic storms affect spacecraft through en-
hanced electron fluxes. Energetic electron flux at
the geosynchronous orbit is extremely dynamic, with
variation of several orders of magnitude during a few
days. Regarding how energetic electron flux depends
on geomagnetic activity, it was shown by Nagai[1988]
and Koons and Gorney [1991] that the enhancement
of electron flux can extend from 1 to 5 days following
the storm onset (as measured by Dst and Kp).

With new sensitive electronic components and low-
mass constraints (less shielding) the influence on
satellites by space weather will increase. It will be
more important to predict times with higher risk for
anomalies in the future. In this study, we investi-
gate how space weather (characterised by energetic
electron flux (> 2 MeV) and geomagnetic activity
indices Kp and Dst) affects the two geostationary
satellites, ESA Meteosat-3 and Swedish Tele-X. First
we construct a space environment database for the
study of 900 anomalies and 560 non-anomalies on
the two satellites. Second we make the superposed
epoch analysis on the database. Third we develop
neural network models to predict spacecraft anoma-
lies 1 day ahead.

2. DATA

2.1. Anomalies on Meteosat-3 and Tele-X

On Meteosat-3, an ESA meteorological satellite oper-
ating from June 1988 to November 1995, 724 anoma-
lies were recorded from 21 June 1988 to 20 Octo-
ber 1995. From 2 April 1989 to 26 October 1996,
192 anomalies were recorded on Tele-X, which is a
Swedish telecommunication satellite operating from
April 1989 to January 1998.

Occurrence of the anomalies on Meteosat-3 and Tele-
X is displayed in Figure 1(d). The local time depen-
dence of the anomalies on Meteosat-3 and Tele-X was
shown in [Andersson et al., 1997], with more anoma-
lies occurred in the sector between local midnight and
9:00 am. This is because electrons and ions subject
to gradient and curvature shifts are deflected by the
geomagnetic field in different directions, spacecraft
orbiting during this time sector will be exposed to an
abundance of electron with higher energy (KeV or
higher) during increasing geomagnetic activity (sub-
storms or storms). Spacecraft orbiting between 6:00
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Figure 1. Anomalies on Meteosat-8 and Tele-X during
880621-961020 and the corresponding space environment
conditions. (a) Daily-summed Kp; (b) Daily-averaged Dst
(nT); (c) Daily-averaged energetic electron flux with en-
ergy above 2 MeV (cmfzsflsrfl), inferred from GOES-7
measurements; and (d) Anomalies on Meteosat-3 (shown
in the lower part) and on Tele-X (shown in the upper

part).

pm and midnight do not experience a similar effect as
it is much easier for the ambient electrons to cancel
the flux of storm ions. The greatest concern during
geomagnetic storms is therefore for spacecraft oper-
ating between local midnight and morning time. The
semiannual variation of geomagnetic activity [Rus-
sel and McPherron, 1973] also has its signature in
the occurrence of anomalies on Meteosat-3 and Tele-
X which peaked at the equinoxes [Andersson et al.,
1997]. We therefore consider all the anomalies on
Meteosat-3 and Tele-X equivalently as induced by
space environmental factors in this study.

2.2. Space Environment Data

A variety of indices have been utilized to character-
ize geomagnetic activity. Some of them are designed
to characterize specific aspects of the total distur-
bance field, while others are meant to be global, of-
fering a measure of the worldwide level of magnetic
disturbances [Mayaud, 1980; Joselyn, 1995]. The 3-
hourly K index is quasi-logarithmic number between
0 and 9 by measuring the largest excursion of mag-
netic field strength on all three magnetometer or-
thogonal elements. To remove local influences, the
local K index inferred from 11 observatories at ge-
omagnetic latitudes between 45° and 63° in both
northern and southern hemisphere are combined to
produce a relatively global index, Kp [Bartels, 1949].
At these middle latitudes the observed geomagnetic



variations are not the predominant influence of only
one current system and may have contributions from
different magnetospheric current systems. Therefore
Kp derived from geomagnetic perturbations at those
latitude gives a fairly global characterisation of the
energy input into the magnetosphere [Menvielle and
Berthelier, 1991].

