
Atmos. Chem. Phys., 25, 9183–9198, 2025
https://doi.org/10.5194/acp-25-9183-2025
© Author(s) 2025. This work is distributed under
the Creative Commons Attribution 4.0 License.

R
esearch

article

Quantitative analysis of nighttime effects of radiation
belt energetic electron precipitation on the D-region

ionosphere during lower solar activity periods

Xuan Dong1,2,3, Shufan Zhao1,2,3, Li Liao4, Wei Xu5, Ruilin Lin1,2,3, Xiaojing Sun6,
Shengyang Huang1,2,3, Yatong Cui1,2, Jinlei Li1,2,7, Hengxin Lu8, and Xuhui Shen1,2,3

1State Key Laboratory of Space Weather, National Space Science Center,
CAS, Beijing, 100190, China

2Key Laboratory of Solar Activity and Space Weather, National Space Science Center,
CAS, Beijing, 100190, China

3University of Chinese Academy of Sciences, Beijing, 100190, China
4Institute of Geophysics, China Earthquake Administration, Beijing, 100081, China

5Department of Space Physics, School of Electronic Information, Wuhan University, Wuhan, 430072, China
6International Institute for Interdisciplinary and Frontiers, Beihang University, Beijing, China

7School of Geophysics and Information Technology, China University of Geosciences, Beijing, 100083, China
8National Institute of Natural Hazards, Ministry of Emergency Management of China, Beijing, 100085, China

Correspondence: Shufan Zhao (zhaoshufan@nssc.ac.cn), Li Liao (liaoli@cea-igp.ac.cn), and Xuhui Shen
(shenxuhui@nssc.ac.cn)

Received: 25 February 2025 – Discussion started: 4 March 2025
Revised: 6 June 2025 – Accepted: 6 June 2025 – Published: 25 August 2025

Abstract. Energetic electron precipitation (EEP) from the Earth’s radiation belts can ionize neutral molecules
in the D-region ionosphere (60–90 km altitude), significantly influencing the conductivity and chemical species
therein. However, due to the limited resolution of space-borne instruments, the energy and fluxes of electrons that
truly precipitate into the atmosphere still remain poorly investigated. To resolve this problem, in this study, we
have utilized the wave and particle data measured by the Electric Field Detector (EFD) and High-Energy Particle
Detector (HEPP) on board the China Seismo-Electromagnetic Satellite (CSES-01) during nighttime conditions
between 2019 and 2021. Using the measurements of extremely low frequency (ELF) waves, we have derived the
reflection height of the D-region ionosphere, which turn out to be highly consistent with the electron and X-ray
measurements of the CSES. Our results show that the influence of EEP on the two hemispheres is asymmetric:
the reflection height in the Northern Hemisphere is in general lowered by 2.5 km, while that in the Southern
Hemisphere is lowered by 1.5 km, both of which are consistent with first-principles chemical simulations. We
have also found that the decrease in reflection height exhibits strong seasonal variation, which appears to be
stronger during wintertime and relatively weaker during summertime. This seasonal difference is likely related
to the variation of the background ionospheric electron density. Our findings provide a quantitative understanding
of how EEP influences the lower ionosphere during solar minimum periods, which is critical for understanding
the magnetosphere–ionosphere coupling and assessing the impact on radio wave propagation.
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1 Introduction

The D-region ionosphere (60–90 km) is a complex and dy-
namic medium composed of electrically charged and neutral
particles. It is influenced by solar activity and the precipita-
tion of energetic particles from the magnetosphere (Kumar
and Kumar, 2018). Energetic electron precipitation (EEP)
from the Earth’s radiation belts plays a significant role in al-
tering the ionosphere’s composition and dynamics (Blake et
al., 1996; Nakamura et al., 1995; Matthes et al., 2017; Sep-
pälä et al., 2014). High-energy particles, particularly elec-
trons with energies ranging from 100 keV to several mega-
electron volts (MeV), can penetrate deeply into the D-region
ionosphere. The main types of collisional processes between
EEP and neutral molecules include elastic scattering, ioniza-
tion process, and bremsstrahlung radiation, which generate
X-rays. The ionization process produces electron–ion pairs
that affect the chemistry of both the D-region ionosphere and
the neutral atmosphere (Krause, 1998; Randall et al., 2005,
2007; Pettit et al., 2023). The ionization caused by these en-
ergetic particles can significantly change the electron density
and impact the reflectivity of radio waves in this region, such
as extremely low frequency (ELF, 30 Hz to 3 kHz) and very
low frequency (VLF, 3 to 30 kHz) waves (Cai et al., 2023;
Ma et al., 2024; Zhao et al., 2024, 2019; Yang et al., 2018).

EEP is typically driven by wave–particle interactions, such
as cyclotron and Landau resonances. These mechanisms
scatter trapped electrons into the loss cone, enabling them to
descend to low altitudes (around 100 km) and deposit their
energy through collisions with atmospheric gas molecules
(Kataoka et al., 2020; Li et al., 2019; Ma et al., 2020, 2021).
Previous studies have concentrated on the atmospheric re-
sponse to precipitating particles. When these high-energy
electrons interact with the neutral atmosphere, they produce
complex effects in both the ionosphere and the atmosphere,
including changes in electron density and the generation of
NOx and HOx species (Andersson et al., 2012; Arsenović et
al., 2016; Funke et al., 2011; Fytterer et al., 2015; Jackman
et al., 2001; Verronen et al., 2011a, b). These changes alter
the ionosphere’s characteristics and can significantly impact
the ozone layer and overall atmospheric composition (Ander-
sson et al., 2014; Randall et al., 2007; Rozanov et al., 2012;
Seppälä et al., 2015; Sinnhuber et al., 2012; Thorne, 1980).

The influence of EEP on the lower ionosphere, particularly
the D region as the primary region of EEP, is of critical im-
portance and has been extensively studied. However, directly
studying its effects and performing quantitative analyses re-
main challenging. On the one hand, it is because the phys-
ical, chemical, empirical, and theoretical models (Burns et
al., 1991; Friedrich et al., 2018; Verronen et al., 2016) only
represent a climatological mean of the D region (Renkwitz
et al., 2023); on the other hand, directly studying its effects
remains challenging due to limited observational capabilities
at these altitudes. This range is too low for space-borne in-
struments and too high for balloon-based instruments. High-

power incoherent scatter radars (ISRs) require long integra-
tion times and strong ionization rates, and they are only avail-
able in limited locations. Using the Wait and Spies (WS)
formula (Wait, 1964), researchers can parameterize the D-
region ionosphere. Combined with VLF remote sensing tech-
nology, this allows observation of disturbances caused by
EEP between VLF transmitters and receivers (Cummer et al.,
1997; Kulkarni et al., 2008). However, the spatial coverage of
ground-based observations is limited. The method proposed
by Toledo-Redondo et al. (2012) derives the reflection height
by measuring the cutoff frequency of ELF waves detected by
satellites, enabling the global distribution of low ionospheric
reflection heights to be measured. This technology allows us
to utilize satellite electromagnetic observation data to ana-
lyze the global climatological characteristics of the D-region
ionosphere influenced by EEP. Recently, Chen et al. (2023)
used a model to simulate the changes in lower ionospheric
electron density caused by EEP and their impact on total
electron count (TEC). This is an important attempt to quan-
tify the effect of EEP on the D-region ionosphere. However,
their research results were not compared with observational
data. Renkwitz et al. (2023) also present local noon clima-
tologies of electron densities in the D region (50–90 km) over
northern Norway as observed by an active radar experiment.
Their results show that EEP has a more significant effect on
the ionospheric D region during the winter months.

Despite these advancements, previous studies have not
comprehensively analyzed the quantitative (refined) effects
of EEP on the D-region ionosphere. Understanding the re-
fined impact of EEP on the D-region ionosphere remains
crucial, particularly in high-latitude regions where EEP is
more frequent, as this is essential for accurately assessing
its role in the dynamic changes of the ionosphere. In this pa-
per, we present the first quantitative study of the impact of
EEP on lower ionospheric electron density using data from
the China Seismo-Electromagnetic Satellite (CSES-01) and a
first-principles-based multi-component chemical model. On
this basis, we further investigated the climatological charac-
teristics of EEP effects and inferred that the seasonal differ-
ences might be closely related to variations in the background
electron density. Section 2 outlines the data sets, models, and
inversion methods used in this study. In Sect. 3, the first part
utilizes multi-payload observations from the CSES to reveal
the physical processes involved in the atmospheric response
to EEP, the second part provides a quantitative analysis of
global precipitation effects throughout the year, and the third
part describes the seasonal variability of reflection height in
different hemispheres.

