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Key Points:25

• EMIC wave activity and proton precipitation were observed simultaneously in the26

dusk-midnight sector during the 27 May 2017 storm27

• The BATSRUS+RAM-SCB model can capture the EMIC wave growth during the28

storm qualitatively29
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• The EMIC wave scattering of ring current ions can account for the proton pre-30

cipitation in the dusk-midnight sector during the storm31

32
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Abstract33

Recent simulation studies using the RAM-SCB model showed that proton precipitation34

contributes significantly to the total energy flux deposited into the subauroral ionosphere35

thereby affecting the magnetosphere-ionosphere (MI) coupling. In this study, we use the36

BATS-R-US+RAM-SCB model to understand the evolution of ElectroMagnetic Ion Cy-37

clotron (EMIC) waves in the inner magnetosphere, their correspondence to the proton pre-38

cipitation into the subauroral ionosphere, and to assess the performance of the model in39

reproducing the EMIC wave-particle interactions. During the 27 May 2017 storm, Arase40

and RBSP-A satellites observed typical signatures of EMIC waves in the inner magne-41

tosphere. Within this interval, DMSP and NOAA/MetOp satellites observed significant42

proton precipitation in the dusk-midnight sector. Simulation results show that H- and He-43

band EMIC waves are excited within regions of strong temperature anisotropy near the44

plasmapause. The simulated growth rates of EMIC waves show a similar trend to that of45

the EMIC wave power observed by the Arase and RBSP-A satellites, suggesting that the46

model can reproduce the EMIC wave activity qualitatively. The simulated H-band waves47

in the dusk sector are stronger than He-band waves possibly due to the presence of excess48

protons in the boundary conditions obtained from the BATS-R-US code. The precipitating49

proton fluxes reproduced by the simulation with EMIC waves are found to agree reasonably50

well with the DMSP and NOAA/MetOp satellite observations. It is suggested that EMIC51

wave scattering of ring current ions can account for proton precipitation observed by the52

DMSP and MetOp satellites during the 27 May 2017 storm.53

1 Plain Language Summary54

During geomagnetic storms, plasma waves are generated in the Earth’s magnetosphere.55

Among these waves, ElectroMagnetic Ion Cyclotron (EMIC) waves can scatter protons56

from the ring current, causing them to precipitate into the subauroral ionosphere. Such57

precipitation not only affects the midlatitude ionosphere but also impacts the dynamics of58

the magnetosphere. Understanding the origin of magnetospheric plasma waves and how59

they interact with the magnetospheric populations, along with their subsequent impact60

on the ionosphere, is crucial for predicting space weather accurately. In our study, we61

combined ground and satellite observations with simulations using the BATS-R-US+RAM-62

SCB to investigate EMIC wave-particle interactions in the inner magnetosphere and the63

resulting proton precipitation during the May 27, 2017 storm. We found that EMIC waves64
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were excited in the dusk-midnight sector during the storm’s main phase, within the regions65

of strong temperature anisotropy. The simulations reproduced the proton precipitation66

observed in the dusk-midnight sector by the DMSP/NOAA MetOP satellites fairly well.67

The model qualitatively captured the growth of the EMIC waves during the storm and68

showed that the EMIC waves, by scattering the ring current, were responsible for the proton69

precipitation into the dusk-midnight sector during the storm.70

2 Introduction71

Particle precipitation is a phenomenon unique to the high-latitude ionosphere that re-72

sults from the dynamic coupling of the magnetosphere and the ionosphere. Depending on73

the solar wind driving conditions, several processes occur in the magnetosphere that can74

drive particle precipitation into the ionosphere and modulate the ionospheric electrodynam-75

ics [Meredith et al., 2009; Ni et al., 2012; Xiao et al., 2013; Yu et al., 2015; Zhang et al., 2015;76

Miyoshi et al., 2015a; Shreedevi et al., 2016; Kasahara, 2018; Shreedevi et al., 2019; Miyoshi77

et al., 2020; Fukizawa et al., 2020; Zhu et al., 2021a]. The restructuring of the ionosphere78

due to particle precipitation can lead to disruption of the radio signals used for satellite79

navigation and communication [Shreedevi et al., 2020; Alfonsi , 2022], and the field-aligned80

currents (FACs) carried by particle precipitation can cause geomagnetically induced cur-81

rents capable of disrupting the electrically conducting technological systems in high latitude82

regions [Ganushkina et al., 2017; Gannon et al., 2019]. It can also affect the atmosphere’s83

chemical composition and lead to ozone loss in the lower atmosphere [Miyoshi et al., 2021;84

Verronen et al., 2021]. Particle precipitation is, therefore, a major source of energy input85

into the high latitude ionosphere and has great impact on space weather.86

Diffuse auroral precipitation is known to be the major contributor to the ionospheric87

energy budget, amounting to about 83%/71% of the total energy flux into the ionosphere88

during low/high solar wind driving conditions [Newell et al., 2009]. Typically, the width of89

the diffuse aurora extends over 5◦-10◦ in latitude and, when mapped along the magnetic90

field lines, traces to the magnetospheric regions extending from the ring current to the91

central plasma sheet [Meredith et al., 2009; Nishimura, 2020]. Both electrons and protons92

contribute to the diffuse aurora with about 63%/21% and 57%/14% of the diffuse energy93

flux during periods of low/high geomagnetic activity [Newell et al., 2009], suggesting that94

electron precipitation is the primary source of energy flux in the diffuse aurora. Studies95

of waves and precipitating fluxes have revealed that the most likely mechanism for the96
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diffuse electron aurora is wave-particle interactions in the inner magnetosphere [Meredith97

et al., 2009; Miyoshi et al., 2015a], whereas that for the diffuse proton aurora it is the Field98

Line Curvature (FLC) scattering of inner magnetospheric protons [Zhu et al., 2021a; Yu99

et al., 2020]. Specifically, magnetospheric plasma waves such as whistler-mode chorus and100

electron cyclotron harmonic waves are effective in pitch angle scattering the electrons into101

the nightside ionosphere and causing the diffuse electron aurora [Ni et al., 2008; Meredith102

et al., 2009; Miyoshi et al., 2015b, 2020; Kasahara, 2018; Ozaki et al., 2019; Fukizawa et al.,103

2020]. Within regions of L≤8RE in the inner magnetosphere, whistler-mode chorus waves104

are the dominant mechanism for precipitation loss of electrons [Thorne, 2010], while beyond105

L=8RE , electron cyclotron harmonic waves are effective in producing the diffuse electron106

aurora [Ni et al., 2012; Zhang et al., 2015]. Additionally, the efficiency of diffuse auroral107

scattering by ECH waves might be significant in the inner magnetosphere, particularly108

around L∼6RE [Ni et al., 2011; Lou et al., 2021; Fukizawa et al., 2022; Yang et al., 2023].109

Regions of intense proton precipitation where the precipitating proton energy flux ex-110

ceeds that of electrons have been observed in the dusk-midnight sector at latitudes equator-111

ward of the boundary of the diffuse auroral oval [Lui et al., 1977; Hardy et al., 1989; Galand112

et al., 2001; Yahnin and Demekhov , 2018; Semenova et al., 2019].Tian et al. [2020] assessed113

the correlation of energetic electron and proton precipitation boundaries with geomagnetic114

activity using the NOAA observations. They showed that the inner boundary of the 30-80115

keV proton precipitation moves earthward during the storm’s main phase and observed that116

the maximum precipitation flux in these regions is nearly one order of magnitude higher117

than that of the electrons. Based on the same datasets, Ma et al. [2022] established a model118

of isotropic boundary for 30-80 keV protons as a function of Kp indices, showing general119

variations of the latitudinal boundary of proton precipitation. The localized proton auro-120

ras, which are distinct regions visibly separated from the main auroral oval, and dominated121

by proton precipitation, typically appear in the dusk-midnight sector at lower magnetic122

latitudes during periods of intense geomagnetic activity [Frey , 2007]. The global images123

of the proton aurora by the IMAGE satellite showed that the detached subauroral proton124

aurora could be of a considerably large spatial and temporal extent [Jordanova et al., 2007].125

Magnetically conjugate observations of regions dominated by proton precipitation on the126

dayside have also been reported [Immel et al., 2002]. Ground magnetic pulsations in the127

Pc1 and Pc5 range have been observed near the regions dominated by proton precipitation128