The Dst index, originally devised by Sugiura [1964],
is calculated hourly from the H component recorded
at 4 low latitudes magnetic observatories (20° — 30°
away from the dipole equator and equally spaced
in longitude), where both auroral- and equatorial-
electrojet effects are minimal. Dst provides a mea-
sure of the strength of the ring current (the total en-
ergy of ring current particles) and serves as an indica-
tor of the intensity and duration of magnetic storms.
Ring current is formed by ions (mainly protons and
oxygen ions) and electrons in the 10-300 KeV range,
where electrons do not contribute much to the ring
current energy, but to penetrating radiation. Dst is
essentially the value of the ring current field at the
dipole equator, with some uncertainties due to mag-
netic contributions from other sources, e.g, magne-
topause currents, asymmetric ring current, and sub-
storm current wedge, as discussed by Rostoker [1972].

Kp and Dst indices and energetic electron flux (>2
MeV) are used here as environmental parameters to
correlate with spacecraft anomalies. Hourly Dst and
3-hourly Kp data are taken from NSSDC OMNIWeb.
Daily-averaged Dst and daily-summed Kp are actu-
ally used in this study. The daily-averaged energetic
electron flux are inferred from original 5-minute av-
eraged data measured by NOAA GOES-6, GOES-7,
and GOES-8. For Kp, we take the daily-summed val-
ues since 3-hourly Kp cannot be averaged due to its
quasi-logarithmic scale. The choice with daily resolu-
tion is mainly due to the fact that Meteosat-3, Tele-X
and the GOES satellites are located at different lon-
gitudes along the geostationary orbit. The environ-
ment data used to study the anomalies on Meteosat-3
and Tele-X are shown in Figures 1(a)-1(c).

The data interval for an anomaly is defined as a pe-
riod of time preceding a day when an anomaly oc-
curred on Meteosat-3 or on Tele-X. The maximal in-
terval selected is 10 days. The data interval for a
non-anomaly is defined as a period of time preceding
a day when anomalies did not occur on Meteosat-3 or
on Tele-X and during the data interval anomalies did
not occur on Meteosat-3 or on Tele-X. The maximal
interval selected is 10 days as well. Therefore, defini-
tions of an anomaly interval and a non-anomaly in-
terval are satellite-dependent. After data processing
(mainly due to the gaps in GOES measurements), we
thus obtain 613 data anomaly intervals for Meteosat-
3 and 167 anomaly intervals for Tele-X. We obtain
420 data non-anomaly intervals for Meteosat-3 and
140 non-anomaly data intervals for Tele-X.

3. SUPERPOSED EPOCH ANALYSIS

The superposed epoch analysis is made on the
database constructed above. The results are shown
in Figures 2(a)-2(c) for Meteosat-3 and Tele-X. As
seen from the averaged anomaly interval pattern of
Kp or Dst, anomalies tend to occur during the pe-
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Figure 2.  Superposed epoch analysis on anomaly and
non-anomaly data intervals characterised by space envi-
ronment parameters: (a) Daily-summed Kp; (b) Daily-
averaged Dst (nT); and (c) Daily-averaged energetic elec-
tron flux with energy above 2 MeV (cm_Qs_lsr_l). The
solid line represents the mean distribution of anomaly in-
tervals averaged for 691 anomalies on Meteosat-3 and
the dashed line represents the mean distribution of non-
anomaly intervals averaged for 420 non-anomalies on
Meteosat-3. The dotted line refers to the mean distribu-
tion of anomaly intervals averaged for 167 anomalies on
Tele-X and the dashed-dotted line to the mean distribution
of non-anomaly intervals averaged for 140 non-anomalies

on Tele-X.

riod of time when geomagnetic activity starts de-
creasing after reaching the maximum. We find the
same result for anomalies on both Meteosat-3 and
Tele-X. This indicates that the spacecraft anomalies
frequently occurred during the recovery phase of ge-
omagnetic storms. Furthermore, the space environ-
ment conditions during the last 4-6 days preceding an
anomaly are seen to contribute statistically the most
to the occurrence of anomalies on both Meteosat-3
and Tele-X. Those results are consistent with the fact
that geomagnetic storms affect spacecraft through
enhanced electron fluxes (with a delay from 1 to 5
days following the storm onset). The main phase
generally lasts about 1 day, electron fluxes are there-
fore enhanced during the recovery phase of magnetic
storms.