2 Data and model description

2.1 CSES data

The China Seismo-Electromagnetic Satellite (CSES) is a
low-Earth orbit satellite launched in February 2018. It main-
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tains an orbital altitude of around 507 km and an inclina-
tion of 97.4°, covering geographic latitudes up to 65° north
to south (Shen et al., 2018). As a sun-synchronous satel-
lite, the CSES’s local time (LT) at the ascending and de-
scending nodes is always 02:00 and 14:00 LT, respectively,
with a revisit period of 5 d. Eight scientific payloads are
on board the CSES, including the Search-Coil Magnetome-
ter (SCM), Electric Field Detector (EFD), High-Precision
Magnetometer (HPM), GNSS Occultation Receiver (GOR),
Plasma Analyzer Package (PAP), Langmuir Probe (LAP),
High-Energy Particle Package (HEPP), and Tri-Band Bea-
con Transmitter (TBB). The EFD measures in situ electric
potentials using four spherical aluminum electrodes with a
diameter of 60 mm. The spatial electric field vector is ob-
tained by dividing the voltage difference by the appropriate
separation distances between each pair of spheres (Huang et
al., 2018). EFD data span four frequency bands: ultra low
frequency (DC to 16 Hz), extremely low frequency (6 Hz to
2.2 kHz), very low frequency (1.8 to 20 kHz), and high fre-
quency (18 kHz to 3.5 MHz). This study uses power spectral
density data from the ELF band to precisely identify the cut-
off frequency point near 1400 Hz.

The High-Energy Particle Package (HEPP) on board the
CSES is essential for studying the pitch angle scattering and
precipitation of high-energy particles in near-Earth space.
HEPP consists of a high-energy band probe (HEPP-H), a
low-energy band probe (HEPP-L), and an X-ray monitor
(HEPP-X). HEPP-L measures electron fluxes in the energy
range from 100 keV to 3 MeV, which are divided into 256 en-
ergy channels, each covering 11 keV. The maximum field of
view of HEPP-L is 100°×30°, composed of nine silicon slice
detector units. These units are divided into two groups based
on their field of view: five units with a narrow half-angle of
6.5° and four units with a wide half-angle of 15°. HEPP-X
can provide the counts and energy spectra for X-rays with
energies between 0.9–35 keV. This detector has a dead time
of less than 10 µs, allowing it to measure up to tens of thou-
sands of counts per second without spectral deviation. The
electrons monitored by HEPP-L can precipitate into the D-
region ionosphere, colliding with atmospheric molecules and
altering particle density at those altitudes. In this work, we
use HEPP-L data and the ionization chemistry model PyGPI5
to simulate the resulting changes in the D-region ionosphere.
We also use HEPP-X measurements to estimate the areal ex-
tent of these ionization patches.

2.2 PyGPI5 model simulation

The PyGPI5 model has been employed to simulate elec-
tron density variations in the D-region ionosphere caused
by high-energy particle precipitation (Kaeppler et al., 2022).
The PyGPI5 model consists of two main classes: Ionization
and Chemistry. The Ionization class utilizes the models that
Fang et al. (2008, 2010) developed to generate altitude pro-
files of ionization for ions and electrons. Fang et al. (2010)

developed an atmospheric ionization parameterization model
based on first-principle physics by solving the Boltzmann
equation, which describes the ionization effect caused by
isotropic precipitating monoenergetic electrons. This method
can decompose any incident energy spectrum into multiple
continuous monoenergetic components, and by calculating
and integrating their ionization effects, it allows for analysis
on an energy grid incorporating other data sets (e.g., satel-
lite data). By inputting monoenergetic energy (keV), elec-
tron energy flux (ergcm−2 s−1), geographic coordinates, and
the desired altitude range into the “Fang2010” model, an al-
titude ionization profile for a specific location can be gen-
erated. The Chemistry class contains the core of the GPI5
model (Glukhov et al., 1992). The GPI5 model describes the
chemical reactions of ions in the D-region ionosphere, where
the interactions of positive and negative light ions, heavy
ions, and electrons are expressed as a system of stiff ordi-
nary differential equations (ODEs). The model first obtains
the electron density and neutral atmospheric density through
the IRI model and MSIS model. The steady-state electron
density is then solved using the least-squares method as the
initial electron density profile. After inputting the ionization
rate obtained from the “Fang2010” model and precipitation
duration, the GPI5 model can produce the electron density
profiles for a given location. By solving these equations, the
GPI5 model simulates the evolution of electron density in the
D-region ionosphere.

Before inputting the energetic particle flux measured by
the CSES into the PyGPI5 model, it is necessary to calculate
the flux of particles that can interact with the atmosphere.
We assume that particles that reach 100 km altitude would
collide with atmospheric molecules, the so-called reference
altitude typically used for the definition of precipitation elec-
trons (Marshall et al., 2019). As in Liouville’s theorem, the
phase space density of particles is conserved along their tra-
jectories in the absence of collisions, and the pitch angles and
magnetic field strengths follow the following relation:

sin2α507 km

sin2α100 km
=
B507 km

B100 km
, (1)

where α507 km is the pitch angle of particles at the satel-
lite altitude of 507 km. α100 km is the pitch angle at 100 km.
B507 km and B100 km are the magnetic field intensities at 507
and 100 km, respectively. We use the International Geomag-
netic Reference Field (IGRF-13) model to obtain the mag-
netic field intensities B507 km and B100 km at the correspond-
ing altitudes (Alken et al., 2021a, b). By measuring pitch an-
gle at the satellite altitude (507 km) and calculating the loss
cone angle at atmosphere altitudes (100 km, αLC), we can
determine the electron fluxes that can precipitate into the at-
mosphere. Particles with pitch angles smaller than αLC are
within the loss cone and thus expected to interact with the
atmosphere. Based on the pitch angle distribution data from
the CSES, we integrated the unidirectional differential elec-
tron flux to obtain electron fluxes within this loss cone and
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derived the energy flux input for the model by multiplying
the differential electron flux by the energy interval and elec-
tron energy.

2.3 Reflection height calculation using ELF waves
recorded from the CSES

ELF waves generated below the D-region ionosphere (e.g.,
from lightning discharge) can propagate upwards, and there
is a cutoff frequency at the division point between the QTM1
and QTEM propagation modes, approximately around 1.6–
1.8 kHz (Toledo-Redondo et al., 2012; Ramo et al., 1994).
Since losses in the Earth–ionosphere waveguide are max-
imized at the cutoff frequency, there is a minimum in the
satellite electromagnetic spectra that corresponds to the cut-
off frequency. The cutoff frequency carries information about
the reflection height of the Earth’s ionospheric waveguide.
Using the equation f1 = c/2h′, where c is the speed of light,
the reflection height of the D-region ionosphere can be cal-
culated from the cutoff frequency. The reflection height is the
altitude at which electromagnetic waves are reflected within
the ionospheric waveguide, primarily determined by electron
density. An increase in electron density lowers the reflection
height (Cheng et al., 2023; Gasdia and Marshall, 2023). This
method is suitable for analyzing reflection height over long
timescales but is less effective for individual events, as it re-
lies on the average cutoff frequency from numerous lightning
events to capture the long-term characteristics of the iono-
sphere. It should be noted that ELF/VLF waves do not reflect
at a single fixed altitude but rather over a range of about 5–
10 km around the reflection height, which is important for ex-
plaining differences between observations and simulations.

In the magnetosphere, auroral hiss, chorus waves, and
lower hybrid electrostatic noise also exist, and their down-
ward propagation can influence the determination of the cut-
off frequency (Martinez-Calderon et al., 2015; Yu et al.,
2023). As described by Toledo-Redondo et al. (2012), av-
eraging the spectra within a grid to identify the cutoff fre-
quency can be problematic in the high-latitude region, as
a single disturbed wave may result in the absence of ex-
trema across the entire grid (shown in Figs. 3–5 of Toledo-
Redondo et al., 2012). Therefore, the cutoff frequencies iden-
tified in high-latitude regions may be inaccurate. To address
this, we first filter out disturbed spectra with multiple extrema
and then average the filtered spectra, effectively eliminat-
ing the interference caused by downward-propagating waves
above the satellite. This approach extends the cutoff fre-
quency screening method to high-latitude regions.

Based on the analysis of the spectral data obtained from
the ELF band of the CSES’s EFD payload at a specific
moment, the spectral processing involves detrending and
smoothing in two steps to obtain the cutoff frequency. First,
the “convolve” function is used for initial smoothing. The
moving average method effectively reduces high-frequency
random noise in the data while preserving the main trend

of the signal. Second, the fast Fourier transform convolution
function “fftconvolve” is applied to the initially smoothed
data for further processing, enhancing the smoothing effect
and further suppressing noise to eliminate local fluctuations
that could interfere with the detection of local minima. Both
smoothing steps use a window size of 45 data points. After
these two smoothing steps, we obtain the smoothed curve of
the ELF wave. Subsequently, within the 1400–2000 Hz fre-
quency range, the smoothed spectral data’s local minima are
identified. A local minimum is selected only if it satisfies the
following conditions: it is the smallest value within the range,
and the data to its left show a decreasing trend, while the data
to its right show an increasing trend. Finally, the frequency
corresponding to the selected local minimum is determined
as the first cutoff frequency (shown in Fig. 1).

