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Key Points:
We conduct an energy-dependent cross-satellite calibration of high-energy electron fluxes measured by FengYun-4A based on Arase
observations.

●

The cross-satellite calibration factors for 245−894 keV electrons range from 0.67 to 0.81.●

There is better agreement between the electron flux conjunctions after the cross-satellite calibration, as well as much smaller
normalized root mean square errors.

●
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Abstract: We use the High-energy Electron Experiments (HEP) instrument onboard Arase (ERG) to conduct an energy-dependent cross-
satellite calibration of electron fluxes measured by the High Energy Particle Detector (HEPD) onboard FengYun-4A (FY-4A) spanning from
April 1, 2017, to September 30, 2019. By tracing the two-dimensional magnetic positions (L, magnetic local time [MLT]) of FY-4A at each
time, we compare the datasets of the conjugate electron fluxes over the range of 245–894 keV in 6 energy channels for the satellite pair
within different sets of L × MLT. The variations in the electron fluxes observed by FY-4A generally agree with the Arase measurements,
and the percentages of the ratios of electron flux conjunctions within a factor of 2 are larger than 50%. Compared with Arase, FY-4A
systematically overestimates electron fluxes at all 6 energy channels, with the corresponding calibration factors ranging from 0.67 to 0.81.
After the cross-satellite calibration, the electron flux conjunctions between FY-4A and Arase show better agreement, with much smaller
normalized root mean square errors. Our results provide a valuable reference for the application of FY-4A high-energy electron datasets
to in-depth investigations of the Earth’s radiation belt electron dynamics.
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 1.  Introduction
The  energetic  electrons  in  the  Earth’s  radiation  belts  exhibit  a
complex and dynamic evolution, owing to an imbalance between
the loss  and acceleration processes  (Horne et  al.,  2005; Zong QG
et al., 2009, 2021; Li LY et al., 2013, 2016a, 2017, 2019; Aseev et al.,
2017; Boyd  et  al.,  2018; Xiang  Z  et  al.,  2018; Xiong  Y  et  al.,  2021;
Tang  RX  et  al.,  2023).  Substorm  injection  is  considered  the  main
source of tens to hundreds of kiloelectron volts (keV) electrons in
the  Earth’s  radiation  belts  (Birn  et  al.,  1997; Li  LY  et  al.,  2009;
Boakes  et  al.,  2011; Li  LY  and  Wang  ZQ,  2018; Nagai  et  al.,  2019;
Tang CL et al., 2022; Wang XY et al., 2023). Inward radial diffusion

induced  by  ultra-low-frequency  waves  can  efficiently  accelerate

electrons by conserving the first  adiabatic invariant (e.g., Miyoshi

et  al.,  2004; Shprits  et  al.,  2008; Su  ZP  et  al.,  2015; Zhao  H  et  al.,

2019).  Various  plasma  waves,  frequently  triggered  during

geomagnetic  storms,  substorms,  or  both,  play  an  important  role

in  the  acceleration  and  loss  of  radiation  belt  electrons  (Cao  JB

et  al.,  2013; Xiao FL  et  al.,  2017; Gao ZL et  al.,  2018; Gu XD et  al.,

2020; Yue C et al., 2020; Baker, 2021; Yang C et al., 2022; Zhao YW

et al., 2022; Ni BB et al., 2023). Chorus waves can locally accelerate

tens to hundreds of keV electrons to relativistic energies, resulting

in the prominent local peaks of the electron phase space density

(PSD)  in  the  radial  profile  (e.g., Chen  Y  et  al.,  2007; Thorne  et  al.,

