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to similar features in the MSIS-predicted atmospheric profiles (Fig. 6.11A and B), which

are found to be associated with disturbed conditions due to geomagnetic activities. It is

unclear whether this is physically meaningful or due to some problem with the empirical

model of MSIS-90 in accounting for atmospheric responses during extreme geomagnetic

events, which, nevertheless, does not affect our discussions. The high degree of variability

as illustrated in Fig. 6.11 clearly underscores the necessity and importance of implement-

ing self-consistent particle-impact ionization calculationwithin any global models, which

are facilitated by the availability of the accurate and computationally efficient parameter-

ization models. It should be pointed out that none of the empirical ionization formulae

that have been reviewed in this section can be directly extended to nonterrestrial atmo-

spheres, considering that different atmospheric compositions would lead to different

interaction processes between charged particles and atmospheric neutrals and thus differ-

Cross-scale coupling and energy transfer in the magnetosphere-ionosphere-thermosphere system
ent collisional effects.
6.3 Electromagnetic fields of magnetospheric disturbances
in the conjugate ionospheres: Current/voltage dichotomy
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and Shane Coyled

aSpace Research Institute, Moscow, Russia
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6.3.1 Introduction: Current/voltage dichotomy
When considering a circuit analogy of the magnetosphere-ionosphere current systems it

is physically intuitive to distinguish between generators which deliver a fixed current, and

those in which the voltage is fixed (Lysak, 1985). This qualitative consideration may be

visualized as a magnetospheric generator with an internal resistance and an ionospheric

load. If the internal resistance is small compared to the load on the circuit, the ionosphere

will receive a fixed voltage, whereas if the load is small compared to the internal resis-

tance, a fixed current will be delivered to the ionosphere (Lysak, 1990).

Magnetosphere-ionosphere transient current systems with typical timescales in the

lowest-frequency portion of the ULF band (1–15 min) are also often described using this

electrical circuit analogy (Hartinger et al., 2017). A magnetospheric process can generate

a potential difference that maps along magnetic field lines to the ionosphere, where it

drives electric fields. On the other hand, magnetospheric processes can generate diver-

gent currents perpendicular to the background magnetic field which in the ionosphere
are closed via field-aligned currents (FACs). In the case of a current generator, the
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magnetic effect on the ground must be nearly the same under sunlit or dark ionospheres,

whereas in the case of a voltage generator the ground magnetic response must be much

larger under a highly conductive ionosphere (Sibeck et al., 1996; Lam and Rodger,

2004). The dependence of the ULF response to magnetospheric driving on the iono-

spheric conductance may be an important observational feature of a coupled

magnetosphere-ionosphere system. An adequate incorporation of the interhemispheric

differences and their effects on magnetosphere-ionosphere coupling is vitally important

for observations and modeling/simulations (Zesta et al., 2016).

There are several possibilities to examine the dependence of ground magnetic

response to a magnetospheric driver on the ionospheric conductance. The first one is

to study the daily variations of magnetic disturbance amplitude at a selected station. How-

ever, the intensity of a magnetospheric driver may vary from hour to hour. The second is

to examine the seasonal variation of the disturbance amplitude. Upon examining the sea-

sonal variations, for a magnetospheric FAC generator the local ionospheric resistance

plays the role of a load resistance, whereas the Alfv�en wave resistance and the resistance

of conjugate ionospheres play the role of an internal source resistance (Pilipenko et al.,

2019). Such a combination of several poorly known parameters makes an unambiguous

interpretation of seasonal variations difficult. Finally, the current/voltage paradigm can

be tested in a straightforward way with observations at conjugate stations under strongly

asymmetric ionospheres.

An important aspect of the ULF magnetospheric disturbance interaction with the

ionosphere which should be taken into account when considering the current/voltage

dichotomy is that FACs may interact with the ionosphere in a different way in regimes

of forced driving or excitation of resonant field line oscillations (Pilipenko et al., 2019).

Here, we compare the results of observations of various ULF phenomena, such as TCVs,

Pc5 waves, SCs, and MPEs at conjugate magnetometer arrays in Greenland and Antarc-

tica from the viewpoint of the voltage/current generator dichotomy. But first, theoretical

predictions of a simple “plasma box” model of the magnetosphere with asymmetric con-

Waves, turbulence, and kinetic processes
jugate ionospheres driven by magnetospheric FAC are summarized.
6.3.2 Model of a magnetosphere with asymmetric ionospheres
The “plasma box” model of the magnetosphere (Fig. 6.12) mimics the magnetosphere at

middle and high latitudes. Magnetospheric straight field lines with length 2L are termi-

nated by thin ionospheric layers with height-integrated Pedersen and Hall conductances

ΣP and ΣH, respectively. The coordinate x corresponds to the Earthward radial direction,

the z-axis is along the geomagnetic field B0, and the y-axis corresponds to the azimuthal

direction (the system is homogeneous in this direction).

Let at some magnetic shell a transient pulse of FAC jz(t) be excited by an external
transverse current jðeÞx . The radial direction of an external current corresponds to an
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plasma with constant Alfv�en velocity VA immersed in a straight magnetic field Bo. The field lines
with length 2l are terminated by conjugate dayside Southern (S) and Northern (N) ionospheres

ðSÞ ðNÞ ðdÞ

B978-0-12-821366-7.00005-6, 00005

52 Cross-scale coupling and energy transfer in the magnetosphere-ionosphere-thermosphere system

To protect the rights of t
typesetter SPi. It is not al

These proofs may contain colour figures. Those figures may print black and white in the final printed book if a colour print product has not been planned. The colour
figures will appear in colour in all electronic versions of this book.
azimuthally (along the Y-axis) large-scale disturbance. The electric field of the distur-

bance E? ¼ (Ex, Ey) is described by the MHD wave equation

ð∂2z�V�2
A ∂

2
t ÞExðt,zÞ¼ μ0∂t j

ðeÞ
x ðt,zÞ (6.57)

with conductances ΣP and ΣP . The oscillations are driven by an external transverse current jx .
The magnetic component of a disturbance can be found from Maxwell’s equations as

∂tBy ¼ �∂zEx. Eq. (6.57) describes an Alfv�enic-type disturbance carrying a nonsteady

FAC jz ¼ ΣArE?, where ΣA ¼ (μoVA)
�1 is the magnetospheric Alfv�en conductance

determined by the Alfv�en velocity VA. The fundamental Alfv�en wave period in the

magnetospheric box model is TA ¼ 4L/VA.

Eq. (6.57) should be augmented by the impedance-type boundary conditions at con-

jugate Northern (N) and Southern (S) ionospheres (z ¼ 	L) as follows (Newton et al.,

1978):

By¼	μ0ΣPEx (6.58)
Let thedriving current be localized at themagnetospheric equatorial plane (z¼0), namely,

jðeÞx ðzÞ¼ JeðtÞδðzÞ. Integrating Maxwell’s equations across the area occupied by a driver,

the conditions on a jump of transverse magnetic and electric fields can be obtained

fExgjz¼0¼ 0, fBygjz¼0 ¼�μ0JeðtÞ (6.59)
where f…g denote a jump across the source region. The interaction of an Alfv�en wave

with the ionosphere is characterized by the reflection coefficient

RðS,NÞ ¼Σ
ðS,NÞ
P �1

Σ
ðS,NÞ
P +1

(6.60)
determined by the ratio between the ionospheric Pedersen conductance and wave con-
ðS,NÞ
ductance, ΣP ¼ΣðS,NÞ
P =ΣA.
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Steady-state solutions above the ionospheres for Ex(z)¼ ikφ and By(z)¼�ikψ can be

obtained via the electric and magnetic potentials

φðS,NÞðzÞ¼	VA expf	ikAðz�LÞg�RðS,NÞ expf�ikAðz�LÞg
h i

ψS,N ðzÞ¼ expf	ikAðz�LÞg+RðS,NÞ expf�ikAðz�LÞg
(6.61)

Waves, turbulence, and kinetic processes
Here, the upper/lower signs correspond to S/N hemispheres, and kA ¼ ω/VA is the

Alfv�en wave number. These solutions satisfy the boundary conditions at the ionosphere

(6.58) and describe the field-aligned structure of a disturbance. The field-aligned distri-

bution of electromagnetic field above and below the source of disturbances is found with

account for the merging condition (6.59). Then, the ratio between electric E(N)/E(S) ¼
Ex(L)/Ex(�L) and magnetic B(N)/B(S) ¼ By(L)/By(�L) fields in the conjugate iono-

spheres can be derived as follows:

EðNÞ

EðSÞ ¼ 1� iΣ
S

P tanðkALÞ
1� iΣ

N

P tanðkALÞ
(6.62)

BðNÞ

BðSÞ ¼�Σ
N

P

Σ
S

P

1� iΣ
S

P tanðkALÞ
1� iΣ

N

P tanðkALÞ
(6.63)
The magnetic Bx disturbance on the ground is related to an azimuthal magnetic distur-

bance By above the ionosphere by the well-known formula (Hughes and Southwood,

1976; Alperovich and Fedorov, 2007)

BðS,NÞ
x ¼BðS,NÞ

y

ΣðS,NÞ
H

ΣðS,NÞ
P

exp �khð Þ (6.64)
where h is the height of the ionospheric conductive sheet and k is the horizontal wave

vector of the disturbance. The ratio between the ground magnetic responses at the con-

jugate points is

BðNÞ
x

B
ðSÞ
x

¼BðNÞ

BðSÞ
ΣðNÞ
H

ΣðNÞ
P

ΣðSÞ
P

ΣðSÞ
H

(6.65)
Different situations are possible, as follows from these relationships (6.62 and 6.65),

depending on the timescale of the disturbance τ and the local field-line resonant
period TA.
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6.3.2.1 Relationship between ground magnetic disturbances at conjugate sites
In the case of nonresonant quasi-DC forced driving, when ω≪ ΩA (or kAL≪ 1), from

Eqs. (6.62), (6.65), the ratio between ground magnetic disturbances at conjugate points

follows:

BðNÞ
x

B
ðSÞ
x

¼Σ
ðNÞ
H

Σ
ðSÞ
H

(6.66)
Thus, upon a quasi-DC driving the magnetic response must be larger under a higher local

ionospheric conductivity, which corresponds to a voltage generator regime.

