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Spatial properties of dayside Pi2 pulsations: Implications for the generation

of the oscillating current system from polar to equatorial ionosphere

by Shun Imajo

To know impacts of magnetospheric electromagnetic disturbances on the ground, it is
important to understand the physical process of the disturbance propagation depending
on source locations and temporal-spatial scales. The Pi2 pulsation, which is a type of
geomagnetic pulsations, is considered a useful natural signal for investigating the propa-
gation of the disturbance from a localized source in the nightside magnetosphere to the
distant dayside magnetic equator on the ground. The Pi2 observed at the dayside mag-
netic equator shows the amplitude enhancement, which has been interpreted as evidence
of the polar-to-equatorial coupling of the ionosphere. However, this interpretation has
not been supported by clear evidence and the structure and physics of the coupling is
poorly understood. The purpose of this thesis is to present detail observations of day-
side and terminator Pi2s and provide a quantitative interpretation of the observational

results by a numerical model.

The thesis first clarified effects of the dawn and dusk terminators on Pi2 pulsations.
I examined Pi2 pulsations observed simultaneously at middle-to-low latitude stations
around the dawn and dusk terminators. It was found that the phase reversal of the D
component occurred around the dawn and dusk terminators whereas the H component
was nearly in phase. The D component was in antiphase with respect to the magnetic
equator in not only darkness but also sunlight. A statistical analysis using Pi2 events
that occurred during 1 November 2011 to 31 October 2012 showed that some features
of Pi2s were controlled by the relative location of the terminator (at 100 km in altitude,
the highly conducting E region) rather than local time. The phase reversal of the D
component occurred 0.5 — 1 h after sunrise and 1 — 2 h before sunset. The D-to-H

amplitude ratio on the dawn side started to increase at sunrise and reached a peak at
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near 2 h after sunrise, while the D-to-H amplitude ratio on the dusk side reached a peak
at sunset. The change of the features controlled by the terminator cannot be explained by
only existing models (e.g., plasmaspheric resonance, substorm current wedge oscillation).
I suggested that the terminator effect can be explained by a change of magnetic effects
from the nightside FAC to the meridional ionospheric current flowing on the sunlit side
of the terminator, and vice versa. The meridional current is expected to be a part of

the dayside current system including the equatorial Cowling current.

T analyzed Pi2 events using at least 36 magnetometers in the dayside middle-to-equatorial
latitude (geomagnetic latitude lower than 60° and the sunlit region at 100 km in alti-
tude) to examine the dayside ionospheric current system. I derived equivalent current
distributions, which are a useful approach to visualize an ionospheric current structure if
the magnetic effect of ionospheric current is dominant in an examined region. Equivalent
current vectors of Pi2 are determined by rotating filtered horizontal magnetic field vec-
tors at the local maxima of horizontal amplitude (vVAH? + AD2, where AH and AD are
bandpass filtered north-south and east-west component geomagnetic data, respectively,
with a period of 40 to 150 s) by an angle of 90 degrees clockwise. The local maxima of
horizontal amplitude of Pi2 are nearly coincident at overall dayside stations, indicating
that their oscillations directed in the major axis are nearly in phase. The meridional
component of equivalent current vectors was reversed between in the prenoon sector
and the postnoon sector, so as to connect the equatorial equivalent current to higher
latitude regions. The equivalent currents exhibited the prenoon-postnoon asymmetry
that the ratio of the meridional component to the zonal component in prenoon sector
was larger than that in the postnoon sector. It was confirmed that the averaged features
are consistent with features of the individual events using the case studies. Taking into
account the prenoon-postnoon asymmetry of D-to-H amplitude ratio, I inferred that the
meridional current intensively flows into the equator in the prenoon sector and gradually

returns from the equator in the postnoon sector.

