
Publications 

2-10-2022 

Feedback Interactions Between the Ionosphere and Feedback Interactions Between the Ionosphere and 

Magnetosphere at Middle Latitude Magnetosphere at Middle Latitude 

Mergen Alimaganbetov 
Embry-Riddle Aeronautical University, alimagam@my.erau.edu 

Anatoly Streltsov 
Embry-Riddle Aeronautical University, streltsa@erau.edu 

Follow this and additional works at: https://commons.erau.edu/publication 

 Part of the Atmospheric Sciences Commons 

Scholarly Commons Citation Scholarly Commons Citation 
Alimaganbetov, M., & Streltsov, A. (2022). Feedback Interactions Between the Ionosphere and 
Magnetosphere at Middle Latitude. Journal of Geophysical Research: Space Physics, (). https://doi.org/
10.1029/2021JA029990 

This Article is brought to you for free and open access by Scholarly Commons. It has been accepted for inclusion in 
Publications by an authorized administrator of Scholarly Commons. For more information, please contact 
commons@erau.edu. 

http://commons.erau.edu/
http://commons.erau.edu/
https://commons.erau.edu/publication
https://commons.erau.edu/publication?utm_source=commons.erau.edu%2Fpublication%2F1686&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/187?utm_source=commons.erau.edu%2Fpublication%2F1686&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1029/2021JA029990
https://doi.org/10.1029/2021JA029990
mailto:commons@erau.edu


manuscript submitted to JGR: Space Physics
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USA.5

Key Points:6

• We investigate ULF waves observed at Palmer station in Antarctica during sub-7

storms.8

• Our simulations demonstrate that these waves can be produced by the ionospheric9

feedback instability.10

• We show that the main role in the development of the instability belongs to the11

plasmapause.12

Corresponding author: M. Alimaganbetov, alimagam@my.erau.edu

–1–

A
cc

ep
te

d
 A

rt
ic

le
 

 

 

 

 

 

 

This article has been accepted for publication and undergone full peer review but has not been through
the copyediting, typesetting, pagination and proofreading process, which may lead to differences between
this version and the Version of Record. Please cite this article as doi: 10.1029/2021JA029990.

This article is protected by copyright. All rights reserved.

https://doi.org/10.1029/2021JA029990
https://doi.org/10.1029/2021JA029990
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021JA029990&domain=pdf&date_stamp=2022-02-10


A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to JGR: Space Physics

Abstract13

Observations show that magnetic pulsations with frequencies around 1 mHz are frequently14

detected simultaneously at different latitudes on the ground, in the inner magnetosphere,15

and in the solar wind. The coupling between oscillations in the dynamic pressure or mag-16

netic field carried by the solar wind and the ULF waves detected on the ground at high17

latitudes has been suggested in several studies. We present results from a numerical study18

of ultra-low-frequency waves detected by the ground magnetometers at middle latitudes19

during substorm. We investigate the hypothesis that these waves are generated by the20

ionospheric feedback instability driven by the large-scale electric field in the ionosphere.21

This field is associated with the surface waves propagating along the ambient magnetic22

field on strong perpendicular gradient in the plasma density occurring in the equatorial23

magnetosphere. The gradient in the plasma density is associated with the plasmapause.24

The plasmapause moves to the middle latitude when the plasmasphere erodes during sub-25

storm. The energy from the external driver can be coupled to the large-scale surface Alfvén26

waves traveling along the field lines into the ionosphere and generate small-scale intense27

ULF waves and field-aligned currents at middle latitude. The simulations of the two-fluid28

MHD model confirms this scenario, and the numerical results show a good quantitative29

agreement with the observations.30

1 Introduction31

Ultra-low frequency (ULF) electromagnetic waves carry significant fluxes of the elec-32

tromagnetic power, mass and momentum in the highly coupled solar wind-magnetosphere-33

ionosphere system. Their role in the global energy exchange increases many times dur-34

ing magnetically active times like the geomagnetic storms and substorms. This is one35

of the main reasons why these waves and the associated field-aligned currents are exten-36

sively studied at high latitudes in connection with the discrete auroral arcs and other37

non-luminous phenomena.38

One of the most frequently considered mechanisms responsible for the generation39

of the large-amplitude ULF waves is the global magnetospheric field-line resonator (FLR)40

formed by the magnetic field line bounded by the conjugate locations in the ionosphere.41

