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Abstract

The relativistic electron fluxes of the outer radiation belt are subject to strong temporal
variations. In order to find a simple model describing these variations we studied the linear
correlation with various geomagnetic and solar wind parameters as function of the magnetic
L-shell and the length of period over which the parameters were averaged. We find that the
average time giving the best correlation is a function of L and typically around 20 days at

L = 4.5 Rg, decreasing to around 5 days at L = 6.6 Rg. In the heart of the belt AP gives the
best correlations whereas at Geostationary Orbit best correlations are found with the solar wind
speed. Corrections for Dst effect, semiannual modulation of the solar wind - magnetosphere
coupling and linear combinations of parameters were tested to improve the correlation
coefficients. Best fitting models use a linear combination of eighteen day averaged AP and three
day averaged solar wind speed and include a correction for Dst effect.



1. Introduction

The energetic electrons trapped in the earth outer ra-
diation belt form a particular hazard to spacecrafts.
Whereas the lower energetic electrons are stopped in
the surface material of a satellite and cause surface
charging, the higher energetic particles can penetrate
and lead to internal charging. The following dis-
charging then can cause damage in sensitive devices
[Wrenn and Smith, 1996]. In addition the accumu-
lated radiation dose leads to a continuous degradation
of instrument performance.

One of the characteristics of the trapped relativis-
tic electron population is its dynamism. The ob-
served fluxes vary on various time scales, from frac-
tions of a day to the solar cycle period, over several
orders of magnitude. The variations are driven by
the solar wind and interplanetary magnetic field, IMF
[Paulikas and Blake, 1979]. However, the detailed
mechanism is not fully understood yet and subject of
active debate [Blake et al., 1997; Baker et al., 1998; Li
et al., 1999]

The NASA model AE8 [Vette, 1991], which was build
with data from the 1960/70 is still used as the quasi
standard for the characterization of the space environ-
ment. There are two versions, one for solar minimum
and one for solar maximum conditions. But each of
these models is static. They are supposed to predict
long-term averages and can not account for the short-
term variations.

In order to improve the situation attempts have been
made to use the solar wind, IMF, and geomagnetic
indices to describe the electron flux variations. Most
of the studies have been focused on the Geostationary
Orbit, GEO because of the availability of long term
electron data sets at this orbit [Nagai, 1988; Baker
et al., 1990; Koons et al., 1994]. Data from the CR-
RES satellite in a geostationary transfer orbit, GTO
were used to build a number of models for the entire
outer radiation belt zone under different geomagnetic
activity conditions which are known as CRRESELE
models [Brautigam and Bell, 1995]. As sorting pa-
rameter, AP;5 was used, the fifteen day average of
AP and it shows that generally the model fluxes in-
crease over the entire outer belt with AP;5. In these
models the same dependence on AP;5 is used for all
L-values.

We used data from the Radiation Environment Mon-
itor, REM [Bihler et al., 1996] aboard the UK-
satellite Strv-1b to investigate possible improvements
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of the scheme applied for the CRRES data. Strv-1b
was launched in June 1994 and was operated until
September 1998. It was in a GTO with 7° inclina-
tion, thus an orbit similar to CRRES. In this paper
we especially address the questions

1. is AP the best sorting parameter ?
2. is 15 days the optimum average time ?

3. does one need to use different sorting parame-
ters/average times at different L-values?

2. Method and data

In order to address these questions we calculated lin-
ear correlation coefficients between the logarithm of
the 1 MeV electron fluxes, log(f.(t, L)) and different
averages of various geomagnetic/solar-wind parame-
ters. The periods over which the parameters were av-
eraged are defined by a lag time t;,, and an average
time t,,4 (see figure 1). We investigated the correla-
tion as function of ¢4,y and L. t;,, was kept fixed at
the value of 1 day. In the following a parameter P,
averaged over t,,, days with a lag of 1 day is denoted

by Ptm,g,l (t)
T<(t—1day)

Prony1(t) = P(7) (1)

T>(t—tqvg—1lday)

The correlation coefficient between log(fe(t, L)) and
Pt,,,,1(t) is denoted by ccp (L, tavg)-

2.1. Data

We used 1 MeV electron data measured with REM
during 1995, different geomagnetic indices from NGDC
[NGDC(], and solar wind and interplanetary geomag-
netic field data from instruments aboard the WIND
satellite [WIND]. The left most column in table 1
contains the investigated parameters. Most of them
which contain solar wind and IMF measurements are
cited in Gonzales et al. [1994] which contains a sum-
mary of solar wind - magnetosphere coupling func-
tions used in the past for different purposes. Detailed
references are given there.

In figure 2 the REM 1 MeV electron fluxes at a)
L =45 and b) L = 6.6 Rg are plotted versus time
for 1995. The time series are characterized by re-
peated enhancements and decays. Although the max-
ima and minima at both locations occur closely simul-
taneously there are significant differences between the
two curves. At L = 6.6 Ry the relative flux variations



are larger than at L = 4.5 Rg and the characteristic
timescales, especially the decay times, are obviously
shorter. The plotted curves suggest, that there is in-
deed an L-dependence of the temporal variations and
that an average of 15 days may not be optimum at
all L-values. This is further supported by the fact,
that ccap(4.5,15) is 0.74, whereas ccap(6.6,15) is
only 0.32.

3. Correlations

For each of the parameters listed in table 2 we cal-
culated ccp for a number of L-bins and t4,, values.
As an example we show in figure 3 the resulting L-
tavg-map of ccap and ccy,,. Panels a) and c) show
grayscale maps of the correlation coefficients as func-
tion of L and ¢4,4. The black dots mark the positions
where for a given L-bin the correlation coefficient is
maximum. The subpanels below show the correlation
coefficient at these positions as function of L.