As seen from Figure 2, for Meteosat-3 the patterns of
Kp or Dst for the averaged data interval of anoma-
lies and non-anomalies are more clearly distinguished
from each other than energetic electron flux (> 2
MeV). This means that Kp and Dst would be bet-
ter input parameters than the energetic electron flux
in predicting anomalies on Meteosat-3. We therefore
argue that the anomalies on Meteosat-3 were mainly
caused by electrons with energy well below 2 MeV
and associated with both surface charging and inter-
nal charging.

In contrast, for Tele-X the averaged anomaly inter-



val and the averaged non-anomaly interval for en-
ergetic electron fluxes are also clearly distinguished
from each other as those for Dst and Kp. This means
that the energetic electron flux would be a parame-
ter as good as Kp and Dst in predicting anomalies
on Tele-X, thereby suggesting that the majority of
the anomalies on Tele-X were caused by electrons
with energy above 2 MeV and namely due to internal
charging.

Susceptibility of the two satellites to the space envi-
ronment conditions can be further qualitatively ex-
amined from Figure 2. In the averaged non-anomaly
interval, geomagnetic activity as measured by Kp and
Dst is stronger for Tele-X than for Meteosat-3. This
implies that Meteosat-3 is more susceptible to in-
creasing geomagnetic disturbances than Tele-X and
that Kp and Dst would hence give more accurate pre-
diction of anomalies on Meteosat-3 than on Tele-X.

In the averaged non-anomaly interval, the energetic
electron environment of Meteosat-3 is similar to that
of Tele-X. However, in the averaged anomaly interval,
the energetic electron flux on Tele-X is higher than
on Meteosat-3 during the last 4-5 days preceding the
occurrence of anomalies. Hence, the anomalies on
Tele-X is more possibly caused by energetic electron
environment (> 2 MeV) than those on Meteosat-3.

4. NEURAL NETWORK PREDICTIONS OF
SPACECRAFT ANOMALIES

Neural networks (NNs) have been successfully ap-
plied in study of solar wind-magnetosphere coupling
[Wu and Lundstedt, 1996, 1997a, 1997b]. With WIND
solar wind plasma and interplanetary magnetic field
data as input, the validity of developed NN models
has further been verified from their capability to ac-
curately predict a major magnetic storm triggered by
the 1997 January halo-CME [Wu et al., 1998a]. The
resulting enhancement of relativistic electron fluxes
in the magnetosphere was suspected as the killer of
AT&T Telestar 401 satellite on January 11, 1997.
NNs have also been exploited in spacecraft anomaly
analysis and predictions [Lépea and Hilgers, 1997; Wu
et al., 1998b].

On the basis of the above superposed epoch analy-
sis, we further develop NN models to predict space-
craft anomalies 1 day ahead from the space environ-
ment database. Time-delay NNs with standard gra-
dient descent algorithm and adaptive learning scheme
[Hertz et al., 1991] are exploited in this paper. A
time-delay NN is a supervised learning feed-forward
back-propagation network with a time delay line in
the input layer.

NNs are trained only on Meteosat-3 and the trained
neural network models are generalised on Meteosat-3
and Tele-X. The network output is set to 1 for an
anomaly and to 0 for a non-anomaly in the training
set. For test, if the output is in the range (0.5,1.5),
then it is classified as an anomaly; If the output is in
the range (-0.5,0.5), it is classified as a non-anomaly;
If the output falls outside the 2 ranges, then the out-
put is classified as uncertain.

4.1. Training and test data

Daily averaged energetic electron flux, daily averaged
Dst and daily sum of Kp are the input parameter.
The data of Dst, Kp and the logarithm of electron
flux are linearly normalised to [-1, 1]. The maximum
and minimum values of the daily sum of Kp are 8.1
(x 8) and 0.2 (x 8). The maximum and minimum
values of the daily Dst are 2.6 nT and -225.0 nT. The
maximum and minimum values of the daily electron
flux are 2.88x10° and 1.00 (cm~2s~lsr~1).

Training takes place on 70% of the events (including
anomalies and non-anomalies) on Meteosat-3 only.
Trained NNs are first generalised from the rest 30%
of the events on Meteosat-3 (test set #1) and then
tested on Tele-X (test set #2) to see how the trained
NN models can generalise from Meteosat-3 to Tele-
X. The training set consists of 454 anomalies and
279 non-anomalies on Meteosat-3. The test set #1
consists of 159 anomalies and 131 non-anomalies on
Meteosat-3. The test set #2 consists of 167 anomalies
and 140 non-anomalies on Tele-X.