Shear Alfvén waves can form a standing pattern between these locations. If there is an42

external or internal driver that provides power with a frequency matching one of the eigen-43

frequencies of the system, then the resonator can produce large-amplitude ULF waves.44
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This idea had been proposed in classical papers by Cummings et al. (1969); Southwood45

(1974) and extensively studied after that, e.g., Chen and Hasegawa (1974); Streltsov and46

Lotko (1995).47

The existence of the global magnetospheric resonator is strongly supported by the48

frequent observations obtained with ground magnetometers and radars, particularly, by49

these of electromagnetic oscillations with discrete frequencies of 0.8, 1.3, 1.9, and 3.5 mHz50

in the night-side auroral zone (Samson, Harrold, et al., 1992; Fenrich et al., 1995). The51

same frequencies also have been detected in the field-aligned particle fluxes and lumi-52

nosity of the discrete auroral arcs (Xu et al., 1993). The fact that at high altitudes these53

frequencies match the eigenfrequencies of the magnetic field lines stretched to the mag-54

netotail (Lui & Cheng, 2001) provides a rationale to interpret them as a manifestation55

of the global field line resonator (Samson, Wallis, et al., 1992; Walker et al., 1992).56

FLR can be driven by several physical mechanisms. It can be a reconnection in the57

magnetotail (Angelopoulos et al., 2002), or the Kelvin-Helmholtz instabilities on the mag-58

netopause or on the flanks of the magnetosphere in the so-called low-latitude boundary59

layers (Galinsky & Sonnerup, 1994; Marin et al., 2014). It can be energetic electron in-60

jections (Pilipenko et al., 2002) or feedback-active ionosphere-magnetosphere interactions61

driven by the electric field in the ionosphere (Atkinson, 1970; Sato, 1978; Trakhtengertz62

& Feldstein, 1984; Lysak, 1991).63

At the same time, studies of the power spectral density of the ULF waves detected64

during substorms on the ground at different latitudes demonstrate that the main power65

of these waves is in the frequency range less than 1 mHz (Takahashi et al., 2001; Mishin66

et al., 2002; Mann et al., 2004; Rae et al., 2012). Observations conducted on the ground67

and in space reveals that the waves with such ultra-low frequencies are observed on very68

low L-shells (e.g., near L = 1.6), where these frequencies are way less than the funda-69

mental eigenfrequency of the corresponding field line (Francia & Villante, 1997). Also,70

these frequencies have been simultaneously detected in the oscillations of the solar wind71

plasma density, measured by the Wind and Advanced Composite Explorer (ACE) space-72

crafts far upstream from the Earth, and in the oscillations of the magnetic field measured73

by the Geostationary Operational Environmental Satellite (GOES) 8 spacecraft in the74

day-side magnetosphere on the geosynchronous orbit (Kepko et al., 2002; Viall et al., 2009).75
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These observations suggest that the waves are produced by the phenomena occur-76

ring outside the Earth’s magnetosphere. For example, Horvath and Lovell (2021) show77

the correlation between surface waves on the plasmapause and Kelvin-Helmholtz waves78

in the solar wind in the magnetopause region, whereas Kepko and Spence (2003) sug-79

gest that the oscillations in the dynamic plasma pressure or the magnetic field carried80

by the solar wind can serve as a direct driver of the Earth’s magnetosphere and produce81

electromagnetic waves with the frequency ≈1 mHz detected on the ground. Recent stud-82

ies by Alimaganbetov and Streltsov (2018, 2020) support this hypothesis. These authors83

analyzed oscillations of the magnetic field detected by the ACE satellite in the solar wind84

and ground magnetometers at high (L = 5.76), middle (L = 2.46), and low (L = 1.87)85

latitudes during 84 intense substorms and found a good correlation between oscillations86

with frequencies less than 1 mHz observed in all these locations. They concluded that87

the oscillations of the magnetic field carried by the solar wind are the main driver of elec-88

tromagnetic waves with frequency less than 1 mHz observed at different latitudes on the89

ground during substorms. However, they did not provide a quantitative explanation of90

why this happens. Such an explanation is the goal of this paper.91

We propose that the main role in the generation of ULF waves at middle latitudes92

during substorm belongs to the plasmapause. Recent studies by Streltsov and Mishin93

