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Role of plasma inhomogeneities in the generation of broadband waves in the polar ionosphere
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Abstract

It is shown that plasma instability associated with an in-

homogeneous energy density distribution can lead to the

excitation of electrostatic ion-cyclotron and oblique ion-

acoustic waves generated in the presence of inhomoge-

neous electric field and shear in the ion parallel drift ve-

locities. Microprocesses associated with plasma inhomo-

geneities are studied on the basis of data from satellite

and sounding rocket. By numerical stability analysis it

is demonstrated that inhomogeneous-energy-density-driven

instability (IEDDI) can be a mechanism for the excitation of

small-scale plasma inhomogeneities. The Local Intermit-

tency Measure (LIM) method also applied the rocket data

to analyze irregular structures of the electric field during

rocket flight in the cusp. A qualitative agreement between

high values of the growth rates of the IEDDI and the regions

with enhanced LIM is observed. This suggests that IEDDI

is connected to turbulent non-gaussian processes.

1 Introduction

The polar ionosphere is a very complex area of precip-

itating, mirrored and upwelling ions and electrons with

the presence of magnetic and electric field perturbations

and turbulence, which attest the importance of the high-

latitude region in the transport of energy in magnetosphere-

ionosphere coupling. Therefore, the study of micropro-

cesses in the high-latitude region of the ionosphere and

magnetosphere has been actively performing over the past

few decades. The broadband low-frequency turbulence is

one example of such processes. This turbulence consists of

the broadband fluctuations of electric and magnetic fields

that are repeatedly observed by satellites and sounding

rockets. In spite of the considerable progress in this area,

many questions remain to be answered. These issues are

related to the sources of the broadband electrostatic noise

and wave modes that participate in generation of this noise.

The most appropriate candidates are oblique ion-acoustic

and electrostatic ion-cyclotron waves.

Broadband electrostatic perturbations are detected in the

presence of gradients of electric and magnetic fields, that is,

in essentially inhomogeneous plasma configurations. The

theory of waves, generated by inhomogeneous distribution

of energy density (IEDDI - inhomogeneous energy-density-

driven instability), was initially developed in the articles

[1, 2]. This instability mechanism does not explicitly de-

pend on any specific shear in the E ×B equilibrium veloc-

ity. Instead, it requires neighboring regions in space with

different signs of wave energy density which may be gener-

ated by a localized flow profile. If a coupling between these

two regions is possible such that the energy can flow from

the region with negative wave energy density to the adja-

cent region with positive wave energy, the instability can

grow while the total energy remains constant as required by

the energy conservation principe. Subsequently it was sug-

gested that this instability leads to formation of the broad-

band electrostatic turbulence [3, 4]. Also, the IEDDI is be-

lieved to take a principal part for ion energization and up-

flow from the ionosphere into the magnetosphere both in

the cusp and auroral region [2]. In this paper, we consider

in detail the IEDDI and generation of broadband perturba-

tions in various high-latitude parts of the ionosphere. To do

this, we use FAST satellite data as well as the results of the

rocket experiment to study the cusp ionosphere.

2 Governing equations

Nonlocal instabilities in a plasma driven by inhomo-

geneities of field-aligned current and electric field are cond-

sided. The theory of these instabilities is described in detail

in [2]. Uniform magnetic field is directed along the z axis,

nonuniform electric field is along the x axis. Plasma is in-

homogeneous in the x direction as well. Unknown function

ψ is normalized potential of electric field.

d2ψ
dξ 2

+κ2(ξ )ψ = 0 (1)

κ2(ξ ) =−2

1+∑
n

Γ(b)Fni(ξ )+ τ(1+F0e)

∑
n

Γ′(b)Fni(ξ )
(2)

here Fnα = Anα(x)−Bnα(x) and

Anα(x) =
(ω1α +ω2α −ω∗α)√

2|kz|vtα
Z(

(ω1α +ω2α −nΩα)√
2|kz|vtα

)

(3)



