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Infer electron space environment along EOR mission profile from LEO measurements: application to EUTELSAT 7C
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ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

There have been only a few GTO scientific missions, thus the data on these orbits are not very numerous. To overcome the lack of knowledge of these regions and make the best use of the numerous LEO data, the aim of this study is to develop a methodology to infer electron space environment along EOR profile.

Coherence existing between LEO and equatorial electron measurements at high energy is well known. This was initially shown for MeV electrons using SAMPEX data in low altitude orbits [START_REF] Kanekal | Multisatellite measurements of relativistic electrons: Global coherence[END_REF]. This coherence has been demonstrated in several studies linking electrons with energies of hundreds of keV, and MeV electrons in the Earth's radiation belts [START_REF] Allison | Determination of the equatorial electron differential flux from observations at low Earth orbit[END_REF]. Those studies focused on understanding the phenomena, and creating a model to compare with the observations of specific events [START_REF] Boyd | Quantifying the radiation belt seed population in the 17 March 2013 electron acceleration event[END_REF] or statistically [START_REF] Turner | The effects of geomagnetic storms on electrons in Earth's radiation belts[END_REF].

This property has been exploited previously to develop a SLOT model [START_REF] Sicard-Piet | A new ONERA-CNES slot electron model[END_REF] and to deduce radiation belt indices from LEO measurements [START_REF] Lazaro | Radiation belt activity and solar proton event alarm[END_REF]. Most of these previous studies use NOAA-POES data from LEO, due to the many decades of data, and GOES data from GEO, and more recently data from Van Allen Probes.

Models based on artificial intelligence, such as PreMevE [START_REF] Pires De Lima | Forecasting Megaelectron-Volt electrons inside Earth's outer radiation belt: PreMevE 2.0 based on supervised machine learning algorithms[END_REF] and SHELLS [START_REF] Claudepierre | Specifying high-altitude electrons using low-altitude LEO systems: The SHELLS model[END_REF], use in-situ observations from existing space infrastructure. These models can specify Earth's outer radiation belt electron fluxes and even predict them in 2-day forecasts for PreMevE 2.0. Both models use LEO electron flux measurements as training inputs and additional data: solar wind monitor at L1 point and GEO satellite observations for PreMevE and geomagnetic activity index K p for SHELLS. Outputs are compared with a global good coherence and with electron observations from the Van Allen Probes.

This paper exploits the coherency between LEO electron measurements, and high-energy equatorial electron measurements. This permits nowcasting with real-time LEO data, based on the data analysis. Similar to training machine learning algorithms, a large dataset over a long time period is needed. This study proposes to compare data generated by identical, synchronized, instruments in LEO and equatorial orbits. The instruments' data channels have the same bandwidth, energy and sensitivity. This similarity permits data comparison with little data extrapolation or inference.

The methodology is as follows:

1) The correlation is sought between specific selected LEO (NOAA-POES, JASON-2) measurements and equatorial ones (RBSP, THEMIS, CLUSTER); a set of scaling factors between both datasets is then deduced.

Infer electron space environment along EOR mission profile from LEO measurements: application to EUTELSAT 7C 2) Using these scaling factors, flux along EOR profile is estimated, by projecting LEO data (NOAA-POES and JASON-3) to the equator and to compare it with independent observations. Those independent observations are a new dataset: in-situ electron measurements from ICARE-NG spectrometer onboard EUTELSAT-7C during its EOR phase in 2019.

II. DATASET

In this chapter, a global description of datasets used, both for LEO and for equatorial orbit, is given. Missions are summarily described and electron detectors' characteristics are presented in terms of energy range channel and time resolution.

A. Low-Earth Orbit data

NOAA-POES spacecraft measurements (National Oceanic and Atmospheric Administration -Polar-orbiting Operational Environmental Spacecraft) are a constellation of five meteorological spacecraft on a polar orbit, with second generation SEM2 [START_REF] Raben | TIROS/NOAA satellite space environment monitor data archive documentation: 1995 update[END_REF]. These data have the following advantages: 1) LEO satellites can have a long lifetime (for example, NOAA-POES-15 launched in May 1998 is still operational). 2) NOAA-POES constellation has been flying with quasisimilar SEM/SEM2 detectors since the 80's. These data can be exploited for further long-term studies. 3) These satellites scan the entire field lines with trapped particles, from L=1.08 (altitude of satellites being 825 km) up to more than L=8 (trapped particle limit). 

