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*

Abstract— The GREEN model is a mean model, dependent on 
the solar cycle, that provides proton and electron flux in the 
radiation belts. However, it is well known that the intensity of 
solar cycles is variable and the effects on proton and electron 
fluxes may vary from cycle to cycle. The aim of this study is 
therefore to develop a GREEN "Upper Envelope" model which 
takes into account the variation from one solar cycle to another 
and which gives the maximum flux for each year of the solar 
cycle. In this study, the "Upper Envelope" is presented for 
electrons only.  

Index Terms—Electron, Model, Radiation Belt 

I. INTRODUCTION

HE well-known NASA AP8 and AE8 models [1] [2] 
have been the standards for a long time and have rendered 

huge service in satellite design. However, these models are old 
and need revisiting. Therefore, the AE9/AP9 (IRENE) project 
have existed for some time and v1.50 of this model has been 
available and stable since 2017 [3]. The AE9 model covers 
electrons from 40 keV to several MeV and the AP9 model 
covers protons from 100 keV to several hundred of MeV. At 
low energy, the IRENE model corresponds to SPM model for 
electrons from 1 keV to 40 keV and for protons from 1 keV to 
100 keV. In parallel, ONERA have developed another global 
model: GREEN (Global Radiation Earth Environment) [4] [5] . 
This model covers a large region of space, from Low Earth 
Orbit (LEO) altitudes to Geostationary Earth Orbit (GEO) and 
above, for a wide range of energies from plasma (0.1 keV) to 
relativistic particles (several MeV for electrons and several 
hundred of meV for protons). The GREEN model provides 
averaged values of electron and proton fluxes as a function of 
the year in the solar cycle. We made the choice to focus on the 
dependence of the fluxes to the solar cycle and not to develop a 
model with confidence levels. Users can therefore get access to 
several different models (GREEN, AE9/AP9,…) depending on 
their needs. In this paper, we present the current ONERA effort 
to improve global models of radiation belts and in particular to 
upper case ones.  

It is well known that the intensity of solar cycles is variable 
and the effects on energetic protons and electrons may vary from 
one cycle to the next. The purpose of this study is therefore to 
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develop an "Upper Envelope" in the GREEN model which takes 
into account the variation from one solar cycle to another and 
which gives the maximum flux for each year of the solar cycle. 
Only the case for the electron population has been studied so far. 
The same type of “Upper Envelope” was defined in IGE-2006 
model [6] . This “upper case” was based on three solar cycles of 
LANL-GEO data. The upper case in IGE-2006 model is 
described in part II. The development of the upper envelope in 
the GREEN model is then detailed, using NOAA-POES data [7] 
(part III) and Salammbô simulations [8] [9] (part IV). Finally, an 
example of results from the GREEN model (Mean and Upper 
Envelope) and comparisons with AE8 and AE9 models are 
shown in the last section of the paper, before the conclusions. 

II. UPPER ENVELOPE IN IGE-2006

An upper envelope or “upper case” is defined in the ESA 
standard (ECSS-E-ST-10-04) IGE-2006 model [6] . The 
outputs of the IGE-2006 model are the mean flux as well as the 
minimum and maximum flux observed from the variation of 
intensity from one solar cycle to another. The reader is advised 
to refer to Sicard-Piet et al., 2006 [6] to see in detail how this 
envelope was calculated. 
IGE-2006 is based on three solar cycles of LANL satellites data 
in geostationary orbit. These data allow calculating a mean flux, 
depending on the solar cycle, between 1keV and 5MeV. Each 
year of a solar cycle is represented on a scale from year -6 to year 
+4 with 0 being the year of the solar minimum. Therefore, for the
three solar cycles of LANL data, each year of the solar cycle
(between -6 and +4) is represented by three values of electron
flux: the mean flux, the upper case and the lower case. In order
to obtain the upper case, for each year of the solar cycle and for
each energy channel, the ratio between the maximum flux and
the mean flux over the three cycles is calculated. This ratio
depends on the year of the solar cycle, but only the maximum
ratio over all equivalent years of solar cycles will be considered
in order to have an upper envelope that does not depend on the
year of the solar cycle. Fig. 1 shows this maximum ratio as a
function of energy (blue diamonds). Two linear curves (one for
energies from 1 keV to 1.5 MeV and the other one for energies
greater than 1.5 MeV) representing an envelope bounding the
data points in order to be conservative, are also shown in black
in the figure. Considering only the maximum ratio over the 11
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years of a solar cycle (and not a ratio depending on the year of 
the solar cycle) allows having a constant upper envelope 
whatever the year of the cycle is, and therefore allows taking 
into account the fact that in the space era the variability has been 
within a year of the 11-year nominal average. 

