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Abstract

Electromagnetic ion cyclotron (EMIC) waves are believed to play a crucial role

in the dynamics of the Earth’s magnetosphere. It has been widely accepted

that plasma compositions can in
uence the growth rate of EMIC waves in the

inner magnetosphere, but how warm O+ ions change the wave growth rate

is not well known. In this study, we investigate the impact of ring current

O+ concentration on the EMIC growth rate during a speci�c storm when the

O+ ion 
ux signi�cantly increases. We calculate the growth rate of EMIC

waves by using physics-based ion distributions output from the Ring current-

Atmosphere interactions Model with Self-Consistent magnetic (B) and Electric

(E) �elds (RAM-SCBE) model. The percentage of warm O+ is parametrically

varied to examine how the maximum EMIC growth rate changes over time and

how the global distribution of the maximum EMIC growth rate is a�ected. We

found that the maximum growth rate of H-band appears in the dusk-to-midnight

sector near the plasmapause, while O-band is excited at a slightly outer region.

The maximum growth rate of He-band is closely related to the cold plasma

density. With the increase of warm O+ density, the maximum growth rate of

H-band and He-band EMIC wave is reduced, while that of O-band EMIC wave

is increased, and the region with this wave excitation is widened. Such variation
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in the maximum EMIC growth rate implies a potential impact on the associated

wave-particle interactions and change of the decay rate in the ring current.

1. Introduction1

Electromagnetic ion cyclotron (EMIC) waves, mostly observed in the fre-2

quency range between 0.1 and 5 Hz, represent an important wave mode in the3

magnetosphere. They usually have three distinct bands: H-band with frequency4

between 
p and 
He, He-band between 
He and 
O, and O-band below 
O,5

where 
p, 
He and 
O are the gyrofrequencies for proton, helium and oxygen6

ions, respectively [Young et al., 1981; Perraut et al., 1984]. EMIC waves are7

predominantly left-handed polarized [Rauch and Roux, 1982]. Hu et al. [2010]8

simulated EMIC waves with multi-ion plasma and found that EMIC waves are9

dominantly left-handed polarized near the equator with small wave normal an-10

gles and shifted to linear or even right-hand polarization while propagating to11

higher latitudes with the wave normal angle increasing and the wave vector12

becoming oblique.13

To further understand EMIC waves and their e�ects on plasma dynamics14

in the magnetosphere, previous studies have extensively examined the distribu-15

tion of EMIC waves occurrence and properties as well as how the geomagnetic16

indices and solar wind conditions impact their generation and distribution. For17

example, Min et al. [2012] explored EMIC waves in the outer magnetosphere18

observed by the Time History of Events and Macroscale Interactions during19

Substorms (THEMIS) spacecraft from 2007 to 2010 and identi�ed two regions20

where EMIC waves occur with high possibility: one at dusk in the range of 8 RE21

to 12 RE reigned by He-band and another one at dawn in the range of 10 RE to22

12 RE reigned by H-band. Allen et al. [2015, 2016] investigated EMIC waves23

at all magnetic latitudes(MLATs) and magnetic local times(MLTs) by using24

10 years data from Cluster satellite, and found that large occurrence rates are25

observed throughout the dayside magnetosphere, while high intensity of wave26

power is found in the dusk sector, which concurred with Min et al. [2012].27
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They implied that the source region of EMIC waves includes three sections:28

the postnoon to dusk MLT regions where cold or plume ions overlap with ener-29

getic anisotropic ions; high L shells regions at dayside with drift shell splitting30

and magnetospheric compression; o�-equator regions at dayside. Saikin et al.31

[2015] used the Radiation Belt Storm Probes (RBSP) mission to explore the32

spatial distribution of three EMIC bands and found that it is the He-band that33

is prevalent among the three bands. H-band EMIC waves peak at two MLT34

regions: prenoon (09:00 < MLT � 12:00 from L = 4 - 6) and afternoon (15:0035

< MLT � 17:00 from L = 5.5 - 6.5), He-band waves have a high occurrence36

at overall dayside especially in the prenoon (08:00 < MLT � 12:00) and after-37

noon (13:00 < MLT � 17:00) with L = 4 - 6, while O-band waves only peak38

in the morning (09:00 < MLT � 11:00) when L shells is low (L < 4). Saikin39

et al. [2016] performed a statistical study of the relationship between EMIC40

wave distributions and geomagnetic and solar wind conditions with data from41

RBSP mission, and concluded that the peak occurrence region of EMIC wave42

shifts from prenoon sector to afternoon sector with the increase of AE index.43

Besides, EMIC wave events are observed shifting from all MLT sectors to the44

afternoon sector mostly with higher solar wind pressure. Wang et al. [2017],45

with the Magnetospheric Multiscale (MMS) data, discovered that H-band waves46

occur preferentially at higher L-shell on the dayside compared with He-band in47

lower L-shell, and that linear and right-hand polarized H-band waves are mostly48

observed in peak occurrence regions.49

The excitation of EMIC waves under various conditions has been investigated50

as well using theoretical and modeling approaches. A parametric study on how51

energetic heavy ions a�ect the generation of EMIC waves was performed by52

Kozyra et al. [1984], while a �rst global modeling study of ring current ions53

interacting with EMIC waves was performed by Jordanova et al. [1997] for54

the recovery phase of a typical moderate storm. These were followed by more55

extensive studies of EMIC wave dynamics during several geomagnetic storms56

[Jordanova et al., 2001a, 2003]. It was found that the regions where EMIC waves57

grow are usually located near the plasmapause, however with quite variable58
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MLT dependence, being restricted mostly to the afternoon sector during the59

main phase and extending in local time and moving toward the postmidnight60

MLT sector during the recovery phase. The presence of heavy ring current ions61

led to reduced wave growth in the He-band EMIC waves and the damping due to62

ring current O+ was especially strong near minimum Dst [Jordanova, 2011]. On63

the other hand, increased O+ content favored the generation of O-band EMIC64

waves [Thorne and Horne, 1997; Jordanova et al., 2001b].65

A great number of surveys have been made to investigate the e�ects of66

EMIC waves in Earth’s magnetosphere. It has been demonstrated that EMIC67

waves play a crucial role in particle dynamics and wave-particle interaction. For68

instance, EMIC waves can reshape the velocity distribution of energetic ions and69

electrons in return [Thorne et al., 2010]. It has been shown that the loss of ring70

current populations that facilitate the ring current decay [Cornwall et al., 1970;71