2.4 Reflection height calculation using the PyGPI5
model

Energetic electrons continuously precipitate into the D-
region ionosphere, approaching a steady state as ionized and
recombined electrons reach equilibrium. The ionization pro-
cess of neutral components by precipitating electrons with
different energies stabilizes within 10 min, while the recom-
bination process of the ionized electrons takes several hours.
Consequently, the electron density profile remains consistent
from 10 min to several hours after the ionization process oc-
curs. We input the energy spectrum and electron energy flux
within the loss cone into the PyGPI5 model, integrating the
stiff ODE system over a 1 h period to simulate the electron
density profile (shown in Fig. 2).

To analyze the variation in reflection height from the elec-
tron density obtained through the PyGPI5 model, this study
employs two methods to calculate the reflection height. One
approach (Method 1) is to apply the Wait and Spies (WS) for-
mula to model the electron density in the D region. Another
method (Method 2) involves utilizing the reflection proper-
ties of waves at different frequencies within the ionosphere to
determine the reflection heights of these waves. In Method 1,
we fit the electron density profile using the WS formula with
a residual minimization approach, expressed as follows:

Ne(h)= 1.43× 1013e(−0.15h′)e(β−0.15)(h−h′), (2)

where Ne(h) is the electron density at altitude h, h′ is the
reflection height, and β is the exponential sharpness factor
of the ionosphere. The electron density profile is obtained
from the PyGPI5 model and fitted using this formula. Dur-
ing the fitting process, we employed Python’s curve_fit func-
tion to fit the parameters in the formula, including the β. The
curve_fit function uses a nonlinear least-squares approach
to iteratively adjust the parameters, ensuring the best fit be-
tween the derived curve and the electron density profile cal-
culated by the model. Specifically, curve_fit minimizes the
residuals (the differences between the fitted values and the
actual values) to optimize β and h′. This approach ensures
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Figure 1. Extraction of the spectral trend line and identification of the first cutoff frequency in the ELF band from the CSES EFD payload.
The green dashed line represents the original spectral data, the blue solid line is the extracted trend line, and the red dot indicates the cutoff
frequency corresponding to the local minima.

Figure 2. The electron density at different altitude is plotted to show the relaxation time for a monoenergetic flux at (a) 100 keV, (b) 300 keV,
and (c) 1 MeV. All examples have an energy flux of 0.01 mWm−2.

both the accuracy and robustness of the fitting process. This
fitting allows us to determine the h′, enabling a compari-
son with the reflection height obtained from CSES EFD data
through cutoff frequency inversion.

In Method 2, we leverage the physical relationship among
the D-region electron density, the effective reflection height
h′, and the wave frequency. Following Ratcliffe’s equation
(Ratcliffe, 1959), for cold plasma conditions, the reflection
of electromagnetic waves in the D region occurs when the
wave frequency (corresponding to first cutoff frequency f1 in
the satellite ELF spectrum) is equal to the plasma frequency
squared divided by the collision frequency:

f 2
p = f1v, (3)

where fp is the plasma frequency; f1 is the first cutoff fre-
quency of the waveguide; and v is the collision frequency of
the plasma, which can be approximated by an exponential
function of altitude. A commonly used model for the colli-
sion frequency v as a function of altitude z is (Gołkowski et
al., 2018):

v(z)= v0e
−0.15z, (4)

where v0 = 1.86× 1011 s−1, and z is the altitude in kilome-
ters. Meanwhile, the plasma frequency fp in a cold plasma is
related to the electron density Ne by (Toledo-Redondo et al.,
2012)
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Figure 3. The fitting process of the WS formula to the electron density curves using the curve_fit function is shown, illustrating the electron
density profiles 3600 s after the injection of a monoenergetic flux at different energy levels: no energy injection (a), 100 keV (b), 300 keV (c),
and 1 MeV (d). Except for the no-energy injection case, all examples have an energy flux of 0.01 mWm−2. The dashed lines represent the
simulated electron density curves, while the solid lines indicate the fitted curves using the WS formula. Additionally, the legend also displays
the reflection height derived using Method 2, with the cutoff frequency set at 1700 Hz.

fp = 8980
√
Ne(z), (5)

with fp in Hz and Ne in cm−3. By substituting Eq. (4) and
Eq. (5) into Eq. (3), we derive the condition that must be sat-
isfied among the wave frequency, height, and electron density
for electromagnetic wave reflection to occur in the D region.

f1 = 4.34× 10−4Ne(z)/e−0.15z (6)

In this formulation, Ne(z) represents the vertical electron
density profile (in cm−3) obtained from PyGPI5 simulations.
It describes how the electron density varies with altitude,
rather than providing a single value at a specific height. To
determine the reflection height corresponding to a specific
wave frequency f1, we substitute the observed cutoff fre-
quency f1 (derived from CSES EFD data as described in
Sect. 2.3) into Eq. (6). We then perform a numerical itera-
tion over different altitudes z until the calculated cutoff fre-
quency from Eq. (6) matches the observed f1. The altitude z
that satisfies this condition is defined as the effective reflec-
tion height h′ for the given frequency.

We simulated the electron injection of different monoener-
getic beams and obtained electron density profiles approach-
ing a steady state. Additionally, we calculated the reflec-
tion height using two different methods, as shown in Fig. 3.

Figure 3a–d correspond to cases with no energy injection,
100 keV, 300 keV, and 1 MeV electron injections, respec-
tively. The results indicate that after electron energy in-
jection, the electron density undergoes noticeable changes.
The altitude affected by the electrons varies with energy,
with higher-energy electrons penetrating deeper into the at-
mosphere. Furthermore, we calculated the reflection height
using the two methods mentioned above. Notably, for the
100 keV electron injection, the reflection height obtained us-
ing Method 2 did not change. This is because 100 keV elec-
trons do not penetrate deep enough to affect the altitude
where wave reflection occurs, resulting in no change in the
reflection height. However, since the WS profile character-
izes the overall changes in the D region of the ionosphere, the
reflection height obtained from WS fitting still shows varia-
tions for the 100 keV electron injection. These results con-
firm that energetic electron precipitation can notably modify
the D-region electron density and, consequently, the reflec-
tion height. The two methods – WS fitting (Method 1) and
Ratcliffe’s relation (Method 2) – both capture these varia-
tions, though their sensitivities at certain energies may differ.
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3 Results

In 2019–2021, solar activity was at a relatively low level.
During the daytime, solar radiation dominated the ionization
of atmospheric molecules, causing the reflection height to
drop to approximately 70 km. In addition, the elevated elec-
tron density in the ionosphere during the day significantly
absorbs and attenuates the energy of upward-propagating
ELF waves, making it difficult to observe the cutoff fre-
quency point f1. To minimize the influence of solar activity
on the observations and eliminate the interference from day-
time ionospheric absorption effects, in this study, we only
use CSES EFD data collected during nighttime conditions
(02:00 LT) to invert the reflection height.

3.1 Relationship between electron flux, X-ray rate, and
reflection height of the D-region ionosphere

Figure 4 illustrates the mean electron fluxes and X-ray rates
in high-latitude regions, measured by both CSES HEPP dur-
ing nighttime and the h′ value inferred from CSES EFD
data, from 2019 to 2021. In Fig. 4, the first column cor-
responds to the Northern Hemisphere, and the second col-
umn to the Southern Hemisphere. Figure 4a and b depict the
distribution of the nighttime mean integral electron flux for
100 keV–3 MeV (log10(1 cm−2 s−1 sr−1)). At the CSES’s al-
titude of 507 km, there exists a distinct region with enhanced
high-energy particle flux. This enhancement is closely asso-
ciated with the L value, approximately around L= 5, corre-
sponding to the center of outer electron radiation (Reeves et
al., 2016). Figure 4c and d show the distribution of night-
time mean X-ray rate (log10(counts s−1)). The distribution
of the X-ray rate closely follows that of precipitation elec-
trons, with higher X-ray rates measured exactly in regions of
enhanced electron fluxes. The X-rays are generated through
bremsstrahlung radiation of precipitation electrons with air
molecules, which occurs deep in the atmosphere (Xu et al.,
2020). Figure 4e and f show the distribution of the D-region
ionosphere reflection height. In regions where electron and
X-rays fluxes are enhanced, specifically in the region where
the L value is approximately 5, a noticeable decrease in re-
flection height is observed. This is very likely due to the fact
of high-energy precipitating electrons ionizing atmospheric
molecules in the D-region ionosphere.