In the case of resonant driving, when the frequency of an oscillatory driver matches

the local field line frequency of a magnetic shell, ω ! ΩA (or kAL ¼ π/2), the ratio of

magnetic responses at conjugate points can be obtained from Eqs. (6.62), (6.65)

BðNÞ
x

B
ðSÞ
x

’Σ
ðNÞ
H

Σ
ðNÞ
P

Σ
ðSÞ
P

Σ
ðSÞ
H

(6.67)
The ratio of groundmagnetic responses at conjugate points does not depend on variations

of the ionospheric conductance, which corresponds to the current generator regime. The

change from voltage to current generator regime upon transfer from nonresonant to res-

onant driving is similar to the antireflective coating in optics, where the input impedance

of a multilayered system changes dramatically when the wavelength of incident light is a
multiple of the layer width.
6.3.2.2 Field-aligned magnetosphere-ionosphere currents
The relationship between the FACs flowing into conjugate ionospheres jz ≡ jk and a

driver current Je can be found using Ampere’s law jz ¼ μ�1
0 ikBy as follows jk

(N)/jk
(S) ¼

B(N)/B(S). In the case of nonresonant quasi-DC driving, the FAC ratio is

j
ðNÞ
k
j
ðSÞ
k

¼�ΣðNÞ
P

ΣðSÞ
P

(6.68)
This relationship predicts that a larger FAC flows into a more-conductive ionosphere. In

the regime of resonant driving, the magnitudes of FACs above the conjugate ionospheres

are the same, namely

j
ðNÞ
k ¼�j

ðSÞ
k ¼ kJe

Σ
ðNÞ
P Σ

ðSÞ
P

Σ
ðSÞ
P +Σ

ðNÞ
P

(6.69)
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In the case of strongly asymmetric ionospheres, for example, Σ
ðNÞ
P ≫Σ

ðSÞ
P , from the above

relationships it follows that FACs into both ionospheres are proportional to Pedersen
ðNÞ ðSÞ ðSÞ
conductivity of the less-conductive hemisphere, jk ¼ jk ∝ΣP .
6.3.2.3 Ionospheric electric fields in conjugate ionospheres
HF radar sounding of the ionosphere provides the possibility to monitor the ionospheric

Doppler plasma velocities and consequently the electric field. The dense array of Super-

DARN radars in both Northern and Southern hemispheres makes it possible to measure

the ionospheric electric field response in conjugate ionospheres. The relevant magnitudes

of electric fields in conjugate ionospheres are shown to be as follows.

In two limiting cases of quasi-DC forced driving and resonant excitation of Alfv�en
eigenoscillations, we arrive from Eq. (6.62) at the following ratios between electric

disturbances at conjugate ionospheres:

EN

ES

’ 1 when τ≫TA,
EN

ES

’ Σ
ðSÞ
P

Σ
ðNÞ
P

when τ’TA (6.70)
These relationships may be verified by comparing the amplitudes of ionospheric electric

field disturbances detected simultaneously by SuperDARN radars in the Northern and
Southern hemispheres.

Q5

Q6
6.3.3 Spatial structure of resonant ULF waves
and ionospheric conductivity
In the previous consideration, it has been assumed that a disturbance generated in the

magnetosphere is a localized stream of FACs. However, the resonant ULF waves, such

as Pc4-5 waves, are in fact a coupled MHD mode. So, upon interhemispheric compar-

ison, their latitudinal structure should be taken into account. MHD disturbances from

remote parts of the magnetosphere propagate inside the magnetosphere and, through

a mode transformation, excite standing Alfv�en oscillations. The process of the mode

transformation is most effective in the vicinity of the resonant shells, where the local

eigenfrequency fA(x) of Alfv�en field line oscillations coincides with the frequency f of

an external source (Chen and Hasegawa, 1974). The mathematical description of the spa-

tial structure of the field perturbation in the magnetosphere can be expressed in the form

of asymptotic expansion in the vicinity of a resonant field line (Kivelson and Southwood,

1986). The expansion of the azimuthal magnetic component By(x, f ) has a singularity at a

resonant shell (x ! xA(f )). At the same time, the radial Bx(x, f ) component has just a

weak logarithmic singularity near the resonance, so the resonant behavior of this com-

ponent would hardly be noticeable. The spectral MHD theory (e.g., Krylov et al., 1979)
states that the resonant frequency and field-aligned structure of the coupled MHDmode
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are described by ordinary differential 1D equations, identical to equations for the

uncoupled Alfv�en modes in a homogeneous plasma (e.g., plasma box model).

Upon transmission through the ionosphere, the horizontal structure of ULF waves is

distorted. This distortion can be analytically described for the Alfv�en wave with a reso-

nant Lorentz-type spatial structure transmitting through the “thin” ionospheric layer

above an infinitely conducting ground (Hughes and Southwood, 1976; Alperovich

and Fedorov, 2007): (a) the π/2 rotation of the wave polarization ellipse takes place,

BðmÞ
y !BðgÞ

x (superscripts m and g denote field above the ionosphere and on the ground);

(b) the width δg of the resonance peak, as observed at the ground, is wider as compared

with the width δm above the ionosphere, δg ¼ δm + h. The leading term which describes

the amplitude of the north-south ULF wave component at the ground BðgÞ
x in the vicinity

of a resonant magnetic shell can be written as

jBðgÞ
x ðx, f Þj ¼Boðf Þ δmffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

½x�xAðf Þ�2 + δ2g

q
(6.71)

Cross-scale coupling and energy transfer in the magnetosphere-ionosphere-thermosphere system
According to Eq. (6.71), the latitudinal structure of the ULF field can be qualitatively

represented as the combination of a “source” spectrum Bo( f ) and a magnetospheric

Alfv�enic resonance response. The “source” part is related to a disturbance transported

by a large-scale fast compressional wave and has a weak dependence on the

x coordinate. The resonant magnetospheric response related to the Alfv�en waves excita-

tion is strongly localized and it causes rapid enhancement of amplitude at a resonant shell.

The Alfv�enic part is dominant in the vicinity of the resonant peak, jx � xA(f)j
 δg. The
width δg is determined by the dominant damping mechanism (Yumoto et al., 1995).

One of the main damping mechanisms is ionospheric Joule dissipation (Newton et al.,

1978). In order to drive a resonant system to the saturation level, a driver must be applied

continuously during a time period of�TAQ (whereQ is the quality factor of the resonant
system). A realistic value for the dayside Alfv�enic resonator in the Pc5 band isQ’ 5�10.
6.3.4 Alfv�enic pulse incident on conjugate ionospheres
The transient Alfv�enic response of the high-latitude magnetosphere to an interplanetary

shock is a short impulse with duration τmuch less than the Alfv�en wave eigenperiod TA

of a field line, τ ≪ TA. In this case, after excitation Alfv�enic pulses propagate indepen-
dently without attenuation toward Northern and Southern hemispheres away from the

magnetospheric equatorial plane. At t<TA/4, only incident (i) pulses can be seen in both

hemispheres above the ionospheres. In this case, they are described as follows:

EðiÞ
x ðt,zÞ¼ 1

2ΣA

Jeðt+ z=VAÞ at z< 0

Jeðt�z=VAÞ at z> 0

�
(6.72)
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The Alfv�enic pulses reflected from the ionospheres (r) can be presented as

EðrÞ
x ðt,zÞ ¼� 1

2ΣA

RðSÞJe t�z+2L

VA

� �
+RðNÞJe t +

z�2L

VA

� �� �
(6.73)

Waves, turbulence, and kinetic processes
The total field structure around the ionosphere (z ’�L) is formed by incident (6.72)

and reflected (6.73) pulses. The magnetic disturbance Bx on the Earth’s surface

produced by the Hall current induced by the impulse total field in the ionosphere

Jy ¼ �ΣHEx is

Bx¼�μ0
ΣH

ΣP +1
Jeðt�L=VAÞ (6.74)
In respect to the magnitude of the ionospheric conductance, the dependence of the

ground response changes from a voltage generator regime (ΣP≪1) to a current regime

(ΣP≫1). The ground magnetic response in the Northern and Southern hemispheres

from Eq. (6.74) is as follows:

BðNÞ
x

B
ðSÞ
x

¼Σ
ðNÞ
H

Σ
ðSÞ
H

Σ
ðSÞ
P +1

Σ
ðNÞ
P +1

(6.75)
In general, this relationship does not correspond directly to either the current or voltage

regimes.

6.3.5 Resolving the current-voltage dualism with conjugate observations
The theoretical model predicts that upon the excitation of FAC in the magnetospheric

resonator the dependence on the ionospheric conductance may look like a voltage or

current generator, depending on the parameters of a magnetospheric disturbance, in par-

ticular on timescale of the driver regime τ and the local eigenperiod of the magneto-

spheric resonator TA (Pilipenko et al., 2019). Here, we compare the results of various

types of ULF disturbances at conjugate sites in the Arctic and Antarctic.

