
1. Introduction
Electromagnetic ion cyclotron (EMIC) waves are transverse plasma waves generated in the equatorial magne-
tosphere by the anisotropic energetic proton instability (Cao et  al.,  2005; Cornwall,  1965; Erlandson & 
Ukhorskiy, 2001; Morley et al., 2009; Sakaguchi et al., 2008). These EMIC waves generated in the magneto-
sphere can propagate along the magnetic field lines downward to the ionosphere and then be detected by the 
ground geomagnetic stations (Engebretson et al., 2008, 2015; Kim & Johnson, 2016; Mann et al., 2014; Perraut 
et  al.,  1984; Rauch & Roux,  1982; Wang et  al.,  2019; Yuan et  al.,  2014). During this propagation process, 
the EMIC waves could change their polarization near the locations of the He + and O + resonance (Johnson & 
Cheng,  1999; Kim & Johnson,  2016) and the left-handed polarized EMIC waves would be reflected at the 
Buchsbaum-resonance location (Pakhotin et al., 2022; Rauch & Roux, 1982). Although these interactions further 
complicate this propagation process, the EMIC waves are typically observed in the frequency range between 0.1 
and 5 Hz and can be categorized into three bands according to the ion gyrofrequencies (i.e., H + band, He + band, 
and O + band). Once the wave frequency satisfies the resonance condition with the energetic protons/electrons 
in the magnetosphere, the particles can precipitate into the ionosphere through pitch angle scattering, which is 

Abstract Protons of tens of keV can be resonantly scattered by electromagnetic ion cyclotron (EMIC) 
waves excited in the magnetosphere, resulting in proton precipitation down to the upper atmosphere. In this 
study, we report for the first time the ionospheric height-dependent ionization in response to EMIC-associated 
isolated proton aurora (IPA) using simultaneous space-borne and ground-based measurements. On 06 March 
2019, the Polar Orbiting Environmental Satellites observed significant proton precipitation in the dusk sector 
(MLT ∼ 19), while ground-based magnetometers detected a clear signature of EMIC waves. Meanwhile, the 
conjugated all sky imager captured an IPA and the nearby Poker Flat incoherent scatter radar (PFISR) showed 
enhanced electron density in the E region, suggesting a potential consequence of the EMIC wave-driven proton 
precipitation. The Global Airglow model simulations confirmed the dominant impact of proton precipitation 
on the ionosphere and agreed well with PFISR observations. This study confirmed physical links from the 
magnetosphere to the ionosphere through EMIC-driven proton precipitation.

Plain Language Summary Among the aurora borealis, the isolated proton aurora (IPA) is a special 
kind triggered by energetic protons traveling from space down to the upper atmosphere. Those protons are 
believed to originate from the magnetosphere where they resonantly interact with electromagnetic ion cyclotron 
(EMIC) waves. However, the direct observational evidence of the chain effects from the wave to ionosphere 
response is still lacking. This study reports for the first time simultaneous observations of the cause-and-effect 
relations from the long-lasting EMIC waves in space, to the incidence of a large amount of energetic protons 
on the top of the upper atmosphere, and lastly to the significant ionization in the ionospheric density profiles. 
Several in-situ and ground-based instruments were cooperatively used in this conjugate study. Numerical 
simulations were further employed for confirming the role of precipitating protons, rather than electrons, in 
causing the substantial ionization in the night-time atmosphere.

TIAN ET AL.

© 2023. American Geophysical Union. 
All Rights Reserved.

Ionospheric Modulation by EMIC Wave-Driven Proton 
Precipitation: Observations and Simulations
Xingbin Tian1,2  , Yiqun Yu1,2  , Fan Gong1,2  , Longxing Ma1,2  , Jinbin Cao1,2  , 
Stanley C. Solomon3  , P. R. Shreedevi4  , Kazuo Shiokawa4  , Yuichi Otsuka4  , 
Shin-ichiro Oyama4,5,6  , and Yoshizumi Miyoshi4 