B. Equatorial measurements

In the equatorial region, Van Allen probes A and B (also known as RBSP) were flying on a HEO (High Elliptical Orbit) 500 km x 30600 km inclined at 18°, covering 2013-2019 period. MagEIS instrument measuring differential electron flux from 15 keV to 4.5 MeV has a 12 s time resolution [START_REF] Blake | The magnetic electron ion spectrometer (MagEIS) instruments aboard the radiation belt storm probes (RBSP) spacecraft[END_REF][START_REF] Boyd | RBSP-ECT combined spin-averaged electron flux data product[END_REF].

THEMIS is a scientific mission with three probes (A, D and E) on a HEO 470 km x 87330 km inclined at 16°, since 2007, equipped with SST detector which measures differential electron flux in the slot from 30 keV to 700 keV with a time resolution of 3 s [START_REF] Ni | Analysis of radiation belt energetic electron phase space density using THEMIS SST measurements: Cross-satellite calibration and a case study[END_REF][START_REF] Maget | Improved outer boundary conditions for outer radiation belt data assimilation using THEMIS-SST data and the Salammbo-EnKF code[END_REF].

CLUSTER is a scientific mission with four probes on a HEO 25500 km x 125000 km orbit operating since 2001. The RAPID detector measures integral electrons in the energy range 40 keV-4 MeV with a time resolution of 4 s. CLUSTER probes are on an orbit changing over time in order to explore several regions of space, particularly the inner region in the 2010s [START_REF] Daly | RAPID products at the Cluster active archive[END_REF][START_REF] Kronberg | Contamination in electron observations of the silicon detector on board Cluster/RAPID/IES instrument in Earth's radiation belts and ring current[END_REF].

It is possible to deduce integral channels from the measured differential ones at the desired energies, by assuming that the channels are continuous, paying attention to the background, contamination by very energetic protons and cosmic rays for the three sensors. The background noise is subtracted from the data. The impact of background noise increases with lower measured fluxes and higher energy electrons. Contamination by energetic protons is filtered for low L values (contribution of trapped protons), and during solar flare periods (contribution of solar protons).

III. CORRELATION AND PROJECTION LAW

A. NOAA-POES/SEM2 correlation

Electron energy E>100 keV equatorial measurements are from RBSP, THEMIS and CLUSTER and LEO measurements are from NOAA-POES-15. Measurements are sorted by hour and by McIlwain L parameter, using an IGRF internal magnetic field and an Olson-Pfitzer quiet external field, using 36 regularly spaced intervals from L=1 to L=10 (ΔL=0.25). The number of raw measurements in one box can then be variable from 0 (missing data) to 10 (for low L values), but it is normally 1 or 2. The measurements are filtered to avoid glitches and bad data. Near equator data are selected if the equatorial pitch angle of the measured particles is greater than 80°. Fig. 1 represents an example of correlation between E>100 keV electron fluxes from THEMIS/SST and from NOAA POES-15/SEM2 at L~6. This figure shows that there is a good correlation between the two datasets with a correlation coefficient equal to 0.87. The correlation coefficients for all the satellites as well as the projection law are first calculated automatically for each L value, assuming a power law deduced from a linear regression of the logarithm of the equatorial flux versus the logarithm of the LEO flux:

𝐹𝐹 𝐸𝐸𝐸𝐸 = exp (𝑠𝑠 × ln (𝐹𝐹 𝐿𝐿𝐸𝐸𝐿𝐿 ) + 𝐶𝐶)
where F EQ is the equatorial flux, F LEO is the flux in LEO, s and C are respectively the slope and the constant of the linear regression. In Fig. 1, the straight line represents the power law with a slope equal to 0.74 and a constant equal to 5.80. The obtained correlation coefficients for E>100 keV electron fluxes between equatorial data (THEMIS/SST, RBSP/MagEIS, CLUSTER/RAPID) and LEO data (NOAA-POES-15/SEM2) versus L are plotted in Fig. 2. This figure shows that values as high as 0.94 are observed, near L=4 for the correlation between NOAA-POES-15/SEM2 and RBSP/MagEIS. Globally, correlations higher than 0.7 are obtained from L=3 to L=7, in the heart of the outer belt. The coefficients decrease at L<4 for CLUSTER/RAPID and THEMIS/SST due to the decrease of the number of common points in these L ranges.

