
1.  Introduction
The dynamics of the Earth’s magnetosphere provide an efficient mechanism for the trapping and the accel-
eration of energetic particles. At the Earth’s magnetic equator, the outer belt extends from an altitude of just 
over 10,000 km to distances beyond geostationary orbit and is dominated by trapped electrons. The electron 
peak flux is energy-dependent but is typically at an orbit altitude between 3.5 and 5 Earth radii at the mag-
netic equatorial plane. The relativistic electron population in the outer Van Allen radiation belt is extreme-
ly variable—especially during periods of enhanced geomagnetic activity—as it is subjected to processes, 
such as loss and acceleration, which compete and can deplete or enhance electron populations (Reeves 
et al., 2016; Turner et al., 2015). For satellites, the outer belt poses a significant hazard since the intense elec-
tron fluxes cause ionizing dose, nonionizing energy loss, and internal charging. For a better understanding 
of the physical mechanisms associated with the dynamics of the outer belt it is critical to have accurate flux 
measurements of the trapped energetic electrons. This case is usually met in the high-energy resolution 
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measurements of detectors that constitute part of scientific experiments. Such data sets are usually consid-
ered as reference for the in-flight evaluation and calibration of radiation monitors on-board other satellites. 
The use of cross-calibrated measurements—under a common reference—can be vital for the derivation of 
coherent model outputs from data-driven engineering models that treat the characterization of the space 
radiation environment (O’Brien et al., 2018). One such example is the Solar Energetic Particle Environment 
Modelling reference data set (SEPEM RDS) (Heynderickx et al., 2018), based on NOAA GOES proton flux 
measurements (Onsager et al., 1996), cross-calibrated by Sandberg et al. (2014) using as reference the IMP-8 
Goddard Medium Energy experiment (Richardson et al., 2008). SEPEM RDS has resulted to the production 
of spectrally coherent outputs in various solar energetic proton environment models (Aminalragia-Giamini 
et al., 2018; Jiggens et al., 2018). For the case of the trapped radiation environment, cornerstone missions 
that carry science-class electron detectors—after the CRRES era (1990–1991) (Johnson & Kierein, 1992)—
are the Radiation Belts Storm Probes (RBSP) (Mauk et al., 2012) and more recently the Exploration of ener-
gization and Radiation in Geospace (ERG) (Miyoshi, Shinohara, et al., 2018).

We distinguish here the science-class particle detectors from the particle radiation monitors. The former 
ones are developed with the primary goal to serve the scientific needs of the mission they participate in by 
providing measurements with specially tailored characteristics—such as uni-directional, high energy, and 
temporal resolution—that can reveal characteristics of the physical mechanisms linked to the goals of the 
mission. The latter ones are designed to provide reliable, long-term, and robust measurements for the moni-
toring of the radiation environment with the main goal of the protection and the evaluation of any radiation 
effects encountered at the satellite subsystems but with omni-directional measurements with lower energy 
and temporal resolution.

The RBSP are twin spin-stabilized spacecraft assigned with the study of the radiation belts and the inner 
magnetosphere. The probes were launched in August 2012 in near-equatorial highly elliptic orbit (HEO) 
with 10.2° inclination and a period of ∼9 h (perigee at 618 km and apogee about 30,000). RBSP-B was deac-
tivated in July 2019 and RBSP-A 3 months later. The electron data analysis from the science class detectors 
Magnetic Electron Ion Spectrometer (MagEIS) (J. B. Blake et  al.,  2013) and Relativistic Electron-Proton 
Telescope (REPT) (D. N. Baker et  al.,  2012) on-board RBSP led to a series of investigations and break-
through discoveries (D. N. Baker et al., 2014; Mann et al., 2016), related to the electron belt dynamics and 
the physical mechanisms responsible for electron losses and energization. The ERG mission is a newer 
science mission, developed by JAXA in collaboration with universities and institutes in Japan and Taiwan, 
aiming to study electron acceleration and loss mechanisms in the outer radiation belt. The mission was 
launched in December 2016 and initiated its scientific observations 3 months later in elliptic orbit with 31° 
inclination and a period of ∼8 h (perigee at 400 km and apogee at 32,000 km). Arase carries, among others, 
the extremely high-energy electron experiment (XEP) (Higashio et al., 2018a), which provides electron flux 
measurements at energies above 0.3 MeV.