1School of Space and Environment, Beihang University, Beijing, China, 2Key Laboratory of Space Environment Monitoring 
and Information Processing, Ministry of Industry and Information Technology, Beijing, China, 3National Center for 
Atmospheric Research, High Altitude Observatory, Boulder, CO, USA, 4Institute for Space-Earth Environmental Research, 
Nagoya University, Nagoya, Japan, 5National Institute of Polar Research, Tachikawa, Japan, 6Space Physics and Astronomy 
Research Unit, University of Oulu, Oulu, Finland

Key Points:
•  We report simultaneous observations 

of electromagnetic ion cyclotron 
(EMIC) waves, proton precipitation, 
isolated proton aurora (IPA), and 
ionospheric perturbation at conjugate 
locations

•  Ionospheric density profiles in 
response to EMIC-associated IPA are 
presented for the first time

•  The E region ionospheric disturbance 
due to EMIC-driven proton 
precipitation is confirmed by the 
Global Airglow simulation

Supporting Information:
Supporting Information may be found in 
the online version of this article.

Correspondence to:
Y. Yu,
yiqunyu17@gmail.com

Citation:
Tian, X., Yu, Y., Gong, F., Ma, L., 
Cao, J., Solomon, S. C., et al. (2023). 
Ionospheric modulation by EMIC 
wave-driven proton precipitation: 
Observations and simulations. Journal 
of Geophysical Research: Space Physics, 
128, e2022JA030983. https://doi.
org/10.1029/2022JA030983

Received 8 SEP 2022
Accepted 9 JAN 2023

10.1029/2022JA030983
RESEARCH ARTICLE

1 of 12

https://orcid.org/0000-0002-4529-3383
https://orcid.org/0000-0002-1013-6505
https://orcid.org/0000-0003-0180-1785
https://orcid.org/0000-0002-4642-4744
https://orcid.org/0000-0002-5637-2976
https://orcid.org/0000-0002-5291-3034
https://orcid.org/0000-0002-0979-0833
https://orcid.org/0000-0002-6842-1552
https://orcid.org/0000-0002-3098-3859
https://orcid.org/0000-0002-5831-6134
https://orcid.org/0000-0001-7998-1240
https://doi.org/10.1029/2022JA030983
https://doi.org/10.1029/2022JA030983
https://doi.org/10.1029/2022JA030983
https://doi.org/10.1029/2022JA030983
https://doi.org/10.1029/2022JA030983
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022JA030983&domain=pdf&date_stamp=2023-01-24


Journal of Geophysical Research: Space Physics

TIAN ET AL.

10.1029/2022JA030983

2 of 12

a significant loss process for the ring current and radiation belts (Cornwall, 1965; Hirai et al., 2018; Jordanova 
et al., 2001, 2007; Ni et al., 2016; Shreedevi et al., 2021; Usanova et al., 2010; Yuan et al., 2014; Zhu et al., 2022).

The particle precipitation into the Earth's atmosphere is believed to be one of the major energy sources for the 
ionosphere and plays an important role in modulating the dynamics of the ionospheric system (Galand et al., 2001; 
Hardy et al., 1989; Immel et al., 2002; Lui et al., 1977; Lyons, 1992; Miyoshi et al., 2021; Ridley et al., 2004; 
Thorne et al., 2010). Electron, in particular, is widely considered to be the dominant precipitating particle in the 
auroral zone most of the time, with the ion precipitation making a minor contribution to the total auroral energy 
flux, on average about 15% of electrons (Galand et al., 2001; Hardy et al., 1989). However, recent statistical 
and simulation results indicate that the contribution of precipitating protons cannot be neglected (Creutzberg 
et al., 1988; Newell et al., 2009; Tian et al., 2020; Zhu et al., 2021) and that it can lead to significant enhancements 
of the ionospheric conductivity in the ionospheric E region (Fang et al., 2013; Galand & Richmond, 2001; Tian 
et al., 2021; Yuan et al., 2014). As EMIC waves are often considered one of the major mechanisms affecting the 
precipitating ions in association with the isolated proton aurora (IPA) and precipitation protons likely to be the 
dominant source for the ionosphere (Fuselier et al., 2004; Jordanova et al., 2007; Kim et al., 2021; Nakamura 
et al., 2021; Ni et al., 2016; Sakaguchi et al., 2015; Tian et al., 2021), studying the influence of EMIC wave-driven 
precipitating protons on the ionosphere is the key to exploring the coupling process between the magnetosphere 
and ionosphere.