Bnα =
ω3α

2|kz|vtα
Z′(

(ω1α +ω2α −nΩα)√
2|kz|vtα

) (4)

where ξ = x/ρi, b = (kyρi)
2/2, τ = Ti/Te is the ratio of

ion temperature to electron temperature, vtα is the ther-

mal velocity of particles of species α , Ωα is the gyrofre-

quency of particles of species α , ω1α = ω − kyVE − kzVdα
is the Doppler shifted frequency, VE(ξ ) is the velocity of

E ×B drift, ω2α = kyV
′′
E ρ2

α/2, ω3α = kyV
′
dα ρα , Vdα is the

field-aligned current of species α , ω∗
α = kyΩα ρα εn, εn =

(ρα n0(ξ ))/( dn0(ξ )
dξ ), Γn(b) = exp(−b)In, In are the modi-

fied Bessel functions, Γ′
n =

dΓn
db

, Z is the plasma dispersion

function, Z′ is the derivative of the Z-function.

The study of the instability reduces to the eigenvalue prob-

lem. One has to find ω = ωr + iγ for which solution of

eigenvalue equation (1) exists and the growth rate γ is pos-

itive. The solution must fade when coordinate ξ tends to

infinity, i.e., ψ(±∞) = 0. Note that the eigenvalue condi-

tion for the ion-acoustic mode is the same as that for ion-

cyclotron mode. Since the velocity shear effect is repre-

sented by the term proportional to kyVE in the dispersion

relation (1), only the oblique ion-acoustic mode can be af-

fected by transverse velocity shear. Thus, we hereafter con-

sider only the oblique ion-acoustic modes.

3 Numerical aspects and modeling results

In order to solve the eigenvalue problem, the shooting

method is used. The interval considered for stability anal-

ysis is divided into layers, where κ2(ξ ) is assumed to be

constant. Thus, ψ is the sum of two exponents in each

layer, i.e. ψ j(ξ ) = B j exp(iκ jξ ) + B̃ j exp(−iκ jξ ), where

j is the number of layer, and B j and B̃ j are constant. For

the first and the last layers, ψ contains only one exponential

and the sign of κ j corresponds to the boundary condition,

i.e. the single term exp(iκ jξ ) should become zero at infin-

ity. It is also necessary that the solution obtained is con-

tinuously differentiable on the whole x axis. This matching

condition is satisfied by linear algebraic expressions con-

taining coefficients before the exponentials, as shown in

more detail in [3]. First, let us consider the possibility of

exciting electrostatic ion-cyclotron waves in the polar iono-

sphere using satellite data. The results of modeling that

take into account only the electric field are demonstrated

in Fig.1. In this case, the electric field configuration was

taken from the FAST satellite data, which are presented in

Fig. 2. The background plasma parameters in the numer-

ical calculation were chosen as follows: t = 0.5, u = 0.1,

Vd = 0.9vte, ri = 20 m. The instability regions are local-

ized along two curves similar to parabolas with a vertex at

the cyclotron resonance, and near small b and wr ∼ 0.9Wi.

The grid step for the shooting method was 0.002 for wr and

0.003 for b. Black shows the regions of γ values greater

than 0.002. One can see that the growth rate of IEDDI in-

creases with parameter b increasing. In other words, the

growth rate at small b is close to zero. It can be explained

as follows: when electrons get in Landau resonance with
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Figure 1. The growth rate of the IEDDI depending on pa-

rameter b and real part of wave frequency. Only inhomo-

geneous electric field observed by FAST is included in the

simulation.

0

-100

100

200

300

E
 N

S
,  

 m
V

/m

0 100 200 300

points

0 100 200 300

points

1 10 20 30

number of layer

1.0  1.2 1.4 1.6 1.8 2.0

300

200

100

0

-100

-200

E
 N

S
,  

 m
V

/m

FAST orbit 06617

    1998-04-25

Time, seconds from UT=00:43:46

Figure 2. Profile of inhomogeneous electric field measured

by the FAST satellite

the wave field near the ion gyrofrequency, the cyclotron

damping becomes significant and instability is damped. It

is shown that the IEDDI is generated in a wide range of

real wave frequencies ωr and transverse wave numbers ky.