The observed L-dependence of t44,, AP,pest aNd taug, V.. best

is typical for most of the investigated parameters.
Above L ~ 5 Rp the best fitting average time is
around 3 to 5 days and increases below this limit with
decreasing L.

In panels b) and d) of figure 3 the t4,4-dependence of
the correlation coefficients with AP, 1 and (V)
at L = 4.5 (diamonds) and 6.6 Rp (asterisks) are
shown. Whereas at L = 4.5 Rg the correlation coef-
ficient has a broad maximum around 15 to 20 days,
there are two humps at L. = 6.6 Rpg, one centered
around 3 to 5 days and one around 20 days. Also
this behaviour is typical for most of the investigated
parameters.

For each parameter and L-bin we determined the av-
erage time tqyq,P pest (L) which yields the higest corre-
lation coefficient ccp pest(L) = cep(L, taug,p pest(L)).
The tqug,p,best and corresponding ccp pest(L) at L =
4.5 and 6.6 Rg are listed in table 1. There are several
points to note:

e At L = 4.5 Rg the best correlation is found with
AP5 1. However, the maximum in the correlation
Versus tqyg curve is broad and practically flat be-
tween 15 and 20 days. APi5 1, as used for the CR-
RESELE models seems to be a good sorting pa-
rameter in the heart of the radiation belt.

e At I = 6.6 R the best correlation is found with
(Vsw)s,1- The maximum in the correlation versus
tawg curve is rather sharp and peaks at 3 days.

tavg,l
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(Vsw)s,1 gives here a significantly better correlation
than AP15’1 .

e The averaging time, for which the correlation is
maximum, is a function of L. Typically tavg,pest is
small (few days) at large L and increases below L =
5.0 Rg. Exceptions are Vi Bimy,z, V2, Bimy,-, and
(prw)—1/3V3wB?mf7tsin4(@/2), for which anyhow
the correlations are poor at all (L,tqyg)-values.

e At L = 6.6 Rg the correlation coefficient versus
tavg curves of AP, Vg, and most of the other
parameter functions have secondary peaks around
tavg,best + 27 days, indicating the influence of re-
current fast solar wind streams.

e At GEO the correlations of all of the parameter
functions have a more or less pronounced secondary
peak around 20 days, which is approximately the
tavg,best Value at L = 4.5 Rg. There seem to be two
processes, one with a characteristic time of a few
days and which is most prominent at large L-values
and one with a characteristic time of around 15 to
20 days. This process is most important at lower
L-values but also influences the electron fluxes at
higher L.

4. Corrections

In order to improve the correlations we included cor-
rections for the Dst effect and semiannual modula-
tion of the solar wind - magnetosphere coupling and
also tested linear combinations of different parame-
ters. There are many possible combinations which
could not all be tested. We therefore selected AP;g
and (Viyw)141 at L =4.5 Rg and AFs; and (Vsy)s,1
at L = 6.6 Rg to demonstrate the importance of the
different approaches.

4.1. Dst correction

The electron fluxes are influenced by the Dst effect.
The magnetic field decrease associated with negative
Dst values leads to a deceleration of the electrons and
with that to a decrease of the electron fluxes [Mecll-
wain, 1966; Desorgher, 1999]. In order to take this
into account the electron fluxes are multiplied with a
factor which is a function of Dst. The tested func-
tions are listed in table 2. Each function has one free
parameter, «, which can be fitted to find the best
correlation between the corrected electron fluxes and
a given geomagnetic/solar wind parameter. The re-
sulting a and corresponding correlation coefficient are



given in table 2. The improvements are most signif-
icant at L = 4.5 Rg and less clear at GEO. The dif-
ference between the three tested correction functions
is negligible.

4.2. Semiannual modulation

The solar wind - magnetosphere coupling strength is a
function of the season [Desorgher et al., 1998; Baker
et al., 1999]. It is most efficient during spring and fall
(equinoxes) and less efficient during summer and win-
ter (solstices). In order to take this into account the
solar wind speed is multiplied with a factor which is
a function of the season (see table 2) of the three free
parameters A, tg, w, and the time ¢ which is measured
in days. The free parameters can be fitted to find the
best correlation between the electron fluxes and the
corrected solar wind speed. At L = 4.5 Rg the semi-
annual correction yields a significant improvement of
the correlation (from non-corrected 0.61 to corrected
0.76), whereas at L = 6.6 Rg the improvement is
small. Altough the two investigated L-values are not
conclusive, the results suggest, that the importance of
the semiannual modulation decreases with increasing
L (lower value of A and less improvement of the cor-
relation at L = 6.6 Rg compared to L = 4.5 Rg), in
agreement with the result found by Desorgher et al.
[1998]. The fitted parameter values are compatible
with tp=1995-04-21 and w = 0.5 years.

The same analysis using AP does not yield reasonable
results suggesting the modulation in this case to be
negligible. This can be expected, since AP itself is
affected by the semiannual modulation of the solar-
wind-magnetosphere coupling, thus the modulation is
already contained in AP [Joselyn, 1995].

At low L-values, where the semiannual correction of
the solar wind - magnetosphere coupling is impor-
tant, AP is the better parameter than Vj, and at
large L-values, where Vi, is the best correlating pa-
rameter the semiannual correction is small. Thus the
correction for the semiannual modulation can not sig-
nificantly improve the models.