[Mauk and McPherron, 1980; Yahnina et al., 2003; Miyoshi et al., 2008].129
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Statistical/case studies using particle flux measurements show that the localized pre-130

cipitation of ions in the subauroral region has a good correlation to the occurrence of EMIC131

waves in the inner magnetosphere [Soraas et al., 1980, 1999; Morley et al., 2009; Ni et al.,132

2016; Popova and Chernyaeva, 2018; Tian et al., 2023]. EMIC waves, usually classified as133

H-, He- and O-band waves originate near the earth’s magnetic equator and propagate along134

magnetic field lines in the frequency range of 0.1-5 Hz. EMIC waves occur naturally from135

the temperature anisotropy of the medium energy ions (1-100keV) [Cornwall , 1965] and are136

observed during magnetically disturbed as well as quiet times [Saikin et al., 2016]. Satellites137

have observed EMIC waves predominantly in the dusk-midnight and the prenoon sectors,138

with occurrence rates decreasing towards lower L shells [Usanova et al., 2012; Min et al.,139

2012; Keika et al., 2013a; Saikin et al., 2015]. The EMIC waves observed at lower L shells140

in the dusk-midnight sector are known to occur due to the fresh injections of plasma sheet141

ions into the ring current region during geomagnetic storms/substorms [Jordanova et al.,142

2001; Guan et al., 2020] ,whereas those observed at higher L shells in the prenoon sector are143

associated with compressions of the dayside magnetosphere due to fluctuations in the solar144

wind dynamic pressure [McCollough et al., 2009; Usanova et al., 2012; Liu et al., 2019].145

Theoretical calculations show that EMIC waves are easily excited in regions of enhanced146

cold plasma density and low magnetic field intensity in the equatorial plane [Fraser et al.,147

1989; Cornwall et al., 1970; Hu et al., 1990; Horne and Thorne, 1993; Jordanova et al.,148

2001]. The plasmapause and the plasmaspheric drainage plume are hence the regions where149

the convective growth rates of the EMIC waves are expected to be high [Cornwall et al.,150

1970; Fraser and Nguyen, 2001].151

Although both EMIC wave and FLC scattering contribute to the loss of magnetospheric152

ions, the majority of the precipitation loss due to scattering from EMIC waves occurs at153

lower L shells (L≤4), whereas that resulting from FLC scattering primarily occurs at higher154

L shells (L>4-5) [Zhu et al., 2021a; Yu et al., 2020]. Jordanova et al. [1997, 2006] calculated155

self-consistently the generation of He-band EMIC waves by anisotropic ring current ions156

with the Ring current Atmosphere interactions Model with Self-consistent Magnetic field157

(RAM-SCB). They showed that the pitch-angle scattering of the ring current ions with the158

He-band EMIC waves led to significant proton precipitation within regions of enhanced wave159

excitation in the dusk sector, followed by pitch angle isotropization and reduction of further160

wave growth. Shreedevi et al. [2021] implemented a statistical model of both H- and He-161

band EMIC waves in the RAM-SCB model and found that including H-band waves in the162
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RAM-SCB model led to better agreement with the ion flux measurements from the DMSP163

and NOAA satellites. Zhu et al. [2021a] investigated the relative contributions of FLC and164

EMIC wave scattering to the energetic ion precipitation using the RAM-SCB model. They165

found that the ionospheric conductance due to the proton precipitation associated with166

FLC scattering has a negligible influence on the electric potential. On the contrary, the167

ionospheric conductance in the dusk-midnight sector is greatly enhanced due to the EMIC168

wave-induced proton precipitation and has a significant influence on the electric potential in169

the dusk sector. Tian et al. [2022], using the simulations of the RAM-SCB model coupled170

with the GLOW model, showed that E-region conductivity and ionospheric electron density171

in the dusk-midnight sector is amplified by the EMIC wave-induced precipitation of tens of172

keV of protons, further leading to enhancement of the integrated auroral conductance.173

As described, particle precipitation is an important link between the magnetosphere and174

the ionosphere and an essential component of space weather. To obtain realistic predictions175

of the global patterns of ionospheric conductivity and the ionospheric electric potential,176

which are key variables that determine space weather, it is necessary to accurately rep-177

resent the mechanisms responsible for particle precipitation in modeling it. Over the past178

decade, significant improvements have been made to the RAM-SCB model [Jordanova et al.,179

2022] and the role of wave-particle interaction and FLC scattering in precipitation loss into180

the ionosphere has been demonstrated using global simulations and ground/satellite-based181

observations [Jordanova et al., 1996, 2001; Yu et al., 2020; Tian et al., 2022; Shreedevi182

et al., 2021; Zhu et al., 2021a]. Most of these simulation studies focused on understand-183

ing the ionospheric response in terms of ion and electron precipitation, and the resulting184

changes in global conductivity and electric potential. It is, however, difficult to fully verify185

the mechanisms for the evolution of EMIC waves in the inner magnetosphere and asso-186

ciated ionospheric effects using either modelling or observational studies alone. To verify187

the mechanisms for the temporal and spatial evolution of EMIC wave activity in the inner188

magnetosphere and its relation to the ion precipitation at subauroral latitudes, simulation189

studies combining simultaneous measurements of the local conditions in the inner magne-190

tosphere and the ionosphere are essential. Hence in this study we simulate the evolution191

of EMIC waves and proton precipitation during storm time using the Block-Adaptive-Tree192

Solar-Wind Roe-Type Upwind Scheme (BATS–R–US)+RAM-SCB model and compare it193

with observations (1) to understand the causative mechanisms responsible for the temporal194

and spatial evolution of EMIC wave activity and proton precipitation into the subauroral195
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latitudes, and (2) to assess the performance of the BATS–R–US+RAM-SCB model in repro-196

ducing the EMIC wave-particle interactions. Comparison of the BATS-R-US+RAM-SCB197

simulations with the in situ measurements from Arase, RBSP-A, DMSP, NOAA MetOp198

satellites and ground magnetometers will provide insight into the mechanisms responsible199

for the EMIC wave generation as well as the resulting particle precipitation and be helpful200

in prediction of space weather effects in the ionosphere.201

3 Satellite/ground-based observations202

The onset and evolution of the geomagnetic storm event of 27-28 May 2017 is studied203

using the solar wind and geomagnetic parameters measured by the ACE/WIND satellites.204

These data are available on the OMNIWeb database and the World Data Center, Kyoto,205

respectively.206

The particle precipitation into the ionosphere is studied using the in situ measurements207

from the Defense Meteorological Satellite Program (DMSP) and the National Oceanic and208

Atmospheric Administration (NOAA) Meteorological Operational satellite (MetOp) 01 and209

02 satellites. The DMSP satellite is a polar sun-synchronous satellite orbiting at an altitude210

of ∼840 km with an orbital period of ∼101 minutes. We use the in situ particle fluxes211

in the energy range 30eV-30keV measured in 1-sec cadences by the Special Sensor J/4212

(SSJ/4) instrument onboard the DMSP satellites. The NOAA MetOp satellites are also213

sun-synchronous polar orbiting satellites with an orbital period of ∼102 minutes. The214

NOAA MetOp satellites carry the Medium Energy Proton and Electron Detector (MEPED)215

instrument, which includes a set of two particle detectors oriented in 0◦ and 90◦ directions.216

These detectors provide proton flux measurements in six energy bands and have information217

about precipitating and geomagnetically trapped particles, respectively. In this study, we218

use the 30-80 keV proton fluxes provided by both detectors at 16-sec cadences.219

The Arase satellite traverses the inner magnetosphere with an orbital inclination of220

∼31◦ and provides in situ measurements of particle fluxes and wave activity along its orbits221

[Miyoshi et al., 2018a]. We used the Magnetic Field Experiment (MGF) on board the Arase222

satellite [Matsuoka, 2018; Miyoshi et al., 2018a] to measure the EMIC wave activity in223

the inner magnetosphere. To understand the dynamics of energetic ion fluxes in the inner224

magnetosphere, we studied the H+, He+ and O+ fluxes in the medium energy range of 10-225

180 keV/q obtained by the medium-energy particle experiments-ion mass analyzer (MEP-i)226
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instrument [Yokota, 2017; Miyoshi et al., 2018a] onboard the Arase satellite. The ambient227

electron density in the inner magnetosphere was derived using the upper hybrid resonance228

deduced from the high-frequency analyser (HFA) of the Plasma Wave Experiment (PWE)229

[Kasahara, 2018; Kumamoto et al., 2018].230

The Van Allen Probes (Radiation Belt Storm Probes (RBSP)) [Mauk , 2013] also pro-231

vides information about the EMIC wave activity and the variability in the hot and cold232

particle fluxes in the inner magnetosphere. RBSP is composed of two identical satellites233

orbiting near the equatorial plane. In this study, we use observations only from the RBSP-234