2013; Li  W  et  al.,  2016; Allison  and  Shprits,  2020).  Chorus  waves

can  also  scatter  energetic  electrons  into  the  loss  cone,  causing

radiation belt electrons to precipitate into the atmosphere (Ni BB

et  al.,  2011b; He  JB  et  al.,  2021; He  Q  et  al.,  2022).  Magnetosonic

waves  can  accelerate  electrons  with  ~50°–70°  pitch  angles  via
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Landau resonance, forming the butterfly pitch angle distributions
over  the  energy  range  of  ~100  keV  to  a  few  megaelectron  volts
(MeV) (e.g., Horne et al., 2007; Ma QL et al., 2016; Ni BB et al., 2020).
In contrast, electromagnetic ion cyclotron (EMIC) waves can cause
the local loss of relativistic electrons (e.g., Ni BB et al., 2015, 2018;
He FM et al., 2016; Li LY et al., 2016b; Cao X et al., 2017a, b, 2020,
2023a), resulting in the local minima of electron PSD in the radial
profile in the heart of the outer radiation belt (Turner et al., 2014;
Saikin et al., 2016; Shprits et al., 2017). In addition, electron scatter-
ing induced by plasmapheric hiss is the dominant mechanism for
the formation of the slot region between the inner and outer radi-
ation belts (e.g., Li  LY et al.,  2021, 2022; Zhu Q et al.,  2021; Cao X
et  al.,  2023b).  The magnetopause shadow effect  and subsequent
outward radial  diffusion play a dominant role in the depletion of
electrons  at  high L-shells  (e.g., Matsumura  et  al.,  2011; Herrera
et al., 2016; Ma X et al., 2020).

An accumulated electron dataset with wider spatial and temporal
coverage  can  be  constructed  from  various  satellites,  which  is
essential for gaining a better understanding of the dynamic evolu-
tion of electrons in the Earth’s radiation belts (Turner et al.,  2012;
Foster  et  al.,  2014; Zhao  H  et  al.,  2018).  Radiation  belt  energetic
electrons  pose a  severe  threat  to  the hardware systems onboard
satellites  (Horne  et  al.,  2013; Lohmeyer  et  al.,  2015; Hands  et  al.,
2018). Hence, it is crucial to correct and properly intercalibrate the
electron  data  measured  by  multiple  instruments  and  multiple
satellites before using the data to further scientific  research (e.g.,
Kellerman et al., 2014; Park et al., 2021).

Chen  Y  et  al.  (2005, 2006) conducted  intercalibrations  during
geomagnetically quiet times based on Liouville’s theorem, which
requires  that  PSDs  be  conserved  at  the  same  set  of  phase  space
coordinates (PSCs). Ni  BB et al.  (2009) adopted the same method
to  estimate  cross-satellite  calibration  factors  of  the  electron  PSD
conjunctions  for  one  set  of  PSCs  measured  by  the  Akebono,
Geostationary Equatorial Orbit (GEO)1989, and GEO1990 satellites
based  on  the  Combined  Release  and  Radiation  Effects  Satellite
(CRRES) Medium  Electron  Sensor  A  (MEA)  measurements.  Subse-
quently, Ni  BB  et  al.  (2011a) performed  an  energy-dependent
cross-satellite  calibration  of  the  Time  History  of  Events  and
Macroscale  Interactions  during  Substorms  (THEMIS)  Solid  State
Telescope (SST) measurements over a wide range of 40–2159 keV
based  on  Los  Alamos  National  Laboratory  (LANL)-01A  satellite
measurements.  They  suggested  that  the  THEMIS  SST  instrument
underestimates the electron PSDs in 40–140 keV energy channels
and overestimates those for higher energies. Zhu CB et al.  (2022)
implemented  an  intercalibration  between  the  low-Earth-orbit
FengYun-3B  (FY-3B)  and  the  highly  eccentric  orbit  Van  Allen
Probe-A based on electron PSD conjunctions at fixed PSCs.

Using  a  wealth  of  inner  magnetospheric  electron  data  with  a
period  of  three  full  solar  cycles  observed  by  multiple  satellites
(CRRES,  Global  Positioning System [GPS],  GEO, and Polar), Friedel
et  al.  (2005) presented  an  intercalibration  by  establishing  a
common geomagnetic coordinate and defining the “conjunction”
of any two spacecraft. A series of criteria were considered, including
L-shells,  magnetic  field  strength,  magnetic  local  time  (MLT),  and
geomagnetic  indexes.  Following  the  method  of Friedel  et  al.
(2005), Wang CQ et al. (2013) calibrated proton and electron data