Cao et al., 2016], is partially due to the wave-particle interaction of EMIC waves72

[Jordanova et al., 1997; Burch et al., 2002; Usanova et al., 2010; Xiao et al.,73

2011, 2012], which scatter the ions into their loss cones. Shreedevi et al. [2021]74

compared three empirical EMIC wave models implemented in the RAM-SCBE75

model to investigate the e�ects of EMIC waves on causing ion precipitation76

into the ionosphere. They found that H-band EMIC waves can enhance the77

intensity of precipitation, which is in great agreement with the observations78

from NOAA/POES satellites. Zhu et al. [2021] used the most robust EMIC79

model as suggested by Shreedevi et al. [2021] to study the impact of associated80

proton precipitation on ionospheric conductance. They found that EMIC waves81

that scatter ions in the noon-dusk-midnight sector over wide MLATs, can lead82

to large enhancement in the conductance, which, through the circulation within83

the magnetosphere-ionosphere system, further notably change the ionospheric84

electrodynamics. Jordanova et al. [2007] simulated H+ ion precipitation caused85

by EMIC waves and compared with observations of subauroral arcs by the86

Far Ultraviolet (FUV) instrument on the Imager for Magnetopause-to-Aurora87

Global Exploration (IMAGE). They showed that cyclotron resonant interactions88

between the H+ ions and EMIC waves is a viable mechanism for the generation89
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of subauroral proton arcs. Yuan et al. [2010] reported observations from Cluster90

and IMAGE satellites and demonstrated that it is the interaction between ring91

current ions and EMIC waves that causes ring current protons to be scattered92

into the loss cone, leading to the generation of subauroral proton arcs. Sakaguchi93

et al. [2008] also implied that interactions between ring current ions and EMIC94

waves induce energetic ion precipitation, leading to isolated auroral arc events.95

In addition, the appearance of cusp proton aurora events [Xiao et al., 2013]96

and traveling convection vortices inside the magnetosphere [Engebretson et al.,97

2013] were reported to be related to EMIC waves.98

In the magnetosphere, EMIC waves can be excited by anisotropic energetic99

(� tens of keV ) ring current ions, mostly by H+ ions [Cornwall, 1965; Kennel100

and Petschek, 1966]. The anisotropy usually results from two possible ways.101

(1) As energetic ions are injected to the inner magnetosphere from the plasma102

sheet during geomagnetic storms or substorms, they experience various loss103

and energization processes which may exert preferably on certain pitch angles104

[Vasyliunas, 1976; Jordanova et al., 1997; Elkington et al., 2005; Chen et al.,105

2010; Zhang et al., 2014; Liu et al., 2016], and thus develop anisotropy.106

(2) Ions are betatron accelerated by sudden compressions on the dayside107

due to solar wind pressure pulses or interplanetary shocks, resulting in the108

enhancement of the perpendicular temperature [Southwood et al., 1975; Olson109

et al., 1983; Anderson et al., 1993; Liu et al., 2013]. The energetic anisotropic110

ion populations provide the free energy which is essential for the generation of111

EMIC waves [Cornwall, 1965; Rauch and Roux, 1982].112

In addition to the anisotropic energetic ions, the excitation of EMIC waves is113

also controlled by the background cold plasma, which usually possesses H+ and114

heavy ions such as He+ and O+. The cold plasma can reduce the instability115

threshold and enhance the growth rate of EMIC waves. Therefore, the com-116

position of the cold plasma could considerably in
uence the wave generation.117

Previous studies have found that even a small amount of heavy ions can largely118

in
uence the ampli�cation or propagation of the EMIC waves [Young et al.,119

1981; Kozyra et al., 1984]. Omidi et al. [2013] showed that the concentration120
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of cold O+ ions is related to the characteristics of EMIC waves and suggested121

that the waves are damped when enlarging the cold O+ concentration.122

Previous studies mostly focused on the impact of cold heavy ions, which123

are from plasmaspheric plasma. The question whether the warm heavy ions,124

especially the warm O+ ions, in
uence the growth of EMIC waves, particularly125

the O-band, needs more investigation. In this study, warm ions refer to the ring126

current ions. As shown in Jordanova et al. [1997] and Jordanova [2011], the127

He-band EMIC wave ampli�cation decreases when heavy ring current ions are128

considered because both He+ and O+ ions damp the waves in this frequency.129

Henning and Mace [2014] theoretically analyzed how the percentage of hot H+,130

He+ and O+ ions a�ected the EMIC instability and the growth rate of three131

bands according to the dispersion relation, and they suggested that increasing132

the percentage of O+ ions can decrease the maximum growth rate of H-band.133

They also concluded that all three ion species have an e�ect of increasing the134

instability of O-band EMIC waves. While it is known that the density of warm135

O+ often increases during storm time and may even exceed the H+ density,136

contributing signi�cantly to the ring current dynamics [Nos�e et al., 2005], in-137

vestigating how such enhancement of concentration a�ects the storm-time EMIC138

wave excitation in a global context would shed lights on the understanding of139

ring current dynamics, especially how it decays.140

In this study, we therefore investigate a storm event on August 31, 2005141

during which the O+ ions are found to signi�cantly increase in the storm time.142