A satellite. The EMIC wave activity in the inner magnetosphere was analysed using the235

tri-axial fluxgate magnetometer (MAG), which is a part of the Electric and Magnetic Field236

Instrument Suite and Integrated Science (EMFISIS) [Kletzing , 2013] instrument onboard237

the RBSP-A. The cold electron densities in the inner magnetosphere are derived using the238

high-frequency receiver (HFR), which is also a part of EMFISIS. The variations in the situ239

ion fluxes in the inner magnetosphere in the energy range of 1-50 keV are studied using the240

H+, He+ and O+ fluxes obtained by the Helium, Oxygen, Proton and Electron (HOPE)241

[Funsten, 2013] instrument. The HOPE instrument is a part of the energetic particle, com-242

position, and thermal plasma suite (ECT) [Spence, 2013].243

Information about the Pc1 wave activity at midlatitude stations Pinawa (PINA) and244

Thief River Falls (THRF) used in this study is obtained from the CARISMA (Canadian Ar-245

ray for Realtime Investigations of Magnetic Activity) chain of ground-based magnetometers246

[Mann et al., 2008].247

4 Model Description248

The RAM-SCB model computes the temporal evolution of the phase space distribution249

function Fl in the presence of electric and magnetic field self-consistently by coupling the250

RAM code with a 3D force-equilibrium model of the magnetic field (SCB) model and an251

electric field (RIM) model [Jordanova et al., 2006, 2010; Zaharia et al., 2006; Yu et al.,252

2017]. In the RAM-SCB model, the Ring current Atmosphere interactions Model (RAM)253

code determines the kinetic physics of the major species in the inner magnetosphere, i.e.254

H+, He+, O+ and electrons for all magnetic local times at L shells ranging from 2 to 6.5255

RE by solving the bounce-averaged kinetic equation given by:256
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∂Fl(t, Ro, ϕ, E, α)

∂t
+

1

R2

∂

∂Ro
(R2

o⟨
dRo

dt
⟩Fl) +

∂

∂ϕ
(⟨dϕ

dt
⟩Fl)

+
1

γp

∂

∂E
(γp⟨dE

dt
⟩Fl) +

1

hµo

∂

∂µo
(hµo⟨

dµo

dt
⟩Fl)

= ⟨(∂Fl

∂t
)loss⟩

(1)

where257

Ro is the radial distance in the magnetic equatorial plane,258

E is the kinetic energy of the particle, which varies from 0.15 keV to 400 keV,259

µo is the cosine of the equatorial pitch angle αo, α varies from 0 to 90◦ ,260

ϕ is the geomagnetic east longitude,261

p is the relativistic momentum of the particle,262

γ is the Lorentz factor,263

h(µo) is proportional to the bounce path length in the magnetic field.264

The three critical inputs needed to drive the RAM code are the time-dependent plasma265

conditions at the boundary of the model i.e., 6.5 RE , and the electric and magnetic field. The266

magnetic field required in the RAM code is obtained from a 3D force-balanced equilibrium267

model of the earth’s magnetic field. The coupling of the RAM code with the 3D force-268

equilibrium model of the magnetic field (B) is achieved using an iterative approach. Every269

5 minutes, the parallel and perpendicular plasma pressure distributions in the equatorial270

plane estimated by the RAM code are provided to the 3D force-equilibrium code to arrive271

at the force balance satisfying272

J ×B = ∇ · P (2)

where J is the current density, and P is the pressure tensor.273

The magnetic field calculated in the 3D equilibrium code is passed back to the RAM where274

it is used to evolve self-consistently the ring current particle distributions.275

The plasma boundary conditions at 6.5RE , i.e. the outer boundary of the RAM code,276

are obtained from the BATS-R-US (MHD code). We used the Space Weather Modeling277

Framework (SWMF) to facilitate the two-way coupling of the RAM-SCB code with the278

MHD code. The satellite measurements of the upstream solar wind conditions, time-shifted279

to 32 RE are used to drive the MHD code. The MHD code calculates the plasma conditions280

at geosynchronous orbit, which is then passed on to the RAM-SCB model as its boundary281
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condition. The RAM-SCB model uses the plasma boundary conditions to estimate the282

plasma pressure in the inner magnetosphere. The two-way coupling of the RAM-SCB with283

the MHD model also allows the MHD model to use the total plasma pressure calculated by284

the RAM-SCB to correct the MHD solution.285

The electric field needed in the RAM code is obtained from the RIM model. The RIM286

model is a two-dimensional height-integrated ionospheric potential solver which calculates287

the ionospheric electric potential by solving the Poisson’s equation:288

∇ · (Σ · ∇ϕ) = −J∥ sin I (3)

where J∥ is the field-aligned current (FAC), Σ is the height-integrated ionospheric conduc-289

tance tensor, and I is the inclination angle of the magnetic field. The RIM model is two-way290

coupled to the RAM-SCB model through the SWMF. The FACs and the ionospheric con-291

ductance at 100 km are needed to drive the RIM model. The FACs near the inner boundary292

of the MHD model are passed on to the RIM to solve for the ionospheric electric potential.293

The convection electric potential from the RIM model is then mapped to the equatorial294

plane of the RAM code along the SCB magnetic field lines and used to calculate the E×B295

drift velocity there. More details on the integration of the RAM-SCB model into the SWMF296

can be found elsewhere [Welling et al., 2018; Jordanova et al., 2022].297

The plasma injected into the nightside boundary of the RAM-SCB model drifts through298

the ring current region under the influence of the electric and magnetic field and undergoes299

various loss and acceleration processes. The dominant loss processes for the electrons and300

ions in the inner magnetosphere are included in the RAM-SCB model. The electron loss301

processes incorporated in the model include pitch angle scattering of electrons by whistler-302

mode chorus waves and hiss waves. The ion loss processes included in the model are charge303

exchange with neutral hydrogen, EMIC wave-particle scattering and the precipitation re-304

sulting from the widening of the loss cone as the particles are convected from higher to lower305

L shells.306

The resonant interaction between ring current protons and EMIC waves induces particle307

diffusion affecting both pitch-angle and energy. However, it is evident from studies such as308

Lyons [1974] and Jordanova et al. [1998] that energy diffusion is weaker than pitch-angle309

diffusion. The cross-diffusion terms can also become important for EMIC wave-particle310

interactions [Xiao et al., 2009; Su et al., 2011]. Specifically, Lyons [1974] demonstrated that311
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the pitch-angle diffusion coefficient (Dαα) is approximately 1-2 orders of magnitude higher312

than the energy diffusion coefficient, while Jordanova et al. [1998] highlighted that pitch-313

angle diffusion is more effective than energy diffusion for the ring current ions. Hence, EMIC314

wave-particle interaction is considered as a particle diffusion in pitch angle in the RAM-SCB315

model. The diffusion equations for the loss associated with the pitch angle scattering is316

⟨(∂Fl

∂t
)⟩ = 1

hµo

∂

∂µo

[
hµo⟨Dµoµo⟩

∂Fl

∂µo

]
(4)

⟨Dµoµo
⟩ = (1− µ2

o)⟨Dαα⟩ (5)

where ⟨Dαα(E,α)⟩ is the bounce averaged pitch angle diffusion coefficient associated with317

wave-particle interactions obtained from the quasi-linear theory. The bounce-averaged dif-318

fusion coefficients Dαα as a function of (fpe/fce, L, MLT, E, α) are obtained using the Full319

Diffusion Code (FDC) [Ni et al., 2015, 2018; Cao et al., 2016] for different fpe/fce grids320

ranging from 2 to 20 and L shells in the RAM domain. The diffusion coefficients are then321

scaled to the local EMIC wave amplitude as Dαα * Bw
2 and interpolated into the model322

grids. The EMIC wave amplitudes needed to calculate the quasi-linear diffusion coefficients323

are obtained from the EMIC wave amplitude model statistically derived from Van Allen324

Probes measurements [Saikin et al., 2016]. The statistical EMIC model based on Saikin325

et al. [2016] has a resolution of ∆L=0.25 and ∆MLT=3. More details on the implementa-326

tion of the EMIC wave model into the RAM-SCB can be found in Shreedevi et al. [2021].327