Fig. 1. Maximum (over the 11 years of a solar cycle) of the ratio of the max flux 
(over the three solar cycles of data) to the mean flux as a function of energy 
(blue diamonds). The black curves represent a fit of this max ratio taking a small 
margin of error.  

III. D EFINITION OF THE UPPER ENVELOPE IN THE GREEN
MODEL USING NOAA-POES DATA 

The idea here is to use data from the NOAA-POES satellites 
[7] to study the dynamics of electron fluxes from one solar cycle
to the next. Coherence exists between LEO and equatorial
electron measurements at high energy. Kanekal et al. [10]
showed it for the first time for MeV electrons using SAMPEX
data at low altitude. This property has been used previously to
develop the ONERA SLOT model [11] and to deduce a
radiation belt index from LEO measurements [12] . Therefore,
assuming that the dynamics of electron flux is the same at low
altitude as anywhere else on the field line (assuming that an
equilibrium is obtained much faster along the field line than the
timescale considered by the model), it is possible to calculate
the ratio between max flux and mean flux from the NOAA-
POES data. NOAA-POES data have many advantages: (1) as
they are obtained along LEO orbits, satellites have a long
lifetime (for example NOAA-POES-15 launched in May 1998
is still operational); (2) NOAA-POES constellation has been
flying with quasi-similar SEM/SEM2 detectors [13] since the
80’s, so long term data can be exploited and cross-calibration is
then easy to handle; (3) they scan the entire field lines covering
the radiation belts region, from L*=1.08 to L* values greater
than 8 (GEO orbit is between L*=5.6 and L*=6.6); (4) even if
the number of channels is small, detectors have well-spread
energy intervals: E>30keV (E1 channel), E>100keV (E2
channel), E>300keV (E3 channel) and E>1MeV. For the last
channel, it has been shown that one SEM2 proton channel
(unidirectional P>6.9MeV/90°) is contaminated by electron and
so allow to measure E> 1 MeV electron [14] . Therefore, the
E>1MeV on SEM has been combined with the P>6.9MeV/90°
on SEM2 to have long time coverage of E>1MeV electrons
fluxes. Obviously, this channel has been cleaned to keep only
electron data according to the Data Analysis Procedure from
COSPAR-PRBEM [15] : the removal of the inner proton belt at
L*<2 and the proton flares at high L* values.

It is important to keep in mind that fluxes from NOAA-POES 
are unidirectional fluxes and that at LEO the assumption of 
isotropic flux is not valid. However, the absolute value of the 

fluxes will not be used here but only their dynamics as a 
function of time. The question of anisotropy at LEO is out of 
the scope of the paper and will be address in further 
development pf the GREEN model. 

Fig. 2 Yearly averages of >30keV, >100keV, >300keV and >1MeV electron 
flux from NOAA-POES data as a function of the year for 6 values of L * (2.0, 
3.0, 4.0, 5.0, 6.0 and 7.0). 

