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Mesoscale and Small-Scale Structure of the Subauroral
Geospace

Evgeny Mishin1 and Anatoly Streltsov2

ABSTRACT

A review is given of the current state-of-the-art of experimental studies and the theoretical understanding of meso-
scale and small-scale structure of the subauroral geospace, connecting ionospheric structures to plasma wave
processes in the turbulent plasmasphere boundary layer (TPBL). Free energy for plasma waves comes from
diamagnetic electron and ion currents in the entry layer near the plasma sheet boundary and near the TPBL inner
boundary, respectively, and anisotropic distributions of energetic ions inside the TPBL and interior to the inner
boundary. Collisionless heating of the plasmaspheric particles gives downward heat and suprathermal electron
fluxes sufficient to provide the F-region electron temperature greater than 6000 K. This leads to the formation of
specific density troughs in the ionospheric regions in the absence of strong electric fields and upward plasma
flows. Small-scale MHD wave structures (SAPSWS) and irregular density troughs emerge on the duskside, coin-
cident with the substorm current wedge development. Numerical simulations show that the ionospheric feedback
instability significantly contributes to the SAPSWS formation. Antiparallel temperature and density gradients
inside the subauroral troughs lead to the temperature gradient instability. The latter and the gradient-drift
instability lead to enhanced decameter-scale irregularities responsible for subauroral HF radar backscatter.

8.1. INTRODUCTION

The midlatitude ionosphere features the mesoscale
(typically a few degrees wide in latitude) ionospheric
trough (e.g., Rodger, 2008), collocated with a measurable
enhancement of the electron temperature and Stable
Auroral Red (SAR) arcs (e.g., Prölls, 2006; Foster et al.,
1994). It was a common belief in the past that storm-time
midlatitude irregularities occur in the expanded auroral

zone, until enhanced radar backscatter (Foster & Rich,
1998; Erickson et al., 2002; Mishin et al., 2002) and scintil-
lations of UHF and GPS signals (Basu et al., 2001, 2008;
Ledvina et al., 2002) were reported at subauroral latitudes.
The subauroral ionosphere maps along the magnetic
field (B0) into the inner magnetosphere, including the ring
current (RC) and outer plasmasphere adjacent to the
electron plasma sheet (PS) boundary. This magneto-
sphere-ionosphere region is called the subauroral geospace.
Statistically (e.g., Yizengaw&Moldwin, 2005), the ion-

ospheric trough is adjacent to the ionospheric footprint of
the plasmasphere boundary, the plasmapause. The plas-
mapause is the critical feature of the innermagnetosphere,
as indicated by the long-known plasmaspheric “hot zone”
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(Gringauz, 1983; Horwitz et al., 1986; Afonin et al., 1997)
and the remarkable correlation of the innermost plasma-
pause location with the radiation belt inner boundary
(Goldstein et al., 2005a; Li et al., 2006; Foster et al.,
2016). Carpenter and Lemaire (2004) suggested that the
plasmapause region be called the plasmasphere boundary
layer (PBL) and be considered as a framework for
examining interaction between the hot PS and cold plas-
masphere plasmas. Such a framework is particularly
important for understanding enhanced mesoscale subaur-
oral flows, such as premidnight subauroral ion drifts
(SAID) and duskside subauroral polarization streams
(SAPS), that rapidly arise in the PBL during disturbed
periods and strongly impact the subauroral geospace.
Recent observations suggest (Puhl-Quinn et al., 2007;

Mishin & Puhl-Quinn, 2007; Mishin et al., 2010, 2017;
Mishin, 2013) that SAID are an integral part of the
overarching process of penetration into the plasmasphere
of mesoscale (hot) plasma flows (MPFs), earthbound-
ejected from the reconnection site. The MPF’s electron
population is arrested at the plasmapause when the plas-
maspheric density exceeds nc 10 cm−3 and shorts out
the polarization charge at the MPF’s front. The hot ions
move farther inward until being stopped by the emerging
SAID electric field. Mapped into the ionosphere, SAID
could be located on the trough’s poleward boundary
due to the trough-plasmapause statistical relation (e.g.,
Yizengaw&Moldwin, 2005). The overall process is inher-
ently unstable, so a turbulent PBL (henceforth, TPBL) is
created between the PS boundary and the tip of the hot ion
flux. The natural result of this process is the close relation
of the PS boundary to the plasmapause, the narrow width
of SAID, and the abrupt dispersionless PS boundary (cf.
Newell & Meng, 1987).
SAID can be formed even during pseudobreakups,

while SAPS occur due to the sunward expansion of the
substorm current wedge (SCW) (Mishin et al., 2017).
SAPS are inherent in the two-loop model of the SCW
(e.g., Kepko et al., 2015), with the second current loop
(R2L) providing partial closure of the upward (R1L) cur-
rent at the SCW front through the partial ring current and
the R2L downward current at subauroral latitudes. The
poleward (SAPS) electric field emerges at the front to
drive the meridional (Pedersen) current in the circuit.
The resulting E x B drift drives particles sunward with
an average speed equal to the front speed, thereby leading
to fast RC injections on the duskside. Auroral and subaur-
oral flows in the vicinity of the R1L current connect con-
tinuously over the local auroral boundary (e.g., Fig. 9 in
Kepko et al., 2015).
Overall, the SCW development is intermittent and

unstable. This is consistent with quasi-periodic, small-
scale ( tens km in the ionosphere), SAPS wave structures