In this study, we have performed and validated successfully an intercalibration of the electron flux measure-
ments of MagEIS and REPT versus those of XEP—utilizing measurements from two ESA radiation mon-
itors. The resulting harmonized data sets can be considered as reference for use in a series of application 
and models; for the calibration of space radiation detectors on-board satellites, the orbits of which cross the 
HEO of RBSP and Arase, for the building/evaluation of quantitative climatological/engineering models, 
and for the development/validation of radiation belt forecasting space weather models. Section 2 presents 
the characteristics of the data sets considered and Section 3 presents the derivation of the harmonization 
factors accounting for RBSP data sets. In Section 4, a validation study is presented using the deep charging 
current measurements of the Environmental Monitoring Unit (EMU) (Sandberg et al., 2019) on-board Gali-
leo satellite GSAT207 and the measurements from Standard Radiation Monitor (SREM) (Mohammadzadeh 
et al., 2003) on-board INTEGRAL (Evans et al., 2008).

2.  RBSP and Arase Electron Flux Measurements
MagEIS and REPT instruments are part of the Energetic Particle Composition and Thermal Suite (ECT) 
(Spence et al., 2013). MagEIS utilizes a strong magnet to steer electrons into a set of solid-state detectors 
(SSDs), providing flux measurements of ∼30 keV to 4 MeV (Blake et al., 2013). MagEIS consists of four units: 
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the LOW measures low-energy electrons (∼30–200 keV), two 
MEDIUM units measure electrons of ∼200  keV to 1  MeV, 
and the HIGH measures relativistic electrons (∼1–4  MeV). 
We have used the background-corrected Level-2 Re-
lease-4 spin-averaged flux MagEIS data sets (Claudepierre 
et al., 2015). The energy values assigned to MagEIS channels 
in this study correspond to the mean values of the twin units 
(Table 1) accounting from August 3, 2013. For the derivation 
of the cross-calibration factors, we use measurements with 
background correction error (FESA_ERROR) above 50% sim-
ilar to Boyd et al. (2019).

REPT uses a stack of SSD and provides relativistic electrons 
measurements in 10 channels, the energy efficiency of which 
is characterized by long “tails” (D. N. Baker et al., 2012). The 
derivation of the REPT electron differential fluxes—within 
1.9–12.3  MeV—was performed using the bow-tie analysis 
method (Van Allen et al., 1974). The present study demon-
strates results for the channels up to 9.3 MeV (Table 1). We 
have analyzed the Level-2 Release-3 data sets which include 
background measurements induced by the galactic cosmic 
rays. For the subset of measurements that overlap Arase 
ones, the background level was estimated for each channel—
using a cutoff threshold as it did not present significant mod-
ulations—and subtracted. For the needs of the harmoniza-
tion studies, a 3-min time-averaged ECT data set was created 
to match the resolution of XEP measurements.

XEP unit (Higashio et al., 2018a) includes a detection system 
that contains five SSDs that measure electrons in the energy 
range of 0.4–5.4  MeV. The first SSD is 50  μm thick, while 
the others are 1,500-μm thick. An aluminum shield (130-μm 
thick) is placed in front of the first SSD to prevent the intru-
sion of light and electrons with E  <  0.4  MeV. The present 
study is based on the use of Level-2 version 01-00 electron 
omni-directional fluxes binned in nine energy channels—
within a time period from March 20, 2017 to August 31, 2019. 
The measurements of each channel were assigned to the ge-
ometric mean of its energy bin boundaries EXEP = (0.55, 0.69, 
0.89, 1.09, 1.34, 1.64, 1.98, 2.48, and 3.13) MeV.