Using conjugate observations in the magnetosphere and ionosphere is an effective method to study such a 
coupling process. Previous studies have emphasized the importance of the EMIC wave to induce proton precip-
itation and subsequent effects on the ionosphere (e.g., Jordanova et  al.,  2007; Miyoshi et  al.,  2008; Tian 
et al., 2020; Yahnin & Yahnina, 2007). Miyoshi et al. (2008) reported precipitation of both energetic, tens of 
keV, protons and relativistic electrons based on ground-based and in-situ observations, and pointed out that the 
precipitation was caused by EMIC waves near the plasmapause. Usanova et al. (2014) also reported conjugate 
observations of EMIC waves and 30–800 keV proton precipitation. According to Polar Orbiting Environmen-
tal Satellites (POES) and GPS observations, Yuan et  al.  (2014) found that the proton precipitation caused 
by the EMIC waves significantly enhanced the total electron content in the ionosphere. Kim et  al.  (2021) 
reported concurrent observations of IPA driven by EMIC waves and associated local plasma disturbances in 
the F layer ionosphere. K. Nakamura et al. (2022); S. Nakamura et al. (2022) identified the drift electron hole 
caused by the pitch angle scattering with EMIC waves, and they discussed relationship to IPA. On the other 
hand, simulations have provided an understanding of the role of EMIC waves in modulating magnetospheric 
particle dynamics (Jordanova et al., 2001, 2007; Zhu et al., 2021). Recently, Tian et al. (2021) investigated 
the proton precipitation caused by EMIC waves and its impact on the ionosphere with a self-consistent ring 
current-atmosphere interactions model (RAM-SCBE) coupled with an ionospheric particle transport Global 
Airglow (GLOW) model. They found that proton precipitation driven by EMIC waves could not only result in a 
significant feedback effect on the ring current electron dynamics but also contributes largely to the ionization in 
the E/F regions, especially in the dusk-to-nightside sector. Based on the Monte Carlo method, Davidson (1965) 
and Fang et al. (2004) pointed out that although proton energy is dispersed in the F-region, the E-region is 
primarily impacted. Fang et al. (2013), using a coupled Monte Carlo and multistream model, presented that 
energetic proton precipitation are more efficient in causing secondary ionization and mainly cause ionization 
in E region. Although IPA has been extensively studied (e.g., Fang et al., 2013; Kim et al., 2021; Miyoshi 
et  al.,  2008), the ionosphere response is mainly represented by auroral emission and field-aligned current 
(FAC) or inferred by physical models. The direct observational evidences showing the chain effects of the 
EMIC waves on proton precipitation and subsequently on the altitude-dependent ionospheric density profiles 
are still lacking.

In this study, we report for the first time the ionospheric density profiles in response to EMIC-associated IPA 
using ground-based and space-borne observations in combination of GLOW simulations. At the magnetic conju-
gate locations, the intense EMIC waves, IPA, proton precipitation, and disturbances on ionospheric electron 
density profiles are observed by ground stations and satellite instruments. Through the usage of the GLOW 
model, we confirm that the observed large electron density perturbation in the E layer is mainly a result of the 
EMIC wave-driven proton precipitation.
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2. Methodology
2.1. POES Satellites

Precipitation data of electrons and protons are obtained from the NOAA's POES. The POES satellites are 
Sun-synchronous low-altitude polar-orbiting spacecraft (orbit at ∼800 − 850 km and ∼102 min orbital period) 
and have identical instrumentation. We use particle measurements from the Medium Energy Proton and Electron 
Detector which measures high-energy integral electron fluxes in three energy bands (30–100 keV, 100–300 keV, 
and >300 keV) and proton fluxes in six energy bands (30–80 keV, 80–240 keV, 240–800 keV, 800–2,500 keV, 
2,500–6,900 keV, and >6,900 keV) (Galand & Evans, 2000). The detector consists of two telescopes to detect 
precipitating particles (0° telescope) and geomagnetically trapped particles (90° telescope), respectively. In this 
paper, we use the flux data from Meteorological Operational Satellite 03 (METOP-03) with a time resolution of 
2 s. We use the international geomagnetic reference field model to map the satellite position to 120 km altitude, 
typical altitudes of auroral emission.