5 Proton precipitation and EMIC wave activity: Observations328

Figure 1(a-f) shows the solar wind (at the nose of the bow shock) and geomagnetic329

conditions during the 27 May 2017 storm. A sudden enhancement in the solar wind speed,330

density and pressure can be seen at ∼1540 UT on 27 May 2017, which indicates the arrival331

of an interplanetary shock at the magnetopause, driven by a coronal mass ejection (CME).332

Later, at ∼1930 UT, the z-component of the interplanetary magnetic field (IMF Bz) turned333

southward, initiating the main phase of the geomagnetic storm. The Dst index, after steadily334

decreasing for about 10 hours, reached a minimum value of -125 nT at ∼0710 UT on 28 May335

2017. Several strong fluctuations in the AL index (panel (f)) during the entire main phase336

of the storm (∼ 10 hours) indicates the development of substorm currents and significant337

energy input into the MI system.338
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In order to understand the evolution of particle precipitation into the ionosphere during339

the main phase of the 27 May 2017 storm, the particle flux measurements from the DMSP340

and NOAA/MetOp 01 and 02 satellites were examined. Figure 2(a,b) shows a comparison of341

the 30-80 keV proton fluxes and the 30-100 keV electron fluxes measured by the 0◦ and 90◦342

telescopes onboard MetOp 02 and 01 satellites, respectively. In Figure 2(a,b), the green and343

blue dots represent the proton and electron fluxes observed by the 0◦ telescope, respectively,344

while the black and pink dots represent those observed by the 90◦ telescope, respectively.345

The 0◦ telescopes measure the field-aligned precipitating fluxes, whereas the 90◦ telescopes346

measure geomagnetically trapped particles. As seen, during 2205-2220 UT, the MetOp 02347

satellite located at the ∼21 MLT sector observed a large enhancement in the 30-80 keV348

precipitating proton fluxes at L ∼ 4.75-6.5 Re. Later, during 2305-2315 UT, the MetOp349

01 satellite detected significant enhancements in the 30-80 keV precipitating proton fluxes350

at L∼3.5-6.5 Re in the midnight sector. The precipitating proton fluxes observed by both351

satellites are higher than the electron fluxes by about an order of magnitude. Previous352

reports of similar observations suggest that such enhancements in the precipitating proton353

fluxes in the dusk-to-midnight sector could result from EMIC wave-particle interactions354

[Tian et al., 2022, and references therein].355

Similarly, Figure 2(c,d) shows a comparison of <30 keV proton and electron fluxes ob-356

served by the DMSP F16 satellite. As seen, the DMSP F16 satellite was located in the dusk357

MLT sector during the main phase of the storm, where it observed enhanced precipitation358

of protons as well as electrons. The observations indicate that in the ∼19 MLT sector, the359

electron precipitation primarily occurred at high latitudes, while the proton precipitation360

extended beyond the boundary of electron aurora (-58.7◦ MLAT), reaching subauroral lat-361

itudes up to ∼-56.3◦ MLAT. Such precipitation of protons in the dusk sector in a region362

equatorward of the electron aurora can be a source of E-region electron density/conductivity363

enhancements in the midlatitude ionosphere [Tian et al., 2020], and is generally attributed364

not to FLC scattering but to the presence of EMIC waves [Semenova et al., 2019].365

To verify the presence of EMIC wave activity in the inner magnetosphere at locations366

where the proton precipitation was observed, we examined the Arase and RBSP-A satellite367

measurements. The Arase satellite was located in the midnight MLT sector close to the368

magnetic equator (MLAT∼2◦N) during 2200-2400 UT on 27 May 2017. Figure 3(a) shows369

power spectral density (PSD) of the wave magnetic field as observed by the Arase satellite370

during 2145-2240 UT on 27 May 2017. The white lines represent the local H+, He+ and O+
371

–13–



Confidential manuscript submitted to JGR Space Physics

ion gyrofrequencies, respectively. Around ∼2215-2230 UT, the magnetic pulsations are seen372

to enhance greatly below the He+ local gyrofrequency suggesting the presence of He-band373

EMIC waves in the midnight MLT sector. In the dusk MLT sector, the RBSP-A satellite374

flew close to the magnetic equator during 2200-2400 UT on 27 May 2017 . Figure 3(b) shows375

the wave power spectral density observed by the RBSP-A satellite during 2200-2400 UT.376

Evidently, there are significant enhancements in the power spectral density near the local377

He+ ion gyrofrequency starting at 2230 UT. These observations therefore provide evidence378

for the presence of He-band EMIC wave activity in the dusk and midnight MLT sector379

during 2200-2400 UT on 27 May 2017.380

EMIC waves were also detected on the ground by induction coil magnetometers at381

midlatitude stations during the main phase of the storm on 27 May 2017. Figure 3(c-d)382

shows the evolution of the power spectral density of geomagnetic pulsation starting 2000383

UT on 27 May 2017 up to 0100 UT on 28 May 2017 at Pinawa (PINA) and Thief River Falls384

(THRF), respectively. Both stations detected the presence of Pc1 pulsations during 2000-385

2200 UT, which is likely to be EMIC waves that have propagated from the magnetosphere.386

These wave excitations, although weaker in wave power, were probably in response to the387

sudden enhancements in the solar wind dynamic pressure (see Figure 1(d)). Later, after388

∼2230 UT, there is a significant enhancement in the EMIC wave activity at PINA and389

THRF stations. The EMIC wave pulsations at both stations exhibit similar features and390

are seen to continue until 0100 UT on 28 May 2017.391

To put in context the observations of the subauroral proton precipitation and EMIC392

wave activity, the location of the DMSP, NOAA MetOp, Arase and RBSP-A satellites and393

the ground magnetometers (PINA, THRF) from 2200 UT on 27 May to 0100 UT on 28394

May are shown in the L-MLT plane in Figure 3(e). Clearly, the DMSP F16 satellite flew395

close to the dusk sector at ∼00:09 UT on 28 May. Notably, the two ground magnetometer396

stations, PINA and THRF, are located in the dusk sector during 2230-0100 UT, close to the397

DMSP F16 and RBSP-A locations. The RBSP-A satellite and the ground magnetometers398

at PINA and THRF detected EMIC waves during 2230-0100 UT, suggesting that the EMIC399

wave activity was prevalent in the dusk sector during this interval. Hence, the subauroral400

proton precipitation detected by the DMSP F16 satellite is most likely related to the EMIC401

wave activity in the dusk sector. Similarly, the orbit of MetOp 02 satellite is close to the402

Arase satellite in the midnight sector, as seen in Figure 3(e). This again suggests that403

the significant enhancements in the precipitating proton fluxes observed by the MetOp 02404
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satellite (at ∼2215 UT) could be related to the presence of EMIC waves in the midnight405

sector observed by the Arase satellite at ∼2215 UT. The MetOp 01 satellite is also located406

in the midnight sector on 27 May. However, simultaneous observations of EMIC waves407

were not available from locations close to MetOp 01 satellite which recorded proton flux408

enhancements at ∼2305 UT. To verify the mechanisms for the evolution of EMIC waves409

in the dusk-midnight MLT sector and the associated ionospheric proton precipitation, we410

simulated the wave-particle interactions during the 27-28 May 2017 geomagnetic storm using411

the BATSRUS+RAM-SCB model with and without EMIC waves. The simulation results412

are described in the following section.413

6 Temporal and spatial evolution of EMIC waves: Simulation results414

We simulated the EMIC wave-particle interactions in the inner magnetosphere during415

the geomagnetic storm of 27 May 2017 using the BATSRUS+RAM-SCB model. To un-416

derstand the growth and evolution of the EMIC waves in the simulation, we calculated the417

linear convective growth rates for parallel propagating H-, He- and O- band EMIC waves418

following the method described by Kozyra et al. [1984]; Jordanova et al. [2003]; Fok et al.419

[2016]; Zhu et al. [2021b]. We used the distributions of the H+, He+ and O+ ions simulated420

with EMIC waves to calculate the linear convective growth rate given by421

S =
ϵ

Vg
(6)

where ϵ is the temporal growth rate, and Vg is the wave group velocity.422

The temporal growth rate is given by:
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The group velocity Vg is given by:

Vg =
∂ωr

∂k
=

2Ωpc

ωwpp

[
(1 +

ncp

nwp
)

1−X
+
∑
l>p

nwl + ncl

nwp

Ml

1−XMl

] 1
2

·

[
(1 +

ncp

nwp
)(2−X)

(1−X)2
+
∑
l>p

nwl + ncl

nwp

Ml(2−XMl)

(1−XMl)2

]−1
(8)

where nw(c)l is the warm(cold) ion density of species l,423

k is the wave number,424
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X = ωr/Ωp ,425