3.  Harmonization of ECT and XEP Data Sets
The comparisons between ECT and XEP electron measurements are based on the determination of suitable 
conjunctions between the orbits of the carrier satellites. The conjunctions may be defined as the spatio-tem-
poral positions where the detectors are expected to encounter the same population of trapped electrons. For 
the determination of these positions, we followed the spirit of the recommendations of the Panel on Radia-
tion Belt Environment Modeling (Bourdarie et al., 2008) but required stricter criteria for the spatiotemporal 
conditions, namely δL ≤ 0.01, δ(αeq) ≤ 2°, δt ≤ 1 h. Here, L denotes the L-shell value and αEq the equatorial 
pitch angle. On the contrary, we completely relaxed the conditions related to the magnetic local time MLT—
by setting δ(MLT) ≤  12  h—to have the largest possible number of conjunctions for the aforementioned 
strict criteria. The magnetic coordinates were derived using the UNILIB library (Heynderickx et al., 2000) 
assuming the IGRF model for the internal, and the quiet Olson-Pfitzer 1977 (Olson & Pfitzer, 1977) model 
for the external magnetic field components.
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MagEIS energy channels

E [MeV] Median sf| min(MSE) Conjunctions

0.176 1.03 1.04 140

0.217 – – 0

0.240 0.97 0.88 406

0.350 0.98 0.90 405

0.470 0.99 0.94 370

0.600 0.94 0.93 307

0.749 0.94 0.91 294

0.904 0.87 0.86 190

1.064 1.35 1.30 215

1.072 – – 0

1.575 1.37 1.38 262

1.728 1.23 1.22 259

2.254 1.23 1.27 87

2.589 1.51 1.72 62

3.536 0.84 0.73 73

3.970 1.79 1.71 58

REPT energy channels

E [MeV] Median sf| min(MSE) Conjunctions

1.9 4.52 3.87 422

2.1 2.22 2.20 369

2.6 1.80 2.00 251

3.4 2.21 1.97 652

4.2 1.91 1.65 400

5.2 2.37 2.31 322

6.3 1.45 1.43 91

7.7 0.29 0.24 12

9.9 1.07 1.07 1

Table 1 
Scaling Factors for the Harmonization of ECT to XEP Electron Fluxes; Quiet 
Magnetospheric Conditions Were Considered for the Channels With E < 3 MeV
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The application of these criteria resulted to 2,853 magnetic conjunc-
tions within 4.3 ≤ L ≤ 6.5. However, by imposing the additional criterion 
for quiet magnetospheric conditions, that is, Kp < 2 for the last 2 days 
(Bourdarie et al.,  2008)—defined from now on as the “quiet” conjunc-
tions—the number of conjunctions was reduced to 510. As it will be 
shown later on, the “quiet” conjunctions were selected for the calibration 
of the E < 3.0 MeV ECT channels. In Figure 1, we present the Magnet-
ic Local Times of the considered missions for the “quiet” conjunctions; 
the 95% had δ(MLT) < 7.8, the 75% had δ(MLT) < 5.0 and the 50% had 
δ(MLT) < 3.5 h.

For the flux comparisons, we rebinned XEP fluxes to the ECT energies. 
For the values within the XEP energy range, a piece-wise power-law in-
terpolation was applied and for extrapolating the values below (or above), 
a performed non-linear least square fitting was performed using the first 
(or last) three points of each XEP flux spectrum. As a fit function, we 
used an exponential cutoff power-law. The errors associated with the use 
of the piece-wise power-law interpolation may be considered insignifi-
cant given the dense energy binning of XEP. However, the uncertainties 
resulted from the extrapolation increase as we move further from XEP 

energy range even though the selected fit function is able to capture both exponential and power-law be-
havior as well as all the in-between cases. As it will be discussed later on, this can become evident for the 
conjunctions considered during disturbed times—where the selected fit function may not be adequate to 
describe the electron flux spectra at energies below 0.55 MeV. In addition, errors could possibly arise when 
extrapolating background measurements of XEP ultra-relativistic energy channels. However, these cases 
were identified and excluded from the following analysis.