measured by polar orbit FY-3B by using a two-dimensional coordi-
nate system (L, B) in the quiet time based on National Oceanic and
Atmospheric  Administration  (NOAA)-17  satellite  observations.
Zhang Y et al. (2018) performed an L-shell-dependent cross-satel-
lite calibration of medium-energy electrons measured by both FY-
3  series  satellites  with  Polar  Orbiting  Environmental  Satellite
(POES) measurements within 5 min × 0.1 L × 0.5 MLT. In addition,
Szabó-Roberts et al.  (2021) preliminarily compared the spin-aver-
aged  electron  flux  measurements  of  multiple  instruments
between  the  Arase  (Exploration  of  energization  and  Radiation  in
Geospace  [ERG])  and  Van  Allen  Probes.  They  suggested  that  the
general  evolution  of  electron  fluxes  of  the  set  of  satellites  show
close agreement over a wide range of energy channels. The ellipti-
cal orbit Arase measurements with wide L-shell and energy cover-
age  are  considered  one  of  the  most  important  data  sources  for
understanding the evolution of the Earth’s radiation belts and ring
current  for  Solar  Cycle  25.  Thus  far,  the  Arase  observations  have
been used in numerous scientific studies and have been validated
by many research studies (e.g., Kurita et al., 2018; Ma Q et al., 2022;
Miyoshi et al., 2022; Hartley et al., 2023). Hence, Arase observations
are considered the “gold standard” of reference in this study.

FengYun-4A (FY-4A),  launched on November 2016,  is  the newest
generation of Chinese meteorological satellites (Liu Z et al., 2019).
In  contrast  to  the  FY-3  series  satellites,  FY-4A  is  operating  in  a
geosynchronous  orbit,  the  measurements  of  which  complement
the  accumulated  particle  dataset.  Together,  Arase  and  FY-4A
provide  a  unique  opportunity  for  understanding  the  dynamic
evolution  of  radiation  belt  electrons  and  forecasting  space
weather for the upcoming solar cycle. In this study, we conduct an
energy-dependent cross-satellite  calibration  of  high-energy  elec-
tron fluxes measured by the High Energy Particle Detector (HEPD)
onboard FY-4A based on Arase observations spanning from April
1, 2017, to September 30, 2019.

This work is organized as follows. In Section 2, we briefly describe
the instruments used, the procedures for processing data, and the
definition of the conjunction. In Section 3, we present the method
of  cross-satellite  calibration  and  analyze  the  calibration  results.
The major conclusions are summarized in the last section.

 2.  Instrument and Data Availability
Arase,  launched  in  December  2016,  is  operating  in  an  elliptical
orbit with an orbital period of ~565 min and an inclination of ~31°.
The  perigee  and  apogee  altitude  of  Arase  are  ~400  km  and
~32,000 km, which is designed to explore the entire Earth’s radia-
tion  belt  zones  (Miyoshi  et  al.,  2018a, b).  Level-2  definitive  orbit
data  refer  to  the  geomagnetic  information  that  is  calculated  by
using  the  International  Radiation  Belt  Environment  Modeling
(IRBEM) library (https://prbem.github.io/IRBEM/).

Distributions of the orbits of  Arase and FY-4A in the L-MLT plane
with  a  resolution  of  0.5 L ×  1  h  and  in  the L-magnetic  latitude
(MLAT) plane with a resolution of 0.5 L × 2.5° from April 1, 2017, to
September  30,  2019 (Figure 1)  reveal  the potential  differences  in
the orbits between the satellite pair. The range of L is limited to 5
to  8.  The  three-dimensional  geomagnetic  coordinate  system
(L, MLT, and MLAT) of FY-4A is calculated by using the Tsyganenko
magnetic field model (TS04 model) applicable to geomagnetically
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disturbed  times  (Tsyganenko  and  Sitnov,  2005).  Compared  with
the  elliptical  orbit  of  Arase,  which  spans  broader L-shells,  the
orbits  for  FY-4A  have  more  points  at L =  6.5−7.5.  As  shown  in
Figures 1a and 1c, both satellites cover all MLT regions. Figures 1b
and 1d show  that  the  two  satellites  operate  differently  near  the
magnetic equator. Specifically, Arase operates at L < 6.5, whereas
FY-4A operates at higher L values. Moreover, FY-4A operates at an
MLAT of ~ −20°−20° when L > 6, whereas Arase operates at larger
MLAT  values  corresponding  to  lower  equatorial  pitch  angles  for
the same L.