(SAPSWS) during substorm breakups (Mishin et al.,
2003, 2017; Mishin & Burke, 2005; Califf et al., 2016).
The peak-to-peak variability, δE, in strong SAPSWS is
of the same order as the mean amplitude, E0, or even
greater (δE ≥ E0); the latter can be sometimes mistaken
formultiple SAID. The small-scale structures decay in less
than one hour after substorm onsets, leaving smooth
(SAPS) envelopes in place (Mishin & Burke, 2005). Sev-
eral mechanisms have been suggested since the discovery
of SAPSWS, yet their generation is not completely under-
stood (see section 8.4, Discussion).
Mishin and Blaunstein (2008) reported on short-scale

ionospheric irregularities of ≥800 m wavelengths (the
observational limit) observed by the DMSP spacecraft
in the SAPSWS region coincident with strong UHF and
GPS scintillations. Decameter-scale irregularities at mid-
latitudes were detected by the DEMETER satellite (Pfaff
et al., 2008, Plate 1) and the SuperDARN radars (e.g.,
Parkinson et al., 2005; Koustov et al., 2006; Oksavik
et al.; 2006; Makarevich et al., 2011; Makarevich & Bris-
tow, 2014), and down to a fraction of a meter by incoher-
ent scatter radars (ISRs) (e.g., Erickson et al., 2002;
Mishin et al., 2002; Foster et al., 2004). The gradient-drift
(GDI) and the temperature-gradient (TGI) instabilities
are considered as their major mechanisms (e.g., Keski-
nen & Huba, 1990; Guzdar et al.,1998; Keskinen et al.,
2004; Greenwald et al., 2006; Eltrass & Scales, 2014).
The TGI requires that gradients of the plasma density
and temperature in the plane perpendicular to B0 be anti-
parallel, that is, ∇⊥n ∇⊥T < 0 (e.g., Kadomtsev, 1965).
Another important effect of elevated ion and electron

temperatures is the intensification of charge exchange

O + + X 1,2
2

k1,2
X 1,2 O + + X 1,2 , (8.1)

where X(1)/X(2) stands for atomic nitrogen/oxygen (N/
O). Indeed, the rate coefficients k1,2 increase with the
kinetic (thermal and drift) and internal (vibrational) ener-
gies of interacting species (e.g., Viggiano & Williams,
2001). The vibrational energy ofN2 andO2 increases with
the electron temperature, Te, due to electron impact. The
presence of vibrationally excited molecules ultimately
leads to enhanced recombination of molecular ions and
depletion of the F-region plasma in addition to that
caused by the E x B-drifting and heated ions and ion out-
flows (e.g., Newton & Walker, 1975; Schunk et al., 1976;
Anderson et al., 1991; Moffett et al., 1998; Pavlov et al.,
2000; Mishin et al., 2004).
The ion temperature, Ti, increases due to ohmic heat-

ing, while the F-region electrons are mainly heated by
heat flux and suprathermal electrons from the plasma-
sphere-RC overlap region (e.g., Khazanov et al., 1992;
Gurgiolo et al., 2005). The standard collisional source
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fails to support the necessary plasmasphere’s heating rate
in the explored events and cannot populate enhanced
suprathermal electron and ion tails. Therefore, plasma-
spheric heating has been attributed to electrostatic
(EIC) and electromagnetic (EMIC) ion cyclotron waves
and fast magnetosonic (MS) waves generated in the
RC’s core (e.g., Cornwall et al., 1971; Gorbachev et al.,
1992; Horne et al., 2000; Khazanov et al., 2007; Chen
et al., 2010; Khazanov, 2011), as well as to lower hybrid
(LH) waves near the RC inner edge (LaBelle et al., 1988;
Mishin & Burke, 2005).
Figure 8.1 depicts a generic scenario of subauroral ion-

ospheric heating (cf. Fig. 9 in Mishin et al., 2004). It
includes heating and acceleration of plasmaspheric elec-
trons due to wave-particle interactions in the TPBL, heat
and suprathermal electron transport into the conjugate
ionosphere, and formation of high Te-related troughs. It
is evident that the wave activity in the TPBL will shape
Te in the subauroral F region. In addition, for a given
external source, ionospheric heating is facilitated inside
plasma depletions (troughs). As higher temperatures
result in deeper depletions, a typical positive-feedback
loop, δT |δn| δT, is formed and facilitates the TGI
necessary condition ∇⊥n ∇⊥T < 0.