In Figure 1(a�b), the red lines show the orbit of FAST satellite in XZ and YZ143

plane from 9:52 UT to 10:14 UT with the asterisks marking the beginning of144

time at 9:52 UT. The magnetic �eld con�guration at 10:00 UT produced by an145

empirical model T96 [Tsyganenko, 1995; Tsyganenko and Stern, 1996] is shown146

as a reference to better display the spatial position of the FAST satellite orbit.147

Figure 1(c�d) show the same except for the orbit from 14:12 UT to 14:34 UT148

and the magnetic �eld con�guration at 14:20 UT. During these periods of time,149

FAST 
ew from low to high latitude across the nightside aurora zone, but the150

former time period was in the quiet time while the latter in the storm active time.151
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Figure 1(e�h) show the H+ and O+ 
ux spectrogram from these passes. It can152

be seen that the O+ 
ux with a few keV is signi�cantly enhanced at 14:20 UT,153

compared to the previous pass at 10:00 UT during quiet time. This suggests that154

more O+ ions out
ow into the magnetosphere in storm time, and the intensity155

even becomes as much as the H+ ions. How such an increased O+ population156

could change the ring current dynamics and the excitation of EMIC waves is the157

main objective in this study. Earlier studies mainly theoretically emphasized158

the e�ect of warm ions on the EMIC wave growth (e.g., Kozyra et al., 1984;159

Henning and Mace, 2014) or demonstrated the contribution from ring current160

O+ ions on the He-band EMIC wave simulations (e.g., Jordanova et al., 1997,161

2011). We will extend these previous studies and focus on the identi�cation of162

the e�ects of heavy warm O+ ions on the growth rate of all three (H, He and O)163

bands EMIC waves and their global distribution and temporal evolution during164

the 31 August 2005 storm. With a global ring current model, we simulate the165

storm event and calculate the EMIC growth rate with the model output. The166

particle distributions from the kinetic ring current model are far more physical167

than analytical distributions that are often used in previous theoretical studies.168

Furthermore, by varying the concentration of the ring current warm ions, we169

conduct a parameterized study to �nd out the controlling parameters that may170

play the essential role in changing the EMIC wave growth rate.171

2. Methodology172

2.1. RAM-SCBE Model173

2.1.1. Model Description174

The RAM-SCBE model [Jordanova et al., 2006, 2010; Zaharia et al., 2006,175

2010; Yu et al., 2017] integrates three codes:176

(1) A kinetic model of ring current plasma named the Ring current-Atmosphere

interaction model(RAM) [Jordanova et al., 2006, 2010] which solves the bounce-

averaged kinetic equations for electrons and three ion species, including hydro-

gen ion, oxygen ion and helium ion in the magnetic equatorial plane, to yield
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their distribution functions Ql(R;�;E; �):
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@Ql

@t
)lossi

(1)

where the subscript l denotes the species and o the magnetic equatorial plane,

the brackets h i denotes averaging during bounce motion, p is the relativistic mo-

mentum of the particle, 
 is the Lorentz factor, �o = cos�o, �o is the equatorial

pitch angle, and

h(�) =
1

2R0

Z s
0
m

sm

ds
q

1� B(s)
Bm

(2)

where R0 is the equatorial distance of the �eld line from the Earth center , ds177

is the distance interval of the �eld line, Bm is the magnetic �eld at the mirror178

point, and sm and s
0

m are the southern and northern mirror point coordinates of179

a bouncing particle, respectively. h(�) is proportional to the bounce period. The180

physical loss processes on the right-hand side include charge exchange between181

ring current ions and neutral geocoronal hydrogen, wave-particle interactions,182

as well as atmospheric collisional loss for both electrons and ions [Jordanova183

et al., 2010]. The RAM model typically works with a radial span of 2 to 6.5184

earth radii (RE) with spatial interval of 0.25 RE , all magnetic local time, energy185

varying from 0.15 keV to 400 keV, and pitch angle � ranging from 0 to 90�.186

(2) A three dimensional Euler-potential-based plasma equilibrium code of

the terrestrial magnetic �eld [Zaharia et al., 2006, 2010], which solves the 3-D

force-balance equation:

J �B = 5 � P (3)

where J is the electric current density, P is the general pressure tensor, which

is assumed gyrotropic, with P? and Pk the pressures perpendicular and parallel

to the �eld, respectively. The equilibrium model is coupled with RAM by using

an iterative approach. Every 5 minutes, RAM provides perpendicular/parallel

pressures, determined from the bounce-averaged distribution function, to the

magnetic �eld code, which then determines the magnetic �eld based on Equation
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2 and feedback to the RAM. The 5-minute coupling frequency is appropriate to

study geomagnetic storm dynamics on time scales from minutes to hours. This

coupling frequency can be increased when the magnetic �eld is more rapidly

evolving [Welling et al., 2018]. The pressures obtained from RAM are smoothed

by using spline interpolation to ensure convergence. The coupling procedure

approaches convergence quite fast, typically only with three iterations [Zaharia

et al., 2006]. The magnetic �eld is passed back to the RAM formulation through

purely �eld-geometric integrals h(�) and I(�). I(�) is de�ned as:

I(�) =
1
R0

Z s
0
m

sm

s

1�
B(s)
Bm

ds (4)

Both of h(�) and I(�) are 1-D integrals and can be easily solved in the coordinate187

system.188

(3) A two dimensional height-integrated ionospheric electrodynamics model

[Yu et al., 2017] at altitude of 110 km. The ionospheric potential solver is based

on the Poisson equation:

5 � (� � 5�) = �JksinI (5)

where Jk is the �eld-aligned currents (FACs), � is the height-integrated iono-

spheric conductance tensor, and I is the inclination angle of the magnetic �eld.

Although both of the important factors Jk and � are speci�ed at the iono-

sphere altitude, they are closely associated with the magnetospheric dynamics.