The High-energy Electron Experiments (HEP) instrument onboard
Arase consists of two detector modules that detect the differential
electron  fluxes  over  the  range  of  70  keV  to  1  MeV  in  16  energy
channels (Low unit, HEP-L) and of 700 keV to 2 MeV in 11 energy
channels (High unit, HEP-H; Mitani et al., 2018; Park et al., 2021). FY-
4A is equipped with three identical HEPDs (HEPD-A, HEPD-B, and
HEPD-C) that face the sky direction, east direction, and west direc-

tion, respectively (Liu Z et al., 2019). Each HEPD consists of six tele-
scopes  (T1−T6)  for  detecting  high-energy  electrons  and  protons.
Telescopes  T1−T3  are  used  for  detecting  differential  electron
fluxes over the range of 0.2−1.5 MeV in 8 energy channels, and T4
is used for detecting integral electron fluxes in 4 energy channels.
Telescopes  T5  and  T6  are  used  for  detecting  differential  proton
fluxes, including the range of 1−6.3 MeV in 3 energy channels and
the range of 2−300 MeV in 8 energy channels, respectively.

Eki = 10[log10(Eki)+log10(Eki+1)]/2

To calibrate the high-energy electron fluxes derived from HEPD-B,
the T1 instrument onboard FY-4A, the electron fluxes correspond-
ing to the 90° local pitch angle measured by the HEP-L instrument
onboard Arase are primarily used in this study. The original electron
and  orbital  data  measured  by  the  satellite  pair  are  binned  over
5  min.  The  median  of  each  energy  channel  labeled  by  FY-4A  is
obtained by  (Wang CQ et al., 2013). Thus,

the 6 energy channels calculated are 245, 346, 447, 548, 693, and
894  keV,  respectively.  Subsequently,  the  HEP-L  instrument  as  a
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Figure 1.   Distribution of the orbits of Arase and FengYun-4A (FY-4A) in the L-magnetic local time (MLT) plane (a and c) with a resolution of 0.5 L ×

1 h and the L-magnetic latitude (MLAT) plane (b and d) with a resolution of 0.5 L × 2.5° from April 1, 2017, to September 30, 2019.
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function of energy is matched with the FY-4A energy channels by

using linear interpolation in logarithms of energy (Szabó-Roberts

et  al.,  2021). Figure  1 shows  that  Arase  operates  at  higher  MLAT

values corresponding to lower equatorial pitch angles at the same

L as  FY-4A.  The  energetic  electrons  with  larger  equatorial  pitch

angles become trapped more easily by the Earth’s magnetic field.

To  ensure  that  only  trapped  electrons  are  included  as  much  as

possible,  we  subtract  the  electron  fluxes  within  30°  equatorial

pitch angles.

The  processed  electron  fluxes  at  the  3  selected  energy  channels

(245,  447,  and  693  keV)  measured  by  the  HEP-L  instrument

onboard  Arase  and  the  HEPD-B  instrument  onboard  FY-4A  from

April  1  to  May  31,  2017,  are  compared,  as  displayed  in Figures

2a−2f.  The  range  of L is  limited  to  5.5  to  7.5,  which  covers  the

orbits  of  FY-4A.  The  planetary  three-hour  magnetic  condition

index (Kp)  and symmetric  horizontal  component of  geomagnetic

disturbance (SYM-H) index with a 1-min resolution are marked by

the  blue  line  and  the  magenta  line,  respectively,  in Figure  2g.

Arase  has  a  few  days  of  missing  data.  Results  show  that  the

dynamic evolution of the electron fluxes measured by the satellite

pair  are  generally  consistent  at  the  3  different  energy  channels

over  the  2  months  with  moderate  and  intense  storms  occurring.

Specifically,  the  electron  fluxes  at  the  3  energy  channels  for  the

two  satellites  decrease  promptly  during  the  main  phase  of  the

moderate storm on April 4, 2017.