Recent observations from Cluster, Van Allen Probes
(RBSP), and Time History of Events and Macroscale
Interactions during Substorms (THEMIS) have detailed
the features of plasma turbulence in the TPBL, signifi-
cantly advancing the understanding of subauroral plasma
heating. This chapter surveys the key features of subaur-
oral mesoscale and small-scale structures and their
sources through an assessment of multispacecraft experi-
ments and comparison with theoretical and numerical
models. The chapter is organized as follows: The subse-
quent two sections outline electromagnetic and plasma
structures in the plasmasphere and topside ionosphere;
their formation mechanisms are discussed next. We
do not dwell on theoretical and simulation details but
describe only semiqualitative basic features, just sufficient
for understanding experimental results. Details and rigor-
ous derivations, as well as relevant statistical results, can
be found in the referenced original papers and reviews.

8.2. TURBULENT PLASMASPHERE
BOUNDARY LAYER

We begin with the basic features of the TPBL in the pre-
midnight sector. Figure 8.2 shows the data from various
spacecraft during individual substorms on 18 March
2002 (AE ≈ 300 nT, the onset at teo ≈ 09:50 UT) and 8
April 2004 (AE ≈ 600 nT, teo ≈ 06:10 UT) (Puhl-Quinn
et al., 2007; Mishin & Puhl-Quinn, 2007; Mishin et al.,
2010) and the main phase of the St. Patrick’s Day 2013
storm (Mishin et al., 2017) that started at teo ≈ 09:40
UT with the expansion of the fourth consecutive sub-
storm. The Cluster (C1–C4) and RBSP-B spacecraft
detected Southern Hemisphere SAID of the width
Δs ≈ 0.1RE and peak electric field Es ≈ 10 (2002),
25 (2004), and 35 mV/m near L = 4.9, 4.1, and 3.1 at
23.1, 21.9, and 21.4 MLT, respectively. C1–C4 satellites
had the maximum separations of 300 (18 March 2002)
and 1,000 (8 April 2004) km and observed virtually the
same parameters of the SAID channels in both hemi-
spheres. Polar was magnetically conjugate to Cluster in
the Northern Hemisphere.
The SAID channel with the wave “burst” is interior to

the PS boundary/plasmapause in the substorm events but
centered on it in the midst of the storm. A probable cause
of the latter is the plasmasphere’s erosion inside the chan-
nel (e.g., Goldstein et al., 2003; Huba et al., 2017), which
is negligible near substorm onsets. The 2004 and 2013
events have the wave spectramore enhanced not only near
the PS boundary but also farther inward than in the 2002
event. It is consistent with the greater SAID peaks and ion
fluxes and energies, as the SAID field is determined
mainly by the hot ion pressure gradient (Mishin &

SAID and Ion nose

Penetration of Mesoscale Plasma Flows
into the Plasmasphere

 

Plasma wave generation
by diamagnetic drift

and ion-ring instabilities

Enhanced LH waves Heat and suprathermal
electron transport

Plasmasphere
heating and acceleration

of suprathermal tails

Enhanced charge exchange

Density trough formation

Ionospheric electrons heating

Figure 8.1 A scenario of subauroral ionospheric heating
due to wave-particle interactions in the TPBL and Te-related
trough formation. Cyan (yellow) boxes indicate the resulting
observables (processes).
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(nmin/n0 is the minimum/background density), in the
topside and F-region ionosphere can differ significantly
(e.g., Anderson et al., 1991). In particular, plasma out-
flows deplete the F region, while increasing the topside
density. On the other hand, a steady-state density profile
is in diffusive equilibrium with a given temperature
profile (Schunk et al., 1976). The F-region electron tem-
perature in similar SAPS events was only a factor of
1.5–2 smaller than on topside (e.g., Fig. 6b in Foster
et al., 1994; Figs. 5b and 6 in Förster et al., 1999). The
O+ scale height in high-temperature events is as large as
300–500 km, so nearly a flat altitude profile, δnm(h) ≈
const, from the bottom to the top of the trough should
be eventually established (cf. Fig. 6c in Foster et al.,

1994). This makes the DMSP measurements of δnm a
reasonable proxy for the disturbed F-region trough.

8.3. IONOSPHERIC STRUCTURES

On average, on large scales, storm-time ionospheric
density troughs coincide with SAPS and SAID and collo-
cate with the elevated temperature (e.g., Foster et al.,
1994; Moffet et al., 1998; Foster & Vo, 2002; Prölls,
2006). However, at smaller scales, this relation is fre-
quently violated in individual events and changes with
time (e.g., Figueiredo et al., 2004). As an example,
Figure 8.7 shows the ionospheric temperature and density
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Figure 8.7 Ionospheric structures during the SAID events on (a) 8 April 2004 and (b) 18 March 2002 and 17 March
2013. (Top row) The horizontal (black lines) and vertical (dashed blue) components of the drift velocity; (second
row) the electron (red diamonds) and ion (crosses) temperature; and (third row) the plasma density. Black boxes
connect frames with the same scale of the y axes. The dashed (cyan dash-dot) line indicates the PS boundary
(SAID peak).