Ml is the atomic number of species l,426

fwl is the phase density of warm ion species l,427

ωwpp is the warm proton plasma frequency, and428

ur is the parallel resonance velocity: ur =
Ωp(XMl−1)

kMl
429

Figure 4(a) shows the global distribution of the maximum convective growth rate of H-,430

He- and O-band EMIC waves at 2215 UT. The H-, He- and O- band EMIC waves are seen431

to appear in the dusk-to-midnight sector. The H-band EMIC wave is strongest among the432

three bands, with significant wave growth at L=4-6 Re in the afternoon-to-dusk sector.433

The He-band wave is seen to appear around L=3-6 Re in the midnight-to-dusk sector but434

is weaker in magnitude and spatial extent compared to the H-band EMIC wave. The O-435

band EMIC wave, however, is confined to a very narrow region beyond L>6 Re in the dusk436

sector and has an insignificant growth rate compared to the other two EMIC wave bands.437

Statistical study of EMIC wave occurrence by Saikin et al. [2015] also suggests that the H-438

and He-band EMIC waves can occur at all MLTs within the L shell region of L=2-6.5 Re.439

EMIC wave excitation is known to arise naturally from the temperature anisotropy of440

the magnetospheric proton populations [Kennel and Petschek , 1966]. The hot anisotropic441

plasma necessary for the EMIC wave generation is supplied from the plasma sheet during442

periods of enhanced magnetospheric convection, while the cold, dense plasmaspheric plume443

supports the wave growth through changes of the resonance energy [Jordanova et al., 2001].444

To understand the EMIC wave growth in the simulation, we examined the simulated local445

plasma conditions and the associated temperature anisotropy. Figure 4(b) shows the dis-446

tribution of the ring current ions species H+, He+ and O+ of energy E=40 keV and pitch447

angle=90◦ at 2215 UT. The three hot ring current ions are seen to be distributed in the448

midnight-to-afternoon sector. This is because the ions in this energy range, injected into449

the inner magnetosphere during periods of strong convection, drift in the westward direc-450

tion. All three hot ion species have peaks in the pre-midnight sector, with protons having451

the largest fluxes, followed by oxygen and helium ions. In situ observations and statistical452

studies have shown that the protons usually dominate the ring current during geomagnetic453

storms, whereas the He+ ions have the lowest density [Ebihara, 2011]. As for the O+ ions,454

their fluxes in the ring current are observed to increase during storm time and may rise455

to levels comparable to the proton fluxes [Keika et al., 2013b; Kistler et al., 2016]. These456

features are also evident in the simulated hot ion distribution.457
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The temperature anisotropy associated with the hot H+, He+ and O+ ions are shown458

in Figure 4(c). It is defined as459

A =
T⊥

T∥
− 1 (9)

where A is the anisotropy, and T⊥ and T∥ are the temperature of the respective ion species,460

perpendicular and parallel to the magnetic field. The anisotropy parameter A shown in461

Figure 4(c) is calculated for all energies ranging from 0.15-400 keV. It is observed to be462

greater than zero across a broader region, particularly at L<6 Re, implying that the ring463

current is unstable within these regions. Hence, we expect EMIC waves to be excited in this464

broad region. However, the high growth rate regions for the three EMIC wave bands are465

mostly confined to the regions in the vicinity of the plasmapause in the midnight-to-dusk466

sector. This could be because, in addition to the ion anisotropy, the growth of the EMIC467

waves in the inner magnetosphere is also influenced by factors including the cold plasma468

densities and the local magnetic field [Kozyra et al., 1984; He et al., 2017]. Figure 4(d) shows469

the simulated densities of the cold H+, He+ and O+ ions at 2215 UT and the plasmaspheric470

boundary marked using the black dots. Following Jordanova et al. [1997], we assumed the471

cold ion composition ratios to be [H+,He+,O+]=[0.77,0.20,0.03] in the simulation, which is472

clearly reflected in the distribution of cold ion densities shown in Figure 4(d). It is seen473

that in response to the enhanced magnetospheric convection (IMF Bz <-15 nT) at 2215474

UT, there is significant erosion of the nightside plasmasphere and the plasmapause in the475

nightside is shrunk to regions closer to the earth L=4 Re. Evidently, the regions of enhanced476

maximum growth rates of H-, He- and O- band waves (Figure 4(a)) coincide with the region477

where the hot ring current ions overlap with the plasmapause. Since the cold background478

plasma can influence the dispersion relation and provide suitable conditions for the growth479

of the EMIC waves [Kozyra et al., 1984; Usanova et al., 2016], the simulated wave growth,480

as expected, is maximum in these regions.481

7 Temporal and spatial evolution of EMIC waves: Data-model compar-482

ison483

To investigate if the BATSRUS+RAM-SCB simulation reproduces reasonably well the484

temporal and spatial evolution of the regions of EMIC instability, we compared the observed485

EMIC wave power with the simulated linear growth rates. It is to be noted that the growth486

of the linear instability to observable wave power depends also on the wave propagation,487
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amplification, saturation and damping which are not considered here. Since the linear wave488

growth indicates a region of potential wave growth, we only make qualitative comparisons489

of the EMIC wave power with the simulated linear growth rates. The temporal variation of490

the integrated wave power estimated from the Arase and RBSP-A satellite observations is491

shown in Figure 5(a,c). The blue line shown in Figure 5(a,c) represents the integrated wave492

power between fcHe-fcO where fcHe and fcO are the He+ and O+ local gyrofrequencies,493

respectively. It can be seen from Figure 5(a,c) that the He-band integrated wave power494

increases significantly at the Arase satellite location at ∼2215 UT in the midnight MLT495

sector and at the RBSP-A satellite location at ∼2245-2320 UT in the dusk MLT sector,496

respectively. This is because the Arase and RBSP-A satellites passed through regions of497

intense He-band EMIC wave activity (see Figure 3) during this interval. The He-band waves498

are, therefore predominant in the dusk and midnight sector during the main phase of the499

27 May geomagnetic storm.500

Figure 5(b) shows the simulated linear growth rates at the Arase location in the mid-501

night sector. Starting at 2200 UT, there is an increase in both the simulated H- and He-band502

growth rate along the Arase orbit. It is seen that the He-band wave growth rate steadily503

increases until 2215 UT but drops to a low value after this period. Figure 4(a) however504

shows that the dusk-to-midnight sector is the favorable region for He-band wave growth.505

Evidently, the growth rates distributed in an azimuthally elongated region along the plasma-506

pause (Figure 4(a)) are stronger towards the dusk MLTs. The sudden drop in the He-band507

wave growth could therefore be because the orbit of the Arase satellite is outside the region508

of the strong EMIC wave growth (after 2215 UT).509

Similarly, in Figure 5(d), the simulated linear growth rates along the RBSP-A satellite510

in the dusk sector are presented. It is evident that the growth rate of He-band EMIC511

waves in the dusk sector increased during periods where the integrated wave power of the512

He-band wave is also enhanced. Later, after ∼2310UT, the growth rate of the simulated513

He-band wave is seen to drop in a similar trend as the RBSP-A observed He-band wave514

power. The He-band growth rates exhibit a rather broad peak although the observations515

show several fluctuations in the wave power. Such a broad peak in the linear growth rate516

could be a result of the wide grid resolution of the statistical EMIC wave model (∆L = 0.25517

and ∆MLT = 3). The smoothing out of small-scale variations could also be a result of the518

averaging across numerous events in the statistical EMIC wave model. Furthermore, the519

finer structures in the observed EMIC wave pulsations may not be accurately represented520
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in our study, as the simulation does not incorporate the evolution of EMIC waves due to521

factors such as wave propagation, amplification, saturation and other non-linear effects. It522

is to be noted that in contrast to the absence of clear signatures of strong H-band EMIC523

waves in the observations, the simulated linear growth rates of H-band waves is high in the524

dusk sector.525

Basically, the growth and amplification of the EMIC wave require the hot anisotropic526

ring current ion species to spatially overlap with the cold, dense plasmaspheric populations527

[Cornwall , 1965; Kennel and Petschek , 1966; Jordanova et al., 2001; Thorne, 2010]. In ad-528

dition, any variations in the cold plasma density, cold/warm ion composition, including the529

minor heavy ion species helium and oxygen found in the ring current during the stormtime,530

can strongly influence the growth of the EMIC wave bands and their cut-off frequencies531