The present observational results imply that dayside Pi2 is associated with oscillating
ionospheric current. To quantitatively examine the proposed model current system, I
calculated the ground magnetic field produced by the three-dimensional current system
consisting of FACs localized in the nightside auroral region, the magnetospheric closure
current, and the ionospheric current produced by the FACs. It was assumed that the
FACs flowed along the dipole field line, and the magnetospheric closure current flowed
in azimuthal direction to connect between equatorial footprints of the center of the
FACs. The ionospheric current was derived by numerically solving the global electro-
static potential distribution. The simulated ionospheric current on the dayside showed
the similar pattern to the observed equivalent current on the dayside. The simulated

equivalent current also showed the similar pattern to the observed equivalent current on



v

the dayside, indicating that the ionospheric current mainly contributed to the dayside
equivalent current. On the other hand, since the ionospheric current is very weak in the
nightside low latitudes, the magnetospheric current mainly contributed to the magnetic
field in this region. The sense of both simulated H and D magnetic fields is consistent
with the longitudinal phase variation of the observed Pi2. By separation of contribu-
tions of each current element, it was found that D component phase revesals around
the terminator are caused by a change between magnetic effects of FACs and meridional

ionospheric currents.

While the previous Pi2 model for low latitudes have not quantitatively explained the
observational result, the proposed model current system well explains the magnetic vec-
tor (or equivalent current vector) of Pi2 magnetic perturbation. The asymmetry of the
dayside ionospheric current is considered to be due to the Hall current and its polariza-
tion field. The formation of the polar-to-equatorial ionospheric current implies that the
global Cowling channel can be applied to the nightside-source phenomena. I concluded
that Pi2 pulsations are sent to the dayside ground by the quasi-electrostatic oscillating
ionospheric current formed in the polar-to-equatorial region driven by localized nightside
FACs.
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Chapter 1

General Introduction

1.1 Propagation of Magnetospheric Disturbances to the

Ground Surface

The Earth is surrounded by the plasma originating from the Earth’s atmosphere and
the solar wind which is the outflow of the coronal gas. The ionosphere is the region at
~80—1000 km in altitude filled with dense Earth’s atmosphere ionized by the solar radia-
tion and particle precipitation. The outside of the ionosphere is the magnetosphere that
is the cavity formed by the Earth’s magnetic field in the solar wind. The ionosphere elec-
trodynamically interacts with the magnetosphere, and the energy is exchanged between
both regions. Various types of the electromagnetic disturbance are generated in the
magnetosphere by the direct and/or loading-unloading processes. These disturbances
are transmitted in various modes to the ground surface. The reach of the disturbance
can be seen as the variation of the ground magnetic field. If the variation is very large,
large induced electric fields have potential impacts on transmission lines, pipe lines,
and sensitive electronic devices. To know impacts of magnetospheric electromagnetic
disturbances on the ground, it is important to understand the physical process of the

disturbance propagation depending on source locations and temporal-spatial scales.

The electric current plays an important role in the transmission of low-frequency distur-
bances. These disturbances typically originate from the magnetospheric current perpen-
dicular to the Earth’s main field. The perpendicular current is driven by the opposite

drift motion between the ion and the electron due to forces of the inertia, the magnetic

1
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pressure gradient, and the plasma pressure gradient. If the perpendicular current (3, )

converge, the field-aligned current (j,,) diverge because of the current continuity law

. ) a (i)
— . p— . pr— B —_— —_— 1-1
V-gi=V-3, 055 <B0 ) (1.1)
where 7 and s are the magnetospheric current and the displacement along the back-

ground magnetic field Byg.

The field-aligned currents j,, (FACs), which are the magnetospheric current parallel
to the the background magnetic field, transmit the magnetospheric current into the
ionosphere. Assuming that the thickness of the ionosphere is negligible, the current
flowing into the ionosphere is diverge the horizontal direction. Considering the current

continuity, the equation is given by

gy =Vv-J. (1.2)

Here J represents the the height-integrated current density of the horizontal ionospheric

current. The distribution of J can be given by the Ohm’s law as:

J=3.E, (1.3)

where E and X are the ionospheric horizontal electric field the ionospheric height-
integrated conductivity tensor. The distribution of the J is complicated because the
3} is nonuniform and highly variable. E can be modified by the polarization charge to
ensure current continuity, and the divergence of the ionospheric current at the conduc-
tivity edge causes the FAC driven in the ionosphere (e.g., Ellis and Southwood, 1983;
Glassmeier, 1983; Itonaga and Kitamura, 1988). If the time derivative of the ionospheric
current is significant, rotational ionospheric electric field arises and the Hall current can
diverge even if the conductivity is uniform (e.g., Yoshikawa, 2002). Thus the real current

system becomes complicated.