146 IONOSPHERE DYNAMICS AND APPLICATIONS



variations related to the SAID events in Figure 8.2. The
electron temperature is elevated largely inside the SAID
channel in the F14/2002 event (frame b12) and also
extends outside the channel in the 2004 (frames a12–
a42) and 2013 (frames b22–b42) events. This is consistent
with the difference between the TPBL wave activities in
these events, as discussed earlier with Figure 8.2. Accord-
ing to the subauroral ionospheric heating scenario
(Fig. 8.1), heating and acceleration of plasmaspheric elec-
trons in the TPBL enhances the heat and suprathermal
electron fluxes, thus leading to elevated Te at the foot
point in the ionosphere.
As consistent with the trough-plasmapause statistical

relation (e.g., Yizengaw & Moldwin, 2005) and the
short-circuiting scenario (Mishin & Puhl-Quinn, 2007;
Mishin, 2013), the 8 April 2004 SAID are located on the
trough’s poleward wall, which changes with time under
the action of the SAID electric field, E mV

m ≈ 38 VH
km
s ,

and upward flows. The equatorward wall appears to be
impacted by the elevated Te that decreases with time,
especially near the auroral boundary. The latter implies
the declining TPBL wave activity during the substorm
recovery, particularly in the entry layer where the decay-
ing electron pressure peak is the major driver.
In addition to the premidnight SAID from F18 during

the 17 March 2013 storm, multiple SAPS channels were
detected on the duskside. In particular, F17 and F16
encountered the same flow channel before and after the
start of the storm main phase (cf. Fig. 8.5 in Mishin et al.,
2017). The obvious structural difference between the F17
and F16 density profiles is the density trough in the SAPS
region consequent to the combined effect of the enhanced
electric field and electron temperature.

Figure 8.8 presents some of the ionospheric structures
in the Southern Hemisphere, almost coincident with the
SAPWS on 17 March 2015 (Fig. 8.5). Overall, the aver-
age magnetospheric and ionospheric patterns map
fairly well but small-scale ionospheric features are much
less pronounced. Similar to the SAID events, the wave
activity in the plasmasphere (Fig. 8.6) correlates with
the electron temperature. It decreased near the PS
boundary in 30 minutes after the substorm onset
and increased near the inner edge in contrast with the
decrease of the plasma density. The density profile dur-
ing the storm main phase becomes highly irregular and
depleted, on average mirroring the plasma drift and
temperature.
Figure 8.9 exemplifies strong SAPSWS detected during

storm-time substorms on 6 April 2000 and 6 November
2001 (Mishin et al., 2003, 2004). As usual (Mishin &
Burke, 2005), they correlate with precipitating freshly
injected RC ions (not shown), elevated electron tempera-
tures, and broad irregular plasma density troughs. The
troughs’ equatorward part coincides with the elevated
Te up to (7 − 9) 103 K and is displaced by 100 km from
the oscillatory pattern coincident with precipitating RC
ions and ion outflows. In order to avoid the contribution
of the enhanced electric fields, precipitating ions, and
upward flows, only data acquired in the equatorward part
are used to explore effects of electron heating.
It is instructive to study how the relative plasma density,

δni/n0 = 1 − ni/n0, varies with the mean ion energy in the
center of mass system of interacting O+ and N2 (or O2),

εi− n ≈Ti +
1
2
Tn +

miv2d
3κ

(8.5)
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Figure 8.8 Ionospheric structures during the 17 March 2015 SAPSWS events. The same format as Figure 8.7.
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combinations between Te and ne indicated (e.g., 3/3500
means ne= 3 105 cm−3 andTe≈ 3500 K). The production
ofNO+ intensifies in about 5 to10 min. As the recombina-
tion rate of NO+ ions is less than 1/min for ne ≥ 10

5 cm−3,
the depletion rate is of the order of τ− 1

d k1 N2 .
Figure 8.13c shows the variation of the plasma density

at 300 kmwith time forTi=2000KandTe=2000− 5000
K. Clearly, the plasma density decreases by a factor of
about 5 or δnm ≈ 0.8 in 10 to 15 min. The relative density
depletion at the end of run versus Te is plotted in
Figure 8.13d. As Te on the topside is greater than in the
F region by a factor of 1.5 to 2, the δnm-vs.-Te dependence
is consistent with that in Figure 8.10b. Note that the
decrease of the electron density for a given electron heat-
ing source leads to higher electron temperatures that pro-
vide higher excitation rates and thus shorter decay times.
This effect was not included. The gain in Te rapidly
decreases below 300 km (e.g., Foster et al., 1994), along
with the number of “vibrationally active” electrons in
the high-energy tail at ne/(N2) under 10−3 (Mishin
et al., 2000). Both factors make the vibrational mechan-
ism inefficent below 250 km. Finally, the presumption
of the heating source persistence longer than τd may not
be valid during fast expansion of the auroral zone in
strong substorms.
The local approximation is violated at altitudes above
400 km as the rate of ambipolar diffusion exceeds the

