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Abstract

During geomagnetic storms, magnetospheric wave activity drives the ion precipitation which can become an important source

of energy flux into the ionosphere and strongly affect the dynamics of the Magnetosphere-Ionosphere (MI) coupling. In this

study, we investigate the role of Electro Magnetic Ion Cyclotron (EMIC) waves in causing ion precipitation into the ionosphere

using simulations from the RAM-SCBE model with and without EMIC waves included. The global distribution of H-band and

He-band EMIC wave intensity in the model is based on three different EMIC wave models statistically derived from satellite

measurements. Comparisons among the simulations and with observations suggest that the EMIC wave model based on

recent Van Allen Probes observations is the best in reproducing the realistic ion precipitation into the ionosphere. Specifically,

the maximum precipitating proton fluxes appear at L=4-5 in the afternoon-to-night sector which is in good agreement with

statistical results, and the temporal evolution of integrated proton energy fluxes at auroral latitudes is consistent with earlier

studies of the stormtime precipitating proton energy fluxes and vary in close relation to the Dst index. Besides, the simulations

with this wave model can account for the enhanced precipitation of <20 keV proton energy fluxes at regions closer to earth

(L<5) as measured by NOAA/POES satellites, and reproduce reasonably well the intensity of <30 keV proton energy fluxes

measured by DMSP satellites. It is suggested that the inclusion of H-band EMIC waves improves the intensity of precipitation

in the model leading to better agreement with the NOAA/POES data.
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Abstract19

During geomagnetic storms, magnetospheric wave activity drives the ion precipitation which20

can become an important source of energy flux into the ionosphere and strongly affect the21

dynamics of the Magnetosphere-Ionosphere (MI) coupling. In this study, we investigate the22

role of Electro Magnetic Ion Cyclotron (EMIC) waves in causing ion precipitation into the23

ionosphere using simulations from the RAM-SCBE model with and without EMIC waves24

included. The global distribution of H-band and He-band EMIC wave intensity in the model25

is based on three different EMIC wave models statistically derived from satellite measure-26

ments. Comparisons among the simulations and with observations suggest that the EMIC27

wave model based on recent Van Allen Probes observations is the best in reproducing the28

realistic ion precipitation into the ionosphere. Specifically, the maximum precipitating pro-29

ton fluxes appear at L=4-5 in the afternoon-to-night sector which is in good agreement with30

statistical results, and the temporal evolution of integrated proton energy fluxes at auroral31

latitudes is consistent with earlier studies of the stormtime precipitating proton energy fluxes32

and vary in close relation to the Dst index. Besides, the simulations with this wave model33

can account for the enhanced precipitation of <20 keV proton energy fluxes at regions closer34

to earth (L<5) as measured by NOAA/POES satellites, and reproduce reasonably well the35

intensity of <30 keV proton energy fluxes measured by DMSP satellites. It is suggested that36

the inclusion of H-band EMIC waves improves the intensity of precipitation in the model37

leading to better agreement with the NOAA/POES data.38

1 Introduction39

Particle precipitation into the Earth’s atmosphere is known to affect the ionospheric40

conductances [Hardy et al., 1989; Galand et al., 2001; Lyons, 1992; Cowley , 2000; Ridley41

et al., 2004; Merkin et al., 2005; Yu et al., 2016, 2018; Chen et al., 2019, and references42

therein] and play a major role in modulating the ionospheric dynamics especially during43

geomagnetically disturbed periods [Prölss, 1995; Shreedevi et al., 2016]. Gaining insight44

into the mechanisms that modulate the precipitating fluxes and by that means the energy45

input into the ionosphere is hence of utmost importance for advancing our understanding of46

the Magnetosphere-Ionosphere (MI) coupling physics. Although the electron precipitation47

is considered to be a major source of energy flux into the ionosphere, the contribution of48

ions to the total energy flux is on average about 15 percent of that of electrons [Hardy49

et al., 1989] and cannot be neglected [Lui et al., 1977; Galand et al., 2001; Frey , 2007;50
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Tian et al., 2020]. Numerous studies have documented the presence of a permanent region51

of precipitating isotropic ion fluxes (known as the proton aurora oval) roughly colocated52

with the region of electron produced auroral oval at higher auroral latitudes [Sergeev et al.,53

1983; Sergeev and Newell , 1997]. A second region of localized precipitation of energetic54

protons (LPEP) (anisotropic fluxes) has also been observed at latitudes equatorward of55

the boundary of the isotropic fluxes [Hultqvist et al., 1976; Yahnin and Demekhov , 2018;56

Semenova et al., 2019]. The role of precipitating ion fluxes becomes especially important57

within the regions of anisotropic ion fluxes where the precipitating energy carried by ions58

can become comparable to that of electrons [Hardy et al., 1989; Lui et al., 1977; Jordanova59

et al., 1996; Galand et al., 2001; Frey , 2007; Jordanova, 2011; Tian et al., 2020].60

While most of our knowledge regarding the proton precipitation pattern and its relation61

to the external driving mechanisms and the magnetic activity are based on the studies of62

the precipitating ion fluxes in the proton auroral oval [Hardy et al., 1989; Newell et al., 2009;63

Vorobjev and Antonova, 2015], significant efforts are being laid to understand the spatial64

distribution and occurrence pattern of the LPEP [Semenova et al., 2019, and references65

therein]. There has been increasing evidence in the form of several statistical/case studies66

as well as numerical modeling studies that relate the precipitation of ion fluxes at regions67

equatorward of the isotropic boundary to the presence of EMIC waves in the magnetosphere68

[Cornwall et al., 1970; Soraas et al., 1980, 1999; Jordanova et al., 1997, 2001; Morley et al.,69