4.3. Linear combination

In section 3 we noted that the ccp versus ¢,,4 curves
(see figure 3) suggest two timescales to be important,
one of ~ 5 days and one of ~ 20 days. The idea here
is to use a linear combination of two parameters rep-
resenting the two different time scales. As an exam-
ple we selected APyg1 and (Vsy)s,1, the best fitting
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parameters at L = 4.5 Rp and GEO. As shown in
table 2, using the linear combination does only little
improve the correlation.

4.4. Combined corrections

Dst correction, semiannual correction and linear com-
bination of parameters can be combined. But since
semiannual correction and linear combination of pa-
rameters does not significantly improve the correla-
tion, the combined corrections give similar results as
when applying only a Dst correction. The results
shown in table 2 were calculated with the Dst cor-
rection function (1+ a - Dst/100). Nevertheless, best
correlation is found with linear combination of APig 1
and (Viy)s,1 including a Dst-correction.

5. Flux models

The results of the linear correlation study can be used
to select best sorting parameters for simple flux mod-
els. Table 3 contains six models at L = 4.5 Rg and
L = 6.6 Rg, which have been determined by a linear
fit between the logarithm of the (corrected) 1 MeV
electron fluxes and selected (corrected) parameters.

In figure 4 models 5 & 6 are confronted with the actual
measurements. The upper panels show the measured
(solid line) and predicted (dotted line) 1 MeV electron
fluxes. The lower panels show the relative difference
of the logarithm of the fluxes. At L = 4.5 Rg this
difference is within £0.2 which means that f08 <
Fmodet < f12. At L = 6.6 Rg the differences are
larger (£0.4).

The largest differences occur during the fast flux rises
and periods during which the electron densities are
very low. Since the fluxes increase with a characteris-
tic time scale of a day, the rises are badly described by
the > three-day averages. The rises only occur during
a small fraction of the time and therefore have little
weight in the correlation coefficient, which is domi-
nated by the longer lasting periods of relatively high
and decreasing fluxes.

All of the models have problems to describe the pe-
riods with very low electron fluxes. This is especially
pronounced at L = 6.6 Rg where the electron fluxes
can continue to dicrease when the driving parameter
levels out. An additional term to account for losses
could be useful. Possible loss mechanisms are steady
losses due to pitch angle scattering, losses during the
main phase of magnetic storms due to the outward



movement of the trapped particles, or losses from sta-
ble trapping due to solar-wind shocks.

6. Conclusions

APy used by Brautigam et al. [1995] to produce the
CRRESELE models is indeed a good parameter for
sorting the relativistic electron fluxes at the heart of
the outer radiation belt. And since the highest elec-
tron fluxes are encountered in that region, the models
can also be expected to be reliable for estimating the
total fluences encountered by a spacecraft in GTO.
However, at GEO the timescales of the variations are
shorter and using shorter average times and the solar
wind velocity instead of AP, gives significantly better
correlations.

In this paper we investigated only the 1 MeV elec-
trons. But the variations are also a function of energy
and a similar investigation including different energies
could be of great interest as input for future modeling
efforts.

Acknowledgments. The author would like to thank
J. Lemaire for usefull discussions. This work was sup-
ported by ESA’s Technology Research Program, ESA/TOS-
EMA, Space Environments and Effects Major Axis.

References

Baker, D.N., McPherron, R.L., Cayton, T.E., Klebe-
sadel, R.W., Linear prediction filter analysis of rela-
tivistic electron properties at 6.6 Rg, J. Geophys. Res.,

95, 15133, 1990
Baker, D.N., Li, X., Blake, J.B., Kanekal, S., Strong elec-

tron acceleration in the earth’s magnetosphere, Adv.

Space. Res., 21, 609, 1998
Baker, D.N., Kanekal, S.G., Pulkinnen, T.I., Blake, J.B.,

Equinoctial and solstitial averages of magnetospheric
relativistic electrons: A strong semiannual modulation,

J. Geophys. Res., 26, 3193, 1999
Blake, J.B., Baker, D.N., Turner, N., Ogilvie, K.W_,

Lepping, R.P., Correlation of changes in the outer-
zone relativistic-electron population with upstream so-
lar wind and magnetic field measurements, Geophys.
Res. Lett, 24, 927, 1997.

Biihler, P., Ljungfelt, S., Mchedlishvili, A., Schlumpf, N.,
Zehnder, A., Adams, L., Daly, E., Nickson, R., Radi-
ation environment monitor, Nucl. Instr. and Meth. in

Phys. Res. A, 368, 825, 1996.
Brautigam, D.H. and Bell, J.T., CRRESELE Documenta-

tion, Tech. Rep. PL-TR-95-2128, Phillips Laboratory,

Hascom Ait Base, MA 01731-3010, 1995
Desorgher, L., Biihler, P., Zehnder, A., Daly, E., and

Adams, L., Outer Radiation belt Variations During
1995, Adv. Space Res., 22, 83, 1998

5

Desorgher, L., Variations of the Earth’s Outer Radiation
Belt, REM Observations between 1995 and 1997 and
Simulations of Magnetic Storm Effects, PHD Thesis,

University of Bern, Switzerland, 1999
Gonzalez, W.D., Joselyn, J.A., Kamide, Y., Kroehl, HW.,

Rostoker, G., Tsurutani, B.T., and Vasyliunas, V.M.,

J. Geophys. Res., 99, 5771, 1994
Joselyn, J.A., Geomagnetic activity forecasting: The state

of the art, Reviews of Geophysics, 33, 383, 1995
Koons, H.C., Gorney, D.J., and Blake, J.B., Long-Term

Variability of Electron Radiation Dose in Geosyn-
chronous Orbit, J. Spacecraft and Rockets, 31, 557,

1994
Li, X., Baker, D.N., Temerin, M. et al., Rapid enhance-

ments of relativistic electrons deep in the magnetop-
shere during May 15, 1997, magnetic storm, J. Geo-

phys. Res., 104, 4467, 1999
Mecllwain, C.E., Ring current effects on trapped particles,

J. Geophys. Res., 71, 3623, 1966
Nagai, T., Space weather forecast: Prediction of relativis-

tic electron densities at synchrounous orbit, Geophys.

