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Key Points:12

• The EMIC wave diffusion process causes significant precipitation of tens of keV13

protons, particularly in the afternoon to midnight sector.14

• Energetic precipitating protons scattered by EMIC waves further impact the ionosphere-15

thermosphere and contribute to the ionization in the E/F regions.16

• EMIC waves produce large proton precipitation, changing ionospheric electrody-17

namics and feeding back to the magnetospheric dynamics.18
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Abstract19

We investigate the proton precipitation caused by electromagnetic ion cyclotron (EMIC)20

waves and its impact on the ionosphere with the self-consistent ring current-atmosphere21

interactions model (RAM-SCBE) coupled with an ionospheric particle transport model22

Global Airglow (GLOW). The EMIC wave diffusion process causes significant precipita-23

tion of tens of keV protons, particularly in the afternoon to midnight sector. These precip-24

itating energetic protons further impact the ionosphere-thermosphere and contribute to the25

ionization in the E/F regions. The integrated auroral conductance is significantly enhanced26

in the dusk-to-midnight sector. Although the EMIC waves do not directly interact with the27

ring current electrons, after the EMIC wave scattering included in the model, remarkable28

changes are found in the global distribution of precipitating electron flux. This means that29

the addition of proton precipitation driven by EMIC waves results in feedback effects on30

the ring current electron dynamics through the circulation system. Validation is also con-31

ducted by comparing the simulated precipitation flux and ionospheric electron density with32

observations.33

1 Introduction34

Particle precipitation from the plasma sheet is one important energy source for the35

ionosphere and plays an important role in modulating the dynamics of the ionospheric36

system and causing aurora [Lui et al., 1977; Creutzberg et al., 1988; Hardy et al., 1989;37

Lyons, 1992; Galand et al., 2001; Immel et al., 2002; Ridley et al., 2004; Thorne et al.,38

2010; Chen and Schulz, 2001; Chen et al., 2005, 2015; Su et al., 2017]. Newell et al. [2009]39

found that precipitating electrons contribute 63%/57% and ions 14%/15% to the diffuse40

energy flux into the ionosphere during quiet/active times. In previous studies, Hardy et al.41

[1989] found that the relative contribution of ions to the total energy flux is on average42

about 15% of that of electrons during geomagnetically disturbed periods but it is compa-43

rable during quiescent times [Creutzberg et al., 1988]. Although the electron precipitation44

appears to be the major energy source into the ionosphere at most of the time, the precip-45

itating ions cannot be neglected, particularly in the dusk sector [Newell et al., 2009; Tian46

et al., 2020; Zhu et al., 2021].47

The precipitation of the magnetospheric ions results from many physical processes48

in the magnetosphere, including pitch angle diffusion associated with the electromagnetic49

ion cyclotron (EMIC) waves [Jordanova et al., 2001; Liang et al., 2014; Shreedevi et al.,50
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2021; Jordanova et al., 2007; Sakaguchi et al., 2008; Ni et al., 2016; Yuan et al., 2010; Su51

et al., 2011] and field line curvature (FLC) scattering [Ebihara and Ejiri, 2003; Chen et al.,52

2019; Yu et al., 2020]. Studies have shown that the FLC scattering contributes to the ring53

current decay [Ebihara et al., 2011] and produces proton precipitations in the larger-L re-54

gions where the field lines are more stretching and the scattering is more efficient [Young55

et al., 2008; Chen et al., 2019; Yu et al., 2020; Zhu et al., 2021]. On the other hand, the56

EMIC waves can cause significant proton precipitation in the postnoon-to-midnight sec-57

tor and induce proton aurora [Jordanova et al., 2007; Fuselier et al., 2004]. Yuan et al.58

[2014] reported a proton precipitation event induced by EMIC waves. They calculated the59

electron density in the ionospheric E region with the precipitating protons and found that60

the E region electron density is significantly enhanced, consistent with the GPS-observed61

TEC. These studies imply the importance of EMIC waves in inducing proton precipitation62

and the subsequent impact on the ionosphere. However, a global-wide investigation of the63

effects of the wave-driven proton precipitation on the ionosphere is still lacking. There-64

fore, this study will examine the global distribution of proton precipitation in association65

with EMIC waves and the consequent effects on ionospheric electrodynamics, especially66

the conductivity.67

The ionospheric auroral conductivity, as a result of the precipitating particle impact,68

is of great importance in the geospace circulation. It plays an essential role in determin-69

ing the electric potential that controls the plasma convection in both the ionosphere and70

magnetosphere [Ridley et al., 2004; Lotko et al., 2014]. As the calculation of the conduc-71

tivity profile involves various parameters of both the ionosphere and thermosphere, it is72

not trivial. Therefore, a classic technique in global models is adopting the Robinson’s rela-73

tion [Robinson et al., 1987] or Galand & Richmond relation [Galand and Richmond, 2001]74

to specify the auroral conductance related to precipitating electrons or protons respectively75