The study is conducted as exhaustively as possible to explore the limitations of the correlation in the L range. It will be shown that the exploitation of this correlation is limited to L> 3 due to the contamination of the data used by the trapped protons. The slope and the constant of the projection law between LEO and the equatorial region are calculated automatically and are plotted in Fig. 3 for each spacecraft. However, due to some issues in the data, the slopes and constants are not always calculated correctly. As an example, in Fig. 4, THEMIS/SST measures background with accumulated points at the same level. This leads to the automatic calculation being represented by the red straight line. Removing those bad points, the slope and constant have to be calculated manually (black straight line). The goal of this study is to obtain a projection law which is independent of the equatorial data used for a given McIlwain L parameter value. Consequently, it was decided to fix the slope to the unit value when automatic calculation of the parameters is not well adapted (L>4), the automatic value of the slope being close to this value when the correlation coefficient is high. Then the constant is calculated for each dataset, considering the slope equal to the unit value. Finally, the global constant is calculated by averaging the constant from each dataset. The global slopes and constants for each McIlwain parameter value are plotted in Fig. 3.

The method used to determine the projection law for E>100 keV electron described above is then applied to the other energies of NOAA-POES/SEM2 dataset: >300 keV, >1.2 MeV and >3.0 MeV. The global slopes and constants obtained for each energy and for each McIlwain L value are plotted in Fig. 5. MagEIS differential channels are integrated to create a virtual E>1.6 MeV channel with a condition of equatorial pitch angle greater than 80° to ensure equatorial region measurements. It is possible, to estimate the distribution of integral flux for electron measured from RBSP/MagEIS as a function of the distribution from JASON-2/ICARE-NG for various L values over the time period 2013-2016. The lowest L value (~2) is limited by electron LEO measurements contaminated by trapped protons. An example for L=4.125 is plotted in Fig. 6. The correlation coefficient calculated between both distributions is plotted in Fig. 7. This correlation is good, between 0.6 and 0.8 for L between 3 and 5.75. Beyond, the number of points, close to the noise floor, is too low. When the correlation is good, equatorial flux are observed to be proportional to JASON-2/ICARE-NG flux for most of the spatial intervals where fluxes are the strongest. Automatic calculation of the slope gives values between 1.3 and 0.9 for L range between 3 and 6 so it was decided to fix the slope to the unit value and to calculate the constant as scaling factor. The constant is plotted in Fig. 8. This constant increases from low L values up to maximum values observed 

IV. VALIDATION

A. ICARE-NG measurements on board EUTELSAT-7C

Another ICARE-NG detector (part of CARMEN-4 mission) is on board the EUTELSAT (E7C) satellite launched on 20 June 2019. E7C is a geostationary broadcast satellite based on all-electric propulsion. The electrical EOR mission profile is plotted in Fig. 9 with altitude variations of its perigee and apogee. The spacecraft reached its final geostationary orbit on 25 October 2019. The first measurements, with a time resolution of 16 or 256 s, were available one day after launch allowing for four months of measurements during this rising phase. ICARE-NG detector on board E7C is presented with its response functions in [START_REF] Caron | In flight measurements of radiation environment observed by Eutelsat 7C (electric orbit raising satellite)[END_REF]; it measures integral electron fluxes with nine energy channels slightly shifted downwards (E > 1.45 MeV to E > 2.0 MeV) compared to the ones on board JASON-2 and 3. This is induced by a somewhat different satellite sector analysis. An overview of the space environment seen by E7C during its rising phase and by JASON-3 at the same time is plotted in Fig. 11 in an L versus time map for E > 1.62 MeV electrons. These measurements allow observing at low L values (L < 3), the proton radiation belt. The protons contaminate electron channels and must be filtered. The same observation is done with JASON-3/ICARE-NG measurements at L < 2. During the beginning of the E7C mission, the perigee of the trajectory gradually crosses the proton belt to come out completely after a little less than two months. Then the outer zone of the electron radiation belt is observed for L > 3.5 with interesting dynamic periods. The E7C mission started with a period of calm during the first ten days, then a succession of four geomagnetic storms with an increase of geomagnetic index Kp above 5, characterized by an intensification of the electron fluxes. The third storm was slightly stronger than the others with levels about one order of magnitude larger. The last storm was partly observed by E7C, in ICARE-NG energy range, because its perigee was below the radiation belt. No solar proton event occurred during the E7C EOR. Some vertical white lines in E7C flux cartography are due to data gaps in the telemetry.