The NOAA-POES data used in this study cover all years 
from 1979 to 2019, encompassing measurements from NOAA-
POES-06, NOAA-POES-10, NOAA-POES-12 and NOAA-

1.E+04

1.E+05

1.E+06

1.E+07

1978 1983 1988 1993 1998 2003 2008 2013 2018

E
le

c
tr

o
n

 f
lu

x
 [

c
m

-2
.s

-1
.s

r-1
]

Year

> 30 keV

L*=2.0

L*=3.0

L*=4.0

L*=5.0

L*=6.0

L*=7.0

F10.7

107

106

105

104

1.E+03

1.E+04

1.E+05

1.E+06

1.E+07

1978 1983 1988 1993 1998 2003 2008 2013 2018

E
le

c
tr

o
n

 f
lu

x
 [

c
m

-2
.s

-1
.s

r-1
]

Year

> 100 keV

L*=2.0

L*=3.0

L*=4.0

L*=5.0

L*=6.0

L*=7.0

F10.7

107

106

105

104

108

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

1978 1983 1988 1993 1998 2003 2008 2013 2018

E
le

c
tr

o
n

 f
lu

x
 [

c
m

-2
.s

-1
.s

r-1
]

Year

> 300 keV

L*=2.0

L*=3.0

L*=4.0

L*=5.0

L*=6.0

L*=7.0

F10.7

105

104

103

102

106

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

1978 1983 1988 1993 1998 2003 2008 2013 2018

E
le

c
tr

o
n

 f
lu

x
 [

c
m

-2
.s

-1
.s

r-1
]

Year

> 1 MeV

L*=2.0

L*=3.0

L*=4.0

L*=5.0

L*=6.0

L*=7.0

F10.7

103

102

101

100

104

105



 3

POES-15 satellites successively. Fig. 2 represents the annual 
averages of >30keV, >100keV, >300keV and > 1MeV electron 
flux as a function of the year for 6 values of L* (2.0, 3.0, 4.0, 
5.0, 6.0 and 7.0). The solar cycle variation is also plotted with 
F10.7 in arbitrary unit. Several observations can be made on 
these graphs: (1), the last solar cycle induces much smaller 
fluxes than the previous ones for low energies (>30keV, 
<100keV and >300keV) and at low L* values; (2) the dynamics 
of electron fluxes as a function of time increases when the 
energy increases and decreases as L * increases. (3) at high L* 
values (L*>6) and high energy (>1MeV) the maximum flux 
during the declining phase of the solar cycle due to magnetic 
storms coming from high-speed streams (coronal holes).  

A decrease in low energy fluxes at low L* over the last solar 
cycle is quite normal: as the solar cycle was weak no strong 
magnetic storms happened to push the particles at low L* 
values. So on average the fluxes are lower. Moreover there is 
no decrease at high L* value for the same reasons as above: no 
magnetic storm pushed the particles at low L* value. Finally, at 
high energy (>1MeV), there were increases in electron fluxes 
linked to high-speed streams coming from coronal holes 
(always to medium-high L) [16] .  

Note: Data in the > 1MeV energy range on older NOAA-
POES with SEM detector (from 1979 to 1998) are not of very 
good quality (poorly calibrated). However, it was possible to 
use them anyway by recalibrating the flux from those obtained 
on the SEM2 instrument aboard NOAA-POES-15. On the other 
hand, it is important to keep in mind that the absolute value of 
the fluxes will not be used here but only their dynamics as a 
function of time. 

The next step is to classify this dataset according to the years 
of the solar cycle. Table 1 represents the correspondence 
between the year and the year of the solar cycle as we used it to 
calculate the yearly averages of the electron fluxes as a function 
of the year of the solar cycle. It is important to note than some 
cycles only last 10 years while another last 13 years. For this 
one, as the minimum was longer than for the other solar cycle 
we choose to put three years as the minimum (2007, 2008 and 
2009). 

Table 1 Correspondence between year and year of the solar cycle 

Year of the 
solar cycle 

Year 
-6 2001 
-5 1981 1991 2002 2014 
-4 1982 1992 2003 2015 
-3 1983 1993 2004 2016 
-2 1984 1994 2005 2017 
-1 1985 1995 2006 2018 
0 1986 1996 2007,2008,2009 2019 
1 1987 1997 2010 
2 1988 1998 2011 
3 1979 1989 1999 2012 
4 1980 1990 2000 2013 

Fig. 3 represents the yearly averages of the electron flux as a 
function of the year of the solar cycle for two values of L * 
(L*=2.5 and L*=4.5) and for the 4 energy channels 
(>30keV,>100keV, >300keV and >1MeV). The curves in solid 
lines correspond to the average fluxes over the entire period 

(1979-2019) and the curves in dotted lines correspond to the 
maximum fluxes for each year of the solar cycle over the entire 
time-period. 