[Raeder et al., 2001; Chen et al., 2015; Yu et al., 2016; Yu et al., 2017; Zhang et al., 2015;76

Chen et al., 2019; Zhu et al., 2021]. Despite the efficiency, while using the above simple77

relations, the height profile of the conductivity cannot be explicitly revealed and the phys-78

ical interactions within the ionosphere-thermosphere are not self-consistently treated. Re-79

cently, Yu et al. [2018] integrated a ring current kinetic model RAM-SCBE [Jordanova80

et al., 2010; Yu et al., 2017] with a two-stream electron transport model GLOW [Solomon,81

2017] to investigate the chain effects from the substorm-time electron precipitation to sub-82

sequent impact on the ionosphere. It is found that as substorm injections recurrently bring83
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in energetic plasma sources, pitch angle scattering due to chorus waves results in sub-84

stantial electron precipitation, often accompanied by an enhanced tail above 30 keV. This85

drives an intermittent enhancement of Pedersen conductivity below 90 km, in addition to86

the primary conductivity layer around 110 km. In their study, the incident particle impact87

is solely from precipitating electrons.88

In this study, we will incorporate the proton precipitation associated with EMIC89

waves into the same model to examine its influence on ionosphere conductivity. As pre-90

sented below, we will first analyze an ion precipitation event when the EMIC wave activ-91

ity is observed by ground stations and proton precipitation is detected by satellites, and92

then carry out global simulations to uncover the global distributions of ion precipitation93

and responses in the ionospheric conductivity. Comparisons with incoherent scatter radar94

measurements are also conducted for validation.95

2 Data96

The precipitation data of electrons and protons are obtained from the NOAAâĂŹs97

Polar Orbiting Environmental Satellites (NOAA-15 and MetOp-02) [Evans and Greer,98

2004]. The POES satellites are Sun-synchronous low-altitude polar-orbiting spacecraft99

and have identical instrumentation. The orbit of POES spacecraft is ∼800 km altitudes,100

∼102 min orbital period. We use the particle measurements from the Medium Energy Pro-101

ton and Electron Detector (MEPED) [Galand and Evans, 2000] that measures high-energy102

integral electron fluxes in three energy bands and proton fluxes in six energy bands. The103

detector consists of two telescopes, which point approximately parallel (0◦ telescope, de-104

tecting precipitating particles) and perpendicular (90◦ telescope, detecting the geomag-105

netically trapped particles) to the local magnetic field line, respectively. In this paper, we106

mainly use the precipitating particles flux data measured by 0◦ telescope and with a time107

resolution of 16 s.108

The ground observations data of geomagnetic pulsations is obtained from the Pinawa109

(PINA) and Thief River Falls (THRF) stations of the Canadian Array for Realtime Investi-110

gations of Magnetic Activity (CARISMA) [Mann et al., 2008]. The power spectrum den-111

sity (PSD) is calculated from geomagnetic pulsation data with a sampling frequency of 20112

Hz using Fast Fourier Transform.113
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The ionospheric electron density is obtained from the Millstone Hill incoherent scat-114

ter radar (ISR). With observations of the zenith, the ISR provides the ionospheric electron115

density data from 90 to 300 km with a height resolution of a few km. The related Peder-116

sen and Hall conductivities can be calculated by using the observed electron density data117

with the help of MSIS/IRI models [Bilitza et al., 2014; Picone et al., 2002].118

3 Model description119

We use a coupled ring current-ionosphere model to simulate particle precipitation120

and subsequent effects on the ionosphere. The ring current dynamics and precipitation121

loss are solved by the RAM-SCBE model [Jordanova et al., 2006; Zaharia et al., 2006; Yu122

et al., 2017] and the height-dependent responses in the ionosphere due to the incident par-123

ticles are determined by the GLOW model [Bailey et al., 2002; Solomon, 2017]. Details of124

these models are described below.125

3.1 RAM-SCBE Model126

By solving the bounce-averaged Fokker-Planck equation Fl(R, φ, E, α) (Equation (1)),127

the kinetic Ring current Atmosphere interactions Model model (RAM) computes the dis-128

tribution functions for the ring current particles (H+, He+, O+, and electrons) in the inner129

magnetosphere. The particle distribution functions are pitch angle-resolved (0◦ to 90◦),130

at all magnetic local times (MLTs) within the radial distance of 2-6.5 RE in the magnetic131

equatorial plane, and kinetic energy from 0.15 keV to 400 keV.132
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(1)