The magnetic disturbances that have much smaller amplitude than By can propagate

in the plasma as magnetohydrodynamic (MHD) waves. The fast mode (magnetosonic)
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wave, which is a compressional wave mode of MHD wave modes, can propagate in the
direction perpendicular to the background magnetic field. The fast mode wave involve
in the perpendicular current that flows along the wavefront. The perpendicular current
diverges if there are inhomogeneous medium and curvilinear magnetic field line (e.g.,
Tamao, 1964; Itonaga and Yoshikawa, 1996). The divergence of the current acts as
a source of the shear Alfvén waves, which are involved in FACs. MHD waves some-
times give rise to resonance structures, which are a cause of low-frequency magnetic

oscillations.

Thus the ground magnetic field contains multiple components of magnetic fields trans-
mitted by the various mechanisms and paths. The spatial distributions of the features
of the magnetic variation, such as polarization, amplitude, and phase and time delays,
provide information for understanding a full picture of propagation of the magnetic

disturbance.

1.2 Equatorial enhancement of Magnetic Disturbances

1.2.1 Observations

The magnetic equator, which is the line where the magnetic inclination is zero, is recog-
nized as a special region in the ionospheric electrodynamics. One of the most unique phe-
nomena at the magnetic equator shows the equatorial electrojet (EEJ) that is stronger
daily variation of magnetic field than at low-to-middle latitudes (see a review by Forbes

(1981)).

Not only EEJ but also most of disturbance originating from the magnetosphere exhibits

the enhancement of their amplitude at the magnetic equator.

Ferraro and Unthank (1951) statistically examined local time dependences of the H am-
plitude of sudden commencements (SCs) and sudden impulses (SIs). They found that
the local time dependence at Huancayo at the magnetic equator differed from those at
the low- and middle- latitude stations; the amplitude maximum occurred around 12 h
LT (local time) at Huancayo (GMLat= —0.3°) while at the other station the amplitude
maximum occurred in premidnight. Sugiura (1953) showed that the local time depen-

dence of the amplitude ratio between Cheltenham (GMLat=>50.1°) and Huancayo had a
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peak at 10 h LT, and the peak value was about 6. This enhancement of SCs and Sls at
the dayside magnetic equator have been confirmed by subsequent researches (Forbush
and Vestine, 1955; Maeda and Yamamoto, 1960; Matsushita, 1960). (Araki, 1977) exhib-
ited that onsets of the SCs in high to equatorial dayside region are almost simultaneous
when the observed types of SCs (SC* that accompanies with the preliminary reversal
impulse or pure SC) were same among stations.Nishida (1968) investigated the DP2
event observed simultaneously over the globe. They found that DP2 fluctuations were
very similar in all latitude with little time delay. Mene et al. (2011) statistically derived
the local time distribution of the amplitude ratio of DP2s observed between equatorial
latitudes and low latitudes, and showed that the enhancement ratio had a peak near 12
LT. The longitudinal dependence showed that the enhancement ratio at the American

sector (about 8) is larger than those at the African and Asian sectors (about 3—6).

The equatorial enhancement is also shown in geomagnetic pulsations. Yanagihara and
Shimizu (1966) found that the amplitude of dayside Pi2 is enhanced near the magnetic
equator although the source of Pi2 is believed to be located on the nightside. Triveds:
et al. (1997) showed the latitudinal profile of power of Pc5 pulsations in the high-to-
equatorial latitudes, and found that the power occurred peaks at magnetic equator
and high latitudes. Sarma and Sastry (1995) investigated the enhancement ratio of Pc
pulsation with a period of less than 20 s and compared to other longer period phenomena.
Figure 1.1 shows local time dependence of the enhancement ratios of various phenomena.
The longer period phenomena (Daily variation, SC, Pi2, Pc3, and Pc4) show 2—3 times
larger enhancement on dayside in the same manner. On the other hand, shorter period
pulsation exhibited no enhancement on the dayside, but a small enhancement appears

on the dusk side.