This procedure allowed us to perform quantitative comparisons between the rebinned XEP fXEP and the ECT 
energetic fluxes fECT. In Figure 2, we present box-and-whisker plots of the flux ratios  /ECT XEPf f  created 
using the Seaborn plot Python library (Waskom & the seaborn development team, 2020). The boxes show 
the quartiles of the flux ratios, the upper and the lower horizontal lines indicate the upper and the lower 
quartiles while the median is displayed by the horizontal line inside. The whiskers extend to show the rest 
of the distribution. The yellow boxes correspond to the available spatiotemporal conjunctions and the blue 
ones to the “quiet” conjunctions. The box-and-whiskers for the MagEIS comparisons (upper plot) indicate a 
remarkable agreement between the calibration of XEP and MEDIUM channels (E < 1 MeV) which becomes 
evident when the quiet magnetospheric conditions are considered (i.e., blue boxes). For 1.06 ≤ E ≤ 2.59 MeV, 
MagEIS/HIGH and XEP channels differ by a factor of less than two, while the differences between yellow 
and blue box-and-whiskers are not significant.

On the other hand, the differences between the two box-and-whiskers become important at E ≤ 0.47 MeV. 
Here, we must note that this feature is prominent to channels that are not included in the XEP energy 
range and are thus extrapolated. Nevertheless, and even though the aforementioned extrapolation may 
contribute to the differences between quiet and disturbed times, we believe that these differences are rather 
physics-based and depend on the MLT asymmetry that is pronounced at the seed (a few hundreds of keV) 
electron fluxes. This MLT dependence becomes more prominent during disturbed periods of the geospace 
as the seed electrons are directly modulated by the substorm activity and/or the enhanced magnetospheric 
convection.

The differences which appear for the last two HIGH channels, for E > 3.5 MeV, are attributed to the drastic 
decrease of the available ultra-relativistic electron flux measurements during quiet conjunctions. The box-
and-whisker plot accounting for the REPT comparisons (lower plot) reveals a consistent difference with 
XEP—of the order of two—for the energies at 2.1 ≤ E ≤ 6.3 MeV, while the deviation at 1.9 MeV is larger. 
For E ≤ 6.3 MeV, the differences between blue and yellow box-and-whiskers are not significant. For the 
channels above 6.5 MeV, however, measurements of ultra-relativistic electrons appear only during active 
magnetospheric conditions.
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Figure 1.  Cross-plot of the Magnetic Local Times of Arase and RBSP 
missions during the “quiet” conjunctions which were adopted for the 
harmonization of ECT energetic channels with E < 3 MeV.
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In view of the above, we conclude that the use of the “quiet” conjunctions is appropriate only for the deriva-
tion of the scaling factors for the ECT channels below 3.0 MeV. The scaling factors, may be defined either as 
the median values of the ratios  /ECT XEPf f , or as the factors that minimize the mean squared error (MSE) 
between fXEP and fECT series, defined here as sf| min(MSE). Table 1 lists these values, together with the num-
ber of the available conjunction measurements used for each energy channel.

Figure 3 presents—as example—cross-plots between the rescaled ECT fECT/sf and the rebinned fXEP fluxes 
for the 0.47 MeV MagEIS and the 6.3 MeV REPT channels. Note that the 0.47 MeV is the nearest MagEIS en-
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Figure 2.  Box-and-whiskers for the ratios fMagEIS/fXEP (upper plot) and fREPT/fXEP (lower plot). The yellow boxes include 
the measurements during the spatiotemporal conjunctions and the blue boxes—with the thick whiskers—to “quiet” 
conjunctions. The blue line perpendicular to the energy axis separates the MEDIUM and the HIGH channels. The red 
line(s) define the ECT channels that fall within the XEP energy range. The red circles denote the values that—when 
divide the ECT fluxes—achieve an MSE minimization with the rebinned XEP fluxes when all (quiet) conjunctions 
are considered for E > 3 (E < 3) MeV. The box-and-whiskers for the MagEIS energy channels 0.22 and 1.07 MeV are 
missing due to the absence of measurements. ECT, MSE, mean squared error.
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ergy channel just outside the XEP energy range and the 6.3 MeV channel 
is the highest in energy channel that was possible to cross-calibrate. The 
ECT adjustments have been performed by dividing either by the median 
or by the sf|min(MSE) values (cf. Table 1). Note that measurements with 
large statistical error or within the background (cf. Section  2)—which 
were not taken into account in the calculation of the adjustment fac-
tors—are also included in these plots.