Where Ro is the radial distance in the magnetic equatorial plane, E is the kinetic133

energy of the particles, μo is the cosine of the equatorial pitch angle α, φ is the geomag-134

netic east longitude, p is the relativistic momentum of the particle, γ is the Lorentz factor,135

and h(μo) is proportional to the bounce path length in the magnetic field [Jordanova et al.,136

2006].137

Solving the temporal evolution of the phase space distribution function requires138

time-dependent plasma boundary conditions, magnetic field, and electric field. The plasma139
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boundary conditions in the model (i.e., 6.5RE ) are specified by the plasma flux data ob-140

tained from the Los Alamos National Laboratory (LANL)/Synchronous Orbit Particle An-141

alyzer (SOPA) and Magnetospheric plasma analyzer (MPA) instruments. The measured142

ion fluxes are decoupled into three major ring current ion species according to the statis-143

tical formulation by Young et al. [1982]. The magnetic field needed in the RAM model144

is self-consistently estimated from the force-balanced 3D equilibrium magnetic code [Za-145

haria et al., 2006]. The electric field is derived from the field-aligned currents, calculated146

from the pressure and magnetic gradient in the inner magnetosphere [Vasyliunas, 1970],147

and ionospheric conductance that is determined by both magnetospheric particle precipita-148

tion and solar irradiance [Yu et al., 2017].149

The losses of both ring current electrons and ions are included in the RAM-SCBE150

model. The electron loss processes incorporated in the model include the pitch angle scat-151

tering by chorus/hiss waves at regions outside/inside the plasmapause [Yu et al., 2016; Jor-152

danova et al., 2016; Albert, 2005; Horne et al., 2013; Glauert et al., 2014]. The ion loss153

processes specified in the model include adiabatic loss, charge exchange with hydrogen154

geocorona and pitch angle diffusion associated with EMIC wave scattering [Jordanova155

et al., 2001; Shreedevi et al., 2021; Zhu et al., 2021]. The pitch angle diffusion processes156

of both electrons and ions are solved by a diffusion equation, in which pitch angle diffu-157

sion coefficients are demanded. In this study, the diffusion coefficients for electrons are158

determined by the quasilinear theory using the PADIE code [Albert, 2005; Horne et al.,159

2013; Glauert et al., 2014]. The diffusion coefficients for ions are calculated similarly160

with the quasi-linear theory following Ni et al. [2015] and Cao et al. [2016]. The statis-161

tical global distribution of EMIC wave intensity was derived by Saikin et al. [2016] based162

on Van Allen Probes measurement. Details of how the diffusion processes due to cho-163

rus/hiss waves and EMIC waves are implemented in the model can be found in Yu et al.164

[2016], Shreedevi et al. [2021] and Zhu et al. [2021]. Following these scattering processes,165

particles entering loss cones precipitate down to the atmosphere.166

3.2 Global Airglow (GLOW) Model167

The GLOW model [Solomon, 2017] takes into account the photoionization due to168

the solar radiation, the impact from both precipitating electrons and protons and the sec-169

ondary photoelectrons generated in the photoionization. The model solves two-stream170

Boltzmann equations to model the electron transport through the atmosphere. The ioniza-171
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tion rates due to precipitating protons are computed based on the parameterization in Fang172

et al. [2010, 2013]. The model determines altitude profiles of emission rates, ionization173

rates, electron density and conductivity from ∼ 70 km to ∼ 600 km [McGranaghan et al.,174

2015; Solomon, 2017; Bailey et al., 2002]. The GLOW model takes inputs, such as neutral175

density and temperature, from the empirical thermosphere model (i.e., NRLMSISE-00)176

[Picone et al., 2002].177

In this study, the GLOW model is integrated to the ring current model RAM-SCBE178

[Yu et al., 2018] and receives the precipitating flux of both electrons and protons from the179

RAM-SCBE model. The altitude profiles of electron density and both Hall and Pedersen180

conductivities from the GLOW model are then integrated over height to yield the conduc-181

tance, which is further used to determine the convective electric potential, needed by the182