(2018, 2020) reveal that the plasmapause provides conditions for converting the kinetic94

energy of energetic particles moving toward the Earth from the magnetotail during sub-95

storms into a large-scale electric field in the subauroral zone. This field penetrates into96

the ionosphere and drives there the ionospheric feedback instability (IFI) generating den-97

sity irregularities, field-aligned currents, and intense ULF waves. The plasmapause is char-98

acterized by a strong gradient in the plasma density across the ambient magnetic field.99

Studies of the field-line resonances by Streltsov and Lotko (1995) and Streltsov et al. (1998)100

demonstrate that the external driver (e.g., compressible MHD modes propagating across101

the ambient magnetic field) can generate large-scale Alfvénic surface waves on such gra-102

dients, as suggested by Hasegawa (1976). These surface waves deliver the electromag-103

netic power into the ionosphere and activate the ionospheric feedback instability there.104

Therefore, if this hypothesis is correct, then during the substorms observations from ground105

magnetometers will show the magnetic oscillations with frequencies ≈1 mHz produced106

by the external driver as well as the oscillations with frequencies corresponding to the107

magnetospheric resonator driven by the IFI.108
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During magnetically quiet times the plasmapause normally locates at magnetic shells109

L = 4-6. During substorms the plasmasphere can be severely eroded and the plasma-110

pause moves to L = 2-3 (Goldstein et al., 2003, 2019). This fact may explain observa-111

tions of ULF waves in the solar wind and at middle latitudes on the ground reported by112

Alimaganbetov and Streltsov (2020). Our goal is to investigate this hypothesis by mod-113

eling one of the substorm events reported by Alimaganbetov and Streltsov (2020) with114

a two-fluid MHD code developed by Streltsov and Foster (2004) for studying electromag-115

netic coupling between the ionosphere and the magnetosphere in the subauroral zone.116

In particular, we want to investigate the role of the plasmapause in the generation of the117

intense ULF waves with frequencies observed during these events at middle latitudes and118

to provide a detailed quantitative description of the spatial structure and temporal be-119

havior of these waves.120

2 Observations121

We choose the day of 09/28/2016 for the simulations for several reasons. Firstly,122

from our previous analysis we found that during the substorm event around 1600 UTC123

on 09/28/2016 PSD spectra of the magnetic fields observed by three ground stations at124

high, mid and low latitudes, and the ACE satellite had similar dominant frequencies around125

0.50-0.65 mHz, showing a good correlation. Figure 1, reproduced from the study by Alimaganbetov126

and Streltsov (2020), shows magnetic fluctuations recorded by the ACE satellite in the127

Earth’s L1 Lagrangian point and the ground magnetometers at the Poker Flat, Alaska128

(L = 5.76) and Palmer, Antarctica (L = 2.46) stations during a substorm occurred on129

09/28/2016 around 1600 UTC. Figures 1A, 1B, and 1C show the BY component of the130

magnetic field in the GSM coordinate system detected by ACE, the BH component in131

the HDZ coordinate system recorded at Poker Flat, and the BX component in the GSE132

coordinate system at the Palmer station, respectively. The original signals are shown with133

the red lines and the black lines shows the low-frequency (< 0.7 mHz) trend in these134

signals. The time for the ACE data is adjusted by 0.75 hours to take into account the135

solar wind speed during this event. Figures 1D, 1E, and 1F show the de-trended mag-136

netic field (obtained as a difference between “red” and “black” curves in Figures 1A, 1B,137

and 1C). Figures 1G, 1H, and 1I show the power spectral density (PSD) of these fields138

calculated within a time window of 4.5 hours centered near the maximum of the observed139

fields.140
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Secondly, there were a few major substorms during that day. According to the data141

provided by the World Data Center, those substorms occurred around 1000, 1300, 1500-142

1900 and 2000 UTC. Particularly after 1500 UTC, the AE index suddenly increased from143

the usual 500 nT to around 1000 nT and stayed at this value until around 1900 UTC,144

sometimes even reaching 1500 nT. The Dst index suddenly increased from the average145

30 nT to around 50 nT at 1600 UTC.146

Finally, the RBSP satellites allowed us to also reveal a severe depletion of the plas-147

masphere to mid L=2-3 during this day at times close to the times of observed substorms.148