2009; Ni et al., 2016; Popova and Chernyaeva, 2018; Semenova et al., 2019]. The appearance70

of the detached subauroral proton arcs, cusp proton aurora events, subauroral proton auroral71

flashes and subauroral proton spots are related to the precipitation loss of protons into72

the ionosphere caused by the pitch angle scattering of ring current ions by EMIC waves73

[Jordanova et al., 2007; Sakaguchi et al., 2008; Ni et al., 2016]. EMIC waves are known to74

occur during magnetic disturbances, from the temperature anisotropy of the freshly injected75

medium energy ring current ions (1-100keV) into the inner magnetosphere [Jordanova et al.,76

2001] or by rapid compression of the dayside magnetosphere owing to solar wind dynamic77

pressure fluctuations [Usanova et al., 2012]. EMIC waves propagate at frequencies below the78

proton gyrofrequency and are usually classified into the Hydrogen (frequencies between He+79

gyrofrequency and the H+ gyrofrequency), Helium (frequencies between He+ gyrofrequency80

and O+ gyrofrequency) and Oxygen (frequencies below O+ gyrofrequency) bands based on81

the ion gyrofrequency.82
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Statistical studies using satellite measurements have explored in detail the occurrence83

rates and spatial distribution of the EMIC waves in the magnetosphere for different space84

weather conditions. These studies suggest predominant EMIC wave occurrences in the85

prenoon (08<MLT<11) and the dusk sector (13<MLT<18), with the occurrence rates in-86

creasing for higher L values [Korth et al., 1984; Usanova et al., 2012; Saikin et al., 2015].87

The peak in the occurrence rates appearing at large equatorial distances (L>7) in the88

prenoon sector is often associated with the dayside magnetospheric compressions [Usanova89

et al., 2012] while the peak in the dusk sector is related to the ion anisotropy driven by90

the onset of magnetic disturbances [Saikin et al., 2016]. Although EMIC wave events are91

known to occur increasingly during the onset and the main phase of geomagnetic storms92

[Halford et al., 2016; Keika et al., 2013; Meredith et al., 2014; Saikin et al., 2016; Usanova93

et al., 2012], observations have shown the presence of non-storm/quiet time EMIC waves94

as well. The quiet time EMIC waves are often observed in the dawn to afternoon sector95

with peak occurrences around 11-12 MLT [Park et al., 2016; Saikin et al., 2016]. Hydrogen96

band waves are reported to occur frequently (about 10%) in the afternoon sector at higher L97

values (7<L<9) irrespective of the magnetic activity, while Helium band waves show higher98

occurrence rates (5-10%) in the prenoon to dusk sector in the inner magnetosphere (4<L<7)99

especially during periods of high magnetic activity [Keika et al., 2013].100

Theoretical/simulations studies conducted in the past have provided a broad under-101

standing of the role of EMIC waves in modulating the particle dynamics in the inner mag-102

netosphere and precipitating fluxes in the ionosphere [Cornwall et al., 1970; Horne and103

Thorne, 1994; Jordanova et al., 2001, 2007; Meredith et al., 2014; Usanova et al., 2012;104

Horne and Thorne, 1993]. Theoretical calculations have shown that EMIC wave convective105

growth rate enhances in the regions with high background cold plasma density as it leads106

to lower parallel resonant energy between the instability and hot anisotropic ions [Cornwall107

et al., 1970]. The favoured regions for the EMIC wave generation are thus the regions in the108

vicinity of the plasmapause and the plasmaspheric drainage plume [Cornwall et al., 1970;109

Jordanova et al., 2001; Saikin et al., 2018]. EMIC waves are shown to be easily excited110

in the regions of low magnetic field (magnetic equator <11 MLAT) from where they could111

propagate into the high latitudes along the magnetic field lines [Horne and Thorne, 1993,112

1994; Loto’aniu et al., 2005]. They are observed as ultralow frequency Pc1-Pc2 (0.1-5Hz)113

pulsations from the ground with high wave occurrence rates even during the late recovery114

phase of geomagnetic storms [Yahnina et al., 2003].115
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The storm time morphology of EMIC wave-induced proton precipitation has been stud-116

ied by Jordanova et al. [2001, 2006] using the RAM-SCB model. They demonstrated that the117

gyroresonant interaction of the EMIC waves results in the pitch angle scattering of the ring118

current ions into the loss cone and causes significant proton precipitation in the postnoon119

sector during geomagnetic storms. They calculated the convective EMIC wave growth self-120

consistently with the evolving ring current ion populations and applied an empirically based121

relation to derive the corresponding EMIC wave amplitudes required to calculate the pitch122

angle diffusion coefficients.They however analysed only the effects of He-band EMIC waves123

on the proton precipitation. In a similar study Khazanov et al. [2007] used the RC/EMIC124

model to understand the ring current ion losses induced by EMIC waves. Both these stud-125

ies suggested that an accurate representation of the proton precipitation morphologies in126

the models require a better representation of the wave parameters as the interaction of the127

EMIC waves and the ring current ions are sensitive to the wave parameters. Recent stud-128

ies using various satellite measurements have provided different statistical models of the129

spectral properties of the H-band and He-band EMIC waves that can be used as input for130

modeling the MI coupling physics. In this paper, we extend the initial study by Jordanova131

et al. [2001] by including for the first time the effects of H-band EMIC waves on proton132

precipitation. We simulate the geomagnetic storm of 31 August 2005 using the RAM-SCBE133

model with three different EMIC wave models based on :(1) time averaged intensity of EMIC134

waves from Combined Release and Radiation Effects (CRRES) satellite measurements, (2)135

realistic EMIC wave frequency spectra constructed using measurements from the Van Allen136

Probes, and (3) EMIC wave intensities obtained from the Van Allen Probes measurements.137