RAM-SCBE model.183

4 Observations184

The 17 March 2013 storm event is driven by a coronal mass ejection (CME) with185

an interplanetary shock impinging the magnetosphere at 06:00 Universal Time (UT), as186

shown in Figure 1(a, b). The SYM-H index reaches its minimum of -100 nT around 10:30187

UT and further decreases to -132 nT at 20:00 UT. After an initial fast recovery, the storm188

experiences a long recovery phase. Following the storm sudden commencement (SSC),189

the AE index increases to above 500 nT and remains at a high level, suggesting substantial190

substorm injections during the storm main phase.191

Figure 1(c) shows the positions of two NOAA satellites projected down to the sur-192

face and two ground-based stations (PINA and THRF stations of CARISMA). At ∼22:40193

UT, the NOAA-15 spacecraft was located in the post-noon sector around MLT∼16, and194

the MetOp-02 spacecraft was in the pre-midnight sector around MLT∼21. The two sta-195

tions were positioned closely, near the trajectory of NOAA-15 at MLAT∼58 and MLT∼15.7.196

Figure 1 (d, e) displays the power spectrum density (PSD) of geomagnetic pulsation at the197

two stations. The He+ and O+ ion gyrofrequencies are calculated with the TS05 model198

[Tsyganenko and Sitnov, 2005] at the equatorial plane after mapping the location of the199

ground stations to the equator. From 21:30 UT to 23:00 UT, the PSD at the frequency of200

∼0.5Hz (i.e., the band of Pc1 waves) was between the O+ and He+ ion gyrofrequency.201

This is a signature of the He-band EMIC waves at the equatorial plane [Sakaguchi et al.,202
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2008; Yuan et al., 2012], which may be generated in the magnetosphere and propagate203

down to the ground. Around 22:45 UT, the NOAA-15 satellite flew over the PINA and204

THRF stations and detected a remarkable enhancement in the precipitating proton flux.205

The observed proton flux of 30-80 keV is about one order of magnitude larger than the206

precipitating electron flux, while that of 100-200 keV is more or less comparable to the207

electron flux, as shown in Figure 1(f). Given the close locations between the NOAA-15208

satellite and the two stations, the large proton precipitation is likely induced by the EMIC209

waves in the magnetosphere.210

MetOp-02 at MLT ∼20.7 also detected large proton precipitation of 30-80 keV, com-211

parable to that of electrons of 30âĂŞ100 keV as shown in Figure 1(g). The precipitating212

flux of the higher-energy protons (80-250 keV) is even ten times larger than that of the213

electrons (100-300 keV). Unfortunately, observational facilities near this spacecraft trajec-214

tory were too limited to measure the wave activity. Nevertheless, based on these obser-215

vations, we can infer that proton precipitation over 30 keV provides either as much as or216

more energy deposition than the electron precipitation does to the dusk sector ionosphere.217

The proton precipitation is one of the important energy sources for the ionosphere in these218

regions. To examine the global distribution of ion precipitation in association with EMIC219

waves and subsequent influence on the ionosphere, we next use the RAM-SCBE model220

coupled with the GLOW model to simulate this event.221

5 Simulation Results222

Since the wave activity occurred during the well-known 17 March 2013 magnetic223

storm, we simulate the whole-day storm event to reveal both temporal evolution and spa-224

tial distribution of the particle precipitation and ionospheric responses.225

5.1 EMIC wave induced proton precipitation226

Similar to previous studies [Shreedevi et al., 2021; Zhu et al., 2021], we adopt the227

statistical EMIC wave model derived based on many-year observations of the Van Allen228

Probes and categorized by the AE index [Saikin et al., 2016]. According to the AE in-229

dex at a particular time, we interpolate the statistical model onto the spatial grids in the230

model. Figure 2(a,b) shows the global distribution of both H-band and He-band EMIC231

wave intensity at 22:40 UT. It can be seen that the H-band EMIC wave predominately232
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appears in the prenoon-to-dusk sector with its peak intensity in the dusk, while the He-233

band wave occurs in a similar region but peaks on the dayside. For L < 6 Re, this sta-234

tistical distribution of He-band EMIC wave is similar to that of the recent work by Jun235

et al. [2021], such that both show the peak occurrence in the noon-to-dusk sector (i.e., 12-236

21MLT). But the used statistical distribution of H-band EMIC wave shows wider MLT237

coverage than that of Jun et al. [2021], which mainly occurs in the noon sector (i.e., 10-238