6.3.5.1 Database and models
We use data from the conjugate Antarctica-Greenland magnetometer arrays. Virginia

Tech (http://mist.nianet.org) deployed an autonomous adaptive low-power instrument

platform (AAL-PIP) network with sampling cadence 1 s in Antarctica. These sites are

designed to be magnetically conjugate to the GreenlandWest Coast magnetometer chain

along the Λ ’ 40degrees magnetic meridian operated by the Technical University of

Denmark (https://www.space.dtu.dk). Fig. 6.13 shows the locations of the AAL-PIP

stations and the geomagnetic conjugate points of their counterparts in Greenland:

PG0-UPN, PG1-UMQ, PG2-GDH, PG3-ATU, PG4-SKT, and PG5-GHB. Conju-
gate pair coordinates are given in Table 6.1. All stations are equipped with three-axes
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Fig. 6.13f0070 Map of Arctic Canada and Greenland, showing stations in the Northern hemisphere
(diamonds) and the conjugate mapped locations of Southern hemisphere stations (green circles).
Solid lines show corrected geomagnetic coordinates.
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fluxgate magnetometers. The sensor axes are oriented along local magnetic north (Bx),

local magnetic east (By), and vertically down (Bz). The AAL-PIP profile is augmented by

the latitudinal profile of automated low-powered British Antarctic Survey (BAS) stations.

Because of the lack of direct information about the ionospheric conductivities, one

has to use information from empirical models. Here, the height-integrated (80–1000 km)

ionospheric conductivities have been estimated using the online resource of the Kyoto

University (http://wdc.kugi.kyoto-u.ac.jp/ionocond/sigcal), based on the IRI-2016

model (Bilitza et al., 2017). The difference in ionospheric conductances in opposite

hemispheres is controlled not only by the difference in solar illumination, but also auroral

electron precipitation as well. A source of information on the auroral precipitation is the

OVATION-prime (OP) model driven by solar wind and IMF parameters (http://

sourceforge.net/projects/ovation-prime/). The OP model is based on energetic particle

measurements from the Defense Meteorological Satellite Program (DMSP) satellites
(Newell et al., 2009). We applied a combined model which accounts for two main
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Table 6.1t0010 Geographic and geomagnetic locations of the Greenland stations and conjugate points of
Antarctic stations based on the IGRF for epoch 2015 (https://omniweb.gsfc.nasa.gov/vitmo/cgm.html).

Greenland Geographic
Lat.

Location
lang.

Geomagnetic
lat.

Conjugate
lang.Antarctica Code

PG0 �83.67 88.68 78.7 38.2

PG1 �84.50 77.20 77.3 37.3

PG2 �84.42 57.95 75.5 39.1

PG3 �84.81 37.63 73.8 36.6

PG4 �83.34 12.25 71.1 36.1

PG5 �81.96 05.71 69.7 37.0

Thule THL 77.47 290.77 84.4 27.5

Savissivik SVS 76.02 294.90 82.7 31.2

Kullorsuaq KUV 74.57 302.82 80.4 40.3

Upernavik UPN 72.78 303.85 78.6 38.7

Umanaq UMQ 70.68 307.87 76.0 41.2

Godhavn GDH 69.25 306.47 74.8 38.2

Attu ATU 67.93 306.43 73.5 37.1

S. Stromfjord STF 67.02 309.28 72.1 40.0

Sukkertoppen SKT 65.42 307.10 70.9 36.4

Godthab GHB 64.17 308.27 69.5 37.1

Frederikshab FHB 62.00 310.32 66.9 38.4
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contributors: solar photo-ionization and auroral electron precipitation. A contribution of

electron precipitation is computed using the empirical model developed by Robinson

et al. (1987) that relates particle flux and energy output to conductance.

Here, we compare the results of conjugate observations of such types of ULF distur-

bances as TCVs, Pc5 waves, SCs, and MPEs at high latitudes.

6.3.5.2 Magnetospheric global FAC systems
Numerous studies of large-scale magnetospheric FACs were performed using magnetic

field gradients measured by low-orbiting satellites (Christiansen et al., 2002). The statis-

tical results obtained correspond to a quasisteady (as compared with the Alfv�enic time)

case. Typically, empirical modeling of quasisteady magnetosphere-ionosphere current

system indicated that these FACs are driven by a voltage generator. Here, we mention

just a few. The study of Haraguchi et al. (2004) statistically examined the dependence of

the intensities of dayside large-scale FACs on the ionospheric conductance using DMSP-

F7 satellite data. In the dayside region, the intensity of R1 FAC (current flows into/away

the ionosphere in the prenoon/postnoon sector) and cusp (R0) currents had a high cor-

relation with ionospheric conductivity, suggesting that these FACs are driven by a

voltage-like source. Shi et al. (2010) statistically investigated features of the FAC distri-
bution in the plasma-sheet boundary layers in the magnetotail using the curlometer
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technique to calculate the current from four-point magnetic field measurements. The

occurrence and polarities of FACs in the Northern hemisphere were found to be differ-

ent from those in the Southern hemisphere. The interhemispheric difference between

the FAC densities suggests that a source of these currents must be a voltage generator.

These observational results match the model prediction of nonresonant driving of FACs.

6.3.5.3 Traveling convection vortices
Traveling convection vortices (TCVs) are specific daytime high-latitude structures

driven by localized FACs (Friis-Christensen et al., 1988; Engebretson et al., 2013).

The terrestrial manifestation of a TCV is an isolated magnetic impulse event (MIE)—

a perturbation of the geomagnetic field with a duration of �5–10 min and amplitude

of�100 nT (Vorob’ev, 1993). The typical double vortex TCV structure of Hall currents

is formed around a pair of upward and downward FACs between the ionosphere and the

magnetosphere (McHenry and Clauer, 1987). The physical mechanism of excitation of a

TCV is not uniquely determined. Various driving mechanisms were claimed, such as the

pulsed reconnection of the interplanetary andmagnetospheric magnetic fields (Lanzerotti

et al., 1990), pulsed variations in the dynamic pressure of the solar wind (Glasmeier,

1992), sporadic regions of hot plasma in the ion foreshock (hot flow anomalies) (Murr

and Hughes, 2003), etc.

As an example, we consider the transient TCV events on January 19, 2013 at 1430 and

1730 UT triggered by a weak solar wind pressure increase (Kim et al., 2015). In Fig. 6.14,

one can see a remarkable amplitude-phase similarity between magnetic variations in Ant-

arctica and Greenland. A bipolar vortex-like structure is clearly seen in the ionospheric

convection flow in both hemispheres. Fig. 6.15 shows the latitudinal profile of TCV

amplitude determined as the extreme value of MaxBx(t)-MinBx(t) during the time inter-

val 1420–1450 UT. The maximal intensity in the Northern hemisphere, �140 nT, is

observed at Φ ¼ 72 degrees (STF). A maximum in the Southern hemisphere is hard

to evaluate because of the very limited number of stations. Anyway, the difference is

not more than 20%. At the same time, the contrast between conductances is about an

order of magnitude. Thus, interhemispheric properties of this TCV event rather corre-

spond to the current generator regime.

Earlier observational studies (Kim et al., 2013) of interhemispheric conjugate behav-

ior of MIE/TCVs at high latitudes attempted to reveal how a difference in ionospheric

conductivity can play a role in creating asymmetry in TCV structures. The statistical

study of Lanzerotti et al. (1991), which used data from the Iqaluit-South Pole conjugate

pair, found that TCVs/MIEs were of similar magnitude in the two hemispheres. A study

of TCVs at the same conjugate pair by Murr et al. (2002) showed that the amplitudes of

the magnetic perturbations were similar in the two hemispheres in the sunlit and dark

ionospheres. Lam and Rodger (2004) also observed that conjugate TCVs were of similar

Cross-scale coupling and energy transfer in the magnetosphere-ionosphere-thermosphere system
intensity in both hemispheres regardless of any difference in conductivity. They found no
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Fig. 6.14f0075 Stacked magnetograms (Bx component) from conjugate pairs of stations in Antarctica (red
lines) and Greenland (blue lines) on January 19, 2013.
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statistical difference between events occurring during conditions when one hemisphere

was dark and other events when both were dark or light. Based on these observational

results, it seems likely that TCVs are to be associated with a current generator.

Thus, according to the model, TCVs are to be excited at a resonant field line. How-

ever, TCVwaveforms appear rather as impulsive or heavily damped oscillations. None-

theless, it is possible that resonant effects play a significant role in the TCV formation.

Though TCVs are generated by some extra-magnetospheric transients, the “epicen-

ters” of TCV-associated FACs are found well inside the magnetosphere (Moretto
and Yahnin, 1998), but not at the magnetopause. Numerical 3D modeling also showed
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Fig. 6.15f0080 (Top panel) The latitudinal profile of TCV amplitude determined as the extreme value of
MaxBx(t)-MinBx(t) during the time interval 1420–1450 UT, January 19, 2013 in Antarctica (red lines)
and Greenland (blue lines). (Bottom panel) The latitudinal profile of Pedersen (solid lines) and Hall
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that the generation of TCVs and the associated FACs by an interplanetary tangential

discontinuity originated well inside the magnetopause (Chen et al., 2000).