To quantitatively investigate the spatial correlations among
electron flux, X-ray rate, and D-region reflection height,
we performed a bivariate Moran’s I analysis for the region
where 3≤ L≤ 10, which is a spatial correlation statistical
method and helpful in determining the correlation of dif-
ferent variables in the space (Moran, 1950). Moran’s I is a
spatial autocorrelation statistic that measures the degree to
which similar values cluster together in space. The statistic
ranges from −1 to +1, where positive values indicate posi-
tive spatial correlation, negative values suggest negative spa-
tial correlation, and values near zero indicate random spatial

distribution. This L-value range was chosen because it is pri-
marily influenced by high-energy particle precipitation from
the outer radiation belt. Table 1 summarizes the results of this
analysis.

Notably, in the Northern Hemisphere, within the region
of −45–0° longitude and 40–50° latitude, the underlying
reason is that this area is near the Intertropical Conver-
gence Zone, where the ionosphere is highly variable and
exhibits the highest occurrence of plasma bubbles (Kil and
Heelis, 1998; Su et al., 2006; Toledo-Redondo et al., 2012).
In the Southern Hemisphere, we divided the region into 0–
60° (influenced by the South Atlantic Anomaly) and 60–
180° (not affected by the South Atlantic Anomaly), as will
be explained in Sect. 3.2. After excluding the values af-
fected by the South Atlantic Anomaly, the overall trends
and statistical significance (p < 0.01) show a high degree
of consistency in both hemispheres. This highlights a strong
global correlation among electron flux, X-ray rate, and D-
region reflection height. Specifically, electron flux and X-
ray rate are positively correlated, while both are negatively
correlated with reflection height. Building on these corre-
lation results and integrating three CSES measurements –
electron flux, X-rays, and reflection height – we can con-
struct a comprehensive physical scenario: high-energy elec-
trons (100 keV–3 MeV) detected by HEPP-L at an altitude of
507 km precipitate into the D region ionosphere (60–90 km).
During precipitation, collisions with atmospheric molecules
produce bremsstrahlung X-rays, which are backscattered and
subsequently captured by the HEPP-X instrument, also at
507 km. Meanwhile, the precipitating electrons strengthen
ionization in the D region, thereby lowering its reflec-
tion height. Moran’s I results corroborate this mechanism,
particularly around L= 5, where electron precipitation is
most intense, leading to notably increased ionization and a
marked decrease in reflection height. PyGPI5 model sim-
ulations show that energetic electrons precipitate to alti-
tudes of 60–90 km (Kaeppler et al., 2022). Xu and Marshall
(2019) demonstrated that these precipitating electrons pro-
duce bremsstrahlung X-rays which can be backscattered and
detected by satellites, while also increasing the electron den-
sity in the lower ionosphere. This increase in electron density
leads to a decrease in the reflection height, which aligns with
our observations. Chen et al. (2023) quantitatively analyzed
the global changes in electron density through a simulation.
Our study combined the satellite observation of electron pre-
cipitation, X-ray, and ionospheric reflection height changes,
and these three variables showed high correlation through
spatial correlation analysis. As pointed out by Marshall and
Cully (2020), a reflection height that is lower than typical val-
ues was found to be more consistent with energetic electron
precipitation, which supports our observed correlations.
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Figure 4. (a, b) Nighttime electron flux distributions for the Northern Hemisphere and Southern Hemisphere. (c, d) Nighttime X-ray intensity
distributions for the Northern Hemisphere and Southern Hemisphere. (e, f) Nighttime reflection height of the D-region ionosphere for the
Northern Hemisphere and Southern Hemisphere, respectively. The black line represents the region with an L value of 5. All data are the
averages from 2019 to 2021.

Table 1. Electron flux, X-ray rate, and reflection height from Moran’s I relationship analysis (3< L< 10).

Region Data Moran’s I P value

Northern Hemisphere Flux and reflection height −0.386 0.001
Flux and X-ray rate 0.4468 0.001
Reflection height and X-ray rate −0.4176 0.001

Southern Hemisphere Flux and reflection height −0.2455 0.013
(longitude: 0–60°) Flux and X-ray rate 0.6003 0.001

Reflection height and X-ray rate −0.2728 0.001

Southern Hemisphere Flux and reflection height −0.4535 0.001
(longitude: 60–180°) Flux and X-ray rate 0.7869 0.001

Reflection height and X-ray rate −0.4308 0.001
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3.2 The impact of electron flux on the reflection height
of the D-region ionosphere

Figure 5a–h show the 3-year average data from 2019 to 2021.
Figure 5a and b show the electron energy flux calculated
within the loss cone. Figure 5c and d represent the reflec-
tion height calculated using the cutoff frequency, with the
gray solid line indicating the trend of the reflection height.
Figure 5e and f represent the reflection height modeled by
the PyGPI5 model fitted using the WS formula (Method 1
in Sect. 2.4), with the gray solid line indicating the trend of
the reflection height and the gray dashed line representing the
trend of the quiet period (without EEP) reflection height. Fig-
ure 5g and h represent the reflection height calculated using
Method 2 in Sect. 2.4, based on the simulated electron den-
sity and cutoff frequency. The red dots represent data from
the entire longitude range of the Northern Hemisphere. The
yellow and blue dots represent data from the Southern Hemi-
sphere for the longitude ranges of 0–60° and 60–180°, re-
spectively.

In Fig. 5a and b, it can be seen that the energy flux is
mainly concentrated between L values of 4 and 6, with the
central region around L= 5, consistent with the electron dis-
tribution of the outer electron radiation belt (Baker et al.,
2017). In the region where L values are between 3 and 5,
the energy flux increases; as observed in Fig. 5c and d, the
reflection height in this area shows a significant decrease.
Conversely, in the region where L values are between 5 and
10, the energy flux decreases, leading to a rise in the reflec-
tion height. We have simulated the reflection height in the
absence of precipitating electron flux as a reference, indi-
cated by the gray dashed lines in Fig. 5e and f. In the North-
ern Hemisphere, across the full longitude range with L val-
ues from 4 to 7, the reflection height trends obtained from
WS profile fitting (Method 1) and Ratcliffe’s relation simu-
lation (Method 2) closely match the results calculated from
the cutoff frequency. The most significant decrease in reflec-
tion height occurs around L= 5, which is consistent with
previous studies (Chen et al., 2023). The PyGPI5 simulation
found a reduction in reflection height of 2.5 km, which is al-
most identical to the h′ value derived from CSES data.

In the Southern Hemisphere, the complexity of the outer
electron radiation belt is influenced by certain regions, par-
ticularly the South Atlantic Anomaly (SAA). Therefore, we
divided the Southern Hemisphere into two regions based
on longitude: 0–60° (influenced by the SAA) and 60–180°
(not influenced by the SAA). In the 0–60° longitude range,
the electron flux near the SAA is higher than in other re-
gions. According to model simulations (yellow dots in Fig. 5f
and h), the decrease in reflection height in this region is ex-
pected to be more significant. However, actual measurements
show that the reflection height in this region is similar to that
of the 60–180° longitude range (blue dots in Fig. 5d). This
discrepancy was also noted by Toledo-Redondo et al. (2012),
who found that reflection–height contours do not fully align

with the SAA’s geographic boundaries. One possible expla-
nation is that unique geomagnetic conditions in the SAA alter
how precipitating electrons deposit energy, leading to com-
plex and sometimes counterintuitive ionospheric responses.
Further work is needed to disentangle these processes and
quantify the net effect on the D-region ionosphere.