2.2. Induction Magnetometer and All-Sky Imager (ASI)

Ground observations of geomagnetic pulsations are obtained from the Dawson City (DAWS, (64.05°N, 139.11°W, 
and L = ∼ 6.09)) station of the Canadian Array for Realtime Investigations of Magnetic Activity (CARISMA) 
and the Gakona station (GAK, (62.39°N, 145.22°W, and L = ∼ 4.93)) of the “study of dynamical variation of 
Particles and Waves in the Inner magnetosphere using Ground-based network observations” (PWING) project. 
The CARISMA is an array of magnetometer sensors designed to measure disturbances in the Earth's magnetic 
field (Mann et al., 2008). The PWING project uses ground-based network observations to study the dynamics 
of particles and waves in the inner magnetosphere (Shiokawa et al., 2017). The induction coil magnetometer 
data with a sampling frequency of 20 Hz (DAWS) or 64 Hz (GAK) is used to detect EMIC waves. The PWING 
project also operates all-sky airglow/aurora imagers, which take auroral images at several optical wavelengths. 
To identify the proton aurora, we use 557.7 and 486.1 nm auroral images taken at the GAK station. The electron 
aurora emitted by secondary electrons via proton-neutral collisions is captured by 557.7 nm auroral images, and 
the proton aurora emitted by the charge exchange of precipitating protons can be recorded by 486.1 nm auroral 
images. The time resolution of the GAK all-sky imager (ASI) is 1.5 min.

2.3. Incoherent Scatter Radar

Ionospheric electron density is obtained from the Poker Flat incoherent scatter radar (PFISR) (65.13°N, 147.47°W, 
and L = ∼5.75). During the event (06 March 2019), PFISR was run in the four-beam mode. In this study, we 
selected the radar beam aligned with the local geomagnetic field (azimuth = −154.30° and elevation = 77.50°), 
which is the best one for estimating behaviors of field-aligned precipitating particles (Kaeppler et al., 2015). With 
a standard alternating code, the PFISR provides ionospheric electron density at E/F region altitudes with a height 
resolution of a few km (Bilitza et al., 2014; Picone et al., 2002).

2.4. Global Airglow (GLOW) Model

The GLOW model, also known as GLOW, is a toolkit of subroutines and driver programs to calculate the opti-
cal emissions in the upper atmosphere, particularly the thermosphere and ionosphere (Solomon, 2017). These 
emissions can result from solar-driven photon processes, auroral precipitation, and chemical reactions. The 
GLOW model takes precipitating electron and proton fluxes at the topside ionosphere as inputs and outputs a 
height distribution of ionization, electron density, and conductivity between ∼70 and ∼600 km. The model solves 
two-stream Boltzmann equations to model the electron moving upward or downward along magnetic field lines 
(Solomon, 2017). The proton transport module is computed based on the parameterization in Fang et al. (2013). 
They proposed a coupled Monte Carlo and multistream model to simulate the primary ionization and secondary 
electron ionization from energetic proton precipitation (Fang et al., 2004, 2013). The photoionization due to the 
solar radiation, the impact ionization from precipitating electrons and protons, and the impact ionization by the 
secondary electrons generated in the photoionization and ionizing collisions are considered in the model (Fang 
et al., 2013; Jackman et al., 1977; Solomon, 2001, 2017). The model required neutral density and temperature 
were taken from the empirical thermosphere model (i.e., NRLMSISE-00) (Picone et al., 2002). In this study, the 
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GLOW model, with an energy grid extended to ∼1,000 keV, can be used to estimate the height-resolved electron 
density and conductivity in response to the electron and proton precipitation observed by the POES satellite.