Figure 2 shows with a black curve the plasma density measured by the NASA Van Allen149

Probe (also known as Radiation Belt Substorm Probe (RBSP)) B satellite on 09/28/2016.150

RBSP satellites fly in the equatorial plane and the blue line in Figure 2 shows L-shells151

of the satellite trajectory during this time interval. The horizontal solid red line marks152

L = 2.46 which corresponds to the L shell of the Palmer station. Four vertical dashed153

red lines marks moments of time when the satellite crosses the Palmer’s L-shell.154

Figure 3 shows the electron density vs L-shells measured by the satellite near L155

= 2.46 at these four moments of time. Figures 3A and 3B show a relatively strong gra-156

dient in the electron density in the region around L = 2.7-2.8, where the density changes157

from ≈ 400 cm−3 at L = 2.8 to ≈ 1400 cm−3 at L = 2.6. This location corresponds to158

the location of the plasmapause which is moved to middle latitudes during the substorm159

compared to its location during quiet times, as reported by Goldstein et al. (2019). Fig-160

ure 3C shows less sharp gradient around L = 2.7, which suggests that that the plasma-161

pause is being gradually shifted back to higher latitudes: from L = 2.8 in Figure 3B to162

around L = 2.85 and L = 3 in Figure 3C. Figure 3D shows that the plasmasphere is strongly163

eroded and the plasmapause is located near L = 2.40.164

Several possible scenarios can explain these observations. One of them is that Fig-165

ures 3A and 3B illustrate behavior of the plasmasphere during one substorm and Fig-166

ure 3D shows plasma density profiles produced by another substorm occurred later this167

day. These scenarios are not the main focus of our study. The most important informa-168

tion for our study is that during substorms strong gradients in the plasma density oc-169

cur at the low L-shell corresponding to the latitudes of the Palmer station in Antarc-170

tica. This information will be used in the simulations of the magnetosphere-ionosphere171

interactions described in the next section.172
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3 Simulations173

3.1 Model174

Plasma in the Earth’s inner magnetosphere is magnetized and is relatively cold (plasma175

β � 1). ULF shear Alfvén waves in such plasma can be described with a reduced two-176

fluid MHD model developed by Chmyrev et al. (1988) and actively used after that, e.g.,177

by Streltsov et al. (1998); Streltsov and Foster (2004); Streltsov and Mishin (2020). The178

word “reduced” means that the model contains only shear/Alfvén MHD mode. Fast (mag-179

netosonic) and slow (ion acoustic) modes are not included in the model. The model con-180

sists of the parallel electron momentum equation181

∂v‖e

∂t
+ v‖e∇‖v‖e +

e

me
E‖ +

1

men0
∇‖(nTe) = −νev‖e, (1)182

the density continuity equation183

∂n

∂t
+∇ · (n0v‖eb̂) = 0, (2)184

and the current continuity equation185

∇ ·
(

1

v2A
+

1

c2

)
∂E⊥
∂t

= eµ0

(
1− ρ2i∇2

⊥
)
∇ · (n0v‖eb̂). (3)186

Here the subscripts “‖” and “⊥” denote vector components in the directions par-187

allel and perpendicular to b̂ = B0/B0 respectively; v‖e is the parallel component of the188

electron velocity; Te and Ti are the electron and ion temperatures; ρi = (Ti/mi)
1/2/ωci189

is the ions Larmour radius; n0 is the background plasma density; vA = B0/(µ0n0mi)
1/2

190

is the Alfvén speed, and νe = νei + νen is the total electron collision frequency. Colli-191

sions are included in the model because they may cause absorption of very small-scale192

(< 1 km) waves at altitudes below 1000 km (Lysak & Song, 2002).193

Equation (3) includes the perpendicular component of the displacement current,194

which is important when the Alfvén speed locally approaches the speed of light (e.g. when195

the plasma density is strongly depleted). The model also includes finite electron iner-196

tia and a full dispersive ion Larmour radius correction to the ion polarization current.197
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This correction allows the model to be valid even for the waves with a perpendicular scale198

size comparable or less than the ion Larmour radius (ρ2i k
2
⊥ ≥ 1) (Streltsov et al., 1998).199