4.2. Anomaly predictions

For each time delay line in the network input layer,
different number of the network hidden neurons is
used to find the optimal network models. We sum-
marize the best prediction results in Figures 3(a)-3(c)
for the input of Kp, Dst, and energetic electron flux.
The prediction rate for anomalies is defined as the
number of correct predictions for anomalies divided
by the number of anomalies in a dataset. The predic-
tion rate for non-anomalies is defined as the number
of correct predictions for non-anomalies divided by
the number of non-anomalies in the dataset. The
total prediction rate is defined as the total number
of correct predictions for both anomalies and non-
anomalies divided by the total number of anomalies
and non-anomalies in the dataset.

For Meteosat-3, we find that Kp gives the best predic-
tion for anomalies and non-anomalies on Meteosat-3
at 7 = 8 (7 is the length of the time delay line in
days), with the total prediction rate 79%, the predic-
tion rate for anomalies 78% and the prediction rate
for non-anomalies 80%. The corresponding total pre-
diction rate is 64% for Tele-X, the prediction rate is
78% for anomalies and is 46% for non-anomalies.

With Dst as input, the best total prediction rate is
73% for Meteosat-3 at 7 = &, the prediction rate is
75% for anomalies and is 72% for non-anomalies. The
corresponding total prediction rate is 64% for Tele-X,
the prediction rate is 81% for anomalies and is 44%
for non-anomalies.

With electron flux as input, the best total prediction
rate is 66% for Meteosat-3 at 7 = 2, the prediction
rate for anomalies is 90% and for non-anomalies is
38%. The corresponding total prediction rate is 66%
for Tele-X, the prediction rate is 90% for anomalies
and is 36% for non-anomalies.

For Meteosat-3, Kp gives slightly better predictions
than Dst, whereas energetic electron flux gives pre-
diction rates some 10% less than Kp and Dst. This is
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Figure 3. The total prediction rate for both anomalies and
non-anomalies versus the length of the time delay line in
the network input layer, with the input parameter: (a)
Daily-summed Kp; (b) Daily-averaged Dst (nT); and (c)
Daily-averaged energetic electron flux with energy above 2
MeV \nﬁ\wm\;ﬁwc. The solid line stands for the total
prediction rate on Meteosat-3, the dashed line for the to-
tal prediction rate on Tele-X, and the dotted line for the
prediction rate for training on the events on Meteosat-3.

in agreement with the results from the above super-
posed epoch analysis. As described in section 2.2, Kp
includes contributions both from substorms currents
and the ring current, thereby giving a fairly global
characterisation of the energy input into the magne-
tosphere. And Dst has contributions mainly from the
equatorial ring current, serving as an indicator of the
storm intensity. Since Kp is a more global measure
of geomagnetic activity, including contributions from
both substorms and storms, than Dst, Kp would give
better predictions than Dst.

During increasing geomagnetic activity, electron
fluxes with low and high energy are enhanced which
are responsible for spacecraft surface charging and
internal dielectric charging, respectively. As inferred
from the above analysis, surface charging and inter-
nal charging both could have caused the anomalies
on Meteosat-3. Thus, both Kp and Dst should give
more accurate prediction than the energetic electron
flux (only responsible for internal charging). Because
ring current ions and electrons are in the energy range
10-300 KeV and energy of injected electrons by sub-
storms are of KeV order, more accurate prediction
from Kp and Dst may indicate that most of the
anomalies on Meteosat-3 were caused by electrons in
energy range from several KeV up to 300 KeV.

For Tele-X we find that energetic electron flux gives
slightly higher prediction rate for Tele-X than for
Meteosat-3 and that the prediction rates from Kp
and Dst are higher for Meteosat than for Tele-X. In
addition, the energetic electron flux, Kp, and Dst
produce almost the same prediction rate for Tele-X.

These are in agreement with the analysis in section
3 in terms of the type of the anomalies on the two
satellites and the resultant prediction accuracy.