The derived results demonstrate a remarkable agreement between MEDI-
UM and XEP measurements and suggest the rescaling of MagEIS/HIGH 
and REPT measurements. The proposed adjustments, as listed in Table 1, 
lead to the harmonization of the science-class high energy experiments 
on-board RBSP (2012–2019) with Arase (2017–). The differences between 
the rescaling factors for MagEIS/MEDIUM, MagEIS/HIGH, and REPT 
units can be attributed to the different calibration procedures applied sep-
arately for each unit and to the increased background of the last HIGH 
channel. The performed studies also indicate the necessity for relaxing 
the Kp-related restrictions (Bourdarie et al., 2008) for the cross-calibration 
of relativistic electron flux measurements; during quiet magnetospheric 
conditions, the measured fluxes are typical of low intensity and below 
the instrument’s background levels. Last, but not least, it should be noted 
that REPT team has recently found a missing factor of two in the data 
processing software. Next data releases will address this issue (commu-
nication with Shri Kanekal, NASA) resulting in an improved agreement 
with XEP.

4.  Validation of Data Harmonization
4.1.  ESA Radiation Monitors

For the validation of the ECT adjustments suggested by XEP compari-
sons, we utilized measurements from ESA radiation monitors on-board 
missions, the orbits of which cross the near-equatorial HEO of RBSP. 
Such conditions are met by the EMU on-board Galileo satellites and 
the ESA SREM on-board INTEGRAL mission. Both of these sensors 
have been calibrated by means of GEANT4 simulations (Agostinelli 
et al., 2003) and provide healthy measurements. The EMU is a radiation 
sensitive instrument designed for use in the orbit of the GNSS Galileo 
constellation. Two units are currently flying; the first one is on-board 
GSAT0207, launched in November 2016, while the second unit is on 
board GSAT0215, launched in December 2017. EMU includes a SURF 
sensor (Ryden et al., 2015), composed of a stack of eight charge collecting 
plates that measure internal charging currents. The unit is mounted on 
the spacecraft panel with a view in the East-West direction, for example, 
∼90° pitch angle. SURF data have been used for the creation of differen-
tial electron flux data set within 0.2–8.0 MeV by Sandberg et al. (2019). 
Here, we use the primary internal charging current measurements from 
the last four GSAT0207/EMU/SURF plates utilizing the response func-
tion derived by modeling the shielding impact of the host spacecraft by 

a Ta slab of 5-cm thickness. SREM unit consists of three SSD in a two-detectors-head configuration and 
measures electrons with E > 0.5 MeV and protons with E > 10 MeV. SREM samples have electron fluxes 
in rather broad and overlapping energy bands providing measurements in 15 channels. The units on-board 
STRV-1C, Rosetta, GIOVE-B, Herschel, and Planck spacecraft have completed their operation while those 
on-board Proba-1 and INTEGRAL continue to provide healthy measurements after two decades. Here, we 
use the count-rate measurements from the INTEGRAL/SREM S12, S13, and C4 channels utilizing their 
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Figure 3.  Cross plots between the re-scaled MagEIS (REPT) electron 
differential fluxes versus the interpolated XEP fluxes rebinned at 0.47 MeV 
(6.30 MeV) using the quiet (all the) spatio-temporal conjunctions. The 
red circles correspond to the ECT fluxes divided by the median value 
(P50) and the blue by the factor sf|min(MSE). The ciel circles denote 
flagged measurements, that is, with large statistical error or within the 
background, which were not considered in the derivation of the scaling 
factors.
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electron response functions for the derivation of which a mass model that 
included the host spacecraft was used. SREM is typically directed along a 
pitch angle of ∼90°. Figure 4 presents the electron response functions of 
the channels selected from both ESA radiation monitors.

4.2.  Validation Approach and Results

The validation approach considered is to compare ECT and ESA radiation 
monitor measurements before and after the application of the XEP-in-
duced scaling factors sf|min(MSE). The spatiotemporal conjunctions 
were determined using the same criteria presented in Section  3; 1,830 
RBSP conjunctions were found with GSAT0205 and 830 with INTEGRAL.