A possible way to reconcile the intermagnetospheric TCV response with a magne-

tosheath source is the assumption that the FACs which drive the TCV are produced

in the Alfv�en resonance region, where the initial impulse duration matches the field

line eigenperiod, that is, τ’ TA. The actual driving time of a TCV is less than the time

to reach the resonance saturation, TAQ, but a TCV still can be excited because the

driver intensity is much stronger than that of monochromatic Pc5 wave drivers. Thus,

TCVs are likely a spatially localized phenomenon, and most probably associated with a

nearly standing resonant Alfv�enic mode. Therefore, the match of its conjugate features

to the current generator agrees with the theoretical predictions for resonant driving of

(dotted lines) conductances in Antarctica (red lines) and Greenland (blue lines).
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6.3.5.4 Pc5 waves
The consideration of the current/voltage dichotomy for ULF waves (Pc3-5 pulsations)

should be done with great care. In general, the field of ULF waves is composed of a fast

magnetosonic (compressional) mode and an Alfv�en mode. The transmission mechanisms

of the compressional mode and Alfv�en mode through the ionosphere are very different

(Pilipenko et al., 2011). A FAC carried by an Alfv�en wave cannot penetrate into the insu-
lating atmosphere and instead spreads over the ionosphere, whereas the ground magnetic

response is produced by theHall currents. Themagnetic field compression transported by

a fast mode wave “feels” the ionosphere only weakly, and directly penetrates to the

Earth’s surface. Both modes, azimuthally large scale, produce a main ground response

in the same Bx component. The contribution of the Alfv�enic part becomes dominant

in the vicinity of the peak of the resonant structure.

The north-south asymmetry of the amplitude of Pc5 pulsations was studied by Obana

et al. (2005) using magnetic field data from one pair of the conjugate Kotzebue-

Macquarie Island stations at L ’ 5.4. The power ratio showed an “offset,” probably

caused by a regular bias of the statistical position of the wave resonant peak and the station

location. The relative stability of the offset during seasonal variations may provide indi-

rect evidence of the independence of the groundmagnetic signal on the ionospheric con-

ductance. A specific difficulty in analysis of conjugate studies of Pc5 pulsations is that

resonant frequency-dependent amplification occurs in a small latitudinal region (about

a few hundred kilometers). Conjugate observation results are strongly influenced by

uncertainties in the difference between the pulsation resonant peak and an observation

site. Therefore, any conclusion on Pc5 asymmetry demands a thorough preliminary

determination of resonant wave structure in both hemispheres.

An example of this approach from Pilipenko et al. (2021) is given below. Spectral

analysis of magnetometer data is made in a running 30-min window. The spectra of hor-

izontal components for all stations in both hemispheres were calculated, and the central

frequency band of recorded Pc5 waves has been identified. Latitudinal plots of Bx(Φ)
spectral power at the central frequency of the selected band depending on geomagnetic

latitude Φ were constructed. These plots enable us to compare the amplitudes of spatial

peaks at two conjugate stations, where the maximum was observed. At the same time,

from the OP model the ionospheric conductances were estimated. Using these values,

we compare the observed ratio with the theoretical predictions. Here, we present con-

trasting Pc5 events during the Northern summer and Northern winter.

Stacked magnetograms of the Bx component from conjugate pairs of stations during

the Northern winter event on January 25, 2016 are shown in Fig. 6.16. Quasimonochro-

matic Pc5 waves appeared during 06–20 UT in the recovery phase of a weak substorm

with onset at �07 UT. Signatures of field line resonance can be seen even from visual

inspection: the localized amplitude of magnetic variations at GDH-PG3 stations, appar-

ent poleward propagation, and dominance of the Bx component over the By component
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Fig. 6.16f0085 Stacked magnetograms of the Bx component from conjugate pairs of stations in Antarctica
(red lines) and Greenland (blue lines) during the Northern winter event on January 25, 2016.
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Spectra of the Bx component (not shown) demonstrate the occurrence of a spectral

peak in the band between 2.0 and 2.5 mHz at most stations in both hemispheres, so the

latitudinal structure of the spectral power of monochromatic Pc5 waves is examined at

this frequency. The latitudinal distribution of spectral power along the profile has a max-

imum atΦ’ 75 degrees in both hemispheres (Fig. 6.17). Spectral power in the Northern

hemisphere is larger than that in the Southern hemisphere, but just weakly, �20%–40%.
The predicted ionospheric height-integrated conductances are around Σ(S)’ 5�6 S, and

Σ(N) ’ 1 S.

Stacked magnetograms of the Bx component from conjugate pairs of stations for the

Northern summer event on June 13, 2016 are shown in Fig. 6.18. Quasimonochromatic

Pc5 waves appeared between 09 and 15 UT. Even from a visual inspection of magneto-

grams, one can see a regular increase of the dominant frequency from 2.5 mHz at high

latitudes (PG2-UMQ) toward 3.5 mHz at lower latitudes (PG5-SKT). During the 13–

14 UT interval, the latitudinal peaks of spectral power at f¼ 2.0�2.5 mHz are at the same
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Fig. 6.17f0090 (Top panel) The latitudinal distribution of spectral power (X component) in the 2.0–2.5 mHz
band along the profile in the Northern (blue lines) and Southern (red lines) hemispheres during the
Northern winter event on January 25, 2016. (Bottom panel) The predicted ionospheric height-
integrated Pedersen (solid lines) and Hall (dashed lines) conductances in Antarctica (red lines) and
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geomagnetic latitude in both hemispheres, around 74 degrees (ATU/PG3) (Fig. 6.19).

The interhemispheric contrast between ionospheric conductances is rather substantial,

ΣðNÞ
H ’ 11 S, whereas ΣðSÞ

H ’ 0:8 S. The profile of the ionospheric conductance is weakly
dependent on latitude, and strong gradients are absent. Despite the strong asymmetry of

Greenland (blue lines).
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Fig. 6.18f0095 Stacked magnetograms of the Bx component from conjugate pairs of stations in Antarctica
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hemispheres, B(N) ’ B(S). Thus, the interhemispheric contrast between the Pc5 ampli-

tudes is much less than the contrast between ionospheric conductivities. The Pc5 wave

excitation is much closer to the current generator regime than to the voltage generator

regime.

6.3.5.5 High-latitude SC impulses
A sudden commencement (SC) is a complicated large-scale transient response of the

magnetosphere-ionosphere system to an interplanetary shock. It consists of a magnetic

field compression transported to the ground by a fast compressional mode wave and a

global vortex-like disturbance produced by an FAC system at the magnetopause. The

SC-associated compression of the magnetosphere can excite damped Psc5 pulsations

in the magnetosphere localized at a latitudinally narrow resonant magnetic shell where

the impulse duration τ ’ TA. Beyond this narrow region, no periodic resonant response

to the SC pulse is observed. Thus, the SC main impulse is a transient FAC stimulated by

an interplanetary shock and predominantly it corresponds either to the condition τ≫ TA

(at low latitudes, where TA < 1 min) or τ ≪ TA (at high latitudes, where TA ’

(red lines) and Greenland (blue lines) for the Northern summer event on June 13, 2016.
5�10 min). Formally, low latitude SC observations are to be treated as an example of
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Fig. 6.19f0100 (Top panel) The latitudinal distribution of spectral power (X component) in the 2.0–2.5 mHz
band along the profile in the Northern (blue lines) and Southern (red lines) hemispheres during the
Northern summer event on June 13, 2016. (Bottom panel) The predicted ionospheric height-
integrated Pedersen (solid lines) and Hall (dashed lines) conductances in Antarctica (red lines) and
Greenland (blue lines).
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a quasi-DC excitation. Studies at low latitudes (L < 3) indeed revealed an interhemi-

spheric difference in SC signatures: their amplitude was significantly larger in the summer

hemisphere than in the winter one (Yumoto et al., 1996). Shinbori et al. (2012) also

found that the size of the diurnal variation of the SC main impulse increased significantly

during the summer, compared with that during the winter. Based on the seasonal and

interhemispheric variations of SCs at low latitudes, it may be concluded that the SC

in this region is caused by a voltage generator rather than a current generator. The regime

of a voltage generator is natural for a nonresonant quasi-DC disturbance (Pilipenko

et al., 2019).

However, in contrast to low latitudes, for an SC pulse at high latitudes (L > 6), the
inverse condition takes place, τ ≪ TA. Here, we present typical SC events on a quiet
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background during summer and winter, and determine from conjugate station data the

ratio between amplitudes of pulses BðNÞ
x =BðSÞ

x at conjugate pairs of stations in Antarctica

and Greenland. The magnetospheric Alfv�en conductance is supposed not to differ con-

siderably throughout the magnetosphere, ΣðNÞ
A ’ΣðSÞ

A ’ 1 S.

We first present the Northern winter event that occurred on January 7, 2014,

15 UT (Fig. 6.20, top panel). According to the IRI-2016 model, for the central

PG3 station in the Southern hemisphere ΣðSÞ
P ’ 5:0 S and ΣðSÞ

H ’ 6:0 S. For the conju-

gate station ATU in the Northern hemisphere ΣðNÞ
P ’ 2:4 S, and ΣðNÞ

H ’ 2:1 S. In this

event, the contrast between the Northern and Southern conductances is not so strong.

There is an additional factor that may obscure the observed relationship between the

ground magnetic response and the ionospheric conductance, which should be taken

into account. Though the model considered in Section 6.2 is homogeneous, in reality

the plasma density Ne in the upper ionosphere at the sunlit end of a field line probably

should be higher than at the dark end. As a result, the Alfv�en wave conductance,

ΣA∝
ffiffiffiffiffiffi
Ne

p
, must be higher at the sunlit end. Thus, the contrast in the ratio ΣP/ΣA,

which determines the reflection condition and ground response, is to be less distinct

between (N) and (S) ionospheres. Here, as a proxy of plasma density in the upper ion-

osphere, Ne, total electron content (TEC) maps from GPS receivers have been used

(http://vt.superdarn.org). Based on very sparse observations in Greenland and Antarc-

tica, TEC in the Northern hemisphere is �12 TECu, while in the Southern hemi-

sphere TEC is �15 TECu. Then, Eq. (6.75) gives us BðNÞ
x =BðSÞ

x ’ 0:5. The

correction for the asymmetry of ΣðNÞ
A =ΣðSÞ

A ’
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TECðNÞ=TECðSÞp

’ 0:9 does not mod-

ify this estimate noticeably. Thus, the model predicts that by the order of magnitude the

amplitudes of pulses in conjugate ionospheres are to be about the same. The observed

amplitudes of the SC pulse at station pairs GDH-PG2, ATU-PG3, and SKT-PG4 are

indeed about the same within 15%.