To assess the ability of the three EMIC wave models in producing realistic precipitation into138

the ionosphere, the results are compared with particle measurements from NOAA/POES139

and DMSP satellites.140

2 RAM-SCBE Model Description141

The RAM-SCBE model, i.e., the ring current atmosphere interactions model (RAM)142

coupled with a self-consistent (SC) magnetic field (B) and electric field (E) code [Jordanova143

et al., 2006, 2010; Zaharia et al., 2006; Yu et al., 2017] used in this study, computes the ki-144

netic physics of charged particles in the inner magnetosphere by solving the bounce-averaged145

Fokker-Planck equation for the phase space distribution function Fl(t, Ro, φ, E, α) of a given146

ring current species l given by:147
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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)

where148

Ro is the radial distance in the magnetic equatorial plane,149

E is the kinetic energy of the particle which varies from 0.15 keV to 400 keV,150

µo is the cosine of the equatorial pitch angle αo, α varies from 0 to 90◦ ,151

φ is the geomagnetic east longitude,152

p is the relativistic momentum of the particle,153

γ is the Lorentz factor,154

h(µo) is proportional to the bounce path length in the magnetic field.155

The RAM code computes the distribution functions for the three major ring current156

species (e.g., H+, He+ and O+) and electrons at all pitch angles and magnetic local times157

within the radial distance of 2-6.5 RE in the magnetic equatorial plane. The time-dependent158

plasma boundary conditions, magnetic field and electric field are required for the time-159

evolution of the phase space distribution function. In the RAM model, the plasma boundary160

conditions at 6.5 Re are specified using the in-situ measurements of energetic flux from the161

LANL geosynchronus satellites. The measured ion fluxes are divided between the three162

major ring current ion species using the formulation by Young et al. [1982] and vary as a163

function of the Kp index. The magnetic field in the RAM code is obtained from its self-164

consistent coupling with a 3-D Euler-potential based equilibrium code which uses the plasma165

pressure produced by the ring current particles to estimate the magnetic field [Zaharia et al.,166

2006]. The electric field needed in the ring current model is derived by mapping the electric167

potential in the mid-latitude ionosphere onto the equatorial plane in the inner magnetosphere168

[Yu et al., 2017]. The electric potential is solved from ionospheric conductance, determined169

based on electron precipitation due to wave-particle interactions, and field-aligned currents,170

determined from the pressure gradient using the Vasyliunas formula [Vasyliunas, 1970]. In171

this way the ring current model is driven by a self consistent electric field along with a172

self-consistent magnetic field. Under the influence of the electric field and magnetic field,173

the plasma at the nightside boundary drifts towards the earth where it undergoes various174

acceleration and loss processes.175
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The dominant loss processes for both ring current ions and electrons are included in the176

model [Jordanova et al., 2012]. The loss of electrons from the inner magnetosphere occurs177

mainly through precipitation into the upper atmosphere and wave-particle interactions. The178

pitch angle scattering of electrons by whistler mode chorus and hiss waves are incorporated179

in the model. The important loss processes for ions in the ring current model include charge180

exchange with neutral hydrogen geocorona, precipitation loss due to widening of the loss181

cone and scattering by EMIC waves. The scattering of ring current ions by EMIC waves is182

treated as a diffusive process in the RAM-SCBE model:183

〈(∂Fl
∂t

)〉 =
1

hµo

∂

∂µo

[
hµo〈Dµoµo

〉 ∂Fl
∂µo

]
(2)

〈Dµoµo〉 = (1− µ2
o)〈Dαα〉 (3)

where 〈Dαα(E,α)〉 is the bounce averaged pitch angle diffusion coefficient associated184

with wave particle interaction obtained via the quasi linear theory.185

In the present study, the EMIC wave amplitudes needed to calculate the quasi-linear186

diffusion coefficients are obtained from EMIC wave models statistically derived from satellite187

measurements. We conduct simulations of the ion precipitation with three different EMIC188

wave models. The wave model 1 is based on the time averaged intensity of EMIC waves189

from Combined Release and Radiation Effects (CRRES) satellite measurements [Kersten190

et al., 2014]. The wave model 1 provides the H-band and He-band EMIC wave intensities191

in the 1200-1800 MLT sector only. For varying levels of geomagnetic activity as indicated192

by the Kp index, the distribution of EMIC wave intensities in the wave model 1 is as shown193

in Figure 1. In this model, both the H-band and He-band EMIC wave activity increases as194

the geomagnetic activity strengthens. The He-band waves, however, are predominant in the195

inner magnetosphere during all levels of geomagnetic activity with high intensities around196

∼L=5. Note that the CRRES satellite measurements used in the wave model 1 are from a197

period of 15 months during 25 July 1990 to 11 October 1991.198

The wave model 2 is derived from the statistical EMIC wave frequency spectra con-199

structed using the Van Allen Probes measurements from September 2012 to December 2015200
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[Zhang et al., 2016]. The EMIC wave spectra within each band in the wave model 2 is201

expressed as:202

y =

2∑
i=0

ai0exp

(
− (f − ai1)2)

ai2

)
exp

(
− (m− ai3)2)

ai4

)
(4)

where,203

y is the magnetic wave intensity (nT 2/Hz),204

f is the normalized wave frequency ( fwfcp ),205

m is the normalized MLT (MLT
24 )206

ai0,ai1,ai2,ai3 and ai4 are the fitting parameters and provided in Zhang et al. [2016].207

The statistical wave frequency spectra is parameterized by
fpe
fce

and MLT and does not208

show any dependence on L shell. After integrating over the associated frequency band, the209