 3.  Calibration Factors from Conjunctions and Results of
the Analysis

Following  the  aforementioned  procedure,  we  further  obtain  the

electron  fluxes  in  6  energy  channels  for  the  two  satellites  from
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Figure 2.   Comparison of electron fluxes at 3 energy channels (245, 447, and 693 keV) measured by the High-energy Electron Experiments, Low

unit (HEP-L) instrument onboard Arase and the High Energy Particle Detector-B (HEPD-B) instrument onboard FY-4A (a−f), as well as the planetary

three-hour magnetic condition index (Kp) and symmetric horizontal component of geomagnetic disturbance (SYM-H) index (g) from April 1 to

May 31, 2017.
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April  1,  2017,  to  September  30,  2019.  By  tracing  the  two-dimen-

sional  geomagnetic  coordinate  system  (L,  MLT)  of  FY-4A  at  each

time,  we  can  determine  the  electron  flux  conjunctions  within  a

fixed L ×  MLT  range.  Strictly  speaking,  the  minimum L ×  MLT

range  between  the  two  satellites  should  be  defined,  but  the

number  of  the  conjunctions  is  too  small  to  obtain  the  statistical

electron  flux  conjunctions.  Hence,  we  define  the  electron  flux

conjunctions  within  a  fixed L ×  MLT  range  with  more  relaxed

constraints in this study. In this way, a dataset of the electron flux

conjunctions  with  different  sets  of L ×  MLT  ranges  can  be

constructed.  Furthermore,  the  available  dataset  can  be  selected

and compared in detail.

Scatterplots of  the electron flux conjunctions of  Arase and FY-4A

at 6 energy channels from 245 to 894 keV within three sets of L ×

MLT  ranges  are  shown  in Figure  3.  The  standard  deviation  (σ)  of

the  ratio  of  the  electron  flux  conjunctions  in  logarithms,  the

percentage of the ratio of the electron flux conjunctions within a

factor  of  2  (P),  and the  correlation coefficient  (cc)  of  the  electron

flux  conjunctions  are  calculated,  as  shown  in  each  panel  of

Figure 3. The P-values are calculated as follows:

P =
CP1

CP2
× 100%, (1)

0.5 ≤ ratio ≤ 2, ratio = FluxFY-4A/FluxArasewhere  CP1 represents  the  conjugate  points  of  the  ratio  within  a

factor  of  2  ( )  and  CP2

represents the total conjugate points. FluxFY-4A and FluxArase repre-

sent the electron flux conjunctions measured by FY-4A and Arase

within  a  specific  set  of L ×  MLT  ranges.  The  dashed  black  line

represents  perfect  cross-satellite  agreement,  and  the  two  solid
lines  represent  the  thresholds  corresponding  to  the  ratios  of  the
electron flux conjunctions within a factor of 2. From top to bottom,
the ranges of L and MLT values increase simultaneously,  and the
definitions of the conjunctions are within 0.1 L × 0.5 MLT, 0.25 L ×
1  MLT,  and  0.5 L ×  1.5  MLT,  respectively.  We  can  see  that  the σ
values exhibit no obvious difference between 0.1 L × 0.5 MLT and
0.25 L × 1 MLT (Figures 3a−3l) and that the σ values are the largest
within  0.5 L ×  1.5  MLT  for  the  fixed  energy  channels  (Figures
3m−3r). The P-values are larger than 50% across all panels, which
indicates that the electron flux conjunctions are in good agreement
in general. In addition, the P-values have a significant dependence
on the L × MLT ranges for the fixed energy channels. For 245 keV,
the P-value becomes larger as the L × MLT range becomes smaller.
All the cc values are larger than 0.5, which indicates that the varia-
tions in the electron flux conjunctions generally show close agree-
ment. Moreover, the cc values show a significant dependence on
the energy channels for the fixed L × MLT ranges. For the 0.25 L ×
1 MLT range, the cc value becomes larger as the energy channel is
lower.