Res. Lett., 15, 425, 1988
NGDC, NOAA National Data Centers at

http:www.ngdc.noaa.govsegpotfldgeomag.shtml
Paulikas, G.A. and Blake, J.B., Effects of the solar wind

on magnetospheric dynamics: energetic electrons at the
synchronous orbit, in Quantitative modeling of magne-
tospheric processes, edited by W. P. Olson, Geophysical

Monograph Series 21, 181, 1979
WIND, WIND information at

http:nssdc.gsfc.nasa.govspaceistpwind.html
Vette, J.I., The AES8 trapped electron model envi-

ronment., Tech. Rep. NSSDC WDC-A-R&S, 91-24,

NASA-GSFC, 1991
Wrenn, G. and Smith, R., The ESD threat to GEO satel-

lites: empirical models for observed effects due to
both surface and internal charging, Proc. ESA Sym-
posium on Environment Modelling for Space-based Ap-
plications, SP-392, 121, 1996

P. Biihler, L. Desorgher, A. Zehnder., Laboratory
for Astrophysics, Paul Scherrer Institute, 5232 Villi-
gen, PSI, Switzerland (e-mail: paul.buehler@psi.ch;
laurent.desorgher@phim.unibe.ch;
alex.zehnder@psi.ch)

M. Kruglanski, B. Quaghebeur, Belgian Institute
for Space Aeronomy, 1180 Brus-
sels, Belgium (e-mail: michelk@mail.magnet.oma.be;
bart.quaghebeur@bira-iasbh.oma.be)

E. Daly, ESTEC, NL-2200 AG Noordwijk, The

Netherlands (e-mail: eamonn@wm.estec.esa.nl)

Received January 3, 1996; revised February 27, 1996; accepted
March 31, 1996.

This preprint was prepared with AGU’s IATEX macros
v5.01. File corr'paper formatted February 25, 2000.



6

Figure 1. The period of time, over which the parameters are averaged are defined by a lag time, ¢;,, and length
of the period, t44-

Figure 2. 1 MeV electron fluxes at a) L = 4.5 Rg and b) 6.6 Rg measured with REM aboard Strv-1b. Compared
with L = 4.5 Rg, the relative flux variations at GEO are larger and obviously have a shorter characteristic time
scale.

Figure 3. Correlation coefficient ccap (left panels) and ccy,,, (right panels). Panels a) and c) show greyscale coded
L-t,yg-maps of the correlation coefficients. The black dots mark the positions where the correlation is maximum
at a given L-bin. The panels below show the maximum correlation coefficient at a given L-bin as function of L.
In panels b) and d) the correlation coefficients at L = 4.5 Rg (diamonds) and L = 6.6 Rg (astrisks) are plotted
Versus fayg.

Figure 4. Flux model results for a) model 5 (see table 3) and b) model 6. In the upper panels the measured (solid
line) and predicted (dotted line) 1 MeV electron fluxes are plotted versus time. The lower panels show the relative
difference between the logarithms of the measured and predicted fluxes. Model fluxes for which this difference is
larger than 0.2 are marked with red, such for which the difference is lower than —0.2, are marked with blue.
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Table 1. Parameter functions used to study correlation with 1 MeV
electron fluxes. The right four columns contain ¢,,4,pest and corresponding
cep pest at L =4.5 Ry and L = 6.6 Rg (see text for details).

Function tavg,best [days] CCP best
45Rg 66Rg 45Rgp 6.6 Rg

AP 18 6 0.76 0.61
aa 19 6 0.73 0.61
Dst 18 2 0.68 0.46
Viw 14 3 0.63 0.69
szBimf,z 6 b} 0.26 0.38
VewBimy,sV 21 5 0.53 0.33
VewBimy,:? 19 8 0.58 0.42
V3, Bims, 7 5 0.32 0.36
Vi, Bimf,s 20 5 0.64 0.51
ViwBim,15in(0/2)) 20 7 0.59 0.49
VswBimy,5in*(0/2) 20 6 0.58 0.50
VswBimy,sin*(0/2) 20 6 0.58 0.48
(PV2 )Y ViwBimy, - 21 5 0.28 0.35
(pV2,) V2V B3, sin*(©/2) 21 22 0.39 0.24
(PV2) Vi Bim p15in* (©/2) 21 7 0.61  0.50
e = VewL§ B, psin*(0/2)) 21 8 0.66 0.52

N3 _ ) Bimsz : Bims:>0
imf,s 0 - Bimf,z S 0

@) Bime,t = Bszf,y + Bi2mf,z

®) @ is the clock angle between Bj,s,. and the IMF vector projected at the
magnetopause ( [Bimy,y, Bimf,:])
) Ly is a constant scale-length factor, equal to 7 Rg



Table 2. Correction functions, best fitting parameters, and corre-

sponding linear correlation coefficients.