14MLT). Based on such wave intensity, the pitch angle diffusion coefficient 〈Dαα〉 is cal-239

culated from quasi-linear theory, as a function of energy and pitch angle. Figure 2(c,d)240

show such coefficients at MLT = 18 and L = 4. These coefficients suggest how fast the241

particles can be resonantly scattered by waves. The H-band EMIC waves appear to be242

capable of scattering low-energy (E < 1 keV) ions while the He-band EMIC waves can243

interact with ions with higher energies (E > 10 keV). Figure 2 (e, f) shows the precipitat-244

ing proton flux at E = 1 keV and 40 keV over the ionosphere. The black dots represent245

the plasmapause boundary mapped from the magnetosphere. Intense precipitation occurs246

in the noon-to-midnight sector in the vicinity of the plasmapause, where EMIC waves247

are mostly active. The precipitation of low-energy protons mainly occurs in the dusk-to-248

midnight sector, while the higher-energy mainly occurs in the prenoon-to-midnight sector.249

In the presence of EMIC wave scattering, the proton precipitation at all energy ranges en-250

hances and extends widely to almost all MLT sectors.251

5.2 Ionospheric responses252

We further analyze the precipitating flux spectra of both electrons and protons at253

MLT = 18 and MLAT = 60◦ (L ∼ 4 Re), and the corresponding responses in the altitudi-254

nal ionosphere. Two simulations, with the EMIC waves included or excluded, are carried255

out for comparison. The simulation without EMIC wave scattering shows that the storm-256

time electron precipitation flux mainly exhibits a power-law distribution, with larger flux257

at lower energies, as shown in Figure 3(b). At some instances, a high-energy tail emerges258

above 10 keV, for example around 15:00 UT. In contrast, the proton precipitation flux is259

nearly negligible (Figure 3(a)). On the other hand, when the EMIC wave is included in260

the simulation, the proton precipitating flux of E < 100 keV is significantly enhanced261

(Figure 3 (f)). This is because the H-band EMIC wave can diffuse ions of lower energy262

(0.1-a few keV) and the He-band EMIC wave is more effective in ion scattering of E >263

10 keV. Compared to the other simulation, the precipitating flux of lower-energy electrons264
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is suppressed in this case. But that of 3 < E < 40 keV electron is occasionally enhanced265

largely during 12:00-18:00 UT and after 21:00 UT, as seen in Figure 3 (g). Such a high-266

energy tail in the electron flux spectrum is found to be related to the elongated plasmas-267

phere plume rotating into the afternoon-dusk sector (the time evolution of the plasmapause268

position is shown in Figure 4 (g)), in which the hiss waves can effectively diffuse these269

tens of keV electrons. In this high-energy tail, the enhancement shows a dispersed fea-270

ture. Higher-energy electrons precipitate first, followed by lower-energy electron precipita-271

tion. The red curve represents the energy flux. The protons seem to carry as much energy272

flux as electrons at this location, except in periods when intermittent energetic electrons273

are precipitated away from the plasmaspheric plume. Comparing the two simulations, we274

note that the precipitating electron flux is significantly altered after the inclusion of EMIC275

waves. Although EMIC waves do not directly interact with the ring current electrons, the276

proton precipitation into the ionosphere and consequent changes in the ionosphere must277

have caused feedback effects in the circulation system, which then further changes the278

electron dynamics in the magnetosphere.279

Driven by the above differential fluxes, we then examine the ionospheric responses280

as simulated by the GLOW model. Figure 3 (c-e; h-j) shows the temporal evolution of281

the height-dependent electron density, Pedersen and Hall conductivities at MLT = 18 and282

MLAT = 60◦ from both simulations. In the simulation with EMIC waves excluded, the283

electron density in the E/F region is around 105 cm−3 while the low altitudes (< 100284

km) region is weakly enhanced around 15:00 - 16:00 UT and after 23:00 UT. The Ped-285

ersen conductivity displays two distinct layers around 120 km and 85 km respectively. The286

low-altitude conductivity layer is associated with energetic precipitating electrons that can287

penetrate deeper to lower altitudes and produce larger electron density [Yu et al., 2018;288