3. Results
In this study, we report a conjugate observational event (time at ∼06:00 UT, 06 March 2019) at the beginning of 
a substorm with a maximum auroral electrojet (AE) index of ∼500 nT. Figure 1 shows 557.7-nm auroral images 
taken at the GAK station mapped onto an altitude of 120 km at different times with the footprints of POES 
trajectory and ground stations overplotted. The 486.1-nm auroral images are shown in Figure S1 in Supporting 
Information S1. In order to better present the IPA structure, the color scales of auroral images are optimized 
(Kim et al., 2021; K. Nakamura et al., 2022; S. Nakamura et al., 2022). As shown in Figure 1, from 05:43:55 UT 
to 06:13:00 UT, an IPA (dashed black circles) near ∼66°N gradually moved westward and beyond 150°W after 
06:13:00 UT. From 05:59:00 UT (Figure 1b) to 06:03:00 UT (Figure 1c), the PFISR station was right under the 
IPA. From 06:07 UT to 06:10 UT, the METOP-03 satellite flew over the IPA region (shown by the orange line in 
Figures 1d and 1e) and detected large precipitating proton fluxes as shown in Figure 3b.

The induction coil magnetometers of the GAK station and the nearby DAWS station both detected an intense 
EMIC wave activity from 04:30 UT to 06:30 UT. Figures 2a and 2b show the temporal evolution of the power 
spectrum density (PSD) of the geomagnetic pulsation (a: DAWS station, b: GAK station). Despite potential 
variations (e.g., the polarization reversal and Buchsbaum-resonance reflection) along the wave propagation down 
to the ionosphere, we assume that the observed EMIC waves on the ground could retain the wave frequency 
spectrum (e.g., Kim & Johnson, 2016; Mann et al., 2014; Zhu et al., 2022). In order to identify the wave bands, 
we use similar methods as Yuan et al. (2014). The He + and O + gyrofrequencies are calculated by the TS05 model 
(Tsyganenko & Sitnov, 2005) at the equatorial position where the ground stations are mapped to. From 05:10 to 
06:10 UT, the PSD of the D-component geomagnetic pulsation was enhanced at the frequency of ∼0.1–0.5 Hz 
(i.e., the band of Pc1 waves), between the O + gyrofrequency and He + gyrofrequency, suggesting a He-band EMIC 
wave. Such waves, excited near the equatorial plane and propagated along field lines downward (e.g., Kim & 
Johnson, 2016; Perraut et al., 1984; Wang et al., 2019), can trigger the precipitation of tens of keV protons and 

Figure 1. Auroral images of 557.7-nm taken at the Gakona station (GAK) station at different sampling periods (a–h: 05:44:30 UT to 06:13:00 UT). The images are in 
geographical coordinates at latitudes of 58°–67°N and longitude of 138°–150°W at an altitude of 120 km. The red star indicates the Poker Flat incoherent scatter radar 
and dashed line indicates its beam with azimuth = −154.30° and elevation = 77.50°. The dashed black circles indicate the isolated proton aurora region. The orange line 
(d and e) indicates the altitude adjusted corrected geographic footprints of Meteorological Operational Satellite 03 orbit from 06:07 to 06:10 UT and the bold line on 
top indicates the period with observations of significant precipitating particle flux, as shown in Figure 3. The black dots indicate the induction magnetometer stations 
(DAWS and GAK).
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ultra-relativistic electrons from the plasmasheet and radiation belt to the ionosphere (Hirai et al., 2018; Jordanova 
et al., 2008; Miyoshi et al., 2008; Ni et al., 2016). Those precipitating protons may be responsible for auroral 
emission. Figures 2c and 2d show north-south keograms of 557.7 and 486.1 nm auroral emissions mapped onto 
an altitude of 120 km. The auroral intensity is the average over the longitudinal range (145.12°W–145.32°W) 
near GAK station for each latitude. During the EMIC wave activity, 557.7 and 486.1 nm auroral emissions are 
detected over the latitude range of ∼64°–67°. Especially around 05:45–06:09 UT, a bright IPA was observed at 
both 486.1 and 557.7 nm, indicating that the auroral emission was very intense at this time (see Movie S1). The 
appearance of the IPA showed strong correlation with the on-site EMIC wave activity, suggesting that the IPA is 
likely a consequence of the EMIC waves that induce proton precipitation to the upper atmosphere.