[Fraser , 1985; Kozyra et al., 1984; Jordanova et al., 1997]. Hence, to understand the dis-532

crepancies in the temporal and spatial evolution of the simulated EMIC wave growth rates,533

we compared the simulated background plasma conditions in the midnight (Arase satellite534

location) and dusk sector (RBSP-A satellite location) with the in situ observations. Figure 6535

shows the comparison of the 10-180 keV H+, He+ and O+ ion fluxes in the premidnight536

sector measured by the MEP-i instrument onboard the Arase satellite with the simulated537

ion fluxes during 1900-2400 UT on 27 May 2017. Figure 6(a,c,e) show that several hot ions538

are injected into the nightside magnetosphere due to enhanced magnetospheric convection539

caused by the southward turning of IMF at ∼2100 UT on 27 May 2017. The intensity of the540

modelled proton, helium and oxygen fluxes (Figure 6(b,d,f)) show overall agreement with541

the in situ observations. There is, however the presence of large ion fluxes (∼10-50 keV) at542

the beginning of the storm, i.e. at ∼2100-2200 UT in the simulation. The simulated and543

observed cold electron density along the Arase satellite orbit is shown in Figure 6(g). It can544

be seen that the RAM-SCB model captures the evolution of the cold electron density in the545

midnight sector very well.546

Similarly, Figure 7 shows the comparison of the 1-50 keV fluxes in the dusk sector ob-547

tained from the ECT/HOPE instrument onboard the RBSP-A satellite with the ion spec-548

trogram obtained from the simulation with EMIC waves. It can be seen that the RBSP-A549

satellite located in the dusk sector observed particle injections starting ∼2030 UT. The550

intensity of the modelled proton fluxes shows better agreement with the RBSP-A observa-551

tions. But, there seems to be a significant overestimation of the modelled He+ and O+ ion552

fluxes, mainly in the lower energies and before 2230 UT. The simulated low energy (1-10553
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keV) He+ and O+ ion fluxes are about two orders of magnitude higher than the observed554

fluxes in the dusk sector. Figure 7(g) shows the comparison of the observed and simulated555

cold densities along the RBSP-A orbit. Clearly, the simulated cold electron density in the556

dusk sector is in good agreement with the RBSP-A observations.557

As described, the modelled cold electron densities at the Arase (midnight sector) and558

RBSP-A (dusk sector) locations match well with the in situ observations. However, the559

cold ion composition ratios assumed to be [H+,He+,O+]=[0.77,0.20,0.03] in the calculation560

of the growth rates, may not represent the realistic background conditions in the inner561

magnetosphere. Previous studies have shown that even a small increase in the ratio of562

the hot to cold ion densities can severely influence the propagation or amplification of563

the EMIC waves [Kozyra et al., 1984]. We however do not have direct measurements of564

the composition of the cold background heavy ions at the Arase and RBSP-A locations,565

and so this may add some ambiguity to the growth rate calculations. Apart from this,566

there are also some discrepancies in the spatial and temporal evolution of the simulated567

hot ion fluxes as compared to the in situ observations, which may affect the growth and568

propagation of the simulated EMIC waves. The presence of large modelled fluxes along569

both the Arase (Figure 6) and RBSP-A (Figure 7) orbits at the beginning of the storm570

is because the RAM-SCB model uses the boundary conditions from the BATSRUS MHD571

code which may be overestimating the magnitude of plasma convected from the nightside.572

There is also significant overestimation of the simulated He+ and O+ ion fluxes in the dusk573

sector, especially the lower energies. Since the convective growth rates are calculated under574

the assumption of the linear theory, the growth rates due to the multi ion populations is575

determined by the superposition of the growth or damping rates of each individual ions in576

the ring current. Jordanova et al. [1996]; Jordanova [2011], using the RAM-SCB model577

showed that the presence of larger fluxes of both He+ and O+ ions contributes negatively578

to the growth rate of the He-band wave. Similarly, Henning and Mace [2014] investigated579

the effect of the relative abundance of the H+, He+ and O+ ions in the ring current on the580

growth and damping of the three EMIC wave bands by numerically solving the dispersion581

relation for parallel propagating EMIC waves in a multicomponent plasma. They showed582

that (1) the larger the proton fluxes in the ring current, the lower the cutoff frequency of583

the H-band branch, resulting in a positive contribution to the H-band growth rate, and (2)584

an increase in the percentage of hot O+ ions contribute to an increase in the growth of the585

H- and O-band EMIC wave, while the He-band EMIC waves undergoes damping.586
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In the simulation, the linear growth rates of the He-band EMIC waves along the Arase587

and RBSP satellite orbit show a similar trend as the observed integrated wave power albeit588

the broad peaks in the growth rates. There is however significant growth of H-band EMIC589

waves in contrast to the observations. The notable overestimation of the heavy ion fluxes590

at the satellite locations (Figure 6 and 7), suggests that the boundary conditions from the591

BATSRUS MHD code do not accurately represent the realistic conditions in the dusk sector.592

The appearance of such larger fluxes at L shells closer to earth (L ∼ 4) has been observed in593

previous simulations also [Yu et al., 2015, 2017], and, could be a result of an initial condition594

with excess protons or an overly injection due to large electric field. There is strong growth595

of the H-band waves along the satellite orbits in the simulation, probably due to the presence596

of large H+ ion fluxes in the dusk sector. Furthermore, the presence of the large O+ ion597

fluxes suppress the simulated growth rate of the He-band wave at the satellite locations in598

the dusk sector. Considering these differences, we suggest that the model can capture the599

linear growth of the He-band EMIC waves at the satellite locations qualitatively.600

8 Proton precipitation: Data-Model comparisons601

Figure 8(a-d) shows the low (E=1 keV) and moderate (E=40keV) energy proton precipi-602

tation into the ionosphere at 2215 UT on 27 May 2017, as obtained from the BATSRUS+RAM-603

SCB simulations with and without EMIC waves. The plasmapause boundary defined as the604

location where the electron density in the plasmasphere falls below 50/cc is shown using the605

black dots in Figure 8(a-d). The plasmapsheric electron densities were calculated using the606

plasmasphere model by Rasmussen et al. [1993]. A comparison of the precipitating fluxes607

from the two simulations shows that the ionospheric proton precipitation increases signifi-608

cantly in the presence of EMIC waves. The precipitating fluxes are seen to increase mainly609

in the midnight-to-dusk sector. These locations are also consistent with the in situ observa-610

tions shown in Figure 2 where proton precipitation and EMIC wave activity enhanced over611

a wide range of L shells in the dusk-midnight sector during the main phase of the 27 May612

storm.613

As for the EMIC waves in the simulation, the global distribution of H- and He-band614

EMIC wave intensities at 2215 UT is shown in Figure 8(e,f). It is seen that the H- and He-615

band EMIC waves have the highest intensities in the noon to dusk sector. These intensities616

are based on the statistical studies of EMIC wave properties [Saikin et al., 2016], which show617

that the noon-to-dusk sector is the preferred location for the occurrence of peak intensities618
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of both the H- and He-band EMIC wave activity. The precipitation loss of ring current619

protons into the ionosphere occurs due to its gyroresonant interaction with EMIC waves620

[Jordanova et al., 2001]. The rate at which the protons are scattered by the H- and He-621

band EMIC waves are represented using the diffusion coefficients. Figure 8(g-h) shows the622

diffusion coefficients (Dαα) at E=40 keV and pitch angle=53◦ for the H- and He-band EMIC623

waves. The diffusion coefficients associated with the H-band waves are seen to enhance over624

all MLT sectors, with peak values over a narrow range of L-shells (L=3-5 Re) in the dusk625

sector and at L=3-6 Re in the pre-noon sector. The diffusion coefficients due to the He-626

band waves are seen to be high in the noon to premidnight sector, over a wide range of L627

shells (L=2.5-6.5 Re) where the He-band EMIC wave intensities are also higher. Clearly,628

(1) the precipitation of low energy proton fluxes in the midnight/morning sector (where the629

diffusion coefficients due to He-band are very low) occurs mainly due to the scattering of630

protons by the H-band waves, and (2) the precipitating proton fluxes of high energy observed631

in the noon-to-midnight sector (where the diffusion coefficients due to He-band are high)632

are mainly contributed by the He-band waves.633

To evaluate if the model is able to reproduce the realistic proton precipitation into the634

ionosphere during the 27 May storm, we compared the simulated precipitating proton fluxes635

with the NOAA MetOp and DMSP observations. Figure 9(a,b) shows the comparison of the636