H-band and He-band EMIC wave intensities for different ranges of
fpe
fce

are obtained and are210

as shown in panel (a) and (b) of Figure 2 respectively. In this model, the He-band EMIC211

waves predominates regions of high
fpe
fce

whereas the H-band EMIC waves are most active212

in the regions of low
fpe
fce

.213

The wave model 3 is based on the statistical distribution of EMIC wave intensities from214

the Van Allen Probes measurements during the period August 2014-June 2016 [Saikin, 2018].215

The H-band and He-band EMIC wave intensities in the wave model 3 are parameterized216

by the AE index and distributed in L-MLT as shown in Figure 3. The wave model 3 along217

with the distribution of EMIC waves from magnetically disturbed periods includes the quiet218

time EMIC waves that are known to appear due to the changes in the solar wind pressure.219

The wave activity in the model shows clear L-MLT dependence. For low levels of magnetic220

disturbance, the H-band waves in the model appear to be more active with higher intensities221

in the prenoon period. As the level of disturbance increases, there is an overall increase in222

the He-band wave intensity especially at regions closer to the earth. The EMIC wave activity223

in the model is strongest during highly disturbed periods (high AE index) at ∼L=4 in the224

afternoon-to-dusk sector.225

3 Results226

To examine the effects of scattering by EMIC waves on the ion precipitation, we simu-227

lated the 31 August 2005 geomagnetic storm using the RAM-SCBE model with and without228
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EMIC waves included. The solar wind and geomagnetic conditions during 31 May 2005 are229

shown in panels (a)-(e) of Figure 4. The geomagnetic storm of 31 August 2005 was initiated230

by the arrival of a CME driven shock at the magnetosphere. In response to the interplane-231

tary shock, the solar wind dynamic pressure is seen to enhance steadily and reach its peak232

value at ∼1400UT. The southward turning of IMF Bz at ∼1200 UT led to the associated233

decrease in the Dst index which marks the onset of the geomagnetic storm. The main phase234

of the intense storm lasted for ∼8 hours with the Dst index reaching a minimum of -115nT235

at∼1900UT. The AE and AL indices are observed to exhibit rapid enhancements during the236

main phase of the storm. During the recovery phase that followed, the solar wind pressure,237

and the AE/AL indices are seen to return gradually to their quiet time values.238

Figure 5(a) shows the pitch angle diffusion coefficients due to H-band and He-band239

EMIC waves at L=5 with fpe/fce=14. These coefficients based on a nominal wave amplitude240

of 1.0 nT are scaled in the RAM-SCBE model depending on the local wave amplitude as241

well as the local value of fpe/fce at a given location. It is seen that the diffusion coefficients242

due to H-band EMIC waves are highest at lower energies (<10 keV) while that due to He-243

band EMIC waves are highest at intermediate energies (10-100 keV) given at a certain pitch244

angle. Such a distribution indicates that the scattering efficiency of H-band EMIC waves is245

large for protons with lower energies while that of He-band EMIC waves is large for protons246

with energies of few tens to a few hundreds of keV. In the RAM-SCBE simulations, the247

diffusion coefficients depend on several factors like the wave intensity of H-band and He-248

band EMIC waves, the background plasma conditions and the magnetic field strength. The249

global distribution of diffusion coefficients due to H-band and He-band EMIC waves in the250

RAM-SCBE simulations with the EMIC wave models 1, 2 and 3 are shown in Figure 5(b).251

The plots are chosen at 1400 UT ie., during the main phase of the storm on 31 August 2005252

and for protons with energy of ∼50 keV and pitch angle of ∼53◦. In general, the pitch angle253

diffusion induced by He-band EMIC waves is stronger than that caused by H-band EMIC254

waves except for regions in the midnight sector where the He-band EMIC wave intensities255

are weak (wave model 2 and 3) or absent (wave model 1). The regions of maximum pitch256

angle diffusion in Figure 5(b) corresponds to regions of intense EMIC wave activity in the257

respective wave models which is (1) at L=3-5 in the 1200<MLT<1800 sector in wave model258

1, and (2) at L=3-5 in the noon-to-midnight sector in wave model 2 and 3. Note that among259

the three wave models the pitch angle diffusion due to both H-band and He-band EMIC260

waves is the strongest in the simulations with the wave model 3.261
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The global distribution of the precipitating proton flux at three energies (E= ∼5 keV,262

∼50keV and ∼164keV) obtained from the RAM-SCBE simulations with and without EMIC263

waves is shown in Figure 6. The plots are chosen at 1400 UT on 31 August 2005. The black264

dots in the plots represent the plasmapause boundary. In agreement with the previous stud-265

ies [e.g. Jordanova et al., 2001], in the absence of EMIC wave scattering, the precipitating266

proton fluxes are observed mostly in the midnight sector with maximum fluxes at L=5-6267

as seen in panel (i). The proton fluxes obtained from the simulations with the EMIC wave268

models 1, 2 and 3 are shown in panels (ii)-(iv) of Figure 6 respectively. There are con-269

siderable changes in the spatial location and magnitude of the precipitating proton fluxes270

as compared to that obtained without EMIC waves. Additional regions of precipitation271

appear in the vicinity of the plasmapause (1) in the 1200<MLT<1800 sector in the simu-272

lation with wave model 1, and (2) in the noon-midnight sector for simulations with wave273

model 2 and 3, as a result of the enhanced pitch angle diffusion of protons (see Figure 5(b))274

induced by the EMIC wave scattering. In the simulation with wave model 1, the proton275

precipitation increases significantly at ∼L=4-6 in the 1200-1800 MLT sector. The medium276

energy protons seem to be the most affected by the wave-particle interactions and dominate277

the precipitation with maximum fluxes at L=4-5. The new precipitating proton fluxes are278

about an order of magnitude higher than that obtained in the case without EMIC waves279

demonstrating that the wave particle interactions can cause enhancements in the proton280

precipitation.281

The precipitation morphology simulated using the wave models 2 and 3 shows that the282