Next, we examine the linkage from the EMIC wave to the IPA, that is, particle precipitation. At about 
06:08:05–06:08:30 UT, the METOP-03 satellite flew over the IPA zone and nearby ground stations. Large 

Figure 2. (a), (b) The D-component geomagnetic pulsation observed at the DAWS and GAK stations. (c), (d) North-south 
keograms of 557.7 and 486.1 nm.
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precipitating proton fluxes were detected within the anisotropic zone (the purple shade), as shown in Figures 3a 
and 3b. In the anisotropic region, precipitating fluxes (solid lines) are generally much less than trapped fluxes, but 
the METOP-03 satellite observed a significant enhancement of precipitating proton flux at about 06:08:21 UT 
for E = 30–80 keV, close to the level of trapped fluxes. The precipitating proton flux is much larger than electron 
flux. Such a substantial enhancement of precipitating proton flux is a scattering result of plasma sheet protons by 
EMIC waves, and a cause for the IPA.

Figure 3. (a), (b) The observations of electron and proton fluxes over different energy ranges from the Meteorological 
Operational Satellite 03. The purple shade indicates the interval of interest when significant proton precipitation is observed. 
The solid and dashed color lines represent precipitating and trapping fluxes, respectively. (c) The time evolution of the 
height-dependent electron density from the Poker Flat incoherent scatter radar (PFISR) during 05:30 UT to 06:30 UT. The 
interval (1), (2), and (3) indicate the comparison time with the PFISR radar was right under or not under the isolated proton 
aurora region.
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To accurately compare the ionosphere response in the IPA region, we selected the observations where the PFISR 
radar was right under (05:53–06:09 UT, interval (2) in Figure 3c) or not under (05:43–05:53 UT, interval (1) and 
06:09–06:19 UT, interval (3)) the IPA region for comparison. The latter two intervals represent the time when 
the IPA approaches and moves away from the PFISR's field of view (FOV), respectively. During these two time 
intervals, the PFISR was near the edge of IPA or high-latitude aurora. From about 05:53 UT to 06:09 UT, the 
PFISR observed considerable increase in the electron density at E region altitudes as shown in Figure 3c inter-
val (2). The electron density was enhanced from ∼3 × 10 4/cm 3 to ∼10 5/cm 3, a factor of about 3, at altitudes of 
110–150 km. As the IPA moved away from the PFISR's FOV, the electron density in the E region retreated to the 
prior-IPA level. As no sources of photoionization were available at night time, the main energy source down to 
the ionosphere to cause the enhanced ionization should be carried by the EMIC wave-driven proton precipitation 
as described above.

Based on these observations, we can infer that the proton precipitation of tens of keV caused by the EMIC 
waves supplies energy source down to the ionosphere in this region. To test this hypothesis and to quantitatively 
understand the ionospheric response, we fit the observed precipitating flux with a Maxwellian distribution func-
tion and further use the fitted precipitating spectrum to simulate the ionospheric response using the GLOW 
model. During the time interval of interest in this study, the local bounce loss cone (∼60°) at the POES satellites 
position (∼800  km and magnetic latitude ∼65°) is significantly larger than the telescope view (±15°), such 
that the detected precipitation particles by the 0° telescope are completely inside the bounce loss cone (Rodger 
et al., 2010, 2013; Yuan et al., 2014). We assume that the loss cone precipitating particles follow the Maxwell 
distribution (Codrescu et al., 1997; Yuan et al., 2014). With the measured particle flux at different energy chan-
nels, the Maxwellian functions for precipitating protons and electrons can be roughly fitted. Some fitting uncer-
tainty is allowed as the data points used for the spectrum fitting are truly not sufficient. Since the METOP-03 
satellite flew over the edge of IPA zone (as shown in Figures 1d and 1e), we use the peak flux at different energy 
channels to obtain the mean distribution function, and use peak flux × 10 ±1 to fit the highest and lowest boundary 
of the spectrum. The envelope of the fitted Maxwellian functions is indicated by light pink in Figure 4a. The fitted 
distribution function of the precipitating proton flux is Equation 1.