This can manifest as broadband spectrum in satellite obser-

vations. Let us now consider the possibility of excitation

of oblique ion-acoustic modes by the IEDDI in the high-

latitude region. Simulation results for ion acoustic branch

with taking into account gradients of field-aligned velocity

are shown in Fig. 3. The contour diagrams of instability

increment γ are presented in coordinates wr and b to show

the solution dependence on the basic parameters (dimen-

sionless frequency and wave number) of the disturbance.

Gradation of γ displayed in gray in the diagrams reflects its

value: the darker color corresponds to the larger value γ .

In the nonlocal formulation, the oblique ion acoustic waves

are not excited in the domain where ωr > 0.13Ωi. As in

the case of ion cyclotron waves, the growth rate of instabil-

ity increases with parameter b [3] but the difference in the

growth rate of ion-acoustic waves for small and large val-

ues of b is less pronounced. It is interesting to note that the
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Figure 3. Simulation results for the case in which only

the inhomogeneous ion parallel velocity is considered. The

values of growth rate of the instability are indicated by

shades in gray (scale on the right). In the insert, the inho-

mogeneous configuration of the electron parallel velocity

is shown approximated by a piecewise constant function,

where NL is the number of layers, and Ud is the electron

parallel velocity normalized over the thermal velocity

ion acoustic waves are excited in a wide range of frequen-

cies and there is no clear maximum at any frequency. Flow

shears are very common in the polar ionosphere in connec-

tion with discrete auroral forms, and so can be important

for the development of ionospheric irregularities and tur-

bulence. One particular cusp phenomenon associated with

sheared plasma flows and density irregularities is the Re-

verse Flow Event (RFE) [5], which is defined as a 100-200

km wide quasistatic east-west elongated channel where the

flow is in the opposite direction with respect to the back-

ground flow. It is found an immediate response in enhanced

HF backscatter power data associated with several RFEs,

implying a rapid development of decameter-scale irregu-

larities [5]. One of the possible mechanisms to produce

small-scale structures is the IEDDI. It was suggested that

the IEDDI could influence cusp and cleft dynamics [2],

however, experimental and numerical works devoted to this

question are still sparse. Thus, in order to investigate the

role of the IEDDI in the cusp ionosphere, we performed

numerical stability analysis of the IEDD instability using

data from the Investigation of Cusp Irregularities 3 (ICI-3)

rocket. The ICI-3 sounding rocket was launched from Ny-

Alesund at 07:21:31UT on December 3, 2011 [6]. ICI-3

rocket intersected a RFE. The various measurements made

by the ICI-3 sounding rocket with respect to time of flight

between 150 s and 500 s are shown in detail in Fig.4. The

corresponding altitudes are h = 236.8 km and h = 202.8
km. The ICI-3 rocket intersected the RFE between about

t 250 s and t 380 s of the flight [6].

In order to study the correlation between generation of the

IEDDI and irregular structures in the electric field, we use

the Local Intermittency Measure (LIM), as the degree of

irregularity dependences on scales. We performed a LIM

analysis using wavelet transforms [7]. The LIM is de-

Figure 4. ICI-3 sounding rocket measurements with re-

spect to time of flight and altitude: a) Electron density.

b) Components (red and blue) and magnitude (black) of

the electric field. c) Electron particle precipitation flux at

0−30o pitch angle.

fined as LIM(s, t)≡ |Ws(t)|2/
〈
|Ws(t)|2

〉
t
, where 〈...〉t corre-

sponds to the averaging over time, and Ws(t) are the wavelet

coefficients for the electric field at scales s and time t [7].

As
〈
|Ws(t)|2

〉
t

is equivalent to the Fourier spectrum, the

condition LIM = 1 means that each part of the signal has

the same energy spectrum as the Fourier spectrum and that

the signal does not exhibit intermittency, which is character-

ized by the degree of non-uniformity of the wavelet power.

On the other hand, values of the LIM greater than one indi-

cate intermittency.