The FAC density jk is calculated in the RAM-SCB model by using the formula

[Zaharia et al., 2010; Yu et al., 2017]:

B � 5(
jk
B

) =
2B � (5 � P � �)

B2 (6)

where � = (b � 5b) is the �eld line curvature. The FACs Jk needed by the189

ionospheric potential solver at a given location (i.e., at the ionospheric altitude190

of 110 km) can be obtained by integrating Equation (6) along the �eld line191

from the equatorial plane to the speci�ed location. The energy sources of con-192

ductance contains the solar radiation and precipitation of electrons and ions.193

The solar EUV-induced conductance is estimated from empirical functions with194
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solar zenith angle and F10.7 index [Moen and Brekke, 1993]. The precipita-195

tion associated conductance is obtained by empirical formulas from Robinson196

relation [Robinson et al., 1987] (for electrons) and Galand and Richmond rela-197

tion [Galand and Richmond, 2001] (for ions), which are relatted with the energy198


ux and averaged energy obtained from RAM. The ionospheric electrodynamics199

model feeds back electric potential to the RAM model. Therefore, the above200

three codes are coupled together as the RAM-SCBE model.201

2.1.2. Model Setup202

Figure 2 presents the solar wind conditions during the storm of 31 August

2005 using the data from OMNIWeb (https://omniweb.gsfc.nasa.gov). It can be

seen that the interplanetary magnetic �eld turns southward at around 12:00 UT

while the solar wind speed component Vx keeps around -400 km/s. The proton

density has a steady increase until around 13:00 UT and remained over 20 cm�3

after 12:00 UT for several hours. The AE index is up to 2000 nT at around 19:00

UT where the SYM�H index is minimized at -120nT. The solar wind conditions

are used to determine Weimer electric potential [Weimer, 2001], which is needed

at the poleward boundary of the ionospheric potential solver. Besides, we use


ux data obtained from Los Alamos National Laboratory (LANL)/Synchronous

Orbit Particle Analyzer (SOPA) and Magnetospheric plasma analyzer (MPA)

instruments to provide the boundary condition of plasma sheet at 6.5 RE . The

measured ion 
ux is decoupled into di�erent species as follows [Young et al.,

1982]:
N(O+)
N(H+)

= 4:5� 10�2e0:17Kp+0:010F 10:7 (7)

N(He+) = 6:8� 10�3 + 8:4� 10�2N(O+) (8)

N(O+) = 1:1� 10�2e0:24Kp+0:011F 10:7 (9)

where F 10:7 is the monthly averaged 10.7-cm solar radio 
ux and N(ion) is the203

number density of speci�c ion.204
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2.2. Calculation of EMIC Growth Rate205

In the magnetosphere, the amount of time that species spend traveling

through the �nite growth region determines the e�ective ampli�cation of waves.

Therefore the convective growth rate is relevant to the instability rather than

the temporal growth rate [Kozyra et al., 1984]. We use the ring current par-

ticle distributions simulated by the RAM-SCBE model to calculate the linear

convective growth rate [Gombero� et al., 1983; Kozyra et al., 1984; Jordanova

et al., 2003; Fok et al., 2016] for parallel propagating EMIC waves. For ion cy-

clotron waves traveling parallel to an external magnetic �eld B0, the linearized

dispersion relation in an in�nite uniform magnetized plasma is given by Kozyra

et al., 1984:

!2 =c2k2 � �!
X

l

!pl
2

Z 1

�1
dvk

Z 1

0
dv?

� v?2f(1�
kvk
!

)
@fOl

@v?
+
kv?
!

@fOl

@vk
g=(! � kvk � 
l)

(10)

where ! = !r + i!i is the complex frequency, k is the real wave number,

fOl is the unperturbed distribution function of species l, v? and vk are the

perpendicular and parallel components of the velocity, respectively, relative to

B0, and 
l is the gyrofrequency of species l. By solving the dispersion relation,

the convective growth rate S is obtained:

S =
�
Vg

(11)

where � is the temporal growth rate, and Vg is the wave group velocity. The

temporal growth rate � is determined from the imaginary part of ! under the hy-

pothesis of quasi-neutrality and assumptions, such as wave frequency variation

much greater than phase variation (!r � !i), wave velocity much less than the

light speed (k2c2 � !2), and wave frequency away from the immediate vicinity

of the ion cyclotron frequencies (j (!r � 
l)=kvk;l j� 1) [Kozyra et al., 1984].
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Finally, the temporal growth rate � is

� =
!i


p
=
�2
p

2

nwpXk
[
X

l

1
M2

l

Z
(
@fwl

@v?
+
Ml


p
kv?

@fwl

@vk
)vk=urv

2
?dv?]

� [
(1 + ncp=nwp)(2�X)

(1�X)2 +
X

l>p

nwl + ncl

nwp

Ml(2�XMl)
(1�XMl)2 ]�1

(12)

while the group velocity Vg is derived from the real part of !:

Vg =
@!r

@k
=

2
pc
!wpp

[
(1 + ncp=nwp)

1�X
+

X

l>p

nwl + ncl

nwp

Ml

1�XMl
]

1
2

� [
(1 + ncp=nwp)(2�X)

(1�X)2 +
X

l>p

nwl + ncl

nwp

Ml(2�XMl)
(1�XMl)2 ]�1

(13)

where nw(c)l is the warm(cold) ion density of species l, X = !r=
p, Ml is the

atomic mass number of species l, fwl is the phase space density of warm ion

species l, !wpp is the warm proton plasma frequency, and ur is the parallel

resonance velocity:

ur =

p(XMl � 1)

kMl
(14)

and the wave number k is

k =
!wppX
c

[
(1 + ncp=nwp)

1�X
+

X

l>p

nwl + ncl

nwp

Ml

1�XMl
]

1
2 (15)