Correction function correlation coefficient
L =45 Rg L=6.6Rg
No correction A.Plg’l (Vrsw)14’1 AP671 (sz)gyl
0.76 0.61 0.63 0.69
Dst correction
exp(a - Dst/100) 0.83 0.73 0.64 0.72
a= -0.209 -0.027 -0.589 -0.290
1+ a- Dst/100 0.83 0.74 0.64 0.72
a= -0.225 -0.027 -0.743 -0.337
(1 + )(=Dst/100) 0.83  0.73 0.64 0.72
a= 0.233 0.027 0.802 0.336
Semiannual correction
1.+ A-cos(2m(ty — t)/w)
- 0.76 - 0.70
A= 0.122 0.056
to ~ 1995-04-21
w ~ 0.5 years
Linear combination
APus, (Vsw)s,
maz(/—igpllg‘l) + ﬂ ’ ma:t((VSz)lg,l)
max(APis 1) = 22.69, max((Vsy)s,1) = 700.0
0.79 0.71
8= 0.176 4.87
Linear combination with Dst correction
0.84 0.75
a= -0.253 -0.412
8= 0.283 3.67
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Table 3. 1 MeV electron flux models for L = 4.5 Rg and GEO.

Model logl0(f.) =
1 L=45Rp 4.67+0.145- APyg;
2 L=6.6Rg 252+5.73-107% (Viy)3.1
3 L=45Rg (457 + 0.167 - A.Plg’l)/(]. —2.25-1073- DStoyg)
4 L=66Rp (2.25+6.88-107% (Vsyu)3,1)/(1 —3.37-1072 - Dstg )
5 L=45Rg (411+1.57-107" - (APig1 +9.17-107% - (Visw)3,1))/(1 — 2.53 - 1072 - Dst )
6 L=66Rp (1.70+547-1072. (AP;g1 +1.19- 107" (Vgy)3.1))/(1 — 4.12- 1072 - Dsstg )
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Confrontation of Salammbd predictions of the storm-time electron belt
population to in situ Strv/REM measurements

M. Kruglanski®, D. Boscher?, P. Buihlef and D. Heynderickx

! Belgian Institute for Space Aeronomy, B-1180 Brussels, Belgium
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Measurements of the Radiation Environment Monitor aboard the Strv-1b satellite have
been confronted with the results of the Salammbd-3D code for the period of time from 5
to 18 April '95. Shortcomings of the current state of the Salammbd model are discussed.

INTRODUCTION

The prediction of the electron radiation belt dynamics
during storm periods is an important issue in space weather
forecasting. The Radiation Environment Monitor (REM)
aboard the Strv-1B satellite in GTO orbit provides a wealth
of data for studying the radiation environment and
evaluating empirical and theoretical models of the radiation
belts. The REM detectoB[ihler et al., 199bis composed
of two independent shielded silicon diodes measuring the
linear energy transfer of charged particles. The shielding
consists in each case of a dome of aluminium, but one diode
has an additional shielding of tantalum. The combination
of the signals from both detectors allows the determination
of electron fluxes in three energy bins ranging from 1 to 10
MeV. The typical accumulation time is of the order of 100
seconds.

From June ‘94 to September ‘98, the REM instrument
was in operation aboard the Strv-1b satellite, launched into
a highly elliptical GTO orbit with apogee and perigee
altitude of 300 km and 36000 km, respectively, a period of
about 10 hours, and inclination of 7 degrees. The orbit
passes repeatedly through the Earth radiation belts. The
Strv-1b/REM data setBluhler et al., 199P therefore
provides a good coverage of the equatoria part of the
radiation belts over a period of four years. Due to the high
spin rate of the satellite with respect to the accumulation
time and the large opening angle of the detector, only
omnidirectional fluxes are obtained from the Strv-1b/REM
measurements. Due to the limited data storage capacity
aboard Strv-1b, REM was not continuously operated, so
that some orbits are missing. Parts of the Strv-1b/REM
data have aready been analysed in other studies, e.g. by
Bihler et al.[1999, Desorgher et al[1997, 1998 and
Daly et al.[1999.

DESP (Département d’Etude Spatialaas developed the
Salammbé-3D code Bputier and Boscher, 1995] to
simulate the radiation belt dynamics by solving a classical
Fokker-Planck diffusion equation in thi!(J, L") space as
a function of time. In the framework of the ESA/ESTEC
TREND contract, Salammbd-3D results have been
confronted to in situ data for several magnetic storms
during two periods of time for which sufficient data were



avalable. The first period corresponds to the CRRES
mission for which data from the Meteosat-3, GOES-6 and
GOES-7 spacecraft are also available. Comparisons bet-
ween CRRESIMEA measurements [Vampola et al., 1992]

and Salammbd6-3D simulations have been used to include
and tune a temporal variation of the radial diffusion
coefficients and of the plasmapause location into the
Salammbé model. The final results for the four storms
studied during this period show good agreement between
measurements and simulationBogcher and Bourdarie,
1999].

In order to evaluate the generality of the adaptations, we
have applied the code with the same tuning to a second
period. The second period corresponds to the conjunction
of the Strv-1b, Meteosat-3, GOES-7 and WIND missions
and extends from April '94 to December '95.

Four storms occurring during this period were studied. In
this paper, we only report on the comparison for the period
5-18 April ‘95. This period covers a storm associated with
a fast solar wind stream, with good data availability from
Strv-1b/REM but also from the SEM-2 instrument aboard
Meteosat-3, from GOES-7 and from WIND. The GOES
and WIND data were not used during the computations but
are important for the understanding and interpretation of the
results. The Meteosat-3/SEM-2 instrumebodtes et al.,
1991] provides electron flux measurements in 5 energy
channels between 43 and 300 keV at geostationary orbit.
The SEM-2 measurements have been used to determine the
boundary conditions of the Fokker-Planck equation during
the studied period. The Strv-1b/REM data are confronted
with Salaamb6-3D to evaluate the Salammbd capabilities to
reproduce the dynamics of electrons in an energy range
higher than the CRRES/MEA range (0.12-1.7 MeV). The
Strv-1b data are not use to define the initial condition.