Then, we consider the typical Northern summer event on June 7, 2014, 17 UT

(Fig. 6.20, bottom panel). For the central PG3 station in the Southern hemisphere,

the ionospheric conductances estimated with the use of the IRI-2016 model are as fol-

lows: ΣðSÞ
P ’ 0:2 S and ΣðSÞ

H ’ 0:2 S. For the conjugate station ATU in the Northern

hemisphere, the ionospheric conductances are: ΣðNÞ
P ’ 6:8 S, and ΣðNÞ

H ’ 8:8 S. There-

fore, it is reasonable to assume that Σ
ðNÞ
P ≫1 and Σ

ðSÞ
P ≪1. According to the TEC maps

for this event, the TEC in the Northern hemisphere is�15 TECu, while in the South-

ern hemisphere it is below 5 TECu. Then, Eq. (6.75) gives us BðNÞ
x =BðSÞ

x ’ 6:5. The

asymmetry of ΣðNÞ
A =ΣðSÞ

A ’
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TECðNÞ=TECðSÞp

’ 1:7 decreases this estimate down to

�3.8. This prediction matches surprisingly well the observed ratio between magnetic

Cross-scale coupling and energy transfer in the magnetosphere-ionosphere-thermosphere system
responses in conjugate ionospheres: for the ATU-PG3 pair the ratio is �3.8.
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Fig. 6.20f0105 (Top panel) Stackedmagnetograms from Antarctic and Greenland conjugate pairs of stations
during the Northern summer SC event on June 7, 2014. (Bottom panel) Stacked magnetograms from
Antarctic and Greenland conjugate pairs of stations during the Northern winter SC event on January
7, 2014.
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6.3.5.6 Magnetic perturbation events
When the auroral oval expands to subauroral latitudes, impulsive MPEs with duration

�5–15 min occur during even nonstorm times and at up to 78 degrees magnetic latitude
(Engebretson et al., 2019a). The MPEs appear roughly simultaneously at near
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Fig. 6.21f0110 Magnetograms from stations in the Northern hemisphere (A) and at magnetically conjugate
locations in Antarctica (B) during May 8, 2016.
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magnetically conjugate locations in each hemisphere (Engebretson et al., 2019b). Here,

we present data from a 2D set of ground-based magnetometers in the Northern hemi-

sphere and magnetometers at magnetically conjugate locations in Antarctica during May

8, 2016 (Fig. 6.21). This MPE interval (2102–2130 UT) includes an extremely large dB/

dt’ 37.7 nT/s at M79, but MPEs appear only from 64 to 69 degrees. Multiple substorm

onsets occurred �1–3 h before the beginning of the MPE interval. Magnetograms from

BAS LPMM79 and FHB on this day show that a single Bxminimum at M79 appeared at

21:07 UT, and two Bx minima appeared at FHB at 21:04 and 21:22 UT, respectively.

The largest jdBx/dtj excursion at FHB was substantial (6.7 nT/s), but was a factor of

�5 smaller than that at M79.

The amplitude and location data for the MPE during this interval can be used to esti-

mate its latitudinal and longitudinal scale size. Both Bx and the derivatives in each com-

ponent at the Antarctic stations were highly localized in MLAT: the maximum jdBx/dtj
value decreased to less than half its maximal value within 1–1.7 degrees. The latitudinal
distances ranged from 100 to 200 km, and for the two somewhat less closely spacedWest
Greenland stations at nearly the same magnetic longitude, the latitudinal distance was
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�200 km. These latitudinal distances are roughly comparable with the �275 km 2D

half-amplitude radius calculated for several events in Arctic Canada using the SECs tech-

nique by Engebretson et al. (2019a).

The first MPE observed in Greenland occurred within �3 min of the much larger

MPE observed in Antarctica, and conversely there was no evidence of the second Green-

land MPE at any of the Antarctic stations. Thus, for both MPEs there was an apparent

lack of conjugacy. However, at least some of this lack of conjugacy might be attributed to

longitudinal localization of both MPEs: BAS LPM stations M79 and M81 were located

�9 degrees in magnetic longitude west of the conjugate point of FHB, at distances of

� 430 km.

During the interval under study, both perturbation and derivative amplitudes were

consistently larger by a factor of �3 in the Southern hemisphere than in the Northern

hemisphere at comparable latitudes (Fig. 6.22A and B). Fig. 6.22C shows the ionospheric

conductances calculated using an updated AMIE procedure based on an empirical model

parameterized by solar zenith angle and the solar radio flux index, F10.7 (Cousins et al.,

2015). This augmented model contributed only negligible additional conductances

because the modeled auroral zone was located below the latitude range of the available

stations.

It has been suggested that MPEs are driven by localized FACs, which transfer an

image of a “spacequake” in the magnetotail to the high-latitude nightside ionosphere.

However, the exact mechanism of FAC generation and specific channel of the distur-

bance propagation have not been established. Current/voltage generator properties

may be helpful to reveal this mechanism. Inverse interhemispheric patterns are evident

during northern summer events (not shown here): magnetic perturbations and deriva-

tives were mostly larger in the Southern hemisphere, and conductances were much larger

in the Northern hemisphere. Northern hemisphere conductances based on the AMIE

model increased relatively smoothly with MLT, while Southern hemisphere conduc-

tances were nearly constant. These relations indicate that for MPEs the voltage generator

model is not applicable. On the other hand, the difference between Northern and South-

ern amplitudes is too large to fit the current generator regime, even under the known

uncertainties in the modeled conductances.

6.3.6 Discussion: Additional factors influencing ground
magnetometer observations
The simple consideration in this review necessarily neglected some, hopefully of second-

ary importance, factors. The factors that may complicate the examination of ionospheric

conductance effect in magnetically conjugate points are (a) the differing effects on ground

conductivity of coastlines and oceans in the north versus ice sheets in the south and (b) the

fact that Antarctic stations are situated at 13–18 degrees higher geographic latitude than

Waves, turbulence, and kinetic processes
Arctic stations at similar MLAT.
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Fig. 6.22f0115 Latitudinal profile of MPE amplitudes (A) and derivative amplitudes (B) in the Southern and
Northern hemispheres during the MPE of May 8, 2016. (C) Ionospheric conductances calculated using
an updated AMIE procedure. Solid lines and dashed lines denote Pedersen and Hall conductances,
respectively.
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The conclusion that Pc5 wave interhemispheric properties correspond to the current

generator regime does not mean that Pc5 excitation efficiency in the magnetosphere does

not depend on the ionospheric conductivity. By contrast, it seems reasonable that a low

damping of Alfv�en field line oscillations in the regions with elevated ionospheric conduc-
tance is favorable for the Pc5 wave excitation (Sutcliffe and Rostoker, 1979).

At high latitudes, the presence of the auroral acceleration region (AAR)must be taken

into account upon consideration of the magnetospheric driver’s internal resistance and

the load resistance. A potential drop along auroral field lines can be modeled with the

Ohm-type nonlocal current-voltage relationship (Fedorov et al., 2001). A special con-

sideration is needed to reveal the influence of the mirror resistance along auroral field

lines on interhemispheric properties of disturbances at these latitudes.

The model considered here has a passive ionosphere, whose conductances do not

evolve due to the current/voltage imposed on the ionosphere. However, a very intense

FAC can modify the ionosphere via plasma transport by Alfv�en wave (Belakhovsky et al.,
2016) or modulated precipitation of particles (Spanswick et al., 2005). An SC impulse can

trigger sporadic precipitation of energetic electrons (Rosenberg et al., 1980), which may

locally modify the ionospheric conductance. However, during daytime, such precipita-

tion is not strong enough to modify considerably the ionospheric global parameters. Such

extreme events of the ionospheric conductance modification by a magnetospheric driver

are not considered in the linear theory. A steep gradient of the ionospheric conductance,

for example, at the auroral oval boundary or cusp boundary, also neglected in the above

consideration, can substantially distort the ground magnetic response (Glasmeier

et al., 1984).

The above consideration is an element of the more global problem of the significance

of the ionosphere for the a coupled magnetosphere-ionosphere system. Though it is gen-

erally thought that the occurrence of substorms is externally controlled by some instabil-

ity in the magnetotail, Liou et al. (2018) provided a strong argument that the ionosphere

plays an active role in the occurrence of substorms. Statistical analysis of UV images indi-

cated that substorm onsets occurred more frequently when the ionosphere was dark, and

in regions where the Earth’s magnetic field is largest. There is mounting evidence sug-

gesting a relationship between solar illumination and the occurrence frequency of auroral

acceleration events, which produce discrete arcs (Newell et al., 1996). These facts suggest

that auroral substorms occur more frequently when the ionospheric conductivity

Waves, turbulence, and kinetic processes
is lower.
6.3.7 Conclusion
Here, we have highlighted an important aspect of the magnetosphere-ionosphere inter-

action, which should be taken into account when considering the ground response to
magnetospheric FAC driving. A simple box model of the magnetosphere predicts that

apter No.: 6 Title Name: ToshiNishimura
umber: 73

ToshiNishimura, 978-0-12-821366-7

thor(s) and publisher we inform you that this PDF is an uncorrected proof for internal business use only by the author(s), editor(s), reviewer(s), Elsevier and
 to publish this proof online or in print. This proof copy is the copyright property of the publisher and is confidential until formal publication.