EMIC wave induced precipitation of low energy protons largely occurs in the vicinity of283

the plasmapause at regions between L=3-6 in the nightside. The largest fluxes of medium284

energy protons are observed closer to the earth (L=4-5) in the afternoon-to-midnight sector,285

within regions where the energetic ring current overlaps with the plasmaspheric population286

and the EMIC wave intensities are maximum in the respective wave models. The diffusion287

coefficients shown in Figure 5 suggests that the H-band waves strongly interact with the288

E=5 keV protons in the nightside while the He-band wave efficiently scatter the protons289

of medium energy in the noon-midnight sector leading to their precipitation loss into the290

ionosphere. Significant enhancements are also observed in the high energy proton fluxes in291

the morning sector as well owing to the effects of pitch angle diffusion [Jordanova et al.,292

1998]. As expected, the most intense fluxes appear in the RAM-SCBE simulations with wave293

model 3, indicating that the strength of the precipitation depends on the intensity of the294
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EMIC waves which in turn depends on the assumed EMIC wave model. The medium energy295

precipitating fluxes seem to be the most affected, with more than an order of increase in296

magnitude. Apart from that, the precipitation is also extended in the noon-midnight sector297

in the simulations with wave model 3, unlike (i) the case without EMIC waves, where the298

proton fluxes are weak and mostly confined to L>5, or (ii) the case with wave model 1,299

where the precipitation appears only in the 1200-1800 MLT sector.300

In a recent study using the NOAA/POES observations, Semenova et al. [2019] showed301

that during periods of intense magnetic activity the precipitating proton fluxes enhance in302

the afternoon-to-midnight sector at regions closer to the earth. For the sake of direct com-303

parison, in Figure 7 is shown the statistical intensity of the precipitating proton fluxes from304

NOAA/POES observations by Semenova et al. [2019]. We present here only the intensity305

of precipitating proton flux for AE > 300 nT as it corresponds to the magnitude of AE306

index at 1400 UT on 31 August 2005 (see panel (c) of Figure 4). The precipitating proton307

fluxes in Figure 7 are extended in the noon-midnight direction with maximum intensity308

at L=4-5. It is evident that the RAM-SCBE simulations using both wave model 2 and309

3 reproduces reasonably well the stormtime proton precipitation while the distribution of310

precipitating proton fluxes obtained from simulations without EMIC waves does not cap-311

ture the NOAA/POES observations at all. These comparisons show that the EMIC wave312

scattering can account for the enhanced precipitation at regions closer to the earth (L<5).313

4 Energy Flux into the ionosphere314

The energy input into the ionosphere due to ion precipitation caused by EMIC wave315

scattering is examined using the integrated precipitating energy flux obtained from the316

simulations with and without EMIC waves. Figure 8 (a)-(d) shows the precipitating proton317

energy flux at ionospheric altitudes during the main phase (1400 UT) of the 31 Aug 2005318

storm simulated using the RAM-SCBE model without EMIC waves and with wave model319

1, 2 and 3 respectively. The plasmapause location is represented by the black dots. In the320

absence of EMIC waves, the precipitating proton energy flux is concentrated in the midnight321

sector with peak value of ∼0.1 ergs cm−2 s−1. The proton energy fluxes are known to322

sharply enhance in the evening-to-midnight sector during the main phase of a geomagnetic323

storm [Hardy et al., 1989; Soraas et al., 1999; Yahnina and Yahnin, 2014]. In a study of324

the stormtime proton precipitation, Fang et al. [2007] reported the presence of enhanced325

integrated proton energy fluxes with peak value of ∼6.6 ergs cm−2 s−1 in the evening sector326
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during the main phase of the storm. Using global maps of integrated proton energy fluxes,327

they showed that the regions of maximum precipitation moves westward towards the dusk328

sector and equatorward as the Dst falls to its minimum value [Fang et al., 2007]. The329

magnitude or the location of integrated proton energy fluxes produced in the absence of330

EMIC waves are not consistent with these observations.331

The inclusion of EMIC waves in the RAM-SCBE model gives rise to significant changes332

in the integrated precipitating proton energy fluxes as shown in Figure 8 (b)-(d). Large333

enhancements in the proton energy fluxes are seen to appear in the regions of strong EMIC334

wave activity in the wave models 1, 2 and 3 respectively. Clearly, the simulations with wave335

model 3 produce the intense proton energy fluxes (>1 ergs cm−2 s−1) extended westwards336

in the midnight-to-afternoon sector similar to that reported by Fang et al. [2007]. The337

simulated proton energy fluxes obtained with wave model 2 show a similar spatial distri-338

bution. However the peak fluxes are concentrated in the midnight sector whereas in the339

afternoon-to-dusk sector, the proton energy fluxes of lesser magnitude are prevalent. As340

for the simulations with wave model 1, the proton energy fluxes are concentrated in the341

1200-1800 MLT sector, but of lesser magnitude (<1 ergs cm−2 s−1) as compared to the342

other cases.343

The temporal distribution of precipitating proton energy flux at 2100 MLT (pre mid-344

night) and 0300 MLT (early morning) on 31 August 2005 obtained for the simulations with345

and without EMIC waves is shown in Figure 9. Among the four cases, the simulations346

without EMIC waves and with wave model 1 show similar distribution at 2100 MLT and347

0300 MLT. This is because, alike the case without EMIC waves, in the wave model 1 also,348

the EMIC wave activity is absent at both 2100 MLT and 0300 MLT (see Figure 5). It is349

notable that the precipitation is weak and confined to higher latitudes in the absence of350