Equations (1)-(3) are implemented numerically in a dipole magnetic field geome-200

try, which is a quite appropriate approximation of the geometry of the magnetic field at201

mid and low latitudes. The code relies on the Finite-Difference Time-Domain (FDTD)202

numerical approach, which implies that all temporal and spatial derivatives in the equa-203

tions are approximated with finite differences. A fourth-order “predictor-corrector” method204

is used to time-advance the numerical solution. The Adams-Bashforth four-step method205

is used as a “predictor”, and the Adams-Moulton (AM) three-step method is used as a206

“corrector”.207

The computational domain is a two-dimensional region bounded by L1 = 2.45 and208

L2 = 2.95 magnetic shells on the lateral sides and by the conducting bottom of the iono-209

sphere (≈110 km altitude) on top and bottom boundaries. The computational grid is210

uniform in the direction across the ambient magnetic field and highly non-uniform along211

the field. The distance between adjacent grid points along the field decreases by a fac-212

tor of 30-50 from the equatorial plane toward the ionosphere.213

The code includes effects of the active ionospheric feedback on structure and am-214

plitude of field-aligned currents interacting with the ionosphere. The basic idea of these215

interactions is that field-aligned currents change the ionospheric conductivity by precip-216

itating or evacuating electrons from the ionosphere, and these changes in the conduc-217

tivity, in turn, alter the reflection of the small-scale currents from the ionosphere. If the218

large-scale background electric field exists in the ionosphere, then changes in the con-219

ductivity also affect Joule dissipation of this field, which serves as the energy source for220

the small-scale FACs generated in the ionosphere. These new FACs add to the reflected221

currents and cause a so-called “over-reflection” of the small-scale currents from the iono-222

sphere. Under a favorable condition (which includes low ionospheric conductivity and223

large electric field in the ionosphere) this mechanism leads to an instability, which is called224

the Ionospheric Feedback Instability (IFI).225

In the simplest form, IFI can be implemented by considering the ionosphere as a226

thin conducting slab with a uniform in the vertical direction plasma density and the elec-227

tric field (Streltsov & Mishin, 2020). Mathematically, this model can be written with two228
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equations connecting variations of the electric field and plasma density in the ionosphere229

with the field-aligned current density, j‖, above the ionosphere:230

∂n

∂t
=
j‖

eh
+ α(n20 − n2), (4)231

∇ · (ΣPE⊥) = ±j‖. (5)232

Here e is the elementary charge; h = 10− 20 km is the effective thickness of the233

E-region; α is the coefficient of recombination; and n0 is the equilibrium plasma density234

in the ionosphere; ΣP = ehnMp/ cosψ is the height integrated Pedersen conductivity;235

MP is the ion mobility in the ionosphere, and ψ is the angle between the normal to the236

ionosphere and the magnetic filed. The + sign in Equation (5) is used in the Southern237

hemisphere and the - sign in the Northern hemisphere.238

The Hall current is not included in Equation (5) because this 2D model does not239

include any azimuthal variation in the plasma density. In general, the Hall current may240

affect the development of the ionospheric feedback instability (Jia & Streltsov, 2014).241

For example, it may cause coupling between shear and compressible modes in the iono-242

sphere (Yoshikawa & Itonaga, 2000). However, this effect has little impact on the dy-243

namics of small-scale dispersive Alfvén waves at low altitudes for typical ionospheric con-244

ditions (Pokhotelov et al., 2000). The form of the active ionospheric boundary condi-245

tions given by Equations (4) and (5) has been successfully used in a number of studies246

of active magnetosphere-ionosphere interactions (Sato, 1978; Miura & Sato, 1980; Trakht-247

engertz & Feldstein, 1984; Lysak, 1991; Watanabe et al., 1993; Lysak & Song, 2002; Streltsov248

& Mishin, 2018, 2020).249

The external driver and the initial conditions for this model are described in de-250

tail in several papers, e.g., Streltsov and Lotko (1995), Streltsov et al. (1998), and Streltsov251

and Foster (2004). The simulations start by assuming that there are no fields, waves, and252

currents in the magnetosphere or ionosphere. In the model these fields and currents are253

expressed via scalar potential φ and the parallel component of the vector potential A‖,254

namely, E⊥ = ∇⊥φ, B⊥ = ∇×A‖b̂, and j‖=−(1/µ0)∇2
⊥A‖. Thus, the initial condi-255

tions for φ and A‖ are set equal to zero.256
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