depletion rate. The depletion process proceeds as follows
(no horizontal diffusion is involved): While the F-peak
density decreases and the initial equilibrium breaks down,
the surrounding plasma flows into the depleted region to
restore the force balance. This response resembles a rare-
faction wave propagating from the F peak with the char-
acteristic time of the order of τs HO + cs 5–10 min,
where cs ≈ κ Te + Ti mi is the ion sound speed.
Steady-state topside density profiles can be evaluated
assuming diffusive equilibrium in a given temperature
profile (Schunk et al., 1976). The O+ scale height is
HO + ≈ κ Te + Ti migp . Here gp is the field-aligned
component of gravitational acceleration and mi is the
ion mass. In the events under consideration, one gets
HO + 400–500 km. Thus, nearly constant density versus
height profiles should be established, yielding δnm ≈ const
from the bottom to the top of the trough (cf. Foster
et al., 1994).

8.4.2. SAPS Wave Structures

The SAPSWS generation mechanism is not completely
understood. As suggested byMishin et al. (2017), because
the electric field in the subauroral part of the SCWmerid-
ional current greatly exceeds its auroral counterpart, E x
B motion with such velocity shear is not sustainable. With

the SCW front width in the ionosphere of the order of
100 km and the speed vscw ≥ 0.1 MLT hour/min, the time
for setting up a steady state at the front should be less than
30 s. As typical Alfvén wave bounce periods are greater
than 102s, the steady state cannot be reached in the mov-
ing front. This is consistent with the observed irregular
structure and intermittent development of the SCW front
(e.g., Kepko et al., 2015), as well as with more irregular
SAPSWS near the substorm onsets.
By the same token, the SAPS-associated ripples on the

duskside plasmapause and the giant undulations with
wavelengths of a few hundred kilometers are observed
shortly after substorm expansions (Goldstein et al.,
2005b; Henderson et al., 2010, 2018; Horvath & Lovell,
2016). Their tentative explanation has been given in terms
of the shear-flow ballooning (a Kelvin-Helmholtz) insta-
bility driven by an intense latitudinal velocity shear in the
SAPS region (Henderson et al., 2010, 2018). Another pos-
sible interchange instability, the flute (Rayleigh-Taylor)
instability, cannot develop because the pressure gradient
(∇PRC) near the ring current’s inner edge is parallel to
the centrifugal force acting on a particle in curved mag-
netic field lines, which is opposite to the RT condition.
Mishin and Burke (2005) suggested that the Region 2

downward current ( jz ) can make the system unstable
via the so-called current convective instability
(Kadomtsev, 1965; Ossakow & Chaturvedi, 1979). For
that, the Doppler-shifted frequency of unstable waves
should be negative, that is, ω = ω − kzuz < 0, where
uz = jz nee. Their growth rate in Region 2 is of the order
of γ tan α

2 jp ΣPBI (Volkov&Maltsev, 1986;Xing&
Wolf, 2007). Here α is the angle between ∇PRC and the
curvature, ΣP and BI are the Pedersen conductivity and
magnetic field in the conjugate ionosphere (subscript I),
respectively. Substituting jz = ∇⊥ ΣPEI in the quasistatic
approximation gives γ tan α

2 ∇vd 0 2 min−1, where
vd is the SAPS velocity. Unstable perturbations have
wavelengths satisfying the condition 10 λI 1000 km.
In addition, the westward motion of the SCW front
should add the term −k⊥vscw to ω , thus making more
favorable generation of shorter scales at higher front
speeds.
The ionospheric feedback instability (IFI) (e.g., Lysak,

1991; Trakhtengerts & Feldstein, 1991) in the SAPS
region was also considered (Streltsov & Mishin, 2003;
Streltsov & Foster, 2004; Streltsov & Mishin, 2018). Free
energy for the IFI development comes from the shear con-
vection flow that causes overreflection of Alfvén waves
from the ionosphere. Earlier simulations of the subauroral
IFI perfectly match weak electromagnetic oscillations at
0.1 Hz observed on the top of SAPS in the ionosphere

(Fig. 5 in Streltsov & Mishin, 2003). Here we consider
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the connection between the large-scale, quasi-stationary
electric field and small-scale ULF electric fields observed
by RBSP-A at the beginning of the 17 March 2015 storm
(Fig. 8.5). Once created in the equatorial magnetosphere,
the electric field penetrates along the ambient magnetic
field into the ionosphere and drives the IFI, which gener-
ates and amplifies ULF waves traveling back and forth
between the hemispheres.
To simulate the RBSP-A 17 March 2015 event, Strelt-

sov and Mishin (2018) utilized a two-fluid, 2-D MHD
model in an axisymmetric dipole magnetic field (e.g.,
Streltsov et al., 2012). The magnetospheric part describes
dispersive Alfvén waves in the magnetosphere using equa-
tions for the electron parallel momentum and continuity
of the density and current. The conducting bottom of
the ionosphere is considered as a narrow slab with the uni-
form density and electric field, as its altitude extent is
much less than the parallel wavelength. Therefore, the
ionospheric part of the model is given by two equations
connecting the perpendicular electric field, E⊥, and the
plasma density in the ionosphere, nE, with the field-
aligned current density, jz. The resulting system of equa-
tions reads