B. JASON-3/ICARE-NG projection

Over this period (Jun.-Oct. 2019), both JASON-3 and E7C ICARE-NG datasets are analyzed and filtered in order to remove bad data and contamination by trapped protons at low L values. Noise background is also removed. In Fig. 12, instantaneous measurements, over one day (2019/07/09 and 2019/07/11) versus L, are plotted for JASON-3 (E > 1.6 MeV) and for E7C (E > 1.62 MeV). Noise threshold is set to 20 #/cm 2 .s.sr for JASON-3 data (straight horizontal line); E7C data are above threshold level (set to 16 #/cm 2 .s.sr.). Daily measurements during a quiet period are presented in the top panel, on 09 July: fluxes at LEO orbit are low mainly due to fluxes in the slot region slightly above the noise threshold. Those low-level fluxes are also observed in the equatorial region along E7C trajectory. In the bottom panel the same fluxes are plotted during first geomagnetic storm, on 11 July: fluxes in the outer belt have increased on both orbits. The second step is to average these fluxes daily and compare them over the complete E7C EOR phase. The daily mean fluxes are plotted in Fig. 13. Blue dots correspond to the mean flux observed each day along E7C trajectory. When temporal coverage is under 75% a day, daily flux is not calculated, due to data gaps. Red line and dots correspond to the mean flux measured along JASON-3 orbit and projected with scaling factor along E7C trajectory. The agreement between the two datasets is good and validates this projection method both for high flux levels during geomagnetic storms and for low flux levels during quiet periods. The computation is limited by the instrument S/N ratio. AE8 MAX simulation at E > 1.6 MeV calculated each day along E7C trajectory is added. AE8 is a mean model, not suited for short terms variation predictions. Small variations are only due to trajectory effects and the slow decrease of electrons at the end is due to the gradual exit of the satellite from the outer belt. The same comparisons are made and validated with the energy channels fitting best for the two detectors since the positioning of the instruments results in different energies being measured. I, are chosen for the observed levels of flux measured by E7C distributed between the minimum (<10 3 ) and the maximum (>10 5 ). This corresponds to different periods of moderate geomagnetic activity, although much stronger fluxes should be observed. Over this period, geomagnetic index K p does not exceed 5.5. There is good consistency between the measurements. The spectrum measured by E7C/ICARE-NG is relatively narrow compared to that measured by NOAA-POES-15/SEM2. The ranges of SEM2 are wide; for example the 1-2 MeV range is conditioned by the accuracy of the measurement at 3 MeV which gives the shape of the high energy spectrum. The low energy part (up to 300 keV) of the spectrum does not vary as much with the geomagnetic activity. High energy dynamics are well described by both sets of measurements. At low flux, the measurements are sensitive to the limit of the S/N ratio but the coherence is very good with a slight flattening of the spectrum. At high flux, the spectrum measured by ICARE-NG is relatively flat and in continuity with the spectrum of SEM2. This spectrum representation shows the global agreement between measured and projected ICARE-NG data.

The daily average spectra over the entire EOR profile are plotted in Fig. 16, measured by E7C/ICARE-NG, projected with JASON-3/ICARE-NG and NOAA-POES-15/SEM2 measurements and simulated with AE8 MAX. To clearly highlight the dynamics of the fluxes encountered in these equatorial regions, the extreme daily average spectra are added as minimum and maximum cases seen during this mission. The daily averaged spectrum measured by E7C/ICARE-NG over the first year spent in GEO, shows that fluxes encountered during the EOR phase are on average about an order of magnitude greater than the average fluxes in GEO. V. CONCLUSION Data from the ICARE-NG instrument, taken during the EUTELSAT-7C satellite EOR phase, is used to demonstrate the correlation of electron fluxes in LEO with those in the equatorial region. The 'space weather' during the 4-month EOR included some geomagnetic storms and a very calm period. Thus results are shown for a wide range of fluxes. The method's only limitation is the detector's signal to noise ratio in low altitude orbits. This paper's empirical process is based on data analysis, and is complementary to a machine learning approach. Each can be improved by using insights from the other. This paper's method could a priori be adapted to predict off-equatorial fluxes, given adequate datasets. Having many low orbit measurements both in near real time and in the past (NOAA-POES data since the early 80s and ICARE/ICARE-NG data since the 2000s), enables the reconstruction of the space environment along any EOR profile during the last solar cycles and to provide nowcasting encountered by an EOR satellite not carrying a high-energy particle detector.
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Fig. 1 .