The Salammbd-3D model and its different ingredients
used for the simulation are described in the first section.
The second section is dedicated to the confrontation
between Strv-1b/REM measurements and Salammbd
results. The results are not as good as for the CRRES
period; possible shortcomings are discussed in the third
section. The conclusions are given in the last section.

1. MODELLING THE 7 APRIL STORM

1.1. Description of the Salammbd-3D model

The Salammb6-3D model is the first of a series of
numerical codes developed by DESP to study the dynamics
of the Earth radiation belts. It is based on the solution of a
classical Fokker-Planck diffusion equation in the three
adiabatic invariantav, J, L": the magnetic moment, the
second action integral and Roederet870] magnetic shell
parameter, respectively. The ingredients needed for such a
diffusion model are particle sources, transport and loss
processes, and also the initial and boundary conditions.

For electrons, the Salammb6-3D model does not include
explicit sources inside the radiation belts. The only source
is localised at the boundaty = 7 of the model, and thus
corresponds to storm and substorm injections.
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The particle transport is assumed to be due only to
Coulomb interaction with neutral atoms or cold electrons,
to wave interactions and to electromagnetic fluctuations.
The Coulomb interaction occurs with neutrals from the
exosphere or cold electrons from the plasmasphere. It is
evaluated with the help of an eccentric tilted dipole
magnetic field (the coefficients of which are evaluated from
the IGRF models), the exosphere neutral model MSIS-86
and the model for plasmaspheric electrons of Carpenter and
Anderson [1992]. The Coulomb interaction is used in
Salammbd with yearly averaged parameters to calculate a
friction term and pitch angle diffusion coefficients. Wave
interactions related to plasmaspheric hiss, whistlers and
VLF transmitters are also used to evaluate pitch angle
diffusion coefficients. The evaluation of the wave interac-
tions makes use of thbel and Thorne [1998] calculations
and of a plasmapause locatignrelated to the maximum
value of K, in the preceding day by th€arpenter and
Anderson [1992] formula

fp=5.6-0.46 K. 1)

Electromagnetic fluctuations inside the magnetosphere
lead to radial diffusion and their classical coefficients. To
adapt the radial diffusion to the magnetic activity, the radial
diffusion coefficients have been multiplied by the factor

g - é).74 Kp (2)

[Bourdarie et al., 1996; Boscher et al., 1998].

Most of the losses occur in the loss cone where particles
are precipitated mostly by pitch angle diffusion. The loss
regions are thus located at the boundaries of the Salammbd
model, where the electron fluxes are forced to zero.
Internal losses are included as well by taking synchrotron
losses into accounPigacheva et al., 1998].

1.2. Application of Salammbd-3D

To apply Salammbé-3D, the conditions at the different
boundaries have to be determined. At the inner edge, the
electron fluxes were forced to zero to take into account the
absorption by the atmosphere. At the outer edge, defined
by L" = 7, the electron fluxes were set to measured values
based on the Meteosat-3/SEM-2 data provided by MSSL
[Lemaire et al., 1995]; note that Mcllwain's 1961] L for
the Meteosat-3 orbit varies between 6.8 and 7.4 when
evaluated with the IGRF 1995 geomagnetic field model and
the Olson and Pfitzer [1977] quiet external magnetic field
model. Since Meteosat-3/SEM-2 covers only a limited
energy range, the data are extrapolated down to 2.2 keV and
up to 600 keV. The energy range is extended below 22 keV
with the energy spectrum is obtained from ATS6
measurementsPprks et al., 1977]. Above 600 kev, the
electron fluxes are forced to zero. Based on CRRES/MEB
data [Gussenhoven et al., 1985], the pitch angle distribution
is fixed atL" = 7 to the power law st a, at all energies.
The Meteosat-3/SEM-2 flux data, available with a time



resolution of 500 s, alow to generate highly dynamical
boundary conditions.

The energy range and resolution of the Strv-1b/REM data
are too limited to set the initial conditions for a Salammbé-
3D run. Therefore, the initial conditions from a run for the
CRRES period are used (24 September 18@cher and
Bourdarie, 1999]).

The Salammbd-3D model is run on a grid ok25x25
points in M, J, L") space, with a time step of 34 s. For
analysis and presentation purposes, the results are projected
on a grid of ¥18x21 points in the,ao, L") space, every 3
hours.

2. THE PERIOD 5-18 APRIL '95

The selected 13-day period beginning 5 April 1995 covers
a magnetic storm that was initiated by a fast solar wind
stream impinging upon the magnetosphere. The solar wind
velocity was high and nearly constant during 4 days. The
velocity and density of the solar wind for the 13-day period
as observed by WIND are displayed on the top panels of
Figure 1. After the shock, the GOES-7 data indicates a
jump of the energetiE > 2 MeV electron flux at geostatio-
nary distance above 1Ccm’s’sr® which is maintained
during 7 days (third panel of Figure 1). The electron flux
even exceeds Y@&m?®s’sr!, 3 days after the shock. The
electron fluxes observed by the five energy channels of
Meteosat-3/SEM-2 are also displayed on Figure 1, as well
as the Meteosat-B values, K and ;. The GOES-7 and
Meteosat-3 spectra clearly show that at geostationary
distance the flux enhancement occurs first at low energies
and then at higher energies: the elapsed time between the
changes at 50 keV and at 2 MeV is about 2 days.