EMIC wave scattering. The inclusion of statistically averaged EMIC wave intensities from351

all MLT sectors (wave model 2 and 3) produces significant enhancements in the precipita-352

tion in both the premidnight and early morning periods during the stormtime. Since the353

ion sources drift in the westward direction into regions of strong EMIC wave activity, the354

precipitation is higher at 2100 MLT (pre-midnight period). There is comparatively lower355

precipitation in the early morning sector where the EMIC wave activity is low in the wave356

models 2 and 3.357
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The precipitation into the ionosphere is known to exhibit good correlation with the358

evolution of ring current and the plasma sheet dynamics during geomagnetic storms [Yah-359

nina and Yahnin, 2014; Fang et al., 2007]. The early main phase of the geomagnetic storm360

of 31 August 2005 (1200-1400 UT) was characterized by periods of strong southward IMF361

accompanied by high solar wind pressure. It can be seen from Figure 9 that the simulations362

with wave model 3 produce intense proton energy fluxes during the early main phase of the363

storm in both the pre-midnight and early morning sectors as expected under conditions of364

strong southward IMF/solar wind pressure [Semenova et al., 2019]. The simulations with365

wave model 2 also shows similar features except in the early morning sector where precipi-366

tation is observed to enhance only after ∼1400UT. During the main phase of the storm, the367

EMIC wave induced precipitation in both sectors is seen to propagate to latitudes as low368

as 51◦MLAT in line with the variation in the Dst index. The proton energy fluxes obtained369

from the simulations with wave model 3 are seen to weaken and gradually recede to higher370

latitudes after ∼1800 UT at 0300 MLT as expected during the periods of northward IMF371

[Yahnina and Yahnin, 2014; Walt and Voss, 2004]. This is not exactly the case in the sim-372

ulations with wave model 2, where during the recovery phase of the storm, weak fluxes are373

seen to be distributed over a wider range of latitudes in the early morning sector.374

5 Comparison with the satellite observations375

In order to assess the ability of the three different EMIC wave models in reproducing376

the realistic particle precipitation into the atmosphere, we compare the simulation results377

with the NOAA/POES satellite observations in Figure 10. NOAA/POES satellites are sun378

synchronous low-altitude polar orbiting satellites and provide global measurements of the379

particle precipitation into the atmosphere. In this study, we use the total energy input380

determined from the proton fluxes in the energy range 1-20keV measured by the Total381

Energy Detector (TED) onboard NOAA/POES satellites. During the geomagnetic storm382

of 31 August 2005, four POES satellites were operational. In Figure 10(a) is shown the383

proton energy flux <20keV at different MLT sectors, mapped to the magnetic equator384

and arranged into bins of spatial resolution of 0.25Re and temporal resolution of 0.5h.385

NOAA/POES observations show large enhancements in the precipitation energy flux in386

the midnight (21<MLT<03) MLT sector with the onset of the storm on 31 August 2005.387

There is considerable enhancement of energy flux in the dusk and dawn MLT sectors, but388

at large distances (L>5.5). The precipitation is seen to increase in the dusk (15<MLT<21),389
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midnight (21<MLT<03) and dawn (03<MLT<09) MLT sectors as the storm progresses to390

its main phase. As the Dst falls to its minimum value, the regions of precipitation are seen391

to move equatorward and reach closer to Earth at ∼L=3. In the noon (9<MLT<15) sector,392

precipitation is observed only after 1500 UT, mostly at regions greater than L=4.5 and is393

very weak in the recovery phase. During the recovery phase of the storm, precipitation394

weakens in all the MLT sectors and is mostly confined to regions greater than L=4.395

Figure 10(b)-(d) shows the distribution of <20 keV proton energy fluxes obtained from396

the RAM-SCBE simulations with wave models 1, 2 and 3 respectively. The simulation with397

wave model 1 produces weak enhancements in the precipitation that appears only in the noon398

(9<MLT<15), dusk (15<MLT<21) and midnight (21<MLT<03) MLT sectors during the399

storm. Clearly, the spatial distribution or magnitude of these enhancements is not consistent400

with the observations by the NOAA/POES satellites. The simulation with wave model 2401

produces intense precipitation in the dusk (15<MLT<21) and midnight (21<MLT<03)402

sector after ∼1400 UT, but only at higher L shells (L>5). In this case the precipitation403

is seen to move to lower L shells after ∼1500 UT and strengthen at L=4-5 during the404

late main to recovery phase of the storm. However, the simulation with wave model 2405

neither reproduces the intensity or the spatial coverage of the precipitation in the dawn406

(03<MLT<09), noon (9<MLT<15) and dusk (15<MLT<21) MLT sectors as measured by407

the NOAA/POES satellites. In the simulation with wave model 3, intense precipitation408

appears at higher L shells (L>5), in the dusk (15<MLT<21) and midnight (21<MLT<03)409

MLT sectors with the onset of the storm. The regions of enhanced precipitation is seen to410

gradually move equatorward (L=3.75) after 1400 UT. The maximum precipitation appears411

at L=4-5 in the dusk (15<MLT<21) and midnight (21<MLT<03) sectors similar to the412

NOAA/POES observations, but after ∼1500 UT. Although of lower magnitude, simulations413

with wave model 3 also produce considerable enhancements in the dawn (03<MLT<09) and414

noon (9<MLT<15) MLT sector as opposed to wave model 1 and 2. The simulations with415

wave model 3 however fails to reproduce the precipitation at regions L<4 during the early416

main phase of the storm alike the other two models. From these comparisons, it is clear that417

the addition of statistically averaged EMIC wave intensities from all MLT sectors improves418

the precipitation in the model a lot but still slightly underestimates the magnitude and the419

spatial coverage. This could be because the simulated storm event (31 August 2005) occurred420

during a period of stronger EMIC wave activity than that represented by the statistical wave421

model 2 and 3. Park et al. [2013] using the CHAMP satellite data from the solar cycle 23422
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(2000-2010), showed that the occurrence of Pc1 pulsations was maximum during the years423