Comp. by: e206629 Stage: Pro
Date:14/10/21 Time:05:17:54

B978-0-12-821366-7.00005-6, 00005

74

To protect the rights of t
typesetter SPi. It is not al

These proofs may contain colour figures. Those figures may print black and white in the final printed book if a colour print product has not been planned. The colour
figures will appear in colour in all electronic versions of this book.
nonsteady FACs interact with the ionosphere in a different way in cases of a forced driv-

ing or resonant excitation. A quasi-DC driving of FAC corresponds to a voltage gener-

ator regime, when the ground magnetic response is proportional to the ionospheric Hall

conductance. A resonant excitation corresponds to the current generator regime, when

the ground magnetic response practically does not depend on the ionospheric conduc-

tance. According to the suggested conception, quasi-DC nonresonant disturbances such

as global magnetospheric FAC systems and SCs at low latitudes correspond to a voltage

generator. Such magnetospheric phenomena as TCVs and Pc5 waves should be consid-

ered as a resonant response of magnetospheric field lines and correspond to a current gen-

erator. For a short SC pulse at high latitudes when a conjugate ionosphere does not

influence the pulse interaction with the ionosphere of interest, the interhemispheric

asymmetry of pulse amplitude in the general does not correspond either to the current

or voltage generator. The typical ULF events shown here support the outline of the clas-

sification scheme that enabled us to resolve the current/voltage dichotomy. The aspects

of the current/voltage dichotomy presented here should be taken into account when

considering the magnetosphere-ionosphere interaction, and can be applied to improve

Cross-scale coupling and energy transfer in the magnetosphere-ionosphere-thermosphere system
global MHD simulations.
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López-Puertas, M., Funke, B., von Clarmann, T., et al., 2008. Short- and medium-term atmospheric
constituent effects of very large solar proton events. Atmos. Chem. Phys. 8 (3), 765–785.

Jasperse, J.R., 1997. Transport theoretic solutions for the beam-spreading effect in the proton-hydrogen
aurora. Geophys. Res. Lett. 24 (11), 1415–1418.

Jasperse, J.R., Basu, B., 1982. Transport theoretic solutions for auroral proton and H atom fluxes and related
quantities. J. Geophys. Res. Space Phys. 87 (A2), 811–822.

Kagan, L.M., Kelley, M.C., 2000. A thermal mechanism for generation of small-scale irregularities in the
ionospheric E region. J. Geophys. Res. 105, 5291–5302. https://doi.org/10.1029/1999JA900415.

Kelley, M.C., 2009. The Earth’s Ionosphere: Plasma Physics and Electrodynamics. Academic Press.
Khazanov, G.V., 2011. Kinetic Theory of the Inner Magnetospheric Plasma. Springer, New York, https://

doi.org/10.1007/978-1-4419-6797-8.
Khazanov, G.V., Liemohn, M.W., Newman, T.S., Fok, M.C., Spiro, R.W., 2003. Self-consistent

magnetosphere-ionosphere coupling: theoretical studies. J. Geophys. Res. Space Phys. 108 (A3),
1122. https://doi.org/10.1029/2002JA009624.

Khazanov, G.V., Khabibrakhmanov, I.K., Glocer, A., 2012. Kinetic description of ionospheric outflows
based on the exact form of Fokker-Planck collision operator: electrons. J. Geophys. Res. Space Phys.
117 (A11), A11203. https://doi.org/10.1029/2012JA018082.

Khazanov, G.V., Glocer, A., Himwich, E.W., 2014. Magnetosphere-ionosphere energy interchange in the
electron diffuse aurora. J. Geophys. Res. Space Phys. 119 (1), 171–184. https://doi.org/10.1002/
2013JA019325.

Kim, H., Cai, X., Clauer, C.R., Kunduri, B.S.R., Matzka, J., Stolle, C.,Weimer, D.R., 2013. Geomagnetic
response to solar wind dynamic pressure impulse events at high-latitude conjugate points. J. Geophys.
Res. Space Phys. 118 (10), 6055–6071.

Kim, H., Clauer, C.R., Engebretson, M.J., Matzka, J., Sibeck, D.G., Singer, H.J., Stolle, C.,Weimer, D.R.,
Xu, Z., 2015. Conjugate observations of traveling convection vortices associated with transient events at
the magnetopause. J. Geophys. Res. Space Phys. 120 (3), 2015–2035.

Kintner, P.M., Vago, J., Chesney, S., Arnoldy, R.L., Lynch, K.A., Pollock, C.J., Moore, T.E., 1992. Local-
ized lower hybrid acceleration of ionospheric plasma. Phys. Rev. Lett. 68 (16), 2448–2451. https://doi.
org/10.1103/PhysRevLett.68.2448.

Kintner, P.M., Bonnell, J., Arnoldy, R., Lynch, K., Pollock, C., Moore, T., 1996. SCIFER-transverse ion
acceleration and plasma waves. Geophys. Res. Lett. 23 (14), 1873–1876. https://doi.org/10.1029/
96GL01863.

Kivelson, M.G., Southwood, D.J., 1986. Coupling of global magnetospheric MHD eigenmodes to field line
resonances. J. Geophys. Res. Space Phys. 91 (A4), 4345–4351.

Kozelov, B.V., 1993. Influence of the dipolar magnetic field on transport of proton-H atom fluxes in the

atmosphere. Ann. Geophys. 11 (8), 697–704.

of Chapter No.: 6 Title Name: ToshiNishimura
Page Number: 78

ToshiNishimura, 978-0-12-821366-7

he author(s) and publisher we inform you that this PDF is an uncorrected proof for internal business use only by the author(s), editor(s), reviewer(s), Elsevier and
lowed to publish this proof online or in print. This proof copy is the copyright property of the publisher and is confidential until formal publication.

https://doi.org/10.1063/1.1706878
https://doi.org/10.1063/1.1706878
https://doi.org/10.1029/1998JA900132
https://doi.org/10.1029/1998JA900132
https://doi.org/10.1029/1999JA900415
https://doi.org/10.1007/978-1-4419-6797-8
https://doi.org/10.1007/978-1-4419-6797-8
https://doi.org/10.1029/2002JA009624
https://doi.org/10.1029/2012JA018082
https://doi.org/10.1002/2013JA019325
https://doi.org/10.1002/2013JA019325
https://doi.org/10.1103/PhysRevLett.68.2448
https://doi.org/10.1103/PhysRevLett.68.2448
https://doi.org/10.1029/96GL01863
https://doi.org/10.1029/96GL01863


Comp. by: e206629 Stage: Proof Ch
Date:14/10/21 Time:05:17:55 Page N

Q23

Q24

Q25

B978-0-12-821366-7.00005-6, 00005

79Waves, turbulence, and kinetic processes

To protect the rights of the au
typesetter SPi. It is not allowed

These proofs may contain colour figures. Those figures may print black and white in the final printed book if a colour print product has not been planned. The colour
figures will appear in colour in all electronic versions of this book.
Kuby, M.J., Roberts, T.D., Upchurch, C.D., Tierney, S., 2009. Network analysis. In: Rob, K., Nigel,
T. (Eds.), International Encyclopedia of Human Geography. Elsevier, Oxford, pp. 391–398.

Kudeki, E., Fejer, B.G., Farley, D.T., Hanuise, C., 1987. The Condor equatorial electrojet campaign-radar
results. J. Geophys. Res. 92, 13561–13577. https://doi.org/10.1029/JA092iA12p13561.

Lam, M.M., Rodger, A.S., 2004. A test of the magnetospheric source of traveling convection vortices.
J. Geophys. Res. Space Phys. 109 (A2).

Lanzerotti, L.J., Wolfe, A., Trivedi, N., Maclennan, C.G., Medford, L.V., 1990. Magnetic impulse events at
high latitudes: magnetopause and boundary layer plasma processes. J. Geophys. Res. Space Phys. 95 (A1),
97–107.

Lanzerotti, L.J., Konik, R.M., Wolfe, A., Venkatesan, D., Maclennan, C.G., 1991. Cusp latitude magnetic
impulse events: 1. Occurrence statistics. J. Geophys. Res. Space Phys. 96 (A8), 14009–14022.

Lazarev, V.I., 1967. Absorption of the energy of an electron beam in the upper atmosphere. Geomagn.
Aeron. 7, 219.

Lehtinen, N.G., Bell, T.F., Inan, U.S., 1999. Monte Carlo simulation of runaway MeV electron breakdown
with application to red sprites and terrestrial gamma ray flashes. J. Geophys. Res. Space Phys. 104 (A11),
24699–24712.

Link, R., 1992. Feautrier solution of the electron transport equation. J. Geophys. Res. Space Phys. 97 (A1),
159–169.

Liou, K., Sotirelis, T., Mitchell, E.J., 2018. North-South asymmetry in the geographic location of auroral
substorms correlated with ionospheric effects. Sci. Rep. 8 (1), 1–6.

Livadiotis, G., McComas, D.J., 2009. Beyond kappa distributions: exploiting Tsallis statistical mechanics in
space plasmas. J. Geophys. Res. Space Phys. 114 (A11), A11105. https://doi.org/10.1029/
2009JA014352.

Longley, W.J., Oppenheim, M.M., Pedatella, N.M., Dimant, Y.S., 2020. The photoelectron-driven upper
hybrid instability as the cause of 150-km echoes. Geophys. Res. Lett. 47 (8). https://doi.org/10.1029/
2020GL087391. e2020GL087391.