∂u
∂t

+ u∇ u +
e
me

Ez +
1

men0
∇z neTe + νeu = 0, (8.9)

∂n
∂t

+ ∇⊥ neu = 0, (8.10)

∇⊥ jz +
1
μ0

1
c2

+
1
v2A

∂E⊥

∂t
= 0, (8.11)

∇⊥ ΣPE⊥ ± jz = 0, (8.12)

and

∂nE
∂t

−
jz
eh

− αn2E + αn2E0 = 0 (8.13)

Here the subscripts z and ⊥ denote vector components
parallel and perpendicular to B0; u is the parallel compo-
nent of the electron velocity; c is the speed of light;
vA = B0 μ0n0mi is the Alfvén speed; νe is the electron
collision frequency; ΣP = eMP nE h/ cos ψ ; MP = 104

m2/sV is the ion Pedersen mobility; e is the electron
charge; the sign “+/−” corresponds to the Northern/
Southern Hemispheres; and ψ is the angle between the
normal to the ionosphere and the dipole magnetic field
line at 100 km altitude at L = 4.9. The term αn2E represents
losses due to recombination with the coefficient
α = 3 10−7 cm3/s, and the term αn20E represents the unper-
turbed source of the ionospheric plasma providing the
equilibrium state of the ionosphere, n0E.
It should be noted that the ionospheric part of the

model can be made more sophisticated. As an example,
the dependence of the ion-neutral collision frequency,

νin, on altitude in the ionospheric E region can be
included. However, the basic physics of the ionospheric
feedback process will remain. For example, the effect of
the altitude-profile of ion-neutral collisions in theE region
resulting in vertical shear flow was investigated in a series
of papers summarized by Trakhtengerts and Feldstein
(1991). In particular, the instability threshold for the wave
frequency (fw 0.1-1 Hz) and wavelength (λ⊥≥1 km) is
found after averaging the boundary condition (equation
(2) in Trakhtengerts & Feldstein, 1991) over the E layer
with the exponential dependence of the ion-neutral colli-
sion frequency on altitude. The threshold for low values of
n0E ≤ 104 cm−3 can be expressed as follows:

Eth ≈E0 Ωci νi0 mV m , (8.14)

where Ωci is the ion gyrofrequency, νi0 ( Ωci) is the ion-
neutral collision frequency at the bottom of the E layer,
and E0 ≈ 50 is a numerical coefficient. As the driving elec-
tric field in the simulated event is well beyond the thresh-
old, the use of a simplified slab model is warranted by the
substantially reduced computing time.
The background electric field with themaximum ampli-

tude of 49 mV/m in both hemispheres was obtained by
electrostatic mapping the low-frequency part, E0, of the
field measured in the equatorial magnetosphere by
RBSP-A (Fig. 8.14a) into the ionosphere. The back-
ground plasma density in the domain is constructed using
data from the 17 March 2015 event and the information
about the background electric field. In a general case,
the ionospheric plasma densities in the Southern and
Northern Hemispheres are not equal to each other. Then,
the density in each hemisphere is given by

n0 L, μ =
n1N,S L r− r2 + n2N,S L , r1 < r < r2

n3N,S L e− r− r2 r0 + n4N,S L r, r > r2

(8.15)

Here, r= r(L, μ) is the geocentric distance to the point with
the dipole coordinates L and μ; r0 = 0.0175; r1 = 1 +
110/RE (near the E-region maximum); r2 = 1 + 270/RE

(near the F-region peak); and the functions n1N,S L ,
n2N,S L , n3N,S L , and n4N,S L define the density in the ion-
ospheric E region, F region, and in the equatorial magne-
tosphere. In particular, n4N L n4S L is chosen to fit
the equatorial density profile in Figure 8.5. Functions
n2S L n2N L and n1S L and n1N L are chosen to pro-
vide the input values in the southern and northern
F and E regions, respectively.
Figure 8.14 synopsizes the simulation results showing

the observed (left column) and simulated (right column)
electric fields adapted from Streltsov and Mishin (2018).
This particular run was conducted for the minimum
value of the E-region density in the Northern and South-
ern Hemispheres of nEN = 5 104 cm−3 (corresponds to
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via the current convective instability of oblique oscilla-
tions at 2πγ0 < kzjz/ene.
In general, the meridional temperature and density gra-

dients are antiparallel in the SAPS/SAID-related trough,
which is necessary for the TGI. Diamagnetic drifts due to
the opposed temperature and density gradients that lead
to polarization fields that move lower density hotter
regions into higher density colder plasma and vice versa.
In the two-fluid approximation, the TGI growth rate is
(e.g., Keskinen et al., 2004)