3. Simulation Results206

3.1. RAM-SCBE Simulation Results207

Figure 3(a) shows the simulated Dst index in the storm event of 31 August208

2005, which has similar tendency with observation but less strong. In our simu-209

lation, the storm starts after 12:00 UT and the Dst index falls rapidly after that210

until approximately 15:00 UT. It then rises to a local peak at 16:00 UT before it211

drops somewhat slowly until about 18:20 UT. Then, it falls quickly until around212

19:20 UT. We have marked two vertical dashed lines at t1 = 15:00 and t2 =213

19:20 respectively to select two local minima of Dst index. At t1, the minimal214

Dst is approximately -70 nT , while at t2, it is about -88 nT . Figure 3(b) shows215

the ion 
ux of (left) H+, (middle) He+, (right) O+ ions at energy of �24 keV216
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and equatorial pitch angle of 90� at t1 in the equatorial plane. The ring current217

ion 
ux is highly asymmetric at this time. In the low shell region, there is a218

tongue spreading from midnight until noon across the dusk and the maximum219


ux is located from dusk side to midnight sector, especially at �22:00 MLT at220

L = 3.75 - 4.0. By comparing the three ion species, it is apparent that H+
221

has the largest 
ux, followed by O+, and He+ is the least abundant. This may222

be governed by the boundary condition, as stated in Equation (7)-(9). Figure223

3(c) shows the ring current temperature anisotropy(A) of three ion species at224

t1, de�ned as225

A =
Tl;?

Tl;k
� 1 (16)

where Tl;?(k) is temperature of species l perpendicular(parallel) to the magnetic226

�eld B0.227

The parameter A suggests the instability of the ring current. It is unstable228

if A > 0. As shown in Figure 3(c), anisotropic condition appears in the dusk-229

to-midnight sector around L = 4 and at dusk sector around L = 6 for each230

species. Figure 3(d) is the same as Figure 3(b) except for the time t2. It can be231

perceived that the ions 
ux distributions at t2 are similar to that of t1 except232

that the ions are populated more into the inner region. Another remarkable233

characteristic is that as new ion injection occurs, multiple peaks in the ring234

current are found. The multiple-peak structure has been reported in previous235

studies [Perez et al., 2015, 2016]. Perez et al. [2015] implied that the multiple236

peaks may coincide with high AE index. As we can see from Figure 2, the AE237

index peaks up to 2000 nT at around 19:00 UT. The new injection merges with238

the inner one gradually after that (not shown). Figure 3(e) shows corresponding239

anisotropy: it is seen that in addition to the highly anisotropic condition in the240

inner region (L < 3), there is enhanced anisotropy on the nightside around L =241

4. Furthermore, the A = 0.5 contour line is close to the region of L = 5 on the242

nightside-to-dawn sector, suggesting that anisotropy develops in a wider region243

than t1. Tongue structures show up at MLT between 23:00 to 24:00 for 4 < L <244
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5 where the new ion injection occurs and a new 
ux peak forms in Figure 3(d).245

3.2. EMIC Growth Rate with Bi-Maxwellian Distribution Simulation246

From the above 
ux distributions, it is seen that the O+ 
ux is more abun-247

dant than He+ in the ring current, although its intensity is about one order248

of magnitude smaller than H+ 
ux. Given such a large population, we expect249

the ring current O+ to play a role in the EMIC wave generation. We �rstly250

compute the EMIC growth rate by assuming a bi-Maxwellian distribution to251

test the validity of EMIC calculation in section 2.2, to benchmark the e�ects of252

heavy ions on the growth rate, as well as provide comparisons to the following253

global distribution of growth rate based on the physics-based ion distribution,254

i.e., distribution determined by the RAM-SCBE model. The reason why the255

ion distribution from RAM-SCBE is called as physics-based is that the model256

is developed based on the physical equations and the boundary conditions are257

based on real observations.258

Figure 4(a) and 4(b) shows the phase space density (PSD) of H+ in bi-259

Maxwellian distribution and physics-based H+ distribution sharing the same260

plasma density (nwH+ = 20:03cm�3, nwHe+ = 0:79cm�3, nwO+ = 4:83cm�3)261

and average anisotropy (AH+ = 0:95, AHe+ = 1:10, AO+ = 1:08) which is cho-262

sen at t = t1 at 3.75 RE , 22.0 MLT. The cold plasma density is 221.4 cm�3 and263

the ion composition ratios are assumed as [H+, He+, O+] = [0.77, 0.20, 0.03].264

The blank region is where the PSD is small enough to be neglected. The white265

circles mark the energy of H+ at 1, 10 and 100 keV. The physics-based distri-266

bution has strong pitch angle anisotropy in two regions: when the energies are267

below 6 keV and between 10 keV and 50 keV. Besides, the PSD in physics-based268

distribution is larger than that of bi-Maxwellian distribution for energy below269

50 keV. Figure 4(c) and 4(d) are the corresponding growth rates as a function of270

normalized frequency (X in Equation (12)). As we can see, three EMIC bands271

emerge and the He-band is the strongest among them for bi-Maxwellian dis-272

tributions compared with H-band for physics-based distribution. By analysing273

the di�erential items in Equation (12), we found that the gradient of parallel274
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PSD is much larger than the perpendicular one and is the main contribution275

to growth rate. The peak growth rates of H-band and He-band calculated with276

physics-based distribution are higher than that of bi-Maxwellian, which may277

due to the fact that the gradient of the H+ PSD along the parallel direction in278