1.2.2 Theoretical and Numerical Models

The cause of enhanced magnetic variations itself is explained by enhanced ionospheric
current due to Cowling effect, which is theoretically established by Hirono (1950a,b,
1952).

Figure 1.2 shows a picture of the Cowling effect at the magnetic equator. It is assumed
that the initial electric field is directed eastward in the highly conducting ionospheric

layer (typically E layer). Upper and lower sides of this layer have a very low conductivity.
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FIGURE 1.1: local time dependence of the enhancement ratios of various phenomena
(Sarma and Sastry, 1995).

The initial electric field drives the eastward Pedersen current and the downward Hall
current. The downward Hall current creates polarization charges at the boundaries of
the conducting layer because weak currents flow outside of the conducting layer. Thus
the secondary upward electric field generated by the polarization charges. The secondary
electric field drives the secondary upward Pedersen current and the secondary eastward
Hall current. The secondary Pedersen current cancels out the primary Hall current,
ensuring current continuity of vertical direction. The secondary Hall current flows in
the same direction to the primary Pedersen current, enhancing zonal currents. Although
the enhancement is caused by the vertical secondary electric field, this effect is usually
treated as the enhancement of the conductivity. This enhanced conductivity is called

Cowling conductivity:



Chapter 1. General Introduction 6

(@) low conductivity layer
@ primary Pedersen high conductivity layer
B
primary E
— primary Hall
Downward
(b) e e

® primary Pedersen A
econdary Pedersen
B primary E v
T as >
secondary Hall
Downward primary Hall secondary E
+++ ++ ++++++

FIGURE 1.2: A picture of the Cowling effect at the magnetic equator.

0.2
UC:O'p—I——H (1.4)

op
where op and o are Pedersen conductivity and Hall conductivity. The ratio of Cowling
current (Jo = ocFE) to the primary Pedersen current (J1p = opFE) is determined by
the ratio of the Hall conductivity to the Pedersen conductivity. Jo/J1p is 5-17 for the

typical op/op of 2—4 (Baumjohann and Treumann, 2012).

Similar magnetic variations from the polar region to the equatorial region and the lat-
itudinal amplitude profile imply that the these variations are produced by the global
ionospheric current system driven by the electric field transmitted to the polar iono-
sphere via FACs. The fact that time lags of SCs and DP2s between polar and equatorial
regions are very small (<10 s) means that the electric field is instantaneously distributed

toward the equatorial region.

Kikuchi and Araki (1979a) analytically examined the transient response of the step-
like disturbance in the ionosphere. In the F-region, which can be assumed to be an
anisotropic metallic medium, the electric field is transmitted by the diffusion mode.
However, it takes about 1 h to start the increase the electric field in the equator when
the source is located in the polar region. On the other hand, in the F-region of upper
500 km, the electric field can propagate as MHD waves. The Alfven speed in the F-
region ionosphere is typically 1000—10000 km/s (e.g., Jacobs and Watanabe, 1962), and
the MHD wave in the ionosphere may be possible for nearly instantaneous transmission
although the speed is highly variable with the altitude and solar radiation flux. Another

physical mechanism for the efficient and instantaneous transmission of electric fields is



Chapter 1. General Introduction 7

proposed by Kikuchi and Araki (1979b). They suggested that the electric field carried

by the TMy mode wave in the atmospheric wave guide at the speed of light (Figure 1.3).