In the longitude range of 60 to 180°, the simulation re-
sults closely match the trend calculated from the cutoff fre-
quency. The most significant decrease in reflection height
occurs around L= 5, dropping by about 1.5 km (Fig. 5d).
The decrease in reflection height is more significant in the
Northern Hemisphere compared to the Southern Hemisphere
(60–180° longitude). In the satellite observation region of the
Northern Hemisphere, according to Fig. 6 of Anderson et al.
(2018) within the radiation belt region covered by the CSES’s
observation range [−65 to 65°], the electron counts are
higher in the Northern Hemisphere and lower in the South-
ern Hemisphere (Anderson et al., 2018). This higher flux
leads to more ionization and thus a reduction of the reflection
height. As mentioned earlier, collisions of precipitated elec-
trons with the neutral molecule can generate bremsstrahlung
X-rays, so balloon or satellite-based X-ray measurements are
used to estimate the fluxes of precipitating energetic elec-
trons (Xu and Marshall, 2019). Therefore, we also calcu-
lated the average X-ray rates in the above-mentioned region
of the Northern Hemisphere and Southern Hemisphere us-
ing the X-ray detector on board the CSES. The X-ray mea-
surements show that more ionization occurs in the Northern
Hemisphere (mean X-ray rate is 78.8 counts s−1) compared
to the Southern Hemisphere (60–180° longitude, mean X-ray
rate is 71.2 counts s−1). It should be noted that the observed
and simulated reflection heights follow the same trend as L
values, but there is a height difference between the simu-
lated and measured results in both hemispheres. The possi-
ble reason for the discrepancy is that the h′ in the WS for-
mula (Method 1) only serves as a rough approximation of
the reflection height, rather than the actual reflection height.
In the case of the Ratcliffe relation simulation (Method 2),
the difference in the calculated reflection height may stem
from the oversimplified collision frequency formula, which
does not account for variations in air density across different
latitudes and longitudes. These variations can fluctuate sig-
nificantly, sometimes by several hundred percent (Sheese et
al., 2011; Emmert et al., 2021). Additionally, both methods
rely on the electron density profile obtained from the PyGPI5
model, which is based on the IRI (International Reference
Ionosphere) model. However, the IRI model has limitations,
particularly in capturing the variations in electron density in
the lower ionosphere. For example, IRI struggles to accu-
rately reflect the spatial variations in electron density with
respect to latitude and longitude, especially in the lower iono-
spheric layers (Toledo-Redondo et al., 2012). Furthermore,
the IRI model’s representation of electron density may not
fully capture the dynamic changes associated with the solar
cycle, which could influence the results (Zhao et al., 2024).
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Figure 5. (a–h) The 3-year average data from 2019 to 2021. (a, b) Electron energy flux calculated within the loss cone. (c, d) Reflection
height calculated using the cutoff frequency, with the gray solid line indicating the trend of the reflection height. (e, f) Reflection height
modeled by the PyGPI5 model fitted using the WS formula (Method 1), with the gray solid line indicating the trend of the reflection height
and the gray dashed line representing the trend of the quiet period (without EEP) reflection height. (g, h) Reflection height calculated using
Method 2, based on the simulated electron density and cutoff frequency. The red dots represent data from the entire longitude range of the
Northern Hemisphere. The yellow and blue dots represent data from the Southern Hemisphere for the longitude ranges 0–60° and 60–180°,
respectively.

Despite these limitations, both methods effectively capture
the changes trend in electron density within the D region of
the ionosphere.

3.3 Seasonal variation of reflection height

We divided the year into two sets of months to investigate
seasonal variations in the reflection height. Specifically, we
define the warm season for the Southern Hemisphere as
November to March and for the Northern Hemisphere as
May to September. Conversely, the cold season for the North-
ern Hemisphere is November to March, and for the Southern
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Figure 6. (a–d) Derived reflection heights during the warm and cold seasons in both hemispheres from 2019 to 2021. (a) Southern Hemi-
sphere warm season and (b) Northern Hemisphere warm season. (c) Northern Hemisphere cold season and (d) Southern Hemisphere cold
season. The black line marks the L value of 5. (e–h) Differences between the reflection height caused by particle precipitation and the
quiet period reflection height during warm and cold seasons, as simulated for both hemispheres. (e, f) Reflection height differences for the
Northern Hemisphere in summer and the Southern Hemisphere in summer, respectively. (g, h) Reflection height differences for the Northern
Hemisphere in winter and the Southern Hemisphere in winter, respectively.
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Hemisphere is May to September. Figure 6 displays the de-
rived reflection heights under these seasonal conditions for
both hemispheres from 2019 to 2021. In Fig. 6a–d, the black
line marks the L value of 5, which generally corresponds to
the center of the outer radiation belt where high-energy elec-
tron precipitation is strongest. Figure 6a shows the Southern
Hemisphere’s warm season, and Fig. 6b shows the Northern
Hemisphere’s warm season. Figure 6c and d represent the
Northern Hemisphere’s cold season and the Southern Hemi-
sphere’s cold season, respectively.

From these plots, we see that during the cold season
(Fig. 6c and d), the reflection height decreases significantly
around L≈ 5, where high-energy particle precipitation is
most intense. In regions where L > 5 (where precipitation
effects are weaker), the reflection height tends to increase.
By contrast, in the warm season (Fig. 6a and b), there is
almost no noticeable change in the reflection height within
the same L-value range. According to the magnetic mirror
hypothesis, particles bounce between two magnetic mirror
points (i.e., the Earth’s poles), and thus the electron fluxes at
conjugate points in the Northern Hemisphere and Southern
Hemisphere should be approximately the same. We exam-
ined the electron fluxes at an altitude of 507 km and found
that the average electron flux trend for L values between 4
and 7 (where the electron flux is higher) in both hemispheres
is similar. Therefore, the observed seasonal changes in re-
flection height are unlikely to stem from differences in elec-
tron precipitation flux. Instead, they are more plausibly tied
to variations in the background ionospheric electron density,
which can differ substantially between summer and winter.

To examine these seasonal differences more closely,
Fig. 6e and h illustrate the differences between the reflec-
tion height caused by particle precipitation and that during
quiet periods. These data were obtained using the PyGPI5
model WS profile (Method 1) simulation, as WS profile fit-
ting can effectively model the reflection height under quiet
conditions. To eliminate the influence of electron flux differ-
ences between the Northern Hemisphere and Southern Hemi-
sphere, we selected the same energy flux as the precipita-
tion input. The precipitation region was defined within the
L-value range of 4 to 7, utilizing the energy spectrum, av-
erage energy flux, and a 1 h integration time derived from
CSES observations between 2019 and 2021 in the L= 4–
7 range as standardized inputs. Figure 6e–h use the year of
2020 as an example to show the reflection height variations
for the Northern Hemisphere and Southern Hemisphere dur-
ing summer and winter. Figure 6e shows the difference for
the Northern Hemisphere (summer) at 00:00 LT on 1 July
2020. Figure 6f shows the difference for the Southern Hemi-
sphere (summer) at 00:00 LT on 1 January 2020. Figure 6g
shows the difference for the Northern Hemisphere (winter)
at 00:00 LT on 1 January 2020. Figure 6h shows the dif-
ference for the Southern Hemisphere (winter) at 00:00 LT
on 1 July 2020. Similar simulations were performed for the

other 2 years, and the results were consistent with the trends
observed in 2020.

It is evident from Fig. 6e and f that in the warm sea-
sons, the decrease in reflection height due to precipitation is
smaller. In contrast, during the cold seasons (Fig. 6g and h),
the reflection height decrease is more substantial. We specu-
late this phenomenon is caused by the background electron
density in summer and winter. To further clarify this mecha-
nism, we focus on a location at 52.5° N, 90° W (L≈ 5) and
compare nighttime electron density variations on 1 January
(winter) and 1 July (summer). In Fig. 7, we show the aver-
age ionization rate at 60–90 km (the collision region for in-
coming electrons) and the changes in electron density caused
by ionization. Figure 7a reveals that while the ionized elec-
tron density in summer is slightly higher than in winter (be-
cause neutral densities are typically larger in summer, lead-
ing to more collisions), this increment is still not sufficient
to cause a large change in reflection height. Figure 7b and c
illustrate how reflection height changes with the same ion-
ization rate across different seasons. Notably, these changes
are more pronounced in winter (Fig. 7b), where the back-
ground electron density is significantly lower compared to
summer. When the same ionization rate is applied, a lower
background electron density, as seen in winter, is more sen-
sitive to changes caused by precipitation, resulting in greater
perturbations. Once the electron density exceeds a certain
threshold, further increases from precipitation have a dimin-
ished impact, which explains why summer experiences only
minor changes in reflection height. Ultimately, the relatively
low electron density in winter leads to stronger effects from
precipitation and a more significant decrease in reflection
height.

4 Summary

In this paper, using multi-payload collaborative observations
from a single satellite, the CSES, we utilized observed elec-
tron flux, X-rays, and reflection height of the ionosphere to
reproduce the physical process in which radiation belt ener-
getic electron precipitation (EEP) produces X-rays through
bremsstrahlung radiation and alters the electron density in
the D-region ionosphere. An adapted version of the Toledo-
Redondo et al. (2012) method was used to calculate the cutoff
frequencies to estimate the reflection height of the D-region
ionosphere in the high-latitude regions affected by EEP. Our
results show that the influence of EEP on the two hemi-
spheres is asymmetric: the reflection height in the North-
ern Hemisphere is in general lowered by 2.5 km, while the
reflection height in the Southern Hemisphere is lowered by
1.5 km throughout the year. The decrease in reflection height
exhibits seasonal variability in both hemispheres – being
stronger in winter and weaker in summer. This seasonal dif-
ference is likely related to the variation of the background
ionospheric electron density.
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Figure 7. Illustration of seasonal variations in electron density and reflection height at latitude 52.5° N, longitude −90° E (L≈ 5). (a) Ion-
ization rate at 00:00 LT on 1 January and 1 July 2020. (b, c) Electron density profiles during quiet conditions and after the same stable particle
precipitation on 1 January and 1 July 2020, respectively.
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Arsenović, P., Rozanov, E. V., Stenke, A., Funke, B., Wissing, J. M.,
Mursula, K., Tummon, F., and Peter, T.: The influence of Middle
Range Energy Electrons on atmospheric chemistry and regional
climate, J. Atmos. Sol.-Terr. Phy., 149, 180–190, 2016.