Fig. 3 Yearly averages of the electron flux from NOAA-POES as a function of 
the year of the solar cycle for 2 values of L * (2.5 and 4.5) and for the 4 energy 
ranges (>30keV,>100keV,>300keV and >1MeV). The curves in solid lines 
correspond to the average flux over the entire period (1979-2019) and the 
curves in dotted lines correspond to the maximum flux. 

The third step is to calculate the ratio between the maximum 
flux and the average flux for each energy and each L* value. In 
order to eliminate any discrepancies induced by the varying 
solar cycle length and to margin the upper envelope estimation, 
only the maximum ratio for an energy and a L* value will be 
considered for calculating this upper envelope. 

Fig. 4 represents the ratio between the maximum flux and the 
mean flux resulting from the analysis of the NOAA-POES data 
as a function of L * for 4 energy ranges 
(>30keV,>100keV,>300keV,>1MeV). The same ratio obtained 
in the case of the IGE-2006 model is also plotted in dotted lines. 
At the bottom a zoom of the same graph is represented. The 
ratio is clearly dependent on the energy and L *. It is the 
strongest in the region of the slot, that is to say between L * = 2 
and L * = 4. This ratio is a relative variation and the high ratio 
in the slot region is due to the absence of particles in this region 
over some time periods. 

The ratio reaches a maximum of 5.3 for electrons with 
energies > 300keV at L * = 2.4. We also observe on Fig. 4 that 
the ratios obtained from the NOAA-POES data between L*=5.7 
and L*=7 are consistent with the ones obtained in the case of 
the IGE-2006 model using LANL-GEO data: the ratios from 
the IGE-2006 model and from NOAA-POES data are between 
1.4 and 1.9. In the >100 keV and > 300 keV cases the ratios 
calculated from NOAA-POES data are really close to those 
from the IGE-2006 model. For >30 keV and >1 MeV cases the 
ratios are slightly different but remain on the same order of 
magnitude. We have no information from NOAA-POES data 
above 1MeV thus no comparison can be made with IGE-2006 
for energies above 1 MeV. 
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Fig. 4 Top: Ratio between maximum flux and mean flux resulting from the 
analysis of NOAA-POES data (1979-2019) as a function of L * for 4 energy 
ranges (>30keV,>100keV,>300keV,>1MeV). The same ratio obtained in the 
case of the IGE-2006 model is also drawn in a dotted line. Bottom: zoom of the 
same graph. 

IV. DEFINITION OF THE UPPER ENVELOPE FROM SALAMMBÔ

To compensate for the lack of information beyond 1 MeV, we
used long-term simulations from the Salammbô model [8] [9] . 
A 3D simulation of Salammbô-electrons was performed over 
the same time period than for NOAA-POES data, between 1979 
and 2019. Salammbô model is a physical model taking into 
account the following conditions: 

- Radial diffusion coefficients which depend on L and on
magnetic activity through Kp magnetic index DLL[s−1] =
1.198 × 10−14e1.0362KpL10.2, with an exponent of L (10.2)
not far from the classical value coming from magnetic
expression, and a Kp variation (e1.0362Kp) which leads to a
variation of DLL coefficients of more than 4 orders of
magnitude from very quiet (Kp = 0) to very active (Kp =
9)

- Coefficients due to friction and collisions of trapped
particles with the atmosphere, using the MSIS86 model
[17]

- Coefficients due to wave particle interactions using the
WAPI code developed by ONERA [18] taking into
account Hiss and Chorus waves and the plasmapause
defined by Carpenter [19]