Figure 4(b) is larger. Fok et al. [2016] also showed that bi-Maxwellian distribu-279

tion may underestimate the EMIC growth rate. In Figure 4(c), the growth rate280

of O-band rises high as X is close to the O+ gyrofrequency. This is because the281

wave’s phase velocity decreases sharply and the wave number increases largely282

when it is near the gyrofrequencies of the heavy ions, leading to a reduction of283

resonant energy [Kozyra et al., 1984].284

We then maintain the plasma density of H+ and He+ but increase that of O+
285

ions with the bi-Maxwellian distribution to explore di�erences in wave growth286

rate, as shown in Figure 5. The corresponding plasma densities of three cases287

are listed in Table 1. The dot horizontal lines mark the maximum H-band and288

He-band growth rate in three cases. As shown in Figure 5, as the warm O+
289

ions density is enhanced, the growth rates of H-band and He-band decrease. In290

addition, the peak of H-band convective growth rates slightly migrate toward291

higher normalized frequencies as the plasma density of O+ increases. This is292

because the increase of O+ ions density can increase the wave number and293

decrease the resonant velocity, leading to higher instability threshold.294

3.3. E�ects of Warm O+ On Growth Rate295

The above simple tests using bi-Maxwellian distribution con�rm results on296

the e�ects of warm O+, as reported in previous studies [Kozyra et al., 1984;297

Jordanova, 2011; Fok et al., 2016]. But how the maximum growth rates of298

each band change, under the e�ects of warm O+ ions, in global distribution299

and temporal evolution still need further examination, which is the focus of300

our research. With the plasma distribution provided by RAM-SCBE model, we301

calculate the convective growth rate of EMIC waves following the formulation302

in Section 2.2. The cold ion composition ratios are assumed as [H+, He+, O+]303

= [0.77, 0.20, 0.03] all the time. In order to isolate the in
uence of the warm O+
304
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ions on the growth rate of EMIC waves, we perform three computations of the305

growth rate, in which di�erent O+ distributions are applied. These simulation306

settings are summarized in Table 2. Run 1 uses the direct output distributions307

of H+, He+ and O+ from RAM-SCBE model, while Run 2 uses manipulated308

distributions of O+ whereas keeping the other conditions the same as in Run 1.309

To simulate the condition when the O+ density is comparable to H+ density,310

we set the new O+ density as 5 times of that in Run 1, which enhances the O+311

density to be comparable to the H+ density. In Run 3, the distribution of O+
312

is the same as in Run 2, while the distribution of H+ is modi�ed to subtract 4313

times of O+ distributions in Run 1 in order to hold the total number density314

of ring current ions the same as in Run 1. We choose a factor of 5 based on315

statistical survey. Kistler et al., [2016] analyzed the ion distributions for H+,316

O+ and He+ in the inner magnetosphere as a function of solar EUV (F10.7)317

and geomagnetic activity (Kp) and found that both the O+ density (cm�3)318

and relative abundance increase signi�cantly with both F10.7 and Kp. The O+
319

density at L=6-7 on the nightside can vary by a factor of 5 if the Kp index320

increases from 2 to 5, and even more if Kp is larger. The relative abundance321

of O+ also increases in general, with the ratio of O+/H+ sometimes exceeding322

1.0. In addition, Figure 1(f,h) shows that in this particular storm event, the323

O+ 
ux with a few keV is comparable to the H+ 
ux in the nightside aurora324

zone, implying that the intensity of O+ ions can become as much as the H+
325

ions. Therefore a factor of 5 to enhance the O+ density is reasonable and can326

re
ect the ion composition in storm time.327

3.3.1. Global Distribution of the Maximum EMIC Growth Rates328

Figure 6 shows the global distribution of cold plasma density, cold/warm329

H+, He+ and O+ ion density and maximum growth rate of H-band, He-band330

and O-band at t1. It can be seen that the plasmapause is pushed as close as331

L = 4 on the nightside and the nightside plasma is eroded by large convection332

during the storm main phase in Figure 6(b). All the three warm ions show333

similar global patterns of density which are dawn-dusk asymmetry with their334

16



peak density located in the pre-midnight sector outside the plasmapause. In the335

base Run 1, the warm H+ density is the largest among the three ion species. The336

O+ density at its peak location is about third of H+ density, and He+ has even337

less abundance. The global distributions are accord with the equatorial 
uxes338

in Figure 3. In Run 2 and Run 3, warm O+ density is ampli�ed by 5 times,339

leading to a larger O+ density compared with H+ density. The H+ density is340

even about half of the O+ density in Run 3.341

As the anisotropy shown in Figure 3, the region above A = 1 appears at342

the dusk-midnight sector around L = 4. We expect to see waves to grow in343

that region. Indeed, Figure 6(d) shows that the maximum growth rate of H-344

band EMIC wave mostly appears in 19 < MLT < 24 around L = 4, the345

region at the vicinity of plasmapause, overlapped by the ring current ions. Such346

a distribution of large wave growth rate is conformed to the statistic results347

in Saikin et al., [2015], which similarly reported large wave amplitude in the348

midnight-dusk sector. In this azimuthally elongated region, He-band EMIC349

waves are also excited but with a smaller maximum growth rate. The excited350

region is mostly consistent with Saikin et al., [2015], that is, the midnight-to-351

afternoon sector is favorable for wave generation, although observations showed352

wider distribution for large wave intensity in L shell. In contrast, the O-band353

EMIC wave is barely seen in Run 1. In statistical study (e.g., Saikin et al., 2015),354

the O-band indeed has much less occurrence and the intensity is much lower.355

In the second case (Run 2), the H-band EMIC wave appears to be generated in356

a shrunk region and its maximum growth rate decreases. When the warm O+
357

density increases, the wave number k is decreased for H-band, leading to the358

increase of parallel resonance velocity ur, which caused the decrease of temporal359

growth rate �. Although the group velocity Vg is also decreased, the decrease in360

the temporal growth rate � is more signi�cant. While for O-band, the temporal361

growth rate � is increased and the group velocity Vg is decreased, as a result,362

the O-band EMIC wave is manifested with enhanced maximum growth rate.363

Kozyra et al., [1984] stated that energetic heavy particles suppress growth of364

wave modes at higher frequencies, that is, increasing of O+ ions can decrease365
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the growth of H-band and He-band but increase O-band. As the convective366

growth rate is calculated under the assumption of linear theory, the growth367

rate is determined by the superposition of the damping or growth rates of each368

individual species. Thus the H-band is supposed to be decreased while O-band369

to be increased. The trend of H-band and O-band ion our simulation is accord370

with Kozyra et al., [1984]. The unstable region of O-band is more westward371

and outside than the H-band EMIC, which is likely to be attributed to the drift372

path of O+ ions. In the third case (Run 3), the H-band wave is excited in an373

even more limited region than Run 2, while the O-band wave shows no change374

from Run 2. For the He-band, there is a blank region in the dusk-to-midnight375

sector, which represents regions with negative growth rates. As the populations376

provide free energy for the generation of EMIC wave [Cornwall, 1965; Rauch and377