 1 Fig. 1. Example of correlation between E>100 keV electron fluxes from THEMIS/SST and NOAA-POES-15/SEM2 at L=6.125. Red line as power law with slope=0.74 and constant=5.80.

Fig. 2 .

 2 Fig. 2. Correlation coefficients for E>100 keV electron fluxes between equatorial data (THEMIS/SST, RBSP/MagEIS, CLUSTER/RAPID) and LEO data (NOAA-POES-15/SEM2) versus L.

.Fig. 3 .

 3 Fig. 3. Slope s and constant C of the projection law calculated automatically for E>100 keV electron fluxes for correlation between equatorial data and LEO data versus L.

Fig. 4 .

 4 Fig. 4. Example of correlation between E>100 keV electron fluxes from THEMIS/SST and NOAA-POES-15/SEM2 at L=8.125. Red line is automatic wrong calculation due to THEMIS/SST background data. Black line with slope=1 is manually adjusted.

Fig. 5 .

 5 Fig. 5. Slopes and constants of the projection law for each energy for correlation between equatorial data and LEO data versus L. B. JASON-2/ICARE-NG correlation ICARE-NG electron measurements on board JASON-2 are correlated with MagEIS electron measurements aboard RBSP-A. The first channel of ICARE-NG (E>1.6 MeV) is used due to its good S/N (Signal/Noise) ratio.MagEIS differential channels are integrated to create a virtual E>1.6 MeV channel with a condition of equatorial pitch angle greater than 80° to ensure equatorial region measurements. It is possible, to estimate the distribution of integral flux for electron measured from RBSP/MagEIS as a function of the distribution from JASON-2/ICARE-NG for various L values over the time period 2013-2016. The lowest L value (~2) is limited by electron LEO measurements contaminated by trapped protons. An example for L=4.125 is plotted in Fig.6. The correlation coefficient calculated between both distributions is plotted in Fig.7. This correlation is good, between 0.6 and 0.8 for L between 3 and 5.75. Beyond, the number of points, close to the noise floor, is too low. When the correlation is good, equatorial flux are observed to be proportional to JASON-2/ICARE-NG flux for most of the spatial intervals where fluxes are the strongest. Automatic calculation of the slope gives values between 1.3 and 0.9 for L range between 3 and 6 so it was decided to fix the slope to the unit value and to calculate the constant as scaling factor. The constant is plotted in Fig.8. This constant increases from low L values up to maximum values observed
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  -15/SEM2 E> 100 keV flux (#/cm 2 .s.sr) THEMIS/SST E> 100 keV flux (#/cm 2 background around L = 5, clearly demonstrating a flux enhancement around the equatorial zones in the outer belt. It is assumed that scaling factors are independent of energy, as electron channels are defined in a narrow energy range (1.6-2.09MeV).

Fig. 6 .

 6 Fig. 6. Example of correlation between E>1.6MeV electron fluxes from RBSP/MagEIS and JASON-2/ICARE-NG at L=4.125.

Fig. 7 .Fig. 8 .

 78 Fig. 7. Correlation coefficient for E > 1.6 MeV electron fluxes between RBSP/MagEIS and JASON-2/ICARE-NG as a function of L.

Fig. 9 .

 9 Fig. 9. E7C profile during EOR raising phase (perigee and apogee evolution).

Fig. 10 .