- Boundary condition derived from NOAA-POES with a
Kp dependence such as:
• PSD0(Kp)  = exp(78.814+0.3661Kp)
• Temp(Kp) = (1.2637 - 0.0917Kp)/1000
• Kappa(Kp) = 5.9606 - 0.3595Kp
• BoundCond(Ec,Kp)=PSD0 (1+Ec/(Kappa.Temp))(-1-Kappa)

• Ec is the kinetic energy of the particle

Fig. 5  Omnidirectional electron flux from Salammbô-3D model at the equator. F10.7 and Kp are also plotted. 
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The distribution functions calculated with Salammbô were 
then converted into omnidirectional flux for energies equivalent 
to those measured by NOAA-POES and for two additional 
energies in order to define the upper envelope at very high 
energies: >30keV, >100keV, >300keV, >1MeV, >3MeV and 
>5MeV.The omnidirectional fluxes resulting from Salammbô
at the equator are shown in Fig. 5. The parameters F10.7 and
Kp are also represented on this figure. We can clearly see the
short-term dynamics associated with geomagnetic storms, but
this is outside the scope of this study. Only solar cycle scale
dynamics are taken into account in the GREEN model. This
long-term dynamics is also visible in the electron fluxes plotted
on Fig. 5.
Note: It is important to note that the Salammbô fluxes studied
here are obtained at the equator while the fluxes from NOAA-
POES satellites are measured in LEO. It is well known that on
a same magnetic field line electron flux is much stronger near

equator than at high latitude. This is why the magnitude of 
electron flux from Salammbô (equator) is much stronger than 
electron flux from NOAA-POES data (high latitude). However, 
in the development of GREEN and as mentioned previously, 
we have always assumed that even if the absolute values of 
electron flux are different between equator and high latitude, 
the long-term flux dynamics in LEO is the same as in GEO, in 
terms of relative variations in amplitude. 
As we can see on the figure, Salammbô gives some strange 
results beyond L*=6 with very high fluxes at high energy 
(>3MeV and >5MeV) maybe due to the boundary condition 
which is not perfect at these high energies. Thus, we decided to 
use Salammbô results only up to L*=6 in the rest of the study. 
For L*>6 upper envelope calculated with IGE-2006 (ECSS-04c 
European standard for GEO) will be used. 

Fig. 6 Yearly averages of >30keV, > 100keV, >300keV, >1MeV, >3MeV and >5MeV electron flux from Salammbô simulation as a function of the year for 6 
values of L * (2.0, 3.0, 4.0, 5.0, 6.0 and 7.0). 
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Fluxes from Salammbô were studied in the same way as those 
from NOAA-POES, described previously. Fig. 6 represents 
yearly averages of >30keV, >100keV, >300keV, >1MeV, 
>3MeV and >5MeV electron flux from the Salammbô
simulation as a function of the year for 6 values of L * (2.0, 3.0,
4.0, 5.0, 6.0 and 7.0). The solar cycle variation is also plotted
with F10.7 in arbitrary unit. The orders of magnitude of fluxes
are higher than those from NOAA-POES because fluxes at the
equator (Salammbô) are higher than fluxes at LEO (NOAA-
POES).

As for NOAA-POES data Fig. 7 represents the yearly 
averages of the electron flux as a function of the year of the 
solar cycle for 2 values of L * (L*=2.5 and L*=4.5) and for the 
6 energy ranges (>30keV,>100keV, >300keV, >1MeV, 
>3MeV and >5MeV). The curves in solid lines correspond to
the average fluxes over the entire period (1979-2019) and the
curves in dotted lines correspond to the maximum fluxes for
each year of the solar cycle over the entire time period. Fig. 7
shows clearly that the dynamics of electron fluxes are higher
inside the slot region (L*=2.5) than outside (L*=4.5).

Fig. 7 Yearly averages of the electron flux from Salammbô simulations as a 
function of the year of the solar cycle for 2 values of L* (2.5 and 4.5) and for 
the 6 energy ranges (>30keV,>100keV,>300keV, >1MeV, >3MeV and 
>5MeV). The curves in solid lines correspond to the average flux over the
period 1979-2019 and the curves in dotted lines correspond to the maximum 
flux. 