Baker, D. N., Erickson, P. J., Fennell, J. F., Foster, J. C.,
Jaynes, A. N., and Verronen, P. T.: Space Weather Effects
in the Earth’s Radiation Belts, Space Sci. Rev., 214, 17,
https://doi.org/10.1007/s11214-017-0452-7, 2017.

Blake, J. B., Looper, M. D., Baker, D. N., Nakamura, R., Klecker,
B., and Hovestadt, D.: New high temporal and spatial resolution
measurements by Sampex of the precipitation of relativistic elec-
trons, Adv. Space Res., 18, 171–186, 1996.

Burns, C. J., Turunen, E., Matveinen, H., Ranta, H., and Hargreaves,
J. K.: Chemical modelling of the quiet summer D- and E-regions
using EISCAT electron density profiles, J. Atmos. Terr. Phys., 53,
115–134, https://doi.org/10.1016/0021-9169(91)90026-4, 1991.

Cai, H., Zhao, S., Liao, L., Shen, X., and Lu, H.: Spatial
and Temporal Distribution of Northwest Cape Transmitter
(19.8 kHz) Radio Signals Using Data Collected by the China
Seismo-Electromagnetic Satellite, Atmosphere-Basel, 14, 1816,
https://doi.org/10.3390/atmos14121816, 2023.

Chen, Z., Xie, T., Li, H., Ouyang, Z., and Deng, X.: The Global
Variation of Low Ionosphere Under Action of Energetic Electron
Precipitation, J. Geophys. Res.-Space, 128, e2023JA031930,
https://doi.org/10.1029/2023JA031930, 2023.

Cheng, W., Xu, W., Gu, X., Wang, S., Wang, Q., Ni, B.,
Lu, Z., Xiao, B., and Meng, X.: A Comparative Study of
VLF Transmitter Signal Measurements and Simulations dur-
ing Two Solar Eclipse Events, Remote Sens.-Basel, 15, 3025,
https://doi.org/10.3390/rs15123025, 2023.

Cummer, S. A., Bell, T. F., Inan, U. S., and Chenette,
D. L.: VLF remote sensing of high-energy auroral parti-
cle precipitation, J. Geophys. Res.-Space, 102, 7477–7484,
https://doi.org/10.1029/96JA03721, 1997.

Emmert, J. T., Drob, D. P., Picone, J. M., Siskind, D. E., Jones
Jr., M., Mlynczak, M. G., Bernath, P. F., Chu, X., Doornbos, E.,
Funke, B., Goncharenko, L. P., Hervig, M. E., Schwartz, M. J.,
Sheese, P. E., Vargas, F., Williams, B. P., and Yuan, T.: NRLM-

SIS 2.0: A Whole-Atmosphere Empirical Model of Tempera-
ture and Neutral Species Densities, Earth and Space Science, 8,
e2020EA001321, https://doi.org/10.1029/2020EA001321, 2021.

Fang, X., Randall, C. E., Lummerzheim, D., Solomon, S. C.,
Mills, M. J., Marsh, D. R., Jackman, C. H., Wang, W., and
Lu, G.: Electron impact ionization: A new parameterization
for 100 eV to 1 MeV electrons, J. Geophys. Res.-Space, 113,
A09311, https://doi.org/10.1029/2008JA013384, 2008.

Fang, X., Randall, C. E., Lummerzheim, D., Wang, W., Lu, G.,
Solomon, S. C., and Frahm, R. A.: Parameterization of mo-
noenergetic electron impact ionization, Geophys. Res. Lett., 37,
L22106, https://doi.org/10.1029/2010GL045406, 2010.

Friedrich, M., Pock, C., and Torkar, K.: FIRI-2018, an Updated Em-
pirical Model of the Lower Ionosphere, J. Geophys. Res.-Space,
123, 6737–6751, https://doi.org/10.1029/2018JA025437, 2018.

Funke, B., Baumgaertner, A., Calisto, M., Egorova, T., Jackman, C.
H., Kieser, J., Krivolutsky, A., López-Puertas, M., Marsh, D. R.,
Reddmann, T., Rozanov, E., Salmi, S.-M., Sinnhuber, M., Stiller,
G. P., Verronen, P. T., Versick, S., von Clarmann, T., Vyushkova,
T. Y., Wieters, N., and Wissing, J. M.: Composition changes af-
ter the “Halloween” solar proton event: the High Energy Parti-
cle Precipitation in the Atmosphere (HEPPA) model versus MI-
PAS data intercomparison study, Atmos. Chem. Phys., 11, 9089–
9139, https://doi.org/10.5194/acp-11-9089-2011, 2011.

Fytterer, T., Mlynczak, M. G., Nieder, H., Pérot, K., Sinnhuber,
M., Stiller, G., and Urban, J.: Energetic particle induced intra-
seasonal variability of ozone inside the Antarctic polar vortex
observed in satellite data, Atmos. Chem. Phys., 15, 3327–3338,
https://doi.org/10.5194/acp-15-3327-2015, 2015.

Gasdia, F. and Marshall, R. A.: A Method for Imaging
Energetic Particle Precipitation With Subionospheric VLF
Signals, Earth and Space Science, 10, e2022EA002460,
https://doi.org/10.1029/2022EA002460, 2023.

Glukhov, V. S., Pasko, V. P., and Inan, U. S.: Relaxation of transient
lower ionospheric disturbances caused by lightning-whistler-
induced electron precipitation bursts, J. Geophys. Res.-Space,
97, 16971–16979, https://doi.org/10.1029/92JA01596, 1992.

Gołkowski, M., Sarker, S. R., Renick, C., Moore, R. C., Co-
hen, M. B., Kułak, A., Młynarczyk, J., and Kubisz, J.:
Ionospheric D Region Remote Sensing Using ELF Sferic
Group Velocity, Geophys. Res. Lett., 45, 12739–12748,
https://doi.org/10.1029/2018GL080108, 2018.

Huang, J., Lei, J., Li, S., Zeren, Z., Li, C., Zhu, X., and Yu, W.: The
Electric Field Detector (EFD) onboard the ZH-1 satellite and first
observational results, Earth and Planetary Physics, 2, 469–478,
2018.

Jackman, C. H., McPeters, R. D., Labow, G. J., Flem-
ing, E. L., Praderas, C. J., and Russell, J. M.: North-
ern hemisphere atmospheric effects due to the July 2000
Solar Proton Event, Geophys. Res. Lett., 28, 2883–2886,
https://doi.org/10.1029/2001GL013221, 2001.

Kaeppler, S.: srkaeppler/pyGPI5, GitHub [code], https://github.
com/srkaeppler/pyGPI5.git (last access: 13 June 2025), 2025.

Kaeppler, S. R., Marshall, R., Sanchez, E. R., Juarez Madera,
D. H., Troyer, R., and Jaynes, A. N.: pyGPI5: A python
D- and E-region chemistry and ionization model, Fron-
tiers in Astronomy and Space Sciences, 9, 1028042,
https://doi.org/10.3389/fspas.2022.1028042, 2022.