2004-2005. Besides, the EMIC wave activity is known to be stronger during the declining424

phase of the solar cycle. The wave models 2 and 3 are however based on observations from425

the years 2012-2015 and 2014-2016 respectively, which include the solar maximum period426

of a relatively weaker solar cycle 24.427

In order to delineate the role of the H-band/He-band EMIC waves in causing the428

precipitation of low energy protons, we conducted the RAM-SCBE simulation with only429

the He-band EMIC waves included from the wave model 3. The integrated precipitating430

energy flux of <20 keV protons from the simulation with He-band EMIC waves is shown in431

Figure 11(a). Clearly, the He-band waves alone cannot produce the intensity or the spatial432

coverage of the precipitation in any MLT sector as measured by the NOAA/POES satellites433

(shown in Figure 10(a)). To further analyze the contribution of the H-band EMIC waves,434

we calculated the difference of the <20 keV proton energy fluxes from the simulations with435

wave model 3 and the simulation with only the He-band waves included from the wave436

model 3. The difference in the energy flux shown in Figure 11(b) is notably higher in the437

15-21, 21-03 and 03-09 MLT sectors during the main phase and the early recovery phase of438

the storm. This implies that the H-band waves strongly influence the precipitation of low439

energy protons (<20 keV) during the stormtime. The difference is maximum in the dusk-440

midnight sector at ∼L=4.5-5.5 further suggesting that the H-band EMIC waves dominate441

the precipitation of the <20 keV protons in the midnight sector during the 31 August442

2005 storm. Finally, the intensity of precipitation induced by the H-band waves seem to443

agree with that measured by NOAA/POES satellites although the spatial coverage of the444

precipitation needs to improve in the model.445

Measurements from the polar orbiting DMSP satellite are also examined as it follows a446

sun-synchronous dawn-dusk orbit at an altitude of 840 km, and therefore, is able to provide447

insight into the response of the topside mid latitude ionosphere. The SSJ/4 instrument448

onboard the DMSP satellites provides in situ measurements of the particle fluxes on 31449

August 2005 in the energy range 30eV to 30keV in 1-s cadences. A comparison of the ion450

energy spectrograms and the integrated ion energy flux obtained from DMSP F16 satellite451

and the simulation results is provided in Figure 12(i)-(vi). The different subplots represent452

(i) the DMSP F16 ion energy spectrogram, (ii)-(v) ion energy spectrogram from simulation453

results and (vi) a comparison of the integrated ion energy flux from DMSP F16 and sim-454

ulations with and without EMIC waves included. The plots are chosen at different MLTs455
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in the dusk-midnight sector where intense ion precipitation is expected during magnetically456

disturbed periods.457

The DMSP F16 ion energy spectrograms show significant enhancements in the energy458

fluxes especially in the dusk sector as expected during the main phase of a geomagnetic459

storm. As for the simulations without including EMIC waves, the energy flux is very weak460

(in the midnight sector) or absent (in the dusk sector). The simulation results with wave461

model 1 show similar results as the case without EMIC waves except in the dusk sector.462

This is because, EMIC wave activity and the associated pitch angle diffusion occur only in463

the 1200 to 1800 MLT sector in wave model 1. Furthermore, the simulations with wave464

model 2 is seen to produce significant precipitation in the dusk as well as midnight sector.465

However, the integrated ion energy fluxes simulated using wave model 2 are about an order466

of magnitude smaller than that observed by DMSP F16. Among the simulations with467

the three wave models, the magnitude of the precipitating proton energy fluxes and the468

integrated ion flux simulated using the wave model 3 agrees reasonably well with the DMSP469

measurements in the dusk as well as midnight sectors. However, the model does not capture470

the equatorward edge of the auroral oval, but instead produces a gradual decrease of the471

precipitating energy fluxes towards the lower latitudes. This is probably because of the472

under-shielding of electric field in the ring current model.473

6 Summary and Conclusions474

Understanding the causative mechanisms of particle precipitation and its role in mod-475

ulating the energy flux deposited into the ionosphere is necessary to obtain accurate pre-476

dictions of the storm time ionospheric dynamics. Although significant contributions to the477

total energy flux into the ionosphere can equally come from both electron and ion precipita-478

tion, the latter has received much less attention. In this paper, we examined the role of one479

causative mechanism of proton precipitation from the inner magnetosphere ie., EMIC wave480

scattering. We extended the initial study by Jordanova et al. [2001] by further including, for481

the first time, the effects from H-band EMIC waves on proton precipitation. We studied the482

ion precipitation into the ionosphere during the geomagnetic storm of 31 August 2005 using483

RAM-SCBE simulations with three different EMIC wave models that are based on (1) time484

averaged intensity of EMIC waves from Combined Release and Radiation Effects (CRRES)485

satellite measurements, (2) EMIC wave frequency spectra constructed using measurements486

from the Van Allen Probes, and (3) statistical distribution of EMIC wave intensities ob-487
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tained from the Van Allen Probes. In order to assess the ability of the statistically derived488

EMIC wave models in producing the realistic particle precipitation into the atmosphere, the489

simulation results have been compared with the particle flux measurements from the DMSP490

and NOAA/POES satellites. The important results from this study are as follows:491

1. The precipitating proton fluxes simulated with the wave model 3 show significant en-492

hancements in the afternoon-to-midnight sector in the regions between L=4-5 during493

the main phase of the storm. These results are well in agreement with the statistical494

observations of global proton precipitation by Semenova et al. [2019].495

2. In the presence of EMIC wave scattering, significant enhancements in the integrated496

proton energy fluxes appear at latitudes as low as 51◦ MLAT; the proton energy fluxes497

are weak and confined to higher latitudes in their absence. This suggests that the498