In Figure 2, the measurements of the Strv-1b/REM instru-
ment are presented for comparison with the results of the
Salammbé simulation. The Strv-1b/REM data are ordered
according to Mcllwain’'s 1961] L evaluated with IGRF
1995 and theOlson and Pfitzer [1977] quiet model in the
same way as the Meteosat-3 data. Except for 6 and 13
April, the Strv-1b/REM data provides a good spatial
coverage of the radiation belts. The REM instrument is not
capable of separating electrons and protons belew2.5.
During the main phase of the magnetic storm, the electron
fluxes are decreasing together witly Bverywhere in the
outer belt. At the start of the recovery phase, the electron
fluxes increase rapidly to higher values than before the
storm onset. They continue to increase during the recovery
phase, the fluxes continue to increase slowly. The dyna-
mics of both Strv-1b/REM energy channels are very simi-
lar. The maximum flux is reached after 5 days at 5.5,
and after 9 days at= 4.

On panels 4 to 6 of Figure 2, unidirectional electron flux
maps produced from Salammbd results are displayed: the
600 keV equatorial flux, thd." = 4 equatorial energy
spectrum and thé" = 4 pitch angle distribution for 600
keV, respectively. The storm appears clearly with an in-
crease of the electron fluxes during the recovery phase.
The Salammbd simulation is thus able to reproduce the
basic trend of the magnetic storm. However, the electron
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dropout during the main phase of the storm does not seem
to be simulated except at high L where it is probably forced
by the boundary conditions. Part of this particle dropout
can be related to the decrease of the magnetic field when
the ring current is enhanced [Desorgher et al., 1998] or
during the growth phase of substorms [Sauvaud et al.,
1996].

In order to directly compare the Strv-1b/REM measure-
ments and the Salammbd simulation, the Salammb6 results
have been integrated in energy and pitch angle to predict
the REM measurements along the Strv-1b orbit. The result
of the simulation of the 1.0-2.2 MeV Strv-1b/REM channel
is presented on panel 7 of Figure 2. The simulated fluxes
do not follow the measurements shown on the first panel:
there are no significant variations in the Salammbd flux
except at the end of the period for the lowesalues. For
a more detailed comparison, the Salammbé predictions and
Strv-1b/REM measurements are shown in Figure 3 for four
Strv-1b orbits: one orbit before the storm, one orbit during
the main phase and two orbits during the recovery phase.
Before the storm, the measurements and predictions look
similar in spite of Salammb@ initial conditions being based
on data from a different epoch. During the storm, the
predicted electron fluxes do not decrease during the growth
phase, as already observed on Figure 2, and Salammbd
overestimates the REM flux by a factor 10. This can be
partly due to the effect ofL as the Strv-1b/REM
measurements were plotted using a Mcllwaiand a static
magnetic field while the Salammbé results are obtained in
(M, J, L") space. During the recovery phase, the differences
between measurements and predictions become even more
significant. Both measured and simulated fluxes increase in
the outer belt region, but the shape, the growth rate and the
amplitude are very different. For large values the
discrepancies are probably due to boundary conditions. As
noted before, dt” = 7 the fluxes above 600 keV are forced
to zero. Moreover, as the electron acceleration is thought to
be due to the recirculation procesaijimoto and Nishida,

1990] —a phenomenon that is highly non-linear— compa-

risons are better for low energies than for higher one. The
recirculation is a combined effect of radial and pitch angle
diffusion, and neither processes adequately modelled.

3. SHORTCOMINGS OF THE SIMULATION

For the simulation of Strv-1b/REM measurements
presented in Figures 2 and 3, the Salammbd-3D model has
been applied without any fitting procedure to minimize the
discrepancies between measurements and observation, even
at the start of the period. The results therefore provide the
opportunity to determine the strengths and weaknesses of
this type of model in predicting the space environment for
space weather applications. The success or failure of a
simulation are related to:

- the availability of in situ measurements, especially the
boundary conditions;

- the suitability of these data to derive initial and
boundary conditions for the model, although the same
initial conditions were used with success for different
situations (see Figure 3 panel 1);
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- the modelisation of the physical processes.

The availability of in situ measurements is probably the
most important barrier to good-quality prediction tools. In
our case, initial conditions were not available and
experimental boundary conditions are limited to amost
equatorially mirroring electrons of energies between 43 and
300 keV.

The limited energy range of the data used to determine the
boundary conditions also strongly influences the results.
Figure 4 shows the energy increases for equatorially mir-
roring electrons due to radial diffusion from L" = 7. The
energies at L° = 7 correspond to the Meteosat-3/SEM
energy channels. These particles only reach the energy
levels of the Strv-1b/REM detector below L™ = 4. There-
fore, the E >1 MeV electron population is poorly affected
by the magnetic storm in the Salammbd simulation when
> 5. This could probably explain a great part of the discrep-
ancies between Salammbé results and Strv-1b/REM obser-
vations during the recovery phase.

Another shortcoming, related to the building of the initial
and boundary conditions, is the reduction of the experi-
mental data. In addition to the problem of the cross cali-
bration between different experiments, we have also to
associate the measurementd_tandag values in order to
compare those measurements with the Salammb6-3D
simulation. In our studyi. is evaluated with the help of
Mcllwain’s [1961] formula where the Earth’s magnetic
momentMj is fixed to 0.311653 G Reanda, is defined as

sirf o= Mo L By, ?, (3)

whereB,, is the magnetic field intensity at the mirror point.
As mentioned previously, the magnetic field model used to
order the Strv-1b/REM and Meteosat-3/SEM data is static,
i.e. it is not affected by the magnetic storm. On Figure 5,
the L values used in our studies are compared to values
obtained with thePfitzer et al. [1988] dynamic external
magnetic field model for both Meteosat-3 and Strv-1b on 7
April 1995. ThePfitzer et al. [1988] dynamic model de-
pends on R and solar wind parameters. During the main
phase, the differences between bbtlevaluations exceed
one Earth radius for Meteosat-3 as well for Strv-1b. Using
a dynamic magnetic field model will clearly affect the com-
parison between Salammbd results and Strv-1b meas-
urements, especially during the main phase (second panel
of Figure 3). But since the dynamic magnetic field model
also causek variation for Meteosat-3, it precludes a conti-
nuous determination of the boundary conditions hear7.