For each of the 20 seconds interval, the LIM was calcu-

lated for the electric field ELIM(t) = E(t)−E(t0), where t0
is the time in the beginning of each intervals (this was done

to match the normalization used for the numerical analy-

sis). For comparison with the growth rates of the IEDDI

and to obtain a rough estimate of the LIM in each inter-

val, the median of the LIM at each scale was calculated for

each interval. The median LIM at each scale is plotted in

Fig. 5 e) and f) with respect to time and frequency, which

ranges from 0.1 Hz to 10 Hz due to restrictions associated

with the cone of influence at lower frequency and the elec-

tric field resolution. Again, the values shown at each time

correspond to the median LIM obtained for the 20 seconds

intervals following that time. Several regions with enhance-

ments in the LIM over many frequency scales can be ob-

served, in particular at about 210 s, 250 s, 270 s, 350 and at

the end of the flight, implying the presence of the enhanced

"local activity" of the electric field in those intervals for sev-

eral frequencies (or scales). By comparing Fig. 5 c) and d)

with Fig.5 e) and f), one can observe a qualitative agree-

ment between those regions with enhanced growth rate val-

ues and those with enhanced LIM. In particular, all the in-

tervals with large growth rate relate to enhancements in the

LIM, and thus in electric field inhomogeneities. In other

words, the IEDDI exists in turbulent intermittent (or non

Gaussian) process in the cusp. It should however be noted

that the presence of LIM does not necessary always imply

that IEDDI is active„ as visible for example at about 410

s. Perhaps, in this case, there are other plasma instabilities



Figure 5. a) and b) Electric field data measured by ICI-3. c)

and d) Growth rate of the IEEDI normalized by the oxygen

ion gyrofrequency depending on the parameter b averaged

over the real part of the wave frequency ωr for intervals of

20 s with 10 seconds overlap. e) and f) Median of the LIM

for the same intervals as in panel c) and d).

that are responsible for irregular processes.

4 Conclusions

In this study, the most probable physical mechanism of

broadband electrostatic turbulence accompanying Alfven

turbulence in the higher-frequency region of the spectrum

(up to 1kHz) is proposed. The mechanism is based on

the theory of generation of broadband waves by inhomo-

geneous transverse quasistatic electric fields and a shear in

the field-aligned particle velocity in the high-latitude iono-

sphere. It is shown that the non-uniform electric fields

of Alfven turbulence can destabilize the electrostatic ion-

cyclotron waves, which are obtained as unstable solutions

of the nonlocal dispersion equation and whose properties

differ significantly from the properties of classical ion-

cyclotron waves. It has also been demonstrated that the

oblique ion-acoustic modes can be excited because of the

shear in the field-aligned velocity of the ions. Moreover,

for waves of ion-acoustic type, the IEDDI provides a broad-

band spectrum in the frequency range on the order of 0.1 of

the ion gyrofrequency. For waves of ion cyclotron type, the

instability is excited in a wide range of frequencies near the

ion gyrofrequency without a clearly expressed maximum.

Consequently, the spectrum of IEDD waves contains a lot

of eigen frequencies and wavelengths that provide a broad-

band spectrum, which is in good agreement with the known

observational data. In other words, electrostatic broadband

turbulence can be identified as a kind of electrostatic ion

cyclotron or/and oblique ion acoustic waves excited by a

nonuniform wave energy density distribution.

We have shown that the IEDDI is active in the high-latitude

ionosphere using rocket data, both on the sides and in the

center of the RFE. This supports the idea that microscale

irregularities in cusp flow events (such as RFEs) are con-

nected with the action of this instability. A secondary

generation of microscale inhomogeneities by the IEDDI

on the background evolution of a primary instability such

as Kelvin-Helmholtz instability might thus be well suited

for describing RFE irregularities, where the electric field

is quite inhomogeneous. We also showed that the IEDDI

growth rate is facilitated in the presence of enhanced in-

homogeneities in the electric field, and that it is strongly

affected by field-aligned velocities. This was supported

by a LIM analysis, which show that large growth rate of

the IEDDI corresponded to high values of LIM at differ-

ent scales, indicating that the IEDDI is connected with the

creation of turbulent non-gaussian processes.
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