Atmos. Chem. Phys., 25, 9183–9198, 2025 https://doi.org/10.5194/acp-25-9183-2025

https://doi.org/10.1186/s40623-020-01281-4
https://doi.org/10.1186/s40623-020-01281-4
https://doi.org/10.1016/j.jastp.2018.03.015
https://doi.org/10.1029/2011JD017246
https://doi.org/10.1038/ncomms6197
https://doi.org/10.1007/s11214-017-0452-7
https://doi.org/10.1016/0021-9169(91)90026-4
https://doi.org/10.3390/atmos14121816
https://doi.org/10.1029/2023JA031930
https://doi.org/10.3390/rs15123025
https://doi.org/10.1029/96JA03721
https://doi.org/10.1029/2020EA001321
https://doi.org/10.1029/2008JA013384
https://doi.org/10.1029/2010GL045406
https://doi.org/10.1029/2018JA025437
https://doi.org/10.5194/acp-11-9089-2011
https://doi.org/10.5194/acp-15-3327-2015
https://doi.org/10.1029/2022EA002460
https://doi.org/10.1029/92JA01596
https://doi.org/10.1029/2018GL080108
https://doi.org/10.1029/2001GL013221
https://github.com/srkaeppler/pyGPI5.git
https://github.com/srkaeppler/pyGPI5.git
https://doi.org/10.3389/fspas.2022.1028042


X. Dong et al.: Quantitative analysis of nighttime effects of radiation belt energetic electron precipitation 9197

Kataoka, R., Asaoka, Y., Torii, S., Nakahira, S., Ueno, H., Miyake,
S., Miyoshi, Y., Kurita, S., Shoji, M., Kasahara, Y., Ozaki,
M., Matsuda, S., Matsuoka, A., Kasaba, Y., Shinohara, I.,
Hosokawa, K., Uchida, H. A., Murase, K., and Tanaka, Y.:
Plasma Waves Causing Relativistic Electron Precipitation Events
at International Space Station: Lessons From Conjunction Ob-
servations With Arase Satellite, J. Geophys. Res.-Space, 125,
e2020JA027875, https://doi.org/10.1029/2020JA027875, 2020.

Kil, H. and Heelis, R. A.: Global distribution of density irregular-
ities in the equatorial ionosphere, J. Geophys. Res.-Space, 103,
407–417, https://doi.org/10.1029/97JA02698, 1998.

Krause, L. H.: The interaction of relativistic electron beams with the
near-Earth space environment (PhD thesis), University of Michi-
gan, 1998.

Kulkarni, P., Inan, U. S., Bell, T. F., and Bortnik, J.: Precipitation
signatures of ground-based VLF transmitters, J. Geophys. Res.-
Space, 113, A07214, https://doi.org/10.1029/2007JA012569,
2008.

Kumar, A. and Kumar, S.: Solar flare effects on D-region iono-
sphere using VLF measurements during low- and high-solar ac-
tivity phases of solar cycle 24, Earth Planets Space, 70, 29,
https://doi.org/10.1186/s40623-018-0794-8, 2018.

Li, W., Shen, X.-C., Ma, Q., Capannolo, L., Shi, R., Redmon, R.
J., Rodriguez, J. V., Reeves, G. D., Kletzing, C. A., Kurth, W.
S., and Hospodarsky, G. B.: Quantification of Energetic Electron
Precipitation Driven by Plume Whistler Mode Waves, Plasmas-
pheric Hiss, and Exohiss, Geophys. Res. Lett., 46, 3615–3624,
https://doi.org/10.1029/2019GL082095, 2019.

Ma, Q., Connor, H. K., Zhang, X.-J., Li, W., Shen, X.-C., Gillespie,
D., Kletzing, C. A., Kurth, W. S., Hospodarsky, G. B., Claude-
pierre, S. G., Reeves, G. D., and Spence, H. E.: Global Survey of
Plasma Sheet Electron Precipitation due to Whistler Mode Cho-
rus Waves in Earth’s Magnetosphere, Geophys. Res. Lett., 47,
e2020GL088798, https://doi.org/10.1029/2020GL088798, 2020.

Ma, Q., Li, W., Zhang, X.-J., Bortnik, J., Shen, X.-C., Connor, H.
K., Boyd, A. J., Kurth, W. S., Hospodarsky, G. B., Claudepierre,
S. G., Reeves, G. D., and Spence, H. E.: Global Survey of Elec-
tron Precipitation due to Hiss Waves in the Earth’s Plasmasphere
and Plumes, J. Geophys. Res.-Space, 126, e2021JA029644,
https://doi.org/10.1029/2021JA029644, 2021.

Ma, Z., Zhao, S., Liao, L., Shen, X., and Lu, H.: Study of fac-
tors influencing the occurrence rate of 60 Hz power line ra-
diation in the topside ionosphere: A systematic survey using
the CSES satellite, Sci. China Technol. Sc., 67, 1879–1892,
https://doi.org/10.1007/s11431-023-2582-8, 2024.

Marshall, R. A. and Cully, C. M.: Chapter 7 – Atmospheric
effects and signatures of high-energy electron precipitation,
in: The Dynamic Loss of Earth’s Radiation Belts, edited
by: Jaynes, A. N., and Usanova, M. E., Elsevier, 199–255,
https://doi.org/10.1016/B978-0-12-813371-2.00007-X, 2020.

Marshall, R. A., Xu, W., Kero, A., Kabirzadeh, R., and Sanchez,
E.: Atmospheric Effects of a Relativistic Electron Beam Injected
From Above: Chemistry, Electrodynamics, and Radio Scatter-
ing, Frontiers in Astronomy and Space Sciences, 6, 00006,
https://doi.org/10.3389/fspas.2019.00006, 2019.

Martinez-Calderon, C., Shiokawa, K., Miyoshi, Y., Ozaki, M.,
Schofield, I., and Connors, M.: Polarization analysis of
VLF/ELF waves observed at subauroral latitudes during

the VLF-CHAIN campaign, Earth Planets Space, 67, 21,
https://doi.org/10.1186/s40623-014-0178-7, 2015.

Matthes, K., Funke, B., Andersson, M. E., Barnard, L., Beer, J.,
Charbonneau, P., Clilverd, M. A., Dudok de Wit, T., Haber-
reiter, M., Hendry, A., Jackman, C. H., Kretzschmar, M., Kr-
uschke, T., Kunze, M., Langematz, U., Marsh, D. R., May-
cock, A. C., Misios, S., Rodger, C. J., Scaife, A. A., Seppälä,
A., Shangguan, M., Sinnhuber, M., Tourpali, K., Usoskin, I.,
van de Kamp, M., Verronen, P. T., and Versick, S.: Solar forc-
ing for CMIP6 (v3.2), Geosci. Model Dev., 10, 2247–2302,
https://doi.org/10.5194/gmd-10-2247-2017, 2017.

Moran, P. A. P.: Notes on Continuous Stochastic Phenomena,
Biometrika, 37, 17–23, https://doi.org/10.2307/2332142, 1950.

Nakamura, R., Baker, D. N., Blake, J. B., Kanekal, S. G., Klecker,
B., and Hovestadt, D.: Relativistic electron precipitation en-
hancements near the outer edge of the radiation belt, Geophys.
Res. Lett., 22, 1129–1132, 1995.

Pettit, J., Elloitt, S., Randall, C. E., Halford, A. J., Jaynes,
A. J., and Garcia-Sage, K.: Investigation of the drivers
and atmospheric impacts of energetic electron precipita-
tion, Frontiers in Astronomy and Space Sciences, 1162564,
https://doi.org/10.3389/fspas.2023.1162564, 2023.

Ramo, S., Whinnery, J. R., and Van Duzer, T.: Fields and Waves
in Communication Electronics, Wiley, ISBN 978-0-471-58551-
0, 1994.

Randall, C. E., Harvey, V. L., Manney, G. L., Orsolini, Y., Codrescu,
M., Sioris, C., Brohede, S., Haley, C. S., Gordley, L. L., Za-
wodny, J. M., and Russell III, J. M.: Stratospheric effects of en-
ergetic particle precipitation in 2003–2004, Geophys. Res. Lett.,
32, L05802, https://doi.org/10.1029/2004GL022003, 2005.

Randall, C. E., Harvey, V. L., Singleton, C. S., Bailey, S. M.,
Bernath, P. F., Codrescu, M., Nakajima, H., and Russell III, J. M.:
Energetic particle precipitation effects on the Southern Hemi-
sphere stratosphere in 1992–2005, J. Geophys. Res.-Atmos., 112,
D08308, https://doi.org/10.1029/2006JD007696, 2007.

Ratcliffe, J. A.: The Magneto Ionic Theory and its Applications
to the Ionosphere: A Monograph, Cambridge University Press,
https://doi.org/10.1111/j.1365-246X.1959.tb05798.x, 1959.

Reeves, G. D., Friedel, R. H. W., Larsen, B. A., Skoug, R. M., Fun-
sten, H. O., Claudepierre, S. G., Fennell, J. F., Turner, D. L.,
Denton, M. H., Spence, H. E., Blake, J. B., and Baker, D. N.:
Energy-dependent dynamics of keV to MeV electrons in the in-
ner zone, outer zone, and slot regions, J. Geophys. Res.-Space,
121, 397–412, https://doi.org/10.1002/2015JA021569, 2016.

Renkwitz, T., Sivakandan, M., Jaen, J., and Singer, W.: Ground-
based noontime D-region electron density climatology over
northern Norway, Atmos. Chem. Phys., 23, 10823–10834,
https://doi.org/10.5194/acp-23-10823-2023, 2023.