γ1 k⊥csrci LnLT
− 1 2 − τ− 1

D − τ− 1
T , (8.17)

where LT = T/|∇⊥T|; τ− 1
D and τ− 1

T are the rates of plasma
diffusion and thermal conduction, respectively; and rci is
the ion gyroradius.
Fluid models are limited by irregularities with wave-

lengths much greater than the ion gyroradius, which is
of the order of a fewmeters in the quiet-time F-region ion-
osphere ( 10 m in the heated SAPS/SAID region). Two-
fluid numerical simulations of the GDI development (e.g.,
Keskinen & Huba, 1990; Guzdar et al.,1998) yield a
steady-state power law spectrum of density irregularities,
δnk n0

2 k − p0 due to the wave cascading process. The
spectral index in the range of 1 to 10 km is about p0 = 2,
which is close to that in Figure 8.11. The TGI growth rate
in the kinetic regime appropriate for decameter-scale irre-
gularities is shown in Eltrass et al., (2014, Fig. 2) and
Eltrass and Scales (2014, Fig. 2) for various Ln and
LT = 800 and 1,400 km in the quiet-time F-region iono-
sphere. It increases with k⊥ ( 1/rci) and, in the decameter
scale, reaches a broad maximum of 6 10−4Ωci and
10−4Ωci for Ln = 50 and 450 km, respectively. The

GDI growth rate for E0 1 mV/m and the same values
of Ln, T is smaller by a factor of 10.
The nonlinear evolution of the TGI, with finite ion

gyroradius effects included, was investigated by means
of gyrokinetic particle-in-cell simulation techniques with
Monte Carlo electron collisions (Eltrass et al., 2014;
Eltrass & Scales, 2014). The TGI develops faster and
the saturation amplitude increases with electron collision
frequency, νe. The simulation results showwave cascading
from primary kilometer scales into the decameter-scale
regime, creating the saturated spectrum of the density
fluctuations with the spectral index p1 2. Therefore,
Eltrass and Scales concluded that the observed quiet-time
decameter-scale midlatitude irregularities may be pro-
duced by the TGI turbulent cascade, such as for the GDI.
As the maximum value of the growth rates increases

with kn, T = 1/Ln, T and E0, the instabilities are supposed
to develop much faster in the SAPS and SAID regions. In
particular, this implies that the decameter-scale (and
smaller scales) waves may be produced directly by the
TGI. The presence of the eastward electric field is

indicated by the upward vertical velocity. This is largely
the case in the SAID and SAPS events, such as shown
in Figure 8.2 and Figure 8.11 (the data from F13 near
22:36:00 UT). The downward velocity in the F14 data
(Fig. 8.11) indicates the westward electric field. Given
∇xn ∇xT < 0 on the equatorward wall near 01:06:00
UT, the enhanced irregularities here may be due to the
concerted effort of the GDI and TGI. The irregularities
in the strong SAPSWS region (Fig. 8.9) can be driven
by both instabilities due to strong alternate small-scale
field-aligned currents and electric fields (Mishin & Blaun-
stein, 2008).

8.5. CONCLUSION

We have surveyed multi-spacecraft observations of
mesoscale and small-scale wave and plasma structures
in the disturbed subauroral ionosphere and plasmasphere
and discussed their interrelation and conventional gener-
ation mechanisms. In particular, enhanced plasma turbu-
lence is observed in the plasmasphere boundary layer
formed by reconnection-injected, mesoscale plasma
flows penetrating into the plasmasphere. Three principal
sources of free energy for plasma waves are (1) the dia-
magnetic ion current near the inner boundary of the layer
due to the ion pressure gradient, (2) electron diamagnetic
currents in the entry layer near the plasma sheet bound-
ary, and (3) anisotropic (ring-like) ion distribution inside,
and farther inward of, the inner boundary. Collisionless
interactions of plasma waves with plasmaspheric particles
lead to plasma heating and acceleration of suprathermal
tails, thereby providing downward heat flux and
suprathermal electrons that dramatically increase the F-
region electron temperature. This results in the formation
of specific subauroral density troughs even in the absence
of strong electric fields and upward plasma flows. Anti-
parallel temperature and density gradients inside the
subauroral troughs are favorable for the temperature gra-
dient instability. The temperature gradient and the gradi-
ent-drift instabilities near the trough walls lead to
decameter-scale density irregularities routinely detected
by HF radars in the disturbed subauroral ionosphere.
Small-scale electromagnetic wave structures (SAPSWS)
are observed on the duskside shortly after the substorm
onsets. Numerical simulations by means of a two-fluid
2-DMHDmodel describe the SAPSWS creation in terms
of the ionospheric feedback instability, which generates
and amplifies ULF waves traveling back and forth
between the hemispheres. The instablity is driven by the
mesoscale SAPS electric field created in the equatorial
magnetosphere and penetrated along the magnetic
field into the ionosphere. Although the basic features of
mesoscale and small-scale subauroral structures are
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documented, more careful studies, both experimental and
numerical, are needed in order to identify and specify the
processes involved in their formation.
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APPENDIX