Figure 5 presents the mean electron flux spectra of ECT and EMU for 
the RBSP-GSAT207 conjunctions. It is evident that the rescaling of ECT 
data treats the mismatches between MagEIS/MEDIUM, MagEIS/LOW, 
and REPT calibrations leading to coherent spectra over four orders of 
magnitude. We note that these adjustments may be particularly impor-
tant in phase space density calculations which are sensitive on the flux 
spectrum slope. It is worth-mentioning that the adjusted ECT spectrum 
seems to exhibit two breaks at ∼0.3 and ∼1.8 MeV which is consistent 
with the three-step scenario (Jaynes et al., 2015; Katsavrias et al., 2019) 
to describe the different acceleration mechanisms from seed (100–
300 keV), to relativistic (up to 2 MeV) and ultra-relativistic (>2 MeV) 
electrons. The bow-tie derived EMU spectra are found to be in very 
good agreement, up to 5 MeV, according to Sandberg et al.  (2019). It 
remains still the question if the proposed adjustments lead to improve-
ments in terms of the absolute flux values per se. To confirm that, we 
fold the ECT fluxes f(E) with the response function RFi of each moni-
tors’ channel i;

 ,
0

( ) ( ) ,
Emax

rec i iC f E RF E dE� (1)

and calculate the reconstructed measurements Crec,i. The latter ones were 
compared with the actual measurements Ci using the median values of 
their ratios M(i) = median(Crec,i/Ci). For the case of SURF plates, MagEIS 
and REPT spectra were merged to construct f(E), while for SREM, only 
the REPT spectra were considered. The same procedure was repeated 
for the calculation of the median values M′(i) derived using the rescaled 
ECT fluxes. The modification in the median values accounting for the 
reconstructed measurements is presented in Table 2; the median values 
for SURF plates 5–8, reached values closer to one after the rescaling. The 
same trend was also observed for the case of SREM channels as well.

In support to the above, we calculated for each channel the value of the 
upper energy integration limit Emax in Equation 1 that contributes to the 
25%, 50%, and 75% of the reconstructed data—for the indicative case of 
the mean flux spectra. The corresponding values E25,50,75[MeV] are includ-
ed in Table 2 and allow us to determine the “effective” electron energy 
range responsible for the differences between M(i) and M′(i) with respect 
to the rescaled ECT fluxes. Note that the “effective” electron energy range 
depends on the synergy of the response function and the differential 
electron flux spectra. We found that the agreement accounting for the 
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Figure 4.  Electron response functions of INTEGRAL/SREM and 
GSAT0207/EMU selected channels.

Figure 5.  RBSP/ECT mean flux spectra during the conjunctions with 
GSAT0207. The rescaled spectrum (blue line) is presented versus the 
original MagEIS (green circles) and REPT (red circles) spectra. The mean 
flux spectrum of GSAT0207/EMU is also presented (gold stars).

Channel E25,50,75[MeV] M′(Crec/C) M(C′rec/C)

SURF_5 1.4, 2.2, 3.4 1.4 1.2

SURF_6 2.6, 3.8, 5.0 2.3 1.3

SURF_7 3.9, 4.8, 5.7 1.9 1.1

SURF_8 5.2, 5.7, 6.2 1.8 1.0

SREM_S12 2.0, 2.3, 2.9 3.7 1.2

SREM_S13 2.1, 2.5, 3.0 3.4 1.2

SREM_C4 3.3, 3.7, 4.8 0.7 0.4

Table 2 
Summary of Validation Results Using ESA Radiation Monitor Data
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SURF plates 5–8 was attributed to the re-scaling(s) within the 2–6 MeV 
range while the improvement accounting for SREM_S12 and S13 chan-
nels was attributed to the adjustments within the 2–3 MeV. Given these 
consistent agreements, the change in the median values accounting for 
SREM_C4 channel—which found to be attributed to adjustments within 
3.3–4.8 MeV—can be only justified by the statistically poor resolution of 
channel’s response at this energy range (cf. Figure 4). Figure 6 present—
as characteristic examples—the cross-plots between Crec,i and 

,rec iC  for the 
case of SURF_7 and SREM_S13 channels.