Lorentzen, D.A., 2000. Latitudinal and longitudinal dispersion of energetic auroral protons. Ann. Geophys.
18 (1), 81–89.

Lummerzheim, D., 1992. Comparison of Energy Dissipation Functions for High Energy Auroral Electron
and Ion Precipitation. Geophysical Institute, University of Alaska Fairbanks.

Lummerzheim, D., Lilensten, J., 1994. Electron transport and energy degradation in the ionosphere: eval-
uation of the numerical solution, comparison with laboratory experiments and auroral observations. Ann.
Geophys. 12 (10), 1039–1051.

Lummerzheim, D., Rees, M.H., Anderson, H.R., 1989. Angular dependent transport of auroral electrons in
the upper atmosphere. Planet. Space Sci. 37 (1), 109–129.

Lyons, L.R., 1997. Magnetospheric processes leading to precipitation. In: Transport Across the Boundaries
of the Magnetosphere, Springer, pp. 109–132.

Lysak, R.L., 1985. Auroral electrodynamics with current and voltage generators. J. Geophys. Res. Space
Phys. 90 (A5), 4178–4190.

Lysak, R.L., 1990. Electrodynamic coupling of the magnetosphere and ionosphere. Space Sci. Rev. 52 (1),
33–87.

Lysak, R.L., Lotko, W., 1996. On the kinetic dispersion relation for shear Alfv�en waves. J. Geophys. Res.
101 (A3), 5085–5094. https://doi.org/10.1029/95JA03712.

Maeda, K., Tsuda, T., Maeda, H., 1963. Theoretical interpretation of the equatorial sporadic E layers. Phys.
Rev. Lett. 11 (9), 406–407. https://doi.org/10.1103/PhysRevLett.11.406.

McHenry, M.A., Clauer, C.R., 1987. Modeled ground magnetic signatures of flux transfer events.
J. Geophys. Res. Space Phys. 92 (A10), 11231–11240.

Mesick, K.E., Feldman, W.C., Coupland, D.D.S., Stonehill, L.C., 2018. Benchmarking Geant4 for simu-
lating galactic cosmic ray interactions within planetary bodies. Earth Space Sci. 5 (7), 324–338.

Mewaldt, R.A., Mason, G.M., Gloeckler, G., Christian, E.R., Cohen, C.M.S., Cummings, A.C., Davis, A.
J., Dwyer, J.R., Gold, R.E., Krimigis, S.M., Leske, R.A., Mazur, J.E., Stone, E.C., von Rosenvinge, T.
T., Wiedenbeck, M.E., Zurbuchen, T.H., 2001. Long-term fluences of energetic particles in the heli-
osphere. In:Wimmer-Schweingruber, R.F. (Ed.), American Institute of Physics Conference Series. Joint
apter No.: 6 Title Name: ToshiNishimura
umber: 79

SOHO/ACE Workshop “Solar and Galactic Composition”, November, vol. 598, pp. 165–170.

ToshiNishimura, 978-0-12-821366-7

thor(s) and publisher we inform you that this PDF is an uncorrected proof for internal business use only by the author(s), editor(s), reviewer(s), Elsevier and
 to publish this proof online or in print. This proof copy is the copyright property of the publisher and is confidential until formal publication.

https://doi.org/10.1029/JA092iA12p13561
https://doi.org/10.1029/2009JA014352
https://doi.org/10.1029/2009JA014352
https://doi.org/10.1029/2020GL087391
https://doi.org/10.1029/2020GL087391
https://doi.org/10.1029/95JA03712
https://doi.org/10.1103/PhysRevLett.11.406


Q26

Q27

Comp. by: e206629 Stage: Pro
Date:14/10/21 Time:05:17:55

B978-0-12-821366-7.00005-6, 00005

80 Cross-scale coupling and energy transfer in the magnetosphere-ionosphere-thermosphere system

To protect the rights of t
typesetter SPi. It is not al

These proofs may contain colour figures. Those figures may print black and white in the final printed book if a colour print product has not been planned. The colour
figures will appear in colour in all electronic versions of this book.
Moore, T.E., Lundin, R., Alcayde, D., Andr�e, M., Ganguli, S.B., Temerin, M., Yau, A., 1999. Chapter 2—
Source processes in the high-latitude ionosphere. Space Sci. Rev. 88, 7–84. https://doi.org/10.1023/
A:1005299616446.

Moretto, T., Yahnin, A., 1998. Mapping travelling convection vortex events with respect to energetic par-
ticle boundaries. Ann. Geophys. 16 (8), 891–899.

Murr, D.L., Hughes, W.J., 2003. Solar wind drivers of traveling convection vortices. Geophys. Res. Lett.
30 (7).

Murr, D.L., Hughes,W.J., Rodger, A.S., Zesta, E., Frey, H.U.,Weatherwax, A.T., 2002. Conjugate obser-
vations of traveling convection vortices: the field-aligned current system. J. Geophys. Res. Space Phys.
107 (A10), SIA-14.

Nagy, A.F., Banks, P.M., 1970. Photoelectron fluxes in the ionosphere. J. Geophys. Res. 75 (31), 6260–
6270.

Newell, P.T., Meng, C.I., Lyons, K.M., 1996. Discrete aurorae are suppressed in sunlight. Nature 381
(6585), 766–767.

Newell, P.T., Sotirelis, T., Wing, S., 2009. Diffuse, monoenergetic, and broadband aurora: the global pre-
cipitation budget. J. Geophys. Res. Space Phys. 114 (A9), A09207. https://doi.org/10.1029/
2009JA014326.

Newton, R.S., Southwood, D.J., Hughes, W.J., 1978. Damping of geomagnetic pulsations by the iono-
sphere. Planet. Space Sci. 26 (3), 201–209.

Ni, B., Thorne, R.M., Horne, R.B., Meredith, N.P., Shprits, Y.Y., Chen, L., Li, W., 2011a. Resonant
scattering of plasma sheet electrons leading to diffuse auroral precipitation: 1. Evaluation for electrostatic
electron cyclotron harmonic waves. J. Geophys. Res. Space Phys. 116 (A4). https://doi.org/10.1029/
2010JA016232.

Ni, B., Thorne, R.M., Meredith, N.P., Horne, R.B., Shprits, Y.Y., 2011b. Resonant scattering of plasma
sheet electrons leading to diffuse auroral precipitation: 2. Evaluation for whistler mode chorus waves.
J. Geophys. Res. Space Phys. 116 (A4). https://doi.org/10.1029/2010JA016233.

Ni, B., Liang, J., Thorne, R.M., Angelopoulos, V., Horne, R.B., Kubyshkina,M., Spanswick, E., Donovan,
E.F., Lummerzheim, D., 2012. Efficient diffuse auroral electron scattering by electrostatic electron cyclo-
tron harmonic waves in the outer magnetosphere: a detailed case study. J. Geophys. Res. Space Phys. 117
(A1), A01218. https://doi.org/10.1029/2011JA017095.

Nicholson, D.R., 1983. Introduction to Plasma Theory. Wiley, New York.
Obana, Y., Yoshikawa, A., Olson, J.V., Morris, R.J., Fraser, B.J., Yumoto, K., 2005. North-South asym-

metry of the amplitude of high-latitude Pc 3–5 pulsations: observations at conjugate stations. J. Geophys.
Res. Space Phys. 110 (A10).

Oppenheim,M.M., Dimant, Y.S., 2013. Kinetic simulations of 3-D Farley-Buneman turbulence and anom-
alous electron heating. J. Geophys. Res. Space Phys. 118, 1306–1318. https://doi.org/10.1002/
jgra.50196.

Pelowitz, D.B., et al., 2005. MCNPX User’s Manual Version 2.5. 0. Los Alamos Natl. Lab. 76, 473.
Pfaff, R.F., Kelley, M.C., Kudeki, E., Fejer, B.G., Baker, K.D., 1987a. Electric field and plasma density

measurements in the strongly driven daytime equatorial electrojet. 1. The unstable layer and gradient drift
waves. J. Geophys. Res. 92, 13578–13596. https://doi.org/10.1029/JA092iA12p13578.

Pfaff, R.F., Kelley, M.C., Kudeki, E., Fejer, B.G., Baker, K.D., 1987b. Electric field and plasma density
measurements in the strongly driven daytime equatorial electrojet. 2. Two-stream waves. J. Geophys.
Res. 92, 13597–13612. https://doi.org/10.1029/JA092iA12p13597.

Pierrard, V., Lazar, M., 2010. Kappa distributions: theory and applications in space plasmas. Solar Phys. 267,
153–174. https://doi.org/10.1007/s11207-010-9640-2.

Pilipenko, V., Fedorov, E., Heilig, B., Engebretson, M.J., Sutcliffe, P., L€uhr, H., 2011. ULF waves in the
topside ionosphere: satellite observations and modeling. In: The Dynamic Magnetosphere, Springer,
pp. 257–269.