The data points of the electron flux conjunctions at different sets
of L × MLT ranges and energy channels corresponding to Figure 3
are listed in Table 1. As the L × MLT range becomes broader, all 6
energy  channels  have  more  conjugate  points.  Considering  the
three parameters calculated in Figure 3 and the number of conju-
gate  points  listed  in Table  1,  we  conduct  an  energy-dependent
cross-satellite  calibration  for  the  electron  flux  conjunctions  of
FY-4A within 0.25 L × 1 MLT for the statistical points. To avoid the
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Figure 3.   Scatterplots of the electron flux conjunctions of Arase and FY-4A at 6 energy channels (245−894 keV) within 0.1 L × 0.5 MLT (a−f),

0.25 L × 1 MLT (g−l), and 0.5 L × 1.5 MLT (m−r) from April 1, 2017, to September 30, 2019. In each panel, the standard deviation (σ) of the ratio of

the electron flux conjunctions in logarithms, the percentage of the ratio of electron flux conjunctions within a factor of 2 (P), and the correlation

coefficient (cc) of the electron flux conjunctions are labeled. The dashed black line represents perfect cross-satellite agreement, and the two solid

black lines represent the thresholds corresponding to ratios of the electron flux conjunctions within a factor of 2.
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effects of thermal noise, cosmic rays, and solar energetic particles
on the distribution of electron fluxes, it is necessary to set reason-
able thresholds for the electron flux conjunctions to ensure well-
calibrated results (Friedel et al., 2005). According to the distribution
of the ratios of electron flux conjunctions, the thresholds are set as
ratio  =  5  and  ratio  =  0.2  for  all  energy  channels  following  the
method of Zhang Y et al. (2018). The thresholds with a factor of 5
not only retain enough reliable points but also subtract less reliable
points that may affect the calibration factors.

After  a  series of  processing procedures,  the high-quality electron
flux conjunctions within 0.25 L × 1 MLT can be used for calibrating.
To  quantify  the  differences  in  the  electron  flux  conjunctions
between the satellite pair at each energy channel, the normalized
differences (NDs) are calculated as follows (Subbotin and Shprits,
2009):

ND =
FluxFY-4A − FluxArase(FluxFY-4A + FluxArase) /2

× 100% . (2)

Comparisons  of  the  electron  flux  conjunctions  and  NDs  before
and after calibration are shown in Figure 4. Histograms of the NDs
before calibration are shown in Figures 4(a2)−4(f2), and the peaks
of  NDs  are  between  20%  and  40%  at  all  energy  channels.  The
results  suggest  that  the  HEPD-B  instrument  onboard  FY-4A
systematically  overestimates  the  electron  fluxes  at  all  6  energy
channels  compared  with  the  HEP-L  instrument  onboard  Arase.
Compared  with  245−447  keV  electrons,  the  distribution  of  the
points of NDs corresponding to 693 and 894 keV electrons covers
broader  ND  intervals,  which  also  corresponds  to  lower cc values
(Figures 3k−3l). For all energy channels, the center of the distribu-
tion  of  NDs  corresponding  to  346  keV  electrons  deviates  more
from ND = 0.

On the basis of the preceding information, we decrease the elec-
tron fluxes of FY-4A by calibration factors to match the conjugate
points  to  different  ND  intervals.  An  optimal  standard  deviation
(stdo)  with  electron  flux  conjunctions  in  logarithms,  shown  as
follows, is used to determine the calibration factors:

stdo =

√
∑n

i=1
log10(FluxFY-4A ⋅ CF/FluxArase)

n , (3)

where  CF  represents  the  calibration  factor  and n represents  the
number  of  conjugate  points.  By  inputting  a  range  of  calibration
factor values, the standard deviation values corresponding to cali-
bration factor values can be obtained. The final calibration factor
value  corresponding  to  the  minimum  standard  deviation  value
can then be determined. In this way, the cross-satellite calibration
factors are determined, as listed in Table 2. The calibration factors
are within a factor of 2 for all energy channels, and they differ for
each energy channel.  After calibration, the electron flux conjunc-

tions  for  the  satellite  pair,  shown  in Figures  4(a3)−4(f3),  display

relatively  good  cross-calibration  agreement.  The  distribution  of

the  conjugate  points  over  the  ND  interval  indicates  that  the

centers  of  the  fitted  Gaussian  distribution  are  around  ND  =  0

(Figures 4(a4)−4(f4)).