These results validate the harmonization between ECT and XEP relativis-
tic and ultra-relativistic electron flux measurements at least for the ener-
gies up to 6.3 MeV. In addition, they demonstrate the calibration consist-
ency between ESA radiation monitors and XEP. Note, however, that the 
impact of the presented cross-calibration work is essentially quantified in 
Table 1 and secondarily in the adjustments of M to M′ values in Table 2 
which validate in a type of cumulative sense the results of Table 1, that is, 
through the folding of the differential fluxes with the radiation monitor 
response functions (cf. Equation 1).

5.  Applications
The harmonization of science-class experiments on-board RBSP and 
Arase defines an extended reference baseline for the relativistic electron 
flux measurements from 2012. A reference data set with the characteris-
tics presented in the previous sections can be used in a series of applica-
tions. Space radiation monitors on-board satellites, the orbits of which 
have crossed the HEO of RBSP and Arase can be cross-calibrated under a 
reference. A typical example to be considered is the case of the MEO radi-
ation measurements from the monitoring units on-board GNSS constella-
tions such as the EU Galileo and the US GPS. In addition, even monitors 
at GEO can be cross-calibrated as long as they were operating during the 
Geostationary Transfer Orbit of the carrier satellite. The use of the har-
monized relativistic data sets can also contribute to the development or 
evaluation of quantitative climatological/engineering models based on 
a large number of different data sets. In such models, like the IRENE 
(O’Brien et al., 2018), it is important to adopt a reference baseline and use 
it to identify and eliminate the systematic biases in the considered data 
sets, and also to quantify their observational uncertainties. Last, a ref-
erence megaelectron-volt electron flux data set with measurements that 
span almost a decade can be used for the improvement or the validation 
of physical or data-driven (Bourdarie & Maget, 2012; Glauert et al., 2014; 
Subbotin & Shprits, 2009), predictive electron radiation belt models lead-
ing to improved forecasts accounting the state of the outer belt.

6.  Conclusions
Systematic disagreements in the calibration of trapped energetic electron flux measurements can be crucial 
for scientific studies based on synergistic observations of energetic electrons and for the outputs of space 
radiation environment specification models. In this study, we proceeded to the intercalibration of Arase/
XEP and RBSP/ECT measurements. For the harmonization of ultra-relativistic electron fluxes, the criterion 
of using quiet magnetospheric conditions for the determination of conjunctions was relaxed. The remark-
able agreement between XEP and the majority of MagEIS channels was demonstrated, together with the 
suggestion of adjusting MagEIS/HIGH and REPT measurements accordingly. The harmonization factors 
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Figure 6.  Actual measurements of SURF plate 7 (upper plot) and SREM 
channel S13 (lower plot) versus reconstructed ones as derived by folding 
the electron response function with the ECT spectra before (red dots) and 
after (blue dots) the harmonization of the ECT spectra.
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for the ECT channels were derived and validated—for at least up to ∼6 MeV—using measurements from 
ESA radiation monitors. For E  >  6  MeV, extended investigations will be carried out using GSAT/EMU 
measurements. The harmonization of cornerstone electron flux measurements defines an extended refer-
ence baseline that can be used in a series of applications; for the calibration of space radiation detectors, for 
updating/validating quantitative climatological and/or forecasting models addressing the electron radiation 
environment of the outer Van Allen belt.

Data Availability Statement
The authors acknowledge Bern Blake, Joe Fennell, Seth Claudepierre, and Drew Turner for the use of 
MagEIS data and Dan Baker, Shri Kanekal, Alyson Jaynes for the use of the REPT data. RBSP-ECT data 
are publicly available at http://www.RBSP-ect.lanl.gov/. Science data of the Arase (ERG) satellite were ob-
tained from the ERG Science Center operated by ISAS/JAXA and ISEE/Nagoya University (Miyoshi, Hori, 
et al., 2018). The present study used the Level-2 (version 01-00) data from the XEP experiment on-board the 
Arase (ERG) satellite (Higashio et al., 2018b). The XEP data processing was partly supported by the SEES/
JAXA. GSAT/EMU data are available to users from European member states registered at https://gssc.esa.
int/. INTEGRAL/SREM data are publicly available at http://srem.psi.ch/.
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