Pilipenko, V.A., Fedorov, E.N., Hartinger, M.D., Engebretson, M.J., 2019. Electromagnetic fields of mag-
netospheric ULF disturbances in the ionosphere: current/voltage dichotomy. J. Geophys. Res. Space

Phys. 124 (1), 109–121.

of Chapter No.: 6 Title Name: ToshiNishimura
Page Number: 80

ToshiNishimura, 978-0-12-821366-7

he author(s) and publisher we inform you that this PDF is an uncorrected proof for internal business use only by the author(s), editor(s), reviewer(s), Elsevier and
lowed to publish this proof online or in print. This proof copy is the copyright property of the publisher and is confidential until formal publication.

https://doi.org/10.1023/A:1005299616446
https://doi.org/10.1023/A:1005299616446
https://doi.org/10.1029/2009JA014326
https://doi.org/10.1029/2009JA014326
https://doi.org/10.1029/2010JA016232
https://doi.org/10.1029/2010JA016232
https://doi.org/10.1029/2010JA016233
https://doi.org/10.1029/2011JA017095
https://doi.org/10.1002/jgra.50196
https://doi.org/10.1002/jgra.50196
https://doi.org/10.1029/JA092iA12p13578
https://doi.org/10.1029/JA092iA12p13597
https://doi.org/10.1007/s11207-010-9640-2


Q28

Q29

Q30

Comp. by: e206629 Stage: Proof Ch
Date:14/10/21 Time:05:17:55 Page N

B978-0-12-821366-7.00005-6, 00005

81Waves, turbulence, and kinetic processes

To protect the rights of the au
typesetter SPi. It is not allowed

These proofs may contain colour figures. Those figures may print black and white in the final printed book if a colour print product has not been planned. The colour
figures will appear in colour in all electronic versions of this book.
Pilipenko, V.A., Martines-Bedenko, V.A., Coyle, S., Fedorov, E.N., Hartinger, M.D., Engebretson, M.J.,
Edwards, T.R., 2021. Conjugate properties of magnetospheric Pc5 waves: Antarctica-Greenland com-
parison. J. Geophys. Res. Space Phys. e2020JA028048.

Porter, H.S., Green, A.E.S., 1975. Comparison of Monte Carlo and continuous slowing-down approxima-
tion treatments of 1-keV proton energy deposition in N2. J. Appl. Phys. 46 (11), 5030–5038.

Porter, H.S., Jackman, C.H., Green, A.E.S., 1976. Efficiencies for production of atomic nitrogen and
oxygen by relativistic proton impact in air. J. Chem. Phys. 65 (1), 154–167.

Reames, D.V., 1999. Particle acceleration at the Sun and in the heliosphere. Space Sci. Rev. 90 (3), 413–491.
Rees, M.H., 1963. Auroral ionization and excitation by incident energetic electrons. Planet. Space Sci. 11

(10), 1209–1218.
Rees, M.H., 1964. Ionization in the Earth’s atmosphere by aurorally associated bremsstrahlung X-rays.

Planet. Space Sci. 12 (11), 1093–1108.
Rees, M.H., 1969. Auroral electrons. Space Sci. Rev. 10 (3), 413–441.
Reid, G.C., 1961. A study of the enhanced ionization produced by solar protons during a polar cap absorp-

tion event. J. Geophys. Res. 66 (12), 4071–4085.
Ridley, A.J., Gombosi, T.I., DeZeeuw, D.L., 2004. Ionospheric control of the magnetosphere: conduc-

tance. Ann. Geophys. 22 (2), 567–584.
Robinson, R.M., Vondrak, R.R., Miller, K., Dabbs, T., Hardy, D., 1987. On calculating ionospheric con-

ductances from the flux and energy of precipitating electrons. J. Geophys. Res. Space Phys. 92 (A3),
2565–2569.

Roble, R.G., Ridley, E.C., 1987. An auroral model for the NCAR thermospheric general circulation model
(TGCM). Ann. Geophys. 5, 369–382.

Roeder, J.L., Koons, H.C., 1989. A survey of electron cyclotron waves in the magnetosphere and the diffuse
auroral electron precipitation. J. Geophys. Res. Space Phys. 94 (A3), 2529–2541. https://doi.org/
10.1029/JA094iA03p02529.

Rosenberg, T.J., Siren, J.C., Lanzerotti, L.J., 1980. High time resolution riometer and X-ray measurements
of conjugate electron precipitation from the magnetosphere. Nature 283 (5744), 278–280.

Schmidt, M.J., Gary, S.P., 1973. Density gradients and the Farley-Buneman instability. J. Geophys. Res. 78,
8261–8265. https://doi.org/10.1029/JA078i034p08261.

Scholz, C.H., 2007. 6.10-Fault mechanics. In: Gerald, S. (Ed.), Treatise on Geophysics. Elsevier, Amster-
dam, pp. 441–483.

Schroeder, J.W.R., Skiff, F., Howes, G.G., Kletzing, C.A., Carter, T.A., Dorfman, S., 2017. Linear theory
and measurements of electron oscillations in an inertial Alfv�en wave. Phys. Plasmas 24 (3),
032902. https://doi.org/10.1063/1.4978293.

Schr€oter, J., Heber, B., Steinhilber, F., Kallenrode, M.B., 2006. Energetic particles in the atmosphere: a
Monte-Carlo simulation. Adv. Space Res. 37 (8), 1597–1601.

Schunk, R.W., Nagy, A.F., 2004. Ionospheres. Cambridge University Press, p. 570.
Schunk, R., Nagy, A., 2009. Ionospheres: Physics, Plasma Physics, and Chemistry. Cambridge University

Press.
Schwadron, N.A., Dayeh, M.A., Desai, M., Fahr, H., Jokipii, J.R., Lee, M.A., 2010. Superposition of Sto-

chastic Processes and the Resulting Particle Distributions. Astrophys. J. 713, 1386–1392. https://doi.org/
10.1088/0004-637X/713/2/1386.

Shalimov, S., Haldoupis, C., 2005. E-region wind-driven electrical coupling of patchy sporadic-E and
spread-F at midlatitude. Ann. Geophys. 23 (6), 2095–2105. https://doi.org/10.5194/angeo-23-2095-
2005.

Sharp, R.D., Johnson, R.G., Shelley, E.G., 1977. Observation of an ionospheric acceleration mechanism
producing energetic (keV) ions primarily normal to the geomagnetic field direction. J. Geophys. Res.
82 (22), 3324. https://doi.org/10.1029/JA082i022p03324.

Shelley, E.G., Sharp, R.D., Johnson, R.G., 1976. Satellite observations of an ionospheric accelerationmech-
anism. Geophys. Res. Lett. 3 (11), 654–656. https://doi.org/10.1029/GL003i011p00654.

Shi, J.K., Cheng, Z.W., Zhang, T.L., Dunlop, M., Liu, Z.X., Torkar, K., Fazakerley, A., Lucek, E., Rème,
H., Dandouras, I., et al., 2010. South-North asymmetry of field-aligned currents in the magnetotail

observed by Cluster. J. Geophys. Res. Space Phys. 115 (A7).

apter No.: 6 Title Name: ToshiNishimura
umber: 81

ToshiNishimura, 978-0-12-821366-7

thor(s) and publisher we inform you that this PDF is an uncorrected proof for internal business use only by the author(s), editor(s), reviewer(s), Elsevier and
 to publish this proof online or in print. This proof copy is the copyright property of the publisher and is confidential until formal publication.

https://doi.org/10.1029/JA094iA03p02529
https://doi.org/10.1029/JA094iA03p02529
https://doi.org/10.1029/JA078i034p08261
https://doi.org/10.1063/1.4978293
https://doi.org/10.1088/0004-637X/713/2/1386
https://doi.org/10.1088/0004-637X/713/2/1386
https://doi.org/10.5194/angeo-23-2095-2005
https://doi.org/10.5194/angeo-23-2095-2005
https://doi.org/10.1029/JA082i022p03324
https://doi.org/10.1029/GL003i011p00654


Q31

Q32

Q33

Q34

Comp. by: e206629 Stage: Pro
Date:14/10/21 Time:05:17:55

B978-0-12-821366-7.00005-6, 00005

82 Cross-scale coupling and energy transfer in the magnetosphere-ionosphere-thermosphere system

To protect the rights of t
typesetter SPi. It is not al

These proofs may contain colour figures. Those figures may print black and white in the final printed book if a colour print product has not been planned. The colour
figures will appear in colour in all electronic versions of this book.
Shinbori, A., Tsuji, Y., Kikuchi, T., Araki, T., Ikeda, A., Uozumi, T., Baishev, D., Shevtsov, B.M., Nagat-
suma, T., Yumoto, K., 2012. Magnetic local time and latitude dependence of amplitude of the main
impulse (MI) of geomagnetic sudden commencements and its seasonal variation. J. Geophys. Res. Space
Phys. 117 (A8).

Shkarofsky, I.P., Johnston, T.W., Bachynski, M.P., 1966. The Particle Kinetics of Plasmas.
Addison-Wesley, Reading, MA.

Sibeck, D.G., Greenwald, R.A., Bristow, W.A., Korotova, G.I., 1996. Concerning possible effects of ion-
ospheric conductivity upon the occurrence patterns of impulsive events in high-latitude ground magne-
tograms. J. Geophys. Res. Space Phys. 101 (A6), 13407–13412.

Simon, A., 1963. Instability of a partially ionized plasma in crossed electric andmagnetic fields. Phys. Fluids 6,
382–388. https://doi.org/10.1063/1.1706743.

Smart, D.F., Shea, M.A., Fl€uckiger, E.O., 2000. Magnetospheric models and trajectory computations. Cos-
mic Rays Earth, 305–333.

Solomon, S.C., 1993. Auroral electron transport using theMonte Carlo method. Geophys. Res. Lett. 20 (3),
185–188.

Solomon, S.C., 2001. Auroral particle transport using Monte Carlo and hybrid methods. J. Geophys. Res.
Space Phys. 106 (A1), 107–116.

Solomon, S.C., Abreu, V.J., 1989. The 630 nm dayglow. J. Geophys. Res. Space Phys. 94 (A6), 6817–6824.
Solomon, S.C., Hays, P.B., Abreu, V.J., 1988. The auroral 6300 Å emission: observations and modeling.
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