As an example, we estimate the turbulent heating rate in
the entry layer for the 18 March 2002 SAID event
(Mishin, 2013). For azimuthal electron drift currents
jd 10–20 nA/m2 and the hot electron density

Ne ≤ 1 cm−3(Fig. 8.3), the drift speed, ud = 6
jd nA m2

Ne cm− 3 ,

is greater than 60–120 km/s. Such a current can drive var-
ious plasma modes in magnetized cold plasma including
LH andMSwaves (e.g., Mikhailovskii, 1974). As the drift
speed, ud, exceeds the thermal speed of plasmaspheric
H+ ions, vpi ≈ 15–30 km/s at the temperature Tpi = 1–4
eV, the instability develops in the so-called modified
two-stream regime (e.g., Galeev & Sagdeev, 1979).
As a result, at ωpe ωce LH waves of ωlh = ωk =

ωlhr 1 + k2r2∗ + η2k ≈ k⊥ud , with k⊥ud/kz vpe and

k⊥ 0.3/r∗, grow at a rate γlh = alhωlhr ωci (αlh ≥ 0.1).
Here ωpe (ωce) is the electron plasma (cyclotron) fre-
quency, rce (vpe) is the thermal electron gyroradius (ther-
mal speed); r∗ = rce 3 4 + 3Tpi Tpe ; kz/k⊥ is the
parallel/perpendicular component of the wavevector k;
and ηk = mi mekz k . Similarly, short-wavelength MS
waves of ωk ≈ k⊥ud ωci and |ωk − sωci| kzvpe are
excited at a rate γms = αmsωci (αms > 1).

The power of broadband LH waves at ωlh > 2ωlhr is
defined by induced scattering (also known as nonlinear
Landaudamping) by thermal electrons and ions,ωq≈ωk−
|kz − qz|vpe and ωq ≈ ωk − |k − q|vpi, respectively (e.g.,
Galeev & Sagdeev, 1979). Porkolab (1978) and Musher
et al. (1978) described in detail nonlinear interactions of
unstable LH waves. Well above the collisional threshold,
γind νe, induced scattering by electrons, with the rate

γ e
ind ≈ωlhr

me
mi

ω2
pe

ω2
ce
Wlh npTpe is the chief contributor at

ωk ≤ 3ωlhr; the scattering on ions proceeds with

γ i
ind ≈

ωlhr
ωlh

γ e
ind . Here Wlh ≈

ωpe

ωce

2
δE2

lh 8π is the energy

density of LH waves with the rms amplitude δElh, and
νe is the frequency of electron elastic collisions.

At saturation, the excitation rate, γlh, is balanced by γ
e
ind

to yield the energy density of the excited (primary) waves,

W 0
lh ≈ γlhωlhr ω2

pe npTpe. For ω2
ce ω2

pe 0 1 in the entry

layer, one gets W 0
lh 5 10− 6npTpe and δE 0

lh 0 3
mV/m at the plasma density np 10 cm−3 and Tpe 1
eV. The primary LH waves serve as a pump for exciting
secondary waves that, in turn, serve as a pump for tertiary
waves, etc. As the frequency change at each step “s” is

small, δω s
q ω s

q qr∗ 1, and hence γ s
ind γ s + 1

ind , the
ultimate “cascading” spectrum consists of S∗ (qr∗)

−1

overlapping spectral peaks of the amplitude δE 0
lh . This

usual weak-turbulence spectrum (e.g., Galeev & Sagdeev,
1979) is consistent with the wave color spectrograms
around ωlhr (Fig. 8.2). As at each step, the core elec-
tron/ion distribution is heated with the rate Qe i ≈

S − 1 2
∗ γ e i

ind Wlh (e.g., Musher et al., 1978), the temperature
increases as npdTpe/i/dt S∗Qe/i. For the parameters in
the entry layer, the characteristic heating rate, τ− 1

T

S1 2
∗ γ2lhωlhr ω2

pe , yields the heating time, τT, less

than 10 min.
At γlh/νe 1, a significant part of the lh energy is accu-

mulated in the low-frequency spectral region ωlh < 2ωlhr,
where wave coupling is dominated by the lower
hybrid collapse with the threshold W ∗

lh npTpe ≈

qr∗
me
mi

ωce
ωpe

2
10− 7 (Musher et al., 1978; Sotnikov

et al., 1978; Shapiro et al., 1993). In the course of collapse,
the field-aligned, lz, and transverse, l⊥, dimensions of cav-
ities decrease, thereby shifting the trapped lh-spectrum to
smaller phase velocities (uλ ωlrλp umin and v⊥λ ωlrλ⊥).
Ultimately, the LH-wave energy in collapsing cavities
is absorbed by cold-plasma particles via Landau or
transit-time damping to produce suprathermal tail
distributions of field-aligned electrons (at 10Tpe < ε <
εmax 102Tpe) and mainly transverse ions (at ε⊥ > 10Ti).
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