EMIC wave scattering of ring current ions gives rise to substantial enhancements in499

the proton energy flux at mid-latitude regions. The simulated proton energy fluxes500

are higher in the premidnight sector as compared to the early morning sector and501

vary in line with the strength of the Dst index. The magnitude and location of the502

integrated proton energy fluxes obtained from the simulations using wave model 3 are503

consistent with observations [e.g. Fang et al., 2007] of the precipitating proton energy504

fluxes during stormtime.505

3. A comparison of the <20keV proton energy flux obtained from the NOAA/POES506

satellite with the simulations shows that the EMIC wave, particularly the H-band507

that exerts diffusion on ions with a few to tens of keV can account for the enhanced508

proton precipitation especially at regions closer to the earth (L< 5). The RAM-509

SCBE simulations with wave model 3 improves the precipitation in all the MLT510

sectors but still slightly underestimates the magnitude and the spatial coverage. This511

discrepancy in the precipitation pattern could be because the simulated storm event512

i.e., 31 August 2005 occurred during a period of strong EMIC wave activity in the513

solar cycle 23 whereas the wave model 3 is based on the observations from a period514

of relatively weaker EMIC wave activity in the solar cycle 24.515

4. The RAM-SCBE simulations with wave model 3 reproduce reasonably well the in-516

tensity of <30 keV proton energy fluxes at 840 km at several DMSP satellite passes517

in the dusk and midnight sectors. The model however does not capture the equator-518

ward edge of the auroral oval, which may be attributed to the undershielding of the519

convective electric field in the model.520
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5. The wave model 3 emerged out to be the best in reproducing the realistic ion pre-521

cipitation into the ionosphere as compared to the other two wave models. The wave522

model 2 also produces reasonably better precipitation patterns as compared to the523

wave model 1.524

It should be noted that the EMIC wave-induced precipitating ion flux down to the iono-525

sphere is not included in the calculation of ionospheric conductance in this study. A follow-on526

study will particularly examine its effect on the auroral conductance to strengthen the self-527

consistency in the model. In addition, recently Yu et al. [2020] investigated the effect of528

another ion scattering mechanism, i.e., the field line curvature (FLC) scattering, in precip-529

itating ions down to the ionosphere. We will in the future explore the relative contribution530

of these two ion scattering mechanisms and contribution of associated ion precipitation to531

the ionospheric conductance, in order to obtain a more comprehensive insight of the MI532

coupling physics.533
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Figure 1. EMIC Wave model 1: Intensities of H-band (top panel) and He-band (bottom panel)

EMIC waves from the Combined Release and Radiation Effects (CRRES) satellite measurements.
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Figure 2. EMIC wave model 2: Intensities of H-band (panel (a)) and He-band (panel (b)) EMIC

waves obtained from the EMIC wave frequency spectra constructed using the Van Allen Probes

measurements. The EMIC wave intensities are parameterized by the fpe/fce
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Figure 3. EMIC wave model 3: Intensities of H-band (top panel) and He-band (bottom panel)

EMIC waves based on the Van Allen Probes measurements for varying levels of geomagnetic activity

indicated by the AE index.
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Figure 5. Panel (a) : Bounce averaged pitch angle diffusion coefficients due to H-band and He-

band EMIC waves at L=5 with fpe/fce=14. Panel (b): Global distribution of diffusion coefficients

in the equatorial plane due to H and He-band at 1400 UT on 31 August 2005 in the simulations

with the EMIC wave model 1, 2 and 3 respectively. The diffusion coefficients in panel (b) are those

for protons with E=50 keV and pitch angle 53◦
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Figure 6. Panels (i)-(iv) shows the global distribution of proton precipitating fluxes (E=∼5

keV, ∼50 keV and ∼164 keV) obtained from RAM-SCBE simulations (i) without EMIC waves,

with (ii)EMIC wave model 1 (iii)EMIC wave model 2 and (iv)EMIC model 3. The plots are shown

at 1400 UT (main phase of the storm) on 31 August 2005.

778

779

780

781

–31–



Confidential manuscript submitted to JGR Space Physics

0618

      AE > 300 nT
 12

Figure 7. Intensity of localized precipitation of energetic protons (30-80 keV) at AE>300 nT

[Semenova et al., 2019].
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Figure 8. Precipitating energy flux at 1400 UT (main phase) obtained from the RAM-SCBE

simulations (a) without EMIC waves and (b)-(d) with EMIC wave model 1, 2 and 3 respectively
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   2100 MLT

Without
EMIC
waves

Wave
Model 1

Wave
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Wave
Model 3

Figure 9. Distribution of precipitating energy flux obtained from the RAM-SCBE simulations

without EMIC waves and using EMIC wave model 1, 2 and 3. The left panel shows the precipitating

energy flux at 2100 MLT while the right panel shows the precipitating energy flux at 0300 MLT.
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Figure 10. Comparison of NOAA/POES satellite measurements with the RAM-SCBE simula-

tions with and without EMIC waves for 31 August 2005: Panels (a)-(d) shows the proton energy

flux of E<20keV at different MLT sectors.
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Figure 11. Panel (a) shows the RAM-SCBE simulations with only He-band EMIC waves in the

wave model 3. Panel (b) shows the difference in the proton energy flux (E<20keV) between the

simulations with both H-band and He-band EMIC waves in the wave model 3 and only He-band

EMIC waves in the wave model 3.
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Figure 12. Comparison of DMSP F16 satellite measurements with the RAM-SCBE simulations

with and without EMIC waves for 31 August 2005: Panel (i) shows the DMSP F16 energy spec-

trogram of ions in log scale. Panels (ii)-(v) shows the energy spectrogram of ions from simulations.

Panel (vi) shows the integrated ion energy flux.
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