The last class of shortcoming is related to the modelisa-
tion of the physical processes acting in the magnetosphere.
Some model parameters, e.g. the ionosphere high altitude
densities, the magnetic and electric field fluctuations, or
the wave characteristics, are not known well enough. The
most uncertain coefficients are certainly the radial diffusion
coefficients, which should depend on magnetic activity. In
this simulation, this dependence is implemented only by an
ad-hoc exponential ong{see Equation 2). The dynamics
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of the magnetic field during periods of magnetic activity
should also be included in the Salammb6-3D model.
During the main phase of a magnetic storm, non-adiabatic
modifications of the particle movement and energy occur:
particles are subject to strong induced electric fields and
can be lost by drifting into the magnetopau3esprgher et

al., 1998; Desorgher, 1999].

4. CONCLUSIONS

The Salammb6-3D code is a powerful tool to analyse the
radiation belt behaviour during high magnetic activity
events. For electrons below 1 MeV, most of the physical
phenomena occurring in the dynamics of their population
seem to be modelled in the code, even if some model as-
pects have to be improved such as radial diffusion coeffi-
cients, wave spectrum and wave localization. The compari-
son with Strv-1b/REM measurements shows that Salammbé
has to be improved in order to correctly simulate popula-
tions of very high energetic electrons, especially in the
outer belt. In particular, an additional loss mechanism is
needed at largk and the dependence of the radial diffusion
on magnetic activity has to be enhanced.

The development of tools and models like Salammbd is
restrained by the lack of in situ measurements. Continuous
measurements on a broad energy spectrum should help to
better understand the dynamics in the outer belt and to bet-
ter identify the model shortcomings. The model develop-
ment, as well as the comparison between predictions and
measurements, is also affected by the way to definé the
parameter. Different definitions &fcan lead to differences
greater than one Earth radius in the evaluatioh. ofThis
variation could clearly lead to misinterpretation of compa-
risons between theoretical models and experimental data.
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CAPTIONS

Figure 1. For the period from 5 to 18 April 1995, from top to
bottom, the solar wind bulk velocity and density from WIND, the
GOES-7 E > 2 MeV dectron flux, the geostationary electron
spectrum from Metosat-3/SEM-2 and corresponding Mcllwain’s
L, the K, planetary index and thefOnagnetic activity index.

Figure 1. For the period from 5 to 18 April 1995, from top to bottom, the solar wind bulk velocity and density from
WIND, the GOES-7E > 2 MeV electron flux, the geostationary electron spectrum from Metosat-3/SEM-2 and
corresponding Mcllwain’s, the K, planetary index and thegOnagnetic activity index.

Figure 2. For the same period as Figure 1, the 1.0-2.2 and 2.2—
4.6 MeV outer-belt electron fluxes from Strv-1b/REM as a
function ofL, the Oy magnetic activity index, the Salammbd-3D
results including thelL-distribution of 600 keV equatorially
mirroring electron flux, the energy spectrumLat 4 of equato-
rially mirroring electrons and theig-distibution of 600 keV
electron flux al. = 4, and the simulation of the Strv-1b/REM 1.0—
2.2 MeV measurements from the Salammbd-3D results.

Figure 2. For the same period as Figure 1, the 1.0-2.2 and 2.2—4.6 MeV outer-belt electron fluxes from Strv-1b/REM
as a function ot, the Oy magnetic activity index, the Salammbé-3D results including_tdéstribution of 600 keV
equatorially mirroring electron flux, the energy spectruni at 4 of equatorially mirroring electrons and thg
distibution of 600 keV electron flux &t= 4, and the simulation of the Strv-1b/REM 1.0-2.2 MeV measurements from
the Salammb6-3D results.

Figure 3. Comparison of 1.0-2.2 MeV electron flux observed by
Strv-1b/REM (thick green curves) with the Salammbd6-3D
simulation of these measurements (thin red curves) along four
orbits: one before the storm, one during the main phase and two
during the recovery phase.

Figure 3. Comparison of 1.0-2.2 MeV electron flux observed by Strv-1b/REM (thick green curves) with the
Salammbd-3D simulation of these measurements (thin red curves) along four orbits: one before the storm, one during
the main phase and two during the recovery phase.

Figure 4. lllustration of the energy increases for equatorially
mirroring electrons due to a pure radial diffusion from 7. The
different curves correspond to the energy range of the five
Meteosat-3/SEM-2 energy channels.

Figure 4. lllustration of the energy increases for equatorially mirroring electrons due to a pure radial diffusian from
=7. The different curves correspond to the energy range of the five Meteosat-3/SEM-2 energy channels.

Figure 5. Evaluation of Mcllwain’sL for Meteosat-3 (top panel)
and Strv-1b satellites on 7 April 1995 using two different external
magnetic field models: th@lson and Pfitzer [1977] quiet model
(green curves) and thefitzer and Olson [1988] dynamic model
(red curves).

Figure 5. Evaluation of Mcllwain’sL for Meteosat-3 (top panel) and Strv-1b satellites on 7 April 1995 using two
different external magnetic field models: tB&son and Pfitzer [1977] quiet model (green curves) and tRgtzer and
Olson [1988] dynamic model (red curves).
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