NOAA/MetOp 02 and 01 observations with the simulated 30-80 keV precipitating proton637

fluxes. While the 0 deg telescope onboard the NOAA MetOp satellites measures the field638

aligned fluxes around 840 km, the two simulations provide the precipitating fluxes within the639

loss cones at 200 km. We directly compare the simulated precipitating fluxes with the NOAA640

MetOp observations because the difference in loss cones between these two altitudes is very641

small. In Figure 9(a,b), the gold line represents the 30-80 keV proton fluxes measured by642

the 0 deg telescope, whereas the black and purple dots represent the 30-80 keV proton fluxes643

obtained from the simulations with and without EMIC waves respectively. It is seen that644

at around 2215 UT, the MetOp 02 satellite located in the premidnight sector (∼21.4 MLT)645

observed a large increase in the 30-80 keV precipitating proton fluxes at ∼55-60◦ latitude.646

Later at around 2310 UT, the MetOp 01 satellite flew in the premidnight sector (∼21.7647

MLT) where it observed a significant increase in the 30-80 keV precipitating proton fluxes648

at ∼51-70◦ latitude. In the simulations without EMIC waves, only weak enhancements in649

the precipitating fluxes are produced. There is a substantial difference of over two orders650

of magnitude between the observations and the fluxes simulated without EMIC waves. The651
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simulations with EMIC waves, however, reproduce the 30-80 keV ion precipitation observed652

by the NOAA MetOp satellites fairly well.653

Recently, Ni et al. [2023] utilized RBSP-B and NOAA data, to develop a model link-654

ing the EMIC wave-driven proton diffusion to the ratio of precipitated-to-trapped proton655

count rates, enabling the inference of EMIC wave intensity needed to cause the observed656

proton precipitation. Their model’s estimation of EMIC wave intensity closely matched657

the actual observations of EMIC waves, falling within a range of 1.5 times the observed658

values. Our study’s NOAA MetOp observations, shown in Figure 3 also indicate high ratios659

of precipitated-to-trapped proton fluxes, suggesting significant pitch-angle diffusion into the660

loss cone. Moreover, the pitch-angle diffusion coefficients estimated by Ni et al. [2023] are661

similar to those in our study, and are considered sufficient to explain the observed proton662

precipitation. These findings further affirm the significant role of EMIC waves in driving663

the observed proton precipitation during the 27 May 2017 storm. With event-specific wave664

observations and associated wave-particle interactions, the diffusion coefficients can be more665

realistic and the agreement on the precipitation flux may be even better [Yu et al., 2022].666

Figure 10 shows the comparison of the <30keV ion energy spectrogram and integrated667

ion energy flux obtained from the DMSP F16 satellite with the BATSRUS+RAM-SCB sim-668

ulations with and without EMIC waves. The different panels in Figure 10 show (a) the <30669

keV ion energy flux measured by the DMSP F16 satellite, (b)-(c) simulated energy flux and670

(d) the integrated ion energy flux from DMSP F16 observations and the simulations with671

and without EMIC waves. In the simulation with EMIC waves, there is significant precipi-672

tating proton flux in the subauroral regions, whose intensities agree reasonably well with the673

DMSP observations. As for the case without EMIC waves, there is little or no precipitating674

proton flux in the subauroral regions. The comparison among the integrated ion energy675

fluxes from the DMSP observations and the two simulations shown in Figure 10(d) also676

presents a similar scenario. The integrated ion energy flux from the simulations with EMIC677

waves is seen to match well with the DMSP observations. The integrated ion energy flux678

from the simulation without EMIC waves is much lower in magnitude and not comparable679

with the DMSP observations.680

It may be noted that the localized enhancements in the proton precipitation and the low681

latitude boundary of the precipitating fluxes is not captured well by the model. This maybe682

due to the larger grid resolution of the statistical EMIC wave model. The EMIC waves683
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observed by the Arase and RBSP-A satellite are bursty and confined to certain L shells as684

seen in Figure 3. On the other hand, the EMIC wave amplitudes in the statistical wave model685

are distributed over wider L and MLT ranges i.e., ∆L = 0.25 and ∆MLT = 3 hour as seen686

in Figure 8(e,f). The localized proton enhancements may not be reproduced by the RAM-687

SCB model as the wider grid resolution in the statistical EMIC wave leads to a latitudinally688

wide region of proton precipitation. Even so, the RAM-SCB simulation with EMIC waves689

is able to reproduce the proton precipitation into the subauroral ionosphere observed by the690

DMSP and NOAA MetOp satellites during the 27 May 2017 storm reasonably well. This691

also highlights the need to develop a more self-consistent EMIC wave model with higher692

spatial and temporal resolution.693

9 Summary and Conclusions694

Proton precipitation, through its control over the ionospheric conductances, can mod-695

ulate the midlatitude ionospheric dynamics and play a significant role in determining the696

extent of energy transfer between the magnetosphere and ionosphere [Ridley et al., 2004;697

Zhu et al., 2021a]. Jordanova et al. [1997, 2006], using the RAM-SCB model, showed that698

the gyroresonant interaction of the EMIC waves with the ring current ions is an important699

mechanism that can lead to precipitation loss of ions into the ionosphere. Realistic pre-700

dictions of the ionospheric dynamics, therefore, require an accurate representation of the701

EMIC wave-particle interactions in space weather models. Although previous studies using702

the RAM-SCB model have discussed the role of EMIC wave-particle interaction in precipi-703

tation loss of ions into the ionosphere, they mainly focussed on how the proton precipitation704

affects the ionospheric conductivity and the subsequent effects on the MI coupling dynam-705

ics. The spatial and temporal evolution of the modelled precipitation, its association with706

the time and location of the EMIC wave excitation, and its relation to the local plasma707

conditions in the inner magnetosphere needs further verification with situ observations. In708

this study, we simulated the geomagnetic storm of 27 May 2017 and examined the evolution709

of the proton precipitation into the ionosphere and its relation to the EMIC wave activity710

in the inner magnetosphere using simulations of the BATSRUS+RAM-SCB model (with711

and without EMIC waves) and the DMSP, NOAA MetOp, Arase, RBSP-A and ground712

magnetometer measurements. The main results from this study are as follows:713

1. At ∼2215-2230 UT on 27 May 2017, the Arase satellite, located in the midnight MLT714

sector, close to the magnetic equator, observed He-band EMIC waves at L shells ∼4.5-4.9715
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Re. Within this interval, the MetOp 02 satellite located close to the Arase satellite observed716

an increase in the 30-80 keV precipitating proton fluxes, which could be a result of the EMIC717

wave activity in the midnight sector. Later, at ∼2230-2400 UT on 27 May 2017, the RBSP-A718

satellite flying near the magnetic equator in the dusk MLT sector observed intense He-band719

EMIC wave activity at L shells ∼4.65-5.4 Re. The DMSP F16 satellite located in the dusk720

sector measured significant enhancements in the <30 keV proton precipitation at ∼0007 UT721

on 28 May. Although not an exact conjunction event, it is likely that the EMIC wave-particle722

interactions observed by the RBSP-A satellite at the magnetic equator led to the proton723

precipitation observed by the DMSP satellite. The predominance of EMIC wave activity724

at wider L shells in the dusk sector was further confirmed by the ground magnetometer725

observations from PINA and THRF stations.726

2. In the simulation, the preferred region for the occurrence of the H-, He- and O-band727

EMIC waves is the dusk-to-midnight sector. This is consistent with our understanding that728

the dusk-to-midnight sector, where the hot anisotropic ring current ions spatially overlap the729

cold dense plasmaspheric populations, is the preferred region for the excitation and growth730

of EMIC waves [Jordanova et al., 2001].731

3. Variations in the integrated wave power of the He-band EMIC waves estimated from732

the Arase and RBSP-A satellite measurements suggest that the He-band EMIC waves were733

predominant in the dusk/midnight sector during the main phase of the storm. However, in734

the simulation, the H-band waves were found to be predominant at the RBSP-A location in735

the dusk sector. Nevertheless, at the Arase/RBSP-A satellite location in the midnight/dusk736

sector, the He-band EMIC waves show positive linear growth rates and a similar trend as737

the observed EMIC wave power. Hence, it is suggested that the model can capture the738

linear growth of the He-band EMIC waves at the satellite locations qualitatively.739

4. The simulation reproduces the cold electron density at the Arase and RBSP-A740

satellite locations very well, but there are some discrepancies in the modelled ion fluxes,741

especially at the location of the RBSP-A satellite in the dusk sector. The overestimation742

of the modeled ion fluxes in the dusk sector is because the boundary conditions during the743

stormtime obtained from the BATSRUS MHD code do not represent the realistic conditions744

at 6.5 Re, i.e. the boundary of the RAM-SCB model. The large enhancements in the745