 10 Fig. 10. Integral electron flux spectra measured by ICARE-NG and MagEIS during conjunction between E7C (L=5.04; B/Beq=1.02) and RBSP-B (L=4.93; B/Beq=1.04) as a function of electron energyTo validate the accuracy of these new data, a comparison is made with the already approved MagEIS measurements by finding geomagnetic conjunctions between both satellites. A set of several conjunctions is found with the Van Allen Probes
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 10 /ICARE-NG E> 1.6 MeV flux (#/cm 2 .s.sr) RBSP /MAGEIS E> 1.6 MeV flux (#/cm 2 .s.sr) Number of points 1 and B during the joint coverage period. An example of excellent agreement between the measured fluxes is shown in Fig. 10.

Fig. 11 .

 11 Fig. 11. L versus time map for E7C/ICARE-NG E > 1.62 MeV electron fluxes and for JASON-3/ICARE-NG E > 1.6 MeV electron fluxes, magnetic index Kp (top to bottom). The two vertical straight lines mark the times (09&11/07/2019) presented in Fig 12.

Fig. 12 .

 12 Fig. 12. E > 1.6 MeV electron flux cartographies versus L for one day: during a quiet period (top plot) and during a geomagnetic storm (bottom plot).

First, the

  instantaneous fluxes above threshold level from JASON-3 are sorted in L map and projected along E7C trajectory considering previously determined scaling factors. The results are plotted in Fig. 12 and can be compared with E7C fluxes. The projected fluxes (top panel) have large uncertainties due to the limited instrument detection threshold. In this example projected fluxes are over estimated. Contrarily, during active periods (bottom panel), fluxes are mainly above threshold level and projection estimation is in good agreement with observed fluxes in the equatorial zone.

Fig. 13 .

 13 Fig. 13. Daily mean flux for E> 1.6 MeV electron along E7C EOR profile versus time: measured from E7C/ICARE-NG, projected from JASON 3/ICARE-NG and simulated with AE8 MAX. C. NOAA-POES/SEM2 projection A similar approach is taken with NOAA-POES-15 dataset with scaling factors previously determined at E>100 keV, E>300 keV, E>1.2 MeV and E>3.0 MeV. SEM2 on NOAA-POES-15 dataset has been analysed and filtered. Fluxes are mapped daily, projected on E7C trajectory and averaged. The closest E7C/ICARE-NG energy channel is E>1.45 MeV with the NOAA-POES-15/SEM2 E>1.2 MeV which is linearly interpolated at E>1.45MeV with E>3.0MeV channel. The daily mean fluxes are plotted in Fig. 14. Blue dots correspond

Fig. 14 .

 14 Fig. 14. Daily mean flux for E>1.45 MeV electron along E7C EOR profile versus time: measured from E7C/ICARE-NG, projected and interpolated from NOAA-POES 15/SEM2 and simulated with AE8 MAX. In Fig. 15, daily mean spectra are plotted from the measurements of E7C/ICARE-NG and projections of the measurements of NOAA-POES-15/SEM2 and JASON-3/ICARE-NG. The daily mean spectrum on the trajectory of E7C simulated by AE8 MAX is added. The shown cases, summarized in TableI, are chosen for the observed levels of flux measured by E7C distributed between the minimum (<10 3 ) and the maximum (>105 ). This corresponds to different periods of moderate geomagnetic activity, although much stronger fluxes should be observed. Over this period, geomagnetic index K p does not exceed 5.5.

Fig. 15 .

 15 Fig. 15. Comparison of integral spectra: measured by E7C/ICARE-NG, projected with NOAA-POES-15/SEM 2and with JASON-3/ICARE-NG and simulated by AE8 MAX during four situations. The observed fluxes are in increasing order: Case 1 (2019/07/08), Case 2 (2019/10/12), Case 3 (2019/07/13), Case 4 (2019/09/05).

Fig. 16 .

 16 Fig. 16. Comparison of mean spectra: measured by E7C/ICARE-NG, projected with NOAA-POES-15SEM2 and with JASON-3/ICARE-NG and simulated by AE8 MAX over the complete EOR mission. Daily averaged spectra are added: min and max measured during EOR phase and over the first year spent in GEO.

TABLE I CHARACTERISTICS

 I OF THE CASES PRESENTED IN FIG. 15

		Date	Flux (#/cm 2 .sr.s)
	Case 1	2019/07/08	Flux < 10 3
	Case 2	2019/07/23	10 3 <Flux < 10 4
	Case 3	2019/07/13	10 4 < Flux < 10 5
	Case 4	2019/09/05	Flux > 10 5
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