Roux, 1982], the cold ions play positive role to increase the growth rate [Young378

et al., 1981; Rauch and Roux, 1982]. According to Henning and Mace [2014],379

the EMIC wave branch grows only when the sum of positive contributions is380

larger than the sum of negative contributions. In our simulation, the positive381

contributions are not large enough when the normalization frequency (X) is382

between 0.07 to 0.25 at the blank location, as a result of which, the growth rate383

is negative and damping occurs [Jordanova et al., 2003].384

Figure 7 shows the same content as Figure 6 except for the time at t2.385

The cold plasma density at t2 is eroded even more and a plume is created.386

The plasmapause is pushed to almost L = 2:5 on nightside. The densities of387

three ring current ions are still asymmetric along the dawn-dusk line. The peak388

density is located outside the plasmapause in the pre-midnight sector at lower389

L shell. The maximum growth rate of H-band shows two peaks located in 20390

< MLT < 24 and 0 < MLT < 1 from L = 3 to L = 4 and 21 < MLT < 24 from391

L = 4 to L = 5, as expected from the two unstable regions shown in Figure 3.392

The waves appear more eastward than that at t1, which may be caused by the393

convection. The peak at larger L shell co-locates with the tongue region enclosed394

by A = 0.5 in Figure 3(e). The one at smaller L shell is just at the vicinity of395

the plasmapause, similar to the case in t1. Again, the H-band EMIC waves are396
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generated in a smaller region in Run 2 and Run 3. The maximum growth rate397

of He-band and O-band EMIC wave are small enough to be ignored in Run 1,398

while the O-band EMIC wave is excited in a more outside and westward region399

in Run 2 and Run 3.400

From the above analysis, we can �nd that the increase of warm O+ density401

and decrease of warm H+ density could e�ectively enhance the growth rate of402

O-band near the plasmapause and reduce that of H-band, respectively. On the403

other hand, the He-band is not in
uenced as much. The global distribution404

of the maximum wave growth rate is also varied as the O+ density increases.405

The region where H-band can be excited is shrunk when the O+ density is406

enhanced, while the region with O-band excitation is found to be widened.407

Through the comparisons at di�erent times in the storm main phase, we also408

see the e�ect of freshly injection hot plasma. Such a change in their global409

distribution implies that the subsequent wave-particle interactions in the ring410

current may be altered. From the experiments of Run 1 to Run3, we note that411

the percentage of warm O+ number density could in
uence the region with H-412

band excitation. However, it seems that the absolute O+ number density plays413

a dominant role in determining the distribution of the maximum O-band growth414

rate because this density is increased from Run 1 to Run 2 but retained in Run415

3.416

3.3.2. The Evolution of EMIC Growth Rates During the Storm417

As the warm O+ density varies in storm time and sometimes can become418

considerably comparable to that of H+ ions, its temporal variation could a�ect419

the wave dynamics given the impact on the H-band EMIC waves as found in the420

previous section. Therefore, we examine how the EMIC growth rate changes in421

this particular storm event with the simulaiton result from Run 1. We choose422

a location of L = 4 and MLT = 20. Figure 8(a) shows the evolution of total423

cold and three warm/cold ion species’ number density. The dashed line is the424

ratio of warm O+ and H+ density (i.e., nwO+=nwH+). In the storm time, the425

warm H+ ions are dominant in the ring current, warm O+ and cold H+ ions are426
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the secondary population. The three warm ions evolve at the selected location427

roughly with a similar tendency. Their densities are notably increased during428

14:00-16:00 UT and 18:00-23:00 UT. However, the density ratio nwO+=nwH+ is429

signi�cantly enhanced in the entire storm main phase with a level upto 30%.430

On the other hand, the density of warm He+ ions is nearly negligible (less than431

1 cm�3 all the time). With such ring current composition, EMIC waves are432

found to be dominated by H-band and He-band, as shown in Figure 8(b). The433

maximum H-band growth rate has a similar tendency to the density variation434

of warm H+ ions. As the H+ density increases around 15:00 and 20:00 UT,435

the maximum growth rate of the H-band also rises. The He-band growth rate436

experiences the same. In contrast, the O-band is only excited around 15:00U437

UT. No increase of its maximum growth rate is shown at 20:00 UT although438

the warm O+ ion density also increases that time. We note that the density439

ratio nwO+=nwH+ remains at a high level in the entire storm main phase, but440

the growth rates of all three bands exhibit dynamic variations, indicating that441

the density ratio nwO+=nwH+ is not the controlling factor. Instead, we �nd442

that the absolute warm H+ ion density appears to be related to the maximum443

growth rate of H-band, while the cold plasma density has an impact on the444

O-band growth rate. At 15:00 UT, a combination of large cold plasma density445

and large warm O+ ion density leads to the enhancement of O-band. However446

when the cold plasma density drops due to the erosion of plasmasphere, neither447

the increase of warm O+ density or the increase of nwO+=nwH+ results in O-448

band excitation. These results suggest that in a storm event when warm O+
449

abundance is enhanced near the plasmapause, the growth of both H-band and450

He-band EMIC waves could be suppressed while the O-band EMIC waves could451

be enhanced. The enhancement of the lower frequency O-band EMIC implies452

that the EMIC waves can e�ectively interact with particles in a larger frequency453

range, promoting wave-particle scattering and energization.454
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4. Conclusion and Discussion455