It is really difficult to compare the dynamics of electron fluxes 
from NOAA-POES data and from Salammbô simulations on 
the previous plots. That is why, in the interest of the paper, only 
the ratio between maximum flux and mean flux for each energy 
and each L* studied in this paper will be compared thereafter. 
Fig. 8 represents the ratio between the maximum flux and the 
average flux resulting from the analysis of Salammbô 
simulations (dashed lines), NOAA-POES data (full lines) and 

IGE-2006 results (in dotted lines) as a function of L * for 6 
energy ranges (>30keV,>100keV,>300keV,>1MeV, >3MeV 
and >5MeV). Overall, the ratios obtained by the different 
analysis are consistent: ratios between 4 and 6 at low L* 
(L*<3.5) then a decrease up to ratios between 1 and 2 
(according to NOAA-POES and Salammbô) and finally an 
increase of the ratio beyond L * = 5, which is greater at high 
energy (according to Salammbô and IGE-2006). Keep in mind 
that we will not used Salammbô results above L*=6 as 
mentioned above but the results still seem to show that the ratio 
increases with energy at high L* values. Fig. 9 shows these 
ratios for each of the first four energies (there is no data >3 MeV 
and > 5 MeV from NPOES data). For electrons greater than 
300keV (green curves) the coherence between ratios deduced 
from NPOES data and those deduced from Salammbô is very 
good. The maximum of the ratios are at the same location 
(L*~2.6) and are very close (5.2 for NOAA-POES and 5.8 for 
Salammbô). 

Fig. 8 Ratio between maximum flux and mean flux resulting from the analysis 
of Salammbô simulations between 1979 and 2019 (dashed lines), NOAA-POES 
data from 1979 to 2019 (full lines) and IGE-2006 results (in dotted lines) as a 
function of L * for 6 energy ranges (> 30keV,> 100keV,> 300keV,> 1MeV, > 
3MeV and > 5MeV).  

Fig. 9 Ratio between maximum flux and mean flux resulting from the analysis 
of Salammbô simulations between 1990 and 2019 (dashed lines), NOAA-POES 
data from 1979 to 2019 (full lines) and IGE-2006 results (in dotted lines) as a 
function of L * for 4 energy ranges (>30keV,>100keV,>300keV,>1MeV).  

However, notable differences between the results from 
Salammbô and those from NOAA-POES should be mentioned, 
especially when considering the position of L * for the 
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maximum of the ratio Max flux /Mean flux for the three other 
energies. For example, at 30 keV, the maximum ratio is at L * 
= 2.4 according to Salammbô while it is at L * = 3.4 according 
to NOAA-POES. According to the NOAA-POES data, the 
greatest variation of the ratio is in the Slot region, while 
according to Salammbô, it is actually at a slightly lower L* 
(L*~2.5). While the profile of ratios deduced from Salammbô 
results is coherent between the four energies, it is really difficult 
to understand why this coherence does not exist for the ratio 
Max flux/Mean flux deduced from NOAA-POES data with a 
profile at 300 keV different than the three other energies. 
Obviously, neither the data nor the model is perfect and small 
differences in fluxes can lead to differences in the ratio studied 
here. Moreover, it is important to keep in mind that Salammbô 
simulations are at equator while NOAA-POES data are at high 
latitudes. It is really difficult to know which model or data is 
correct for each L* and each energy. Understanding in detail 
the differences between Salammbô simulations and NOAA-
POES data is beyond the scope of this study. 

Within the framework of our study, to define the "upper 
envelope" of GREEN model which takes into account the 
variations from one solar cycle to another, it is imperative to be 
conservative. Therefore, the ratio that will be integrated into 
GREEN model will be, for each energy and each L* value, the 
largest ratio between the one obtained from Salammbô, the one 
resulting from the analysis of the NOAA-POES data and the 
one resulting from the IGE-2006 model. Moreover, let’s 
remember that the upper envelope keeps the logic used in the 
IGE-2006 model, i.e. that the maximum ratio from the yearly 
max to yearly mean only are applied. Thus, Fig. 10 represents 
the ratio between the maximum flux and the mean flux used to 
construct GREEN “Upper Envelope” model. For L*>6 ratios 
for upper envelope provided by IGE-2006 were used. 