However, while making post-error analysis we should
be aware of a number of the following factors: (1)
Definition of anomaly and non-anomaly is satellite-
dependent; (2) The training was only on Meteosat-3;
and (3) The local conditions (e.g. design, material)
on Tele-X are different from Meteosat-3 (Local en-
vironment conditions along the geostationary orbit
have been averaged out due to the daily input data).

The first 2 factors did introduce the error in the pre-
diction rate. Some anomalies on Meteosat-3 which
also occurred on Tele-X on the same day were in-
cluded in the training set, since we consider only
one satellite at a time regardless what happened
to the other. Thus while testing the trained NN
model on Tele-X, the prediction rate must be higher
for the anomalies in the test set because some of
them have been included in the training set. On
the contrary, the prediction rate must be lower for
the non-anomalies on Tele-X because some of the
non-anomaly intervals on Tele-X overlap the part
of anomaly intervals on Meteosat-3 which have also
been included in the training set as anomaly inter-
vals. The purpose to define anomalies and non-
anomalies satellite-dependent is to see how the mod-
els trained on one satellite can generalise to the other.

The error introduced by the last factor results from
the difference of the susceptibility of the 2 satellites
to the space environment, which has been examined
in section 3. The types and number of anomalies in-
duced by space environment are closely related to the
satellite susceptibility. The susceptibility might be
reflected by the threshold value which enables to give
an equal prediction rate for anomalies and for non-
anomalies on Tele-X, as shown by Wu et al. [1998b].

As seen from the generalisation performance shown
in Figure 3, for Meteosat-3 the prediction rate is rel-
atively stable from the input Kp or Dst as 7 > 4.
Given by the energetic electron flux the prediction
rate decreases as 7 > 2. For Tele-X the prediction
rate peaks at 7 = 4 for the input of Kp and of the
energetic electron flux, while 7 = 2 gives the best
prediction rate from the input Dst. Thus, the time
scale of accumulation effects to cause the anomalies
on the two satellites may be in the range 2-4 days.

We also use different combinations of Dst, Kp and
energetic electron flux as the input parameters. How-
ever, the predictions are not distinctively improved.
This could be because the essential input dimension
does not increase due to strong correlations among
the three parameters [Koons and Gorney, 1991].

The developed NN models here can be used to pre-
dict times with higher risks for anomalies in real-time
from ACE solar wind data because the NN models
which can accurately predict Dst from solar wind
data have been available [Wu and Lundstedt, 1996,
1997a, 1997b; Wu et al., 1998a).



5. SUMMARY AND CONCLUSIONS

In this paper we investigate how space weather affects
geostationary spacecraft through superposed epoch
analysis and develop NN models to predict anomalies
on Meteosat-3 and Tele-X one day in advance. The
main results are summarised below.

We find from the superposed epoch analysis that

e The spacecraft anomalies frequently occurred
during the recovery phase of geomagnetic storm;

e The space environment conditions during the last
4-6 days preceding an anomaly contribute statis-
tically the most to the anomaly occurrence;

e Kp and Dst are better parameters than the
energetic electron flux to predict anomalies on
Meteosat-3, implying that the anomalies on
Meteosat-3 were largely caused by electrons with
energy well below 2 MeV (several KeV to 300
KeV) and due to both surface charging and in-
ternal charging;

e The energetic electron flux would be a parameter
as good as Kp and Dst to predict anomalies on
Tele-X, implying that the majority of the anoma-
lies on Tele-X were caused by electrons with en-
ergy above 2 MeV and due to internal charging.

We find from network predictions that for Meteosat-
3 daily-summed Kp, daily-averaged Dst, and daily-
averaged energetic electron flux give the total predic-
tion rate of 79%, 73%, and 62%, respectively. For
Tele-X, Kp, Dst and energetic electron flux gives the
total prediction rate of 64%, 66%, and 67%, respec-
tively. The prediction results are consistent with the
superposed epoch analysis.

The developed NN models can be used to predict
times with higher risks for anomalies in real-time
from ACE solar wind data.

Finally we have the following suggestions for the fu-
ture work:

e Analyse and model on higher time resolution,
therefore the local space environment conditions
can be taken into account;

e Use other global geomagnetic indices like am or
Km and substorm indices (e.g., AE);

e Use low energy electron flux to capture the
anomalies caused by surface charging, in com-
bination with energetic electron flux.
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