Ionosphere

3E
at

Low

// B _, latitude
v/ A = = 1

High
latitude

Ground

FIGURE 1.3: The picture of the TMy mode wave model. (Kikuchi et al., 1978)

The global ionospheric current system produced by FACs has been reproduced by nu-
merical calculations (Tsunomura and Araki, 1984; Tsunomura, 1999). The method of
calculating the global ionospheric current distribution in these studies is based on the
electrostatic approximation, the current continuity, and the Ohm’s law. In their model,
the ionosphere is assumed to be the two-dimensional thin spherical shell, so the effect
of the vertical polarization electric field cannot be reproduced. Instead, they modified
the conductivity near the magnetic equator considering the Cowling effect. The dis-
tribution of the ionospheric current showed that the middle-to-low latitude ionospheric
current flowed in and out the equatorial region. The equatorial enhancement in the H

component is successfully reproduced (Figure 4 in T'sunomura (1999)).

Although the propagation of electric field and structure of the ionospheric current have
been discussed, it is still unclear how the polar-to-equatorial ionospheric current sys-
tem is formed. Kikuchi et al. (1996) proposed that the equatorial Cowling current is
directly connected to ionospheric footprints of DP2-associated FACs by Pedersen cur-
rent. Kikuchi et al. (2003) and Hashimoto et al. (2011) argued that during the substorm
the counterelectrojet, which flows in an opposite direction to an equatorial electrojet,
is caused by the amplified Pedersen current driven by the westward electric field pene-
trated from the region-2 FACs. However, the Pedersen current at low-to-high latitude

connecting the FACs to the equatorial ionospheric current may not be strong to provide
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enough current to the equatorial region because the conductivity in the low-to-high lat-
itude is not high compared to that in the equatorial region. Recently, Yoshikawa et al.
(2012) suggested that the Cowling effect at the dawn and dusk terminators contributes

to the closure of the polar-to-equatorial ionospheric current system.



Chapter 2

Propagation of Pi2 Pulsation

2.1 General Introduction of Pi2 Pulsation

The geomagnetic pulsation, which is also known as the ULF (Ultra-Low Frequency)
wave, is low-frequency oscillations of the geomagnetic field. Geomagnetic pulsations are
classified by a waveform feature and a period (table 2.1) (Jacobs et al., 1964). Pc-type
pulsations are regular and long-duration oscillations while Pi-type pulsations are irreg-
ular and short-duration oscillations. The number following the waveform-type symbol
(Pc or Pi) expresses the classification by period, in which a larger number has a larger
period. Pi2 pulsations, which are studied by this thesis, are defined as the Pi-type pul-
sation with a period of 40—150 s. Note that this classification does not always have a

physical meaning.

Type Period range (sec)
Pc1 0.2—5
Pc 2 5— 10
Continuous pulsations Pc 3 10— 45
Pc 4 45—150
Pc 5 150— 600
Irregular pulsations P? ! 1= 40
Pi2 40—150

TABLE 2.1: The classification of geomagnetic pulsations

Pi2 pulsations are typically observed on the nightside accompanying the onset of the

substorm expansion phase, pseudobreakups, poleward boundary intensifications or au-

roral streamers (e.g., Saito et al., 1976; Sakurai and Saito, 1976; Yeoman et al., 1994;
9
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Lyons et al., 1999; Liou et al., 2000; Voronkov et al., 2003; Nishimura et al., 2012).
Pi2 pulsations have been often discussed in the terms of the triggering mechanism of
substorm, which is one of the most puzzling problem of the upper-atmospheric physics.
Relations between Pi2 and other substorm phenomena have been studied not only for

understanding of the Pi2 itself but also for understanding of the substorm onset process.

It can be said that Pi2 pulsations are useful natural signals to understand the propaga-
tion of the disturbance in magnetospheric and ionospheric plasmas. The Pi2 pulsation
shows distinctive and clear variations in the magnetic field, and they can be relatively
frequently observed (several times per day) in a wide region compared with other phe-
nomena. The association with nightside auroral activities implies that the source of Pi2
is located in the nightside magnetosphere. The spatial distributions of amplitude and
propagation delay also supported that the source (or energy source) of Pi2 is localized in
the magnetotail region (e.g., Uozumi et al., 2007; Chi et al., 2009; Keiling et al., 2014).
Uozumi et al. (2007) concluded that the averaged location of the source region is 22.5 h
MLT (magnetic local time) and 10 Rp using the spatial distribution of delay times and

the numerical propagation model.

Pi