H+ ions in the dusk sector lead to the positive growth rates of the H-band EMIC waves746

[Henning and Mace, 2014]. The significant damping of the He-band EMIC wave in the747
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simulation is because the He-band EMIC wave growth is very sensitive to the presence748

of O+ ions [Kozyra et al., 1984; Jordanova et al., 2001; Henning and Mace, 2014]. The749

discrepancies in the boundary conditions obtained from the BATSRUSMHD code contribute750

to the overestimation of the hot ion fluxes in the dusk sector, resulting in the significant751

growth/damping of the H/He-band EMIC waves in the dusk sector during the main phase752

of the 27 May 2017 storm.753

5. In the absence of EMIC wave scattering, there is little or no proton precipitation754

at the DMSP and NOAA MetOp satellite locations. However, the <30 keV precipitating755

proton fluxes obtained from the simulation with EMIC waves agree reasonably well with756

the DMSP F16 measurements from the dusk sector. Similarly, the 30-80 keV precipitating757

proton fluxes from the simulation with EMIC waves show good agreement with the NOAA758

MetOp observations from the midnight sector.759

6. The DMSP, NOAA MetOp, RBSP-A and Arase satellite observations suggest a good760

correspondence between the occurrence of proton precipitation and the EMIC wave activity761

in the dusk-midnight sector. The RAM-SCB model can capture the proton precipitation762

into the ionosphere and the EMIC wave activity in the inner magnetosphere reasonably well.763

Hence, it is suggested that the EMIC wave-particle interactions in the dusk-midnight sector764

gave rise to the proton precipitation into the subauroral latitudes during the main phase of765

the 27 May 2017 storm.766

Since the simulation does not calculate the EMIC wave growth rates self consistently,767

subsequent effects such as the reduction of proton anisotropy in the ring current as the768

EMIC wave grows and its resulting impact on the EMIC wave dynamics are not included.769

Similarly, the wave propagation and other non-linear effects are not taken into account in770

the model. More investigations using satellite-based initial and boundary conditions are771

necessary to assess how the contributions from the effects mentioned above, can improve772

the EMIC growth rate calculations in the model. This will be a part of our future studies.773

Nonetheless, the comparison of the simulated/observed proton precipitation, EMIC wave774

activity and local plasma conditions in this study provides evidence of the role of EMIC775

wave scattering in the evolution of proton precipitation during the 27 May storm.776

–26–



Confidential manuscript submitted to JGR Space Physics

10 Open Research777

Arase satellite datasets used in this study are available in these in-text data citation ref-778

erences: Miyoshi et al. [2018a], Miyoshi et al. [2018b], Matsuoka and Imajo [2018], Kasahara779

et al. [2021], Yokota et al. [2019], Miyoshi and Jun [2018] obtained from the ERG Science780

Center operated by the ISAS/JAXA and ISEE/Nagoya University (https://ergsc.isee.nagoya-781

u.ac.jp/index.shtml). Science data of the ERG (Arase) satellite in the present study ana-782

lyzed MGF Lv.2 high-resolution magnetic field data (https://doi.org/10.34515/DATA.ERG-783

06000), HFA Lv.3 electron density data (https://doi.org/10.34515/DATA.ERG-10001), MEP-784

i Lv.2 omniflux data (https://doi.org/10.34515/DATA.ERG-03001), and Orbit L3 v02 data785

(https://doi.org/10.34515/DATA.ERG-12001). The RBSP-A data used in this study are786

publicly available at https://rbsp-ect.newmexicoconsortium.org/data pub/. Van Allen Probes787

EMFISIS data are available at https://emfisis.physics.uiowa.edu/data/index. The CARISMA788

magnetometer data are publicly available at https://www.carisma.ca/carisma-data-repository.789

The simulation data for this research are available at https://doi.org/10.5281/zenodo.10258540790

[P R and Yu, 2023] . Solar wind and geomagnetic indices are provided by http://cdaweb.gsfc.nasa.gov.791

NOAAMetOp data and the DMSP data are available at http://satdat.ngdc.noaa.gov/sem/poes/792

and http://www.ngdc.noaa.gov/stp/satellite/dmsp/.793
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Figure 1. Solar wind and geomagnetic conditions during 27 May 2017: Panels (a-f) show the

variation of (a) IMFBz, (b) solar wind speed (c) solar wind density, (d) solar wind dynamic pressure,

(e) Dst index, (f) AU/AL index
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Figure 2. Satellite observations of particle precipitation during 27 May 2017: Panel (a, b) shows

the 30-80 keV proton and 30-100 keV electron precipitation flux observed by the NOAA/MetOp

01 and 02 satellites, respectively, and Panel (c, d) shows the comparison of the DMSP F16 energy

spectrogram of ions and electrons, respectively.
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Figure 3. Space/ ground-based observations of the EMIC wave activity during 27 May 2017:

Panels (a, b) shows the power spectral density (PSD) of the magnetic field measured by the Arase

and RBSP-A satellites, respectively. Panels (c, d) shows the variation of PSD at Pinawa (PINA)

and Thief River Falls (THRF) during 2000 UT on 27 May to 0100 UT on 28 May. The white lines

on the spectrogram indicate the local H+, He+ and O+ ion gyrofrequencies. Panel (e) shows the

location of all space/ground-based observations during the interval 2200 on 27 May to 0100 UT on

28 May in the L-MLT plane
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Figure 4. (a) Global distribution of the maximum growth rate of the H-band, He-band and

O-band EMIC waves, (b) The anisotropy of hot H+, He+ and O+ ions at 22:55 UT, (c) Fluxes of

H+, He+ and O+ ions at energy E=40 keV, pitch angle=90◦ at 22:55 UT, (d) global distribution

of cold H+, He+ and O+ ion density at 2215 UT
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Figure 5. (a) Integrated wave power between fcHe-fcO estimated from Arase observations dur-

ing 2200-2245 UT on 27 May 2017, where fcHe and fcO are the He+ and O+ local gyrofrequencies,

respectively. (b) same as panel (a), but for RBSP-A observations. (c) Variation of maximum growth

rate of H- and He-band EMIC wave along the Arase satellite orbit. (d) same as panel (c), but for

RBSP-A satellite.
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Figure 6. Panels (a, c, e) show energy-time diagram of the 10-180 keV proton, helium and

oxygen fluxes measured by the Arase satellite during 2000-2400 UT on 27 May 2017. Panels (b, d,

f) show energy-time diagram of the simulated 10-180 keV proton, helium and oxygen fluxes during

2000-2400 UT on 27 May 2017. (g) Comparison of the cold plasma density (Ne) obtained from

RAM-SCB simulation with EMIC waves and that observed by the Arase satellite.
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Figure 7. Panels (a, c, e) show energy-time diagram of the 1-50 keV proton, helium and oxygen

fluxes measured by the RBSP-A satellite during 2000-2400 UT on 27 May 2017. Panels (b, d,

f) show energy-time diagram of the simulated 1-50 keV proton, helium and oxygen fluxes during

2000-2400 UT on 27 May 2017. (g) Comparison of the cold plasma density (Ne) obtained from

RAM-SCB simulation with EMIC waves and that observed by the RBSP-A satellite.
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Figure 8. Panels(a, b) show the distribution of precipitating proton fluxes in the equatorial plane

at ionospheric altitudes from the simulations with EMIC waves. Panels(c, d) show the precipitating

proton fluxes from the simulations without EMIC waves. Panels (e, f) show the distribution of the

H- and He-band EMIC wave magnetic field density (IBw). Panels (g, h) show the distribution of

diffusion coefficients due to H- and He-band EMIC waves. The diffusion coefficients are those for

protons with E = 40 keV and pitch angle 53 deg. All the plots are chosen at 2215 UT on 27 May

2017.
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Figure 9. Panels (a, b) show the comparison between the 30-80 keV precipitating proton fluxes

obtained from NOAA MetOp 01 and 02 satellite and the RAM-SCB simulations with and without

EMIC waves.
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Figure 10. Comparison between DMSP F16 satellite measurements and the RAM-SCB simu-

lations with and without EMIC waves for 27 May 2017: Panel (a) shows the DMSP F16 energy

spectrogram of ions in log scale. Panels (b, c) shows the energy spectrogram of ions from simula-

tions. Panel (d) shows the comparison of integrated ion energy flux from DMSP observations with

the two RAM-SCB simulations.
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