Rozanov, E., Calisto, M., Egorova, T., Peter, T., and Schmutz,
W.: Influence of the Precipitating Energetic Particles on Atmo-
spheric Chemistry and Climate, Surv. Geophys., 33, 483–501,
https://doi.org/10.1007/s10712-012-9192-0, 2012.

Seppälä, A., Matthes, K., Randall, C. E., and Mironova, I. A.: What
is the solar influence on climate? Overview of activities dur-
ing CAWSES-II, Progress in Earth and Planetary Science, 1, 24,
https://doi.org/10.1186/s40645-014-0024-3, 2014.

Seppälä, A., Clilverd, M. A., Beharrell, M. J., Rodger, C. J.,
Verronen, P. T., Andersson, M. E., and Newnham, D. A.:
Substorm-induced energetic electron precipitation: Impact on

https://doi.org/10.5194/acp-25-9183-2025 Atmos. Chem. Phys., 25, 9183–9198, 2025

https://doi.org/10.1029/2020JA027875
https://doi.org/10.1029/97JA02698
https://doi.org/10.1029/2007JA012569
https://doi.org/10.1186/s40623-018-0794-8
https://doi.org/10.1029/2019GL082095
https://doi.org/10.1029/2020GL088798
https://doi.org/10.1029/2021JA029644
https://doi.org/10.1007/s11431-023-2582-8
https://doi.org/10.1016/B978-0-12-813371-2.00007-X
https://doi.org/10.3389/fspas.2019.00006
https://doi.org/10.1186/s40623-014-0178-7
https://doi.org/10.5194/gmd-10-2247-2017
https://doi.org/10.2307/2332142
https://doi.org/10.3389/fspas.2023.1162564
https://doi.org/10.1029/2004GL022003
https://doi.org/10.1029/2006JD007696
https://doi.org/10.1111/j.1365-246X.1959.tb05798.x
https://doi.org/10.1002/2015JA021569
https://doi.org/10.5194/acp-23-10823-2023
https://doi.org/10.1007/s10712-012-9192-0
https://doi.org/10.1186/s40645-014-0024-3


9198 X. Dong et al.: Quantitative analysis of nighttime effects of radiation belt energetic electron precipitation

atmospheric chemistry, Geophys. Res. Lett., 42, 8172–8176,
https://doi.org/10.1002/2015GL065523, 2015.

Sheese, P. E., McDade, I. C., Gattinger, R. L., and Llewellyn,
E. J.: Atomic oxygen densities retrieved from Optical
Spectrograph and Infrared Imaging System observations
of O2 A-band airglow emission in the mesosphere and
lower thermosphere, J. Geophys. Res.-Atmos., 116, D01303,
https://doi.org/10.1029/2010JD014640, 2011.

Shen, X., Zhang, X., Yuan, S., Wang, L., Cao, J., Huang, J.,
Zhu, X., Piergiorgio, P., and Dai, J.: The state-of-the-art of
the China Seismo-Electromagnetic Satellite mission, Sci. China
Technol. Sc., 61, 634–642, https://doi.org/10.1007/s11431-018-
9242-0, 2018.

Sinnhuber, M., Nieder, H., and Wieters, N.: Energetic
Particle Precipitation and the Chemistry of the Meso-
sphere/Lower Thermosphere, Surv. Geophys., 33, 1281–1334,
https://doi.org/10.1007/s10712-012-9201-3, 2012.

Su, S.-Y., Liu, C. H., Ho, H. H., and Chao, C. K.: Distribution char-
acteristics of topside ionospheric density irregularities: Equa-
torial versus midlatitude regions, J. Geophys. Res.-Space, 111,
A06305, https://doi.org/10.1029/2005JA011330, 2006.

The China Seismo-Electromagnetic Satellite Mission Team: CSES
satellite data, https://leos.ac.cn (last access: 18 August 2025),
2025.

Thorne, R. M.: The importance of energetic particle precipitation on
the chemical composition of the middle atmosphere, Pure Appl.
Geophys., 118, 128–151, https://doi.org/10.1007/BF01586448,
1980.

Toledo-Redondo, S., Parrot, M., and Salinas, A.: Variation of the
first cut-off frequency of the Earth-ionosphere waveguide ob-
served by DEMETER, J. Geophys. Res.-Space, 117, A04321,
https://doi.org/10.1029/2011JA017400, 2012.

Verronen, P. T., Rodger, C. J., Clilverd, M. A., and Wang, S.: First
evidence of mesospheric hydroxyl response to electron precip-
itation from the radiation belts, J. Geophys. Res.-Atmos., 116,
D07307, https://doi.org/10.1029/2010JD014965, 2011a.

Verronen, P. T., Santee, M. L., Manney, G. L., Lehmann, R.,
Salmi, S.-M., and Seppälä, A.: Nitric acid enhancements in
the mesosphere during the January 2005 and December 2006
solar proton events, J. Geophys. Res.-Atmos., 116, D17301,
https://doi.org/10.1029/2011JD016075, 2011b.

Verronen, P. T., Andersson, M. E., Marsh, D. R., Kovács, T., and
Plane, J. M. C.: WACCM-D – Whole Atmosphere Community
Climate Model with D-region ion chemistry, J. Adv. Model.
Earth Sy., 8, 954–975, https://doi.org/10.1002/2015MS000592,
2016.

Wait, J. R., and K. P. Spies.: Characteristics of Earth: Ionosphere
Waveguide for VLF Radio Waves, National Bureau of Standards,
Boulder, Colo., https://doi.org/10.6028/NBS.TN.300, 1964.

Xu, W. and Marshall, R. A.: Characteristics of Energetic Elec-
tron Precipitation Estimated from Simulated Bremsstrahlung
X-ray Distributions, J. Geophys. Res.-Space, 124, 2831–2843,
https://doi.org/10.1029/2018JA026273, 2019.

Xu, W., Marshall, R. A., Tyssøy, H. N., and Fang, X.: A Gener-
alized Method for Calculating Atmospheric Ionization by En-
ergetic Electron Precipitation, J. Geophys. Res.-Space, 125,
e2020JA028482, https://doi.org/10.1029/2020JA028482, 2020.

Yang, M., Huang, J., Zhang, X., Shen, X., Wang, L., Zeren, Z.,
Qian, G., and Zhai, L.: Analysis on dynamic background field of
ionosphere ELF/VLF electric field in Northeast Asia, Progress in
Geophysics, 33, 2285–2294, 2018.

Yu, X., Yuan, Z., Yu, J., Wang, D., Deng, D., and Fun-
sten, H. O.: Diffuse auroral precipitation driven by lower-
band chorus second harmonics, Nat. Commun., 14, 438,
https://doi.org/10.1038/s41467-023-36095-x, 2023.

Zhao, S., Zhou, C., Shen, X., and Zhima, Z.: Investigation of VLF
Transmitter Signals in the Ionosphere by ZH-1 Observations and
Full-Wave Simulation, J. Geophys. Res.-Space, 124, 4697–4709,
https://doi.org/10.1029/2019JA026593, 2019.

Zhao, S., Liao, L., Shen, X., and Lu, H.: Solar Cycle Variation of
Radiated Electric Field and Ionospheric Reflection Height Over
NWC Transmitter During 2005–2009: DEMETER Spacecraft
Observations and Simulations, J. Geophys. Res.-Space, 129,
e2023JA032282, https://doi.org/10.1029/2023JA032282, 2024.

Atmos. Chem. Phys., 25, 9183–9198, 2025 https://doi.org/10.5194/acp-25-9183-2025

https://doi.org/10.1002/2015GL065523
https://doi.org/10.1029/2010JD014640
https://doi.org/10.1007/s11431-018-9242-0
https://doi.org/10.1007/s11431-018-9242-0
https://doi.org/10.1007/s10712-012-9201-3
https://doi.org/10.1029/2005JA011330
https://leos.ac.cn
https://doi.org/10.1007/BF01586448
https://doi.org/10.1029/2011JA017400
https://doi.org/10.1029/2010JD014965
https://doi.org/10.1029/2011JD016075
https://doi.org/10.1002/2015MS000592
https://doi.org/10.6028/NBS.TN.300
https://doi.org/10.1029/2018JA026273
https://doi.org/10.1029/2020JA028482
https://doi.org/10.1038/s41467-023-36095-x
https://doi.org/10.1029/2019JA026593
https://doi.org/10.1029/2023JA032282

	Abstract
	Introduction
	Data and model description
	CSES data
	PyGPI5 model simulation
	Reflection height calculation using ELF waves recorded from the CSES
	Reflection height calculation using the PyGPI5 model

	Results
	Relationship between electron flux, X-ray rate, and reflection height of the D-region ionosphere
	The impact of electron flux on the reflection height of the D-region ionosphere
	Seasonal variation of reflection height

	Summary
	Code and data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