𝜙𝜙(𝐸𝐸) =
1.06 × 107±1

2 × 23.083
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

(

−
𝐸𝐸

23.08

)

 (1)

The fitted distribution of electron flux (i.e., the background) at the same region is Equation 2.

𝜙𝜙(𝐸𝐸) =
4.98 × 104

2 × 29.503
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

(

−
𝐸𝐸

29.50

)

 (2)

These precipitating spectra are input to the GLOW model to resolve the ionospheric ionization. The simulated 
results of electron density, Pedersen and Hall conductivity in the E/F region are shown in Figure 4b. The black-dot 
line represents the average value of PFISR observations from 05:53 UT to 06:09 UT (i.e., interval (2) in Figure 3c), 
with 25th and 75th percentiles marked by the error bars. When only the precipitating electrons are used as the 
model's incident energy source (green lines), the ionospheric ionization in the E region (i.e., 100–150 km) is low 
and deviates greatly from the observations. The minimum value of electron density (green lines) in the E region 
is around 5 × 10 3 cm −3, approximately 5% of the observations. Whereas, in the F region (i.e., ∼150–200 km), 
the simulations (green lines) are basically in agreement with the observations. This is because the major ionizing 
energy source in this region is background radiation, not precipitating particles. Therefore the other two simula-
tion results in the F region (blue lines: only precipitating protons as inputs, red lines: both precipitating electrons 
and protons) are also in agreement with observations. When the precipitating protons are used as the only energy 
deposition down to the ionosphere (blue lines), the electron density is significantly enhanced in the E region. 
Compared to using only precipitating electrons as input, the electron density is enhanced from ∼5 × 10 3 cm −3 to 
∼10 5 cm −3 in the E region, while that does not change significantly in the F region. The conductivity of Peder-
sen and Hall show the same result, that is, E region conductivity is two orders of magnitude high as that caused 
by precipitating electrons and F region conductivity experiences no significant change. This is consistent with 
Fang et al. (2013), that tens of keV of precipitating protons can induce large ionization of the ionosphere in the E 
region. Specifically, precipitating protons of <10 keV mostly cause ionization enhancement above ∼150 km (F 
region), while protons with energy >10 keV mainly induce ionization below ∼150 km (E region).

When both precipitating electrons and protons are used as the energy deposition (red lines), the response of iono-
spheric electron density is a superposition of the above two results. The combined results of the highest boundary 
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of proton precipitation spectrum agree reasonably well with the observations (black dots), especially at altitudes 
of 100–150 km. However, the bulk model results appear to be lower than the observations in this E region. This 
may be caused by the slight spatiotemporal separation between the POES satellite, the PFISR and the IPA region. 
As the satellite flew over the edge of the IPA region, the observed precipitating flux by the POES satellite is 
probably smaller than that in the central zone of the IPA, under which the ionospheric response was recorded 

Figure 4. (a) Maxwellian energy spectra of proton and electron fluxes fitted from observations. The center of the spectrum 
envelope corresponds to the fitting of peak fluxes at all energy channels. The top and bottom envelop of the spectrum 
correspond to the fitting of the peak flux × 10 ±1, respectively. (b) The Global Airglow model results of the height profiles 
of electron density, Pedersen and Hall conductivities. The colored zones hatched in reddish and bluish hues represent model 
results using Maxwell distributions in (a). Red areas represent results in which incident particles contain both precipitating 
electrons and protons; Green lines represent model results in which the incident particles are solely precipitating electrons; 
Blue areas indicate the model results in which the incident particles are only precipitating protons. Black dots represent the 
average value of Poker Flat incoherent scatter radar observations from 05:53 UT to 06:09 UT (i.e., interval (2) in Figure 3c), 
with 25th and 75th percentiles marked by the error bars.
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by the PFISR. Nevertheless, from these results, it can be seen that the E region ionization and conductivity are 
dominantly contributed by the proton precipitation, suggesting that our hypothesis is valid. The observed EMIC 
wave-induced proton precipitation is indeed the main driver of the observed large ionization in the E region in 
this event. The electron precipitation, on the other hand, plays an insignificant role in the E region in this event. 
We also note that in the D region (<100 km), the ionospheric ionization appears to be enhanced in both obser-
vations and simulations. This is probably a result of geocoronal emissions of hydrogen and helium at nighttime 
(Solomon, 2017; Solomon & Qian, 2005).