Hosokawa and Ogawa, 2010]. The high-energy tails (> 10 keV) in the electron flux spec-289

tra shown in Figure 3(g) provide the necessary sources.290

On the other hand, when the EMIC waves are included and considerable precipi-291

tating protons travel downward to the ionosphere, the ionospheric electron density and292

ionization rate change significantly. The electron density in the E/F region above 100 km293

is enhanced by an order of magnitude. Such large ionization lasts throughout the entire294

storm time. This is because the proton precipitation is more persistent at this location dur-295

ing storm time. According to Fang et al. [2010, 2013], protons of 10-100 keV can induce296

large ionization (> 1.0×103/s) for altitude from ∼ 200 km down to ∼ 100 km, while elec-297
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trons of the same energy can yield large ionization as deep as 120-80 km. The enhanced298

ionization below 100 km after 12:00 UT is thus mostly attributed to the precipitating elec-299

trons of 3-40 keV, as shown in Figure 3(g). The dispersed enhancement of the D region300

electron density is well correlated with the dispersed energy tail in the electron flux spec-301

trum. Meanwhile, both conductivities in the E and F regions are greatly amplified. The302

Pedersen conductivity exhibits a primary peak at 120 km that is more sustained than in303

the previous simulation. This is likely the result of continuous proton precipitation. The304

sublayer conductivity at 80 km shows quasi-periodic dispersed enhancement, in accor-305

dance with the electron precipitation in the high-energy tail. The Hall conductivity primar-306

ily peaks around 110 km, with its large intensity sometimes extending below 97 km after307

11:00 UT and also showing a two-layer structure temporally. Hosokawa and Ogawa [2010]308

pointed out that there is a characteristic altitude at ∼97 km, where the ions are completely309

constrained to neutrality and the motion of electrons is partially disturbed by the collision310

with the neutrals. This characteristic altitude determines the boundary between the ion-311

sâĂŘdominating conductivity layer and the electronsâĂŘdominating conductivity layer.312

Figure 4 shows the precipitating energy flux and height-integrated conductance over313

the ionosphere, and the mapped electric potential at the equatorial plane at 22:40 UT.314

When the EMIC waves are not included, the precipitation energy flux of protons is very315

low, while the precipitating electron energy flux is predominantly high in the dawn sector316

as well as in the post-noon sector. As a result, both Pedersen and Hall conductances are317

large in the midnight-to-dawn sector and the noon-to-dusk sector (Figure4(c)). However,318

when the effect of EMIC waves is included in the simulation (Figure 4(b)), the proton319

energy flux increases in the dusk-to-midnight sector and the conductance is remarkably320

augmented over there, substantially replenishing the low conductance region in the dusk321

sector (Figure 4(d)). The dusk sector Pedersen conductance reaches 15 mhos and the Hall322

conductance is even higher. After comparing the two simulations, we find that the electric323

potential is notably altered such as the potential is weaker in the new simulation, espe-324

cially in the dusk sector. This could influence the particle dynamics in the magnetosphere.325

The less-skewed and less-concentrated potential contours in the new simulation tend to326

result in a smaller electric field in the afternoon-to-dusk sector and hence slower drift ve-327

locity of source particles towards the Earth. Thus the plasmasphere is less eroded (from328

59◦ to 57◦ at MLT = 18, i.e., the red lines) and the plasmapause is positioned at larger329

L shells, as shown in Figure 4(g). As the hiss waves inside the plasmapause could scat-330
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ter energetic electrons, an eastward-shifted plasmasphere plume leads to more energetic331

electron precipitation at dusk. This could explain the high-energy tail in the precipitating332

electron flux as shown in Figure 3(g).333

6 Comparisons with observations334

Lastly, we compare our simulation results to observations to validate and better un-335

derstand the fidelity of the model. Figure 5 shows both simulated and observed precipi-336

tating flux along NOAA-15 and MetOp-02 spacecraft. Along the NOAA-15 satellite, the337

model captures the intensity of the proton flux of 30-80 keV for L > 4 regions. The pro-338

ton flux of 80-250 keV (solid green line) is underestimated for L > 4 and the precipitating339

electron flux is overestimated for 3.5 < L < 5.5, resulting in a dominance of electron flux,340

which is opposite to the data. One reason for such discrepancies is probably because the341

wave models (both EMIC waves and chorus waves) used in this study are all statistics-342

based, which cannot precisely represent the wave activity at this moment and location.343

As for the flux along the MetOp-02 trajectory, the model reproduces the intensity of the344

precipitating proton flux at both energy channels (solid lines) for L > 3.7. The simulated345

electron flux is also comparable to the data for the energy channel of 30-100 keV. Like346

in the data, the precipitating proton flux in the model dominates the electron flux at the347

higher-energy channel and is comparable to the electron flux at the lower-energy chan-348

nel. These similarities indicate a reasonable capability of the model in this region. Along349

both trajectories at lower L-shells (L < 3.7), the model predicts more precipitation than350

observations. The dropout boundary is closer to the Earth than in the data. This is prob-351

ably caused by the under-shielding of the electric field in the current model [Yu et al.,352