 
Fig. 10 Ratio between maximum flux and mean flux used to construct 

GREEN Upper Envelope as a function of L * for 6 energy ranges 
(>30keV,>100keV,>300keV,>1MeV, >3MeV and >5MeV). 

V. UPPER ENVELOPE IN GREEN AND EXAMPLES OF RESULTS 

Finally, in order to obtain the upper envelope of electron flux 
in GREEN, the ratios defined previously have been multiplied 
by the mean electron fluxes provided by GREEN. In more 
detail, for each point of a given orbit and each energy asked by 
the user the mean flux is first calculated with the GREEN 
model. Then according to the magnetic coordinates and the 
energy, the ratio is interpolated is the (L*,energy) grid plotted 
on Fig. 10. The mean flux is then multiplied by this ratio in 

order to obtain the upper flux for each point of the orbit and 
each energy. Therefore, we can now calculate the average 
electron flux on different types of orbits (MEO, GEO, EOR,…) 
from GREEN Mean and GREEN "Upper envelope". Fig. 11 
represents the mean spectra of electrons along a GPS-like orbit 
in 2003 (in solar maximum) at the top, along a GEO for 11 years 
in the middle and along an equatorial EOR (from LEO to GEO; 
altitude minimum: 214km and altitude maximum : 53000km) 
orbit at the bottom, from GREEN Mean (in blue) and GREEN 
"Upper Envelop" (in red). The ratio between the averaged upper 
flux and the average mean flux is also represented, in grey.  

 

 

 

 
Fig. 11 Average electron spectra for a MEO orbit (GPS like orbit) in 2003 (solar 
maximum) from average GREEN-e (in blue) and GREEN "Upper Envelope" 
(in red). The ratio between the two spectra is also represented, in gray. Results 
from AE8 MIN (in light green), AE8 MAX (in dark green) and AE9 Mean (in 
orange) are also plotted. 
 

Results from AE8 MIN (in dashed light green), AE8 MAX (in 
dashed dark green) and AE9 Mean (in dashed orange) are also 
plotted. It can be observed that the ratio between the mean flux 
and the "Upper envelope" flux increases with energy and can 
reach a factor of 2 at 5 MeV for GPS-like orbit, a factor of 4.2 
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at 5MeV for GEO and a factor of 1.9 at 1.5MeV for equatorial 
EOR orbit. If we compare GREEN "Upper Envelope" results 
with AE8 and AE9, Fig. 11 shows that electron fluxes provided 
by the AE8/9 models are slightly lower than GREEN results in 
the case of GPS-like orbit, slightly higher than GREEN results 
in the case of GEO and really close in the case of equatorial 
EOR orbit. 

VI.  CONCLUSION 

GREEN is a mean model of electron and proton flux depending 
on the year of the solar cycle. In this paper, we have described 
a new version of GREEN that provides mean flux but also an 
“upper envelope”. This upper envelope takes into account the 
variation of electron flux from one solar cycle to another in the 
same way the IGE-2006 model has been done for GEO orbit. 
To define this upper envelope NOAA-POES data between 1979 
and 2019 have been analyzed and ratios between mean yearly 
flux and maximum yearly flux have been defined. In parallel 
similar ratios have been calculated using Salammbô simulations 
between 1990 and 2019 and IGE-2006 results. In order to be 
conservative the highest ratio was selected for each energy and 
each L* value. Then the mean fluxes in GREEN were 
multiplied by these ratios to obtain the GREEN upper envelope. 
The upper envelope is defined only for electron between 30keV 
and 5MeV flux. Comparison of results from GREEN "Upper 
Envelope" and other models like AE8 and AE9 shows that for 
some orbits fluxes from GREEN "Upper Envelope" can be 
slightly higher than those models while it can be slightly lower 
for other orbits. 
The “Upper Envelope” is part of the GREEN-V4 model and 
will be available in the OMERE Tool [20] . 
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