The collected electron flux conjunctions at all six energy channels

are  displayed  in Figures  5a and 5b.  There  is  a  better  agreement

between  the  electron  fluxes  measured  by  FY-4A  and  Arase  after

calibration  compared  to  those  before  calibration.  Additionally,

following Ni  BB  et  al.  (2011a),  the  normalized  root  mean  square

errors (NRMSE) are calculated by using the following equation

NRMSE =

√
∑n

i=1
[(FluxFY-4A)i − (FluxArase)i]2/n√

std (FluxFY-4A) ⋅ √std (FluxArase) , (4)

where std represents the standard deviation. Comparisons of the

NRMSE values at all 6 energy channels before (blue lines) and after

(magenta lines) calibration are shown in Figure 5c. Before calibra-

tion,  the  highest  NRMSE  value  occurs  at  346  keV  owing  to  the

worse  agreement  in P-values,  as  shown  in Figure  3h, and  asym-

metric distributions of the points of NDs that deviated from ND =

0,  as  shown  in Figure  4(b2).  It  is  obvious  that  the  NRMSE  values

become much smaller at all energy channels after calibration and

have  a  significant  dependence  on  the  energy  channels.  Larger

errors occur at higher energy channels of the HEPD-B instrument,

as shown by the broader coverages of  the electron flux conjunc-

tions  in  the  scatterplots  (Figures  4(e3)−4(f3)) and  in  the  distribu-

tions of the ND points (Figures 4(e4)−4(f4)).

 4.  Conclusions
In this study, we conduct an energy-dependent cross-satellite cali-

bration  of  high-energy  electron  fluxes  measured  by  the  HEPD

instrument onboard the Earth’s synchronous orbit FY-4A spanning

from April  1,  2017,  to September 30,  2019.  Measurements by the

HEP instrument onboard Arase in elliptical orbit are primarily used

as  the  “gold  standard”  owing  to  the  high  quality  of  the  electron

flux  data.  By  tracing  the  two-dimensional  magnetic  positions  (L,

MLT) of FY-4A at each time, we construct a dataset of electron flux

conjunctions over the range of 245–894 keV in 6 energy channels

between the satellite pair within different sets of L × MLT ranges.

The major conclusions are summarized as follows:

(1)  The  variations  in  electron  flux  conjunctions  between  FY-4A

and  Arase  exhibit  good  agreement.  The  percentages  of  ratios  of

electron flux conjunctions within a factor of 2 are larger than 50%,

showing a significant L × MLT dependence.

(2) Systematic errors in the electron fluxes in the energy range of

245−894  keV  measured  by  FY-4A  within  0.25 L × 1  MLT  are  esti-

Table 1.   Conjugate points of Arase and FY-4A at 6 energy channels (245−894 keV) within 0.1 L × 0.5 magnetic local time (MLT), 0.25 L × 1 MLT,
and 0.5 L × 1.5 MLT from April 1, 2017, to September 30, 2019.

Energy (keV) 245 346 447 548 693 894

Conjugate points

0.1 L × 0.5 MLT 325 319 315 308 268 212

0.25 L × 1 MLT 1631 1621 1607 1569 1318 989

0. 5 L × 1.5 MLT 5047 5030 4998 4898 4160 3320
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Figure 4.   Comparisons between electron fluxes and their normalized differences (ND) before (a1−f2) and after (a3−f4) calibration. The solid

black lines represent the fitted Gaussian distributions.

Table 2.   Calibration factors of the High Energy Particle Detector-B instrument onboard FY-4A as a function of energy based on the electron flux
conjunctions with the High-energy Electron Experiments-Low unit instrument onboard Arase.

Energy (keV) 245 346 447 548 693 894

Calibration factor 0.78 0.67 0.76 0.74 0.81 0.75
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mated. Compared with Arase, FY-4A systematically overestimates
electron  fluxes  at  all  6  energy  channels,  and  the  corresponding
calibration factors are 0.67−0.81.

(3) The conjugate electron fluxes for the satellite pair show better
agreement after calibration, as well as much smaller NRMSE for all
6  energy  channels.  The  NRMSE  values  after  calibration  tend  to
increase monotonically as electron energy increases.
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Figure 5.   Comparisons of the electron flux conjunctions (a−b) before and after calibration and their normalized root mean square errors (c) as a

function of electron energy.
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