2015; Shreedevi et al., 2021]. Another possibility is that the statistical wave model sug-353

gests waves at much lower L-shells than in reality during this particular event. As shown354

in Figure 2, the EMIC wave amplitude implemented in the model is fairly strong in the355

noon-to-dusk sector even down to L = 3, but the EMIC waves observed by the PINA and356

THRF ground-based stations occur around L = 4 at MLT = 16. We screened other stations357

at lower latitudes and found no EMIC wave activity, implying that the EMIC waves are358

not likely to occur at such small L-shell regions as low as L = 3.359

We also compare the ionospheric electron density at mid-latitudes around 52◦ − 55◦360

where the Millstone Hill ISR is located. During this event, the radar data is only avail-361

able during the daytime. Figure 6(a) shows an example of the simulated precipitating flux362
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spectra of both protons and electrons at the Millstone Hill ISR location at 22:38 UT (at363

MLT ∼ 18.1 and MLAT ∼ 52◦). When the effect of EMIC waves is excluded, the precip-364

itating electron flux (green dash line) is around 102/cm2/s/keV for E > 5 keV, being the365

only particle precipitation source into the atmosphere. When the EMIC wave scattering is366

added, the electron flux (red dash line) enhances at lower energies (< 5keV) but decreases367

at higher energies (> 40keV). Such change of electron precipitation is due to the feedback368

effect within the coupled system, as discussed above. On the other hand, the proton pre-369

cipitation enabled by the EMIC wave scattering is significantly enhanced at the radar lo-370

cation, about 1-2 orders of magnitude larger than the electrons. Although the high-energy371

tail in the precipitating electron flux diminishes in this case, the proton precipitating flux372

spectrum is hard above 50 keV.373

Shown in asterisks for comparisons are the observed electron density by the Mill-374

stone Hill ISR, and calculated Pedersen and Hall conductivities determined by the electron375

density data. When the EMIC waves are not included and the incident particles are solely376

electrons (green line), the F region electron density between 120-150 is slightly under-377

estimated. When the EMIC waves are considered and the incident particles contain both378

precipitating electrons and protons (red line), the electron density in the F region is lifted,379

exceeding the data slightly. Both profiles show small disagreement from the observations.380

Overall, the GLOW model can capture the major characteristics of the ionosphere in the381

E/F regions. Although the photoionization remains as the main energy source of ioniza-382

tion with a solar elevation angle of 2.5◦ at the radar location, the impact of the EMIC383

wave-induced proton precipitation is still strong (red line). The simulated E/F region elec-384

tron density is enhanced from 6.5× 104cm−3 to 7.2× 104cm−3 after the inclusion of the in-385

cident protons, amplifying the Pedersen conductivity from 3.5× 10−5S/m to 1.0× 10−4S/m386

at 120 km. These ionospheric parameters are enhanced by a factor of about 2-3.387

7 Discussion and Summary388

Electron precipitation is widely recognized as one of the major energy sources in the389

ionosphere, but recent studies found that the contribution of precipitating protons to the390

total energy deposition is also not negligible. How the ionosphere responds to the proton391

precipitation in a global context is still not fully understood and this is the main subject392

of this study. We report a proton precipitation event that occurred in the late storm main393

phase of the 17 March 2013 storm and simulated the global proton precipitation and sub-394
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sequent responses in the ionosphere using a kinetic ring current model RAM-SCBE cou-395

pled with an ionospheric electron transport code GLOW.396

After applying a statistical EMIC wave model to drive the proton scattering in the397

magnetosphere, we found that the EMIC wave diffusion process can result in significant398

precipitation of tens of keV protons in the noon-dusk sector near the plasmapause. In con-399

trast, the electron precipitating flux at dusk is not as much. Through the GLOW model,400

we further investigated the height-dependent ionospheric responses. Driven by the EMIC401

waves, the tens of keV proton precipitation largely amplify the ionospheric electron den-402

sity and conductivity in the E and F regions. On the other hand, energetic electrons in the403

high-energy tail of the precipitating spectrum cause the enhancement of the D region con-404

ductivity below 100 km. The integrated auroral conductance is significantly enhanced in405

the dusk-to-midnight sector. Interestingly, although the EMIC waves do not directly in-406

teract with the ring current electrons, after we included the EMIC wave scattering in the407

model, remarkable changes were found in the global distribution of precipitating electron408