4. Summary
Until now, the studies on the EMIC-driven IPA events have been mainly based on ground ASIs, magnetometers, 
and satellites (Kim et  al.,  2021; Yuan et  al.,  2014). The ionospheric response is mainly expressed in auroral 
emission intensity or FAC, while the understanding of ionospheric responses at different heights in the IPA zone 
are mostly based on physical processes or models. In this paper, we investigated the effects of magnetospheric 
EMIC waves on the particle precipitation, and corresponding altitudinal ionospheric response using ground- and 
space-based conjugate data on 06 March 2019. By using the ionospheric transport model, the contribution of 
precipitating electrons and protons to the ionosphere is further distinguished.

POES observations show that proton precipitation resulted from the resonant scattering by EMIC waves, 
is dominant over the electron precipitation and provides a primary energy deposition into the ionosphere. 
A strong auroral emission was observed with ASI (557.7 and 486.1 nm), underneath the POES trajectory 
and the PFISR radar nearby showed enhanced ionospheric electron density in the E region (∼150 km). This 
indicates that it could be the precipitating protons that ionize neutral particles. The results of the GLOW 
model based on two-stream Boltzmann equations (for electron precipitation) and parameterization (for proton 
precipitation) confirm that the observed precipitating protons, rather than precipitating electrons, are the 
reason for the largely enhanced electron density and conductivity in the E region ionosphere at altitudes 
above 100 km, as detected by the PFISR radar. Overall, this study provided an evidence showing compre-
hensive chain effects from magnetospheric waves down to upper atmosphere auroral physics and further to 
the height-dependent ionospheric ionization, and highlighted the important role of proton precipitation in the 
cross-regional coupling.

Although this event provides a good basis for conjugate observations, we are aware of some ambiguities. First, 
although METOP-03 satellite and PFISR detected the particle precipitation and ionospheric response (i.e., the 
enhanced electron density) almost at the same time, respectively, as shown in Figures 1d and 1e, both METOP-
03 and PFISR were almost at the edge of IPA zone, particularly METOP-03. This led to a small spatiotemporal 
separation between the METOP-03 satellite and PFISR, when key IPA phenomena were observed. Second, due 
to insufficient energy resolutions in the precipitation flux, even with a Maxwell distribution fitting, the char-
acteristic energy, which is the key parameter in determining the altitude of precipitation impact, still mainly 
depends on the lowest energy channel (i.e., 30–80 keV for protons and 30–100 keV for electrons). Thus, we used 
peak flux × 10 ±1 to fit the highest and lowest boundary of the precipitation spectrum and the average value of 
PFISR observations to represent the trend of ionospheric response. Nevertheless, there was still small discrep-
ancy between simulations and observations. This might be attributed to the small separation between those obser-
vational facilities at the time interval of interest.

Data Availability Statement
The PFISR data is accessed through the MIT Haystack Observatory Madrigal database (http://cedar.openmadri-
gal.org/single). The CARISMA data is available at https://www.carisma.ca/. The NOAA POES data is available 
at https://satdat.ngdc.noaa.gov/sem/poes/data/. The PWING ASI and induction magnetometer data are obtained 
via the ERG-Science Center operated by ISAS/JAXA and ISEE/Nagoya University (Miyoshi et al., 2018) (ASI 
data: https://ergsc.isee.nagoya-u.ac.jp/data/ergsc/ground/camera/omti/asi/, Induction magnetometer data: https://
ergsc.isee.nagoya-u.ac.jp/data/ergsc/ground/geomag/isee/induction/). The GLOW model code used in the study 
can be obtained at http://download.hao.ucar.edu/pub/stans/glow/code/glowv0.982/. The simulation data is avail-
able at https://doi.org/10.5281/zenodo.7330793.
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