Heavy ions are believed to in
uence the generation of EMIC waves. As the456

impact of cold heavy ions on the growth rate of EMIC waves has been inves-457

tigated deeply, we mainly focus on the e�ects of warm heavy O+ ions. In our458

study, we simulated a storm by using the RAM-SCBE model and examined459

how the ring current ion 
ux evolved and distributed during the main phase of460

the storm. The ion anisotropy distribution is examined. By using the parame-461

ters calculated by RAM-SCBE model, the global distribution and the temporal462

evolution of the maximum growth rate of EMIC waves are investigated. We463

explore how the abundance of warm O+ ions a�ects the EMIC wave growth464

rate by varying the ring current O+ density in the global context, and reach the465

following results:466

(1) The maximum growth rate of EMIC waves peaks on the night side where467

the warm plasma is injected towards the Earth leading to high anisotropy.468

Besides, the region is at the vicinity of plasmapause, overlapped by the ring469

current ions. The maximum growth rate of H-band EMIC waves is the470

largest among the three bands, followed by the He-band.471

(2) Di�erent EMIC bands peak at di�erent regions in storm time: H-band472

EMIC wave is preferentially excited around 19 < MLT < 24 at 3.5 - 5 RE ,473

and O-band EMIC wave can be slightly excited at 17 < MLT < 20 and 5474

- 6 RE , while He-band wave is excited around 18 < MLT < 23 at 4 RE .475

These unstable regions are in general consistent with statistical observations476

of large wave amplitude in Saikin et al., [2015].477

(3) When the abundance of warm O+ ion increases in storm times, the max-478

imum growth rate of O-band EMIC wave growth rate is increased, and479

the region with this wave excitation is widened. When the density ra-480

tio nwO+=nwH+ increases, the H-band waves are found to be suppressed481

with the maximum growth rates decreased and their excitation region gets482

shrunk. Such impact is also seen on the He-band.483
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(4) It is found that abundant warm O+ ions together with a large cold plasma484

density are favorable conditions for the O-band growth, while the ratio485

nwO+=nwH+ in the ring current does not appear to be a controlling factor486

for the O-band excitation.487
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Table 1: List of the Simulation Settings in Figure 5

Name nwH+=cm3 nwHe+=cm3 nwO+=cm3

Case1 20.03 0.79 4.83

Case2 20.03 0.79 9.66

Case3 20.03 0.79 24.15

Table 2: List of the Simulation Settings

Run

Species
H+ He+ O+

Base Run1
RAM-SCBE result

of H+ 
ux Q0(H+)

RAM-SCBE result

of He+ 
ux Q0(He+)

RAM-SCBE result

of O+ 
ux Q0(O+)

Run2 Q0(H+) Q0(He+) 5�Q0(O+)

Run3 Q0(H+) - 4�Q0(O+) Q0(He+) 5�Q0(O+)
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Figure 1: (a�b)Magnetic �eld con�guration at 10:00 UT and orbit from 9:52 UT to 10:46

UT in XZ and YZ plane, the star marks site at 9:52 UT. The magnetic �eld con�gura-

tion is obtained from using T96 model (Tsyganenko [1995]; Tsyganenko and Stern [1996]).

(c�d)Magnetic �eld at 14:20 UT and orbit from 14:12 UT to 14:34 UT in XZ and YZ plane,

the star marks site at 14:12 UT. (e�h)Energy 
ux of H+ and O+ from 9:52 UT to 10:46

UT(Figure 1(e, g)) and from 14:12 UT to 14:34 UT(Figure 1(f, h)) on 31 Aug 2005 from

OMNI.
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Figure 2: Interplanetary solar wind parameters for the interval of 09:00-24:00 UT on 31 Aug

2005 from OMNI. (a�b)B y (GSM) and B z component of the magnetic �eld, (c)Vx component

of the solar wind speed, (d)proton density, (e)AE index, and (f)SYM-H index.
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Figure 3: (a) Dst index during the storm in ring current. The red one is from simulation and

the black one is from observation. The vertical dashed lines correspond to two local minimal

Dst index. (b) Fluxes of H+, He+, O+ ions at energy of 24.2 keV and equatorial pitch angle

of 90� at 15:00 UT as a function of radial distance in the equatorial plane and MLT. (c) The

corresponding anisotropy of each species at 15:00 UT, while the black solid curves mark A =

1. (d) Same as Figure1(b) except for the time at 19:20 UT. (e) The corresponding anisotropy

of three ions at 19:20 UT.
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Figure 4: (a�b)Ring current H+ distribution in velocity space at t1, 3:75RE and 22 MLT as

given by bi-Maxwellian distribution (Figure 4(a)) and physics-based distribution (Figure 4(b))

from the RAM-SCBE model. (c�d) The corresponding EMIC growth rates as a function of

normalized frequency.
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Figure 5: Three cases of EMIC growth rates with bi-Maxwell distributions as a function of

normalized frequency. The number density of three warm ion species are listed in Table 1.
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Figure 6: (a)Number density of warm He+ ions. (b) Cold plasma total density and H+, He+

and O+ ions density. (c) Number density of warm H+ and O+ ions in Run 1 - 3. (d) Global

distribution of maximum growth rate of H-band, He-band and O-band, respectively in Run 1

- 3. The distributions are at t1.
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Figure 7: (a)Number density of warm He+ ions. (b) Cold plasma total density and H+, He+

and O+ ions density. (c) Number density of warm H+ and O+ ions in Run 1 - 3. (d) Global

distribution of maximum growth rate of H-band, He-band and O-band, respectively in Run 1

- 3. The distributions are at t2.
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Figure 8: The evolution of three ion species and three EMIC bands from 09:00 UT to 24:00

UT.
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