flux. For example, the shape of the precipitating spectrum of electrons at dusk is changed409

after the inclusion of EMIC wave scattering in the simulation. This means that the addi-410

tion of proton precipitation driven by EMIC waves results in feedback effects on the ring411

current electron dynamics through the circulation system. The convective electric potential412

is notably altered in the dusk sector, which further influences the drift velocity of mag-413

netospheric particles and their precipitating loss. Our future studies will investigate these414

feedback effects in detail.415

Comparisons with NOAA satellite measurements indicated that the model can roughly416

capture major features, such as the intensity of precipitating flux of tens of keV protons417

for L > 4. Along the MetOp-02 trajectory, the dominance of precipitating proton flux over418

electron flux was reproduced, but such a phenomenon was missed along the NOAA-15419

satellite. The cause of disagreement may be a result of using statistical wave models as420

the averaged condition can be very different from the event-specific wave activity. Com-421

parisons with Millstone Hill radar observations of electron density and derived conduc-422

tivity at mid-latitudes suggested that the GLOW model, driven by the precipitating parti-423

cles and EUV radiation, can reasonably well capture the altitudinal characteristics of the424

ionosphere. With the inclusion of EMIC wave-induced proton precipitation, the simulated425

electron density in the E/F region changed by a factor of 2-3. Given the strong photoion-426
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ization at the radar location, the impact of proton precipitation only made the limited con-427

tribution. Overall, the simulation results showed good agreement with the data.428

It should be noted that the resolution of our ring current model is �MLT = 1 hour429

and �L = 0.25 Re, so the global model is not able to capture the localized EMIC-wave430

particle interaction especially in the longitudinal dimension. On the other hand, a sta-431

tistical distribution of the EMIC waves may not be suitable for a single event study, as432

the statistics represents average conditions. In the future, we will consider increasing the433

model resolution to include smaller-scale physics and improve the model self-consistency434

by identifying the wave instability before incorporating the wave-particle interaction.435
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Figure 1. (a) SYM-H index and (b) AE index on 17 March 2013. (c) The location of PINA and THRF

ground-based magnetometer and the orbit of NOAA-15 (red line) and MetOp-02 (black line). (d, e) The

power spectrum density of the D component (geomagnetic east-west) of geomagnetic pulsation is measured

by the PINA and THRF stations. The red and green lines indicate the He+ and O+ ion gyrofrequencies at the

equatorial plane, respectively. (f, g)The observations of proton and electron precipitation flux over different

energy ranges from the NOAA-15 and MetOp-02.
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Figure 2. (a,b) The EMIC wave magnetic field density IBw, the diffusion coefficient 〈Dαα〉 as a function

of energy and pitch angle at MLT = 18 and L = 4 and the precipitating proton flux at different energies (E = 1

keV and 40 keV) at ionospheric altitudes from the simulations with EMIC waves at 22:40 UT. Fig 2(a, c): H-

band EMIC wave; Fig 2(b, d): He-band EMIC wave. The black dots indicate the latitude of the plasmapause

location mapped from the magnetosphere.
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Figure 3. The time evolution of precipitating proton and electron flux spectra and the height-dependent

electron density, ionization rate, Pedersen conductivity and Hall conductivity at MLAT = 60◦ and MLT = 18

obtained from two simulations (Fig(a-e): without EMIC waves; Fig(f-j): with EMIC waves). The red lines

represent the precipitating energy flux.
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Figure 4. The energy flux (top row), the ionosphere Pedersen and Hall conductance (middle row) at the

ionosphere altitude and the electric potential and plasmapause location (bottom row) in the equator at 22:40

UT were obtained from two simulations. Fig(a, c and e): without EMIC waves; Fig(b, d and f): with EMIC

waves. The energy flux and conductance panels use the geomagnetic latitude, whereas the electric potential

and plasmapause location panels use L-values as the radial coordinate.
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Figure 5. The observations (a, c) and simulations (b, d) of proton and electron precipitation flux over

different energy ranges.
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Figure 6. (a) The simulated precipitation flux spectra of proton and electron (MLT ∼ 18.1, MLAT∼ 52◦

and 22:40 UT). (b) The GLOW model results of ionization rate, electron density, Pedersen conductivity and

Hall conductivity (red lines: The EMIC waves are considered and the incident particles contain both precip-

itating electrons and protons; green lines: The EMIC waves are not included and the incident particles are

solely electrons; blue dashed line: The EMIC waves are considered and the incident particles contain only

precipitating electrons; Black asterisk: observations from the Millstone Hill ISR).
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