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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

https://www.kyushu-u.ac.jp
http://www.sci.kyushu-u.ac.jp
http://www.geo.kyushu-u.ac.jp/


iii

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.

I 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 (
√
∆H2 +∆D2, where ∆H and ∆D 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
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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 (j⊥)

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

−∇ · j⊥ = ∇ · j// = B0

∂

∂s

(

j//

B0

)

, (1.1)

where j and s are the magnetospheric current and the displacement along the back-

ground magnetic field B0.

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

j// = ∇ · 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 = Σ ·E, (1.3)

where E and Σ are the ionospheric horizontal electric field the ionospheric height-

integrated conductivity tensor. The distribution of the J is complicated because the

Σ 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 B0 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 SIs 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. Trivedi

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

σC = σP +
σ2
H

σP
(1.4)

where σP and σH are Pedersen conductivity and Hall conductivity. The ratio of Cowling

current (JC = σCE) to the primary Pedersen current (J1P = σPE) is determined by

the ratio of the Hall conductivity to the Pedersen conductivity. JC/J1P is 5-17 for the

typical σH/σP 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 Alfveń 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
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proposed by Kikuchi and Araki (1979b). They suggested that the electric field carried

by the TM0 mode wave in the atmospheric wave guide at the speed of light (Figure 1.3).

Figure 1.3: The picture of the TM0 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 Tsunomura (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)

Continuous pulsations

Pc 1 0.2− 5
Pc 2 5− 10
Pc 3 10− 45
Pc 4 45−150
Pc 5 150− 600

Irregular pulsations
Pi 1 1− 40
Pi 2 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



Chapter 2. Propagation of Pi2 Pulsation 10

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 RE using the spatial distribution of delay times and

the numerical propagation model.

Pi2 magnetic signals are probably transmitted from the source region to the nightside

ground by MHD waves, FACs, and ionospheric currents. In the low-latitude nightside

region, Pi2 pulsations or the impulse triggering the plasmaspheric resonance mainly

propagate as the fast mode wave in the magnetosphere (e.g., Yumoto et al., 1989; Taka-

hashi et al., 1995; Kepko and Kivelson, 1999; Takahashi et al., 2003; Imajo et al., 2014).

In the middle-latitude region, it is possible that Pi2 pulsations are transmitted as the

fast mode wave in common with low latitudes, the Alfvén wave driven by fast mode

waves (e.g., Kepko et al., 2001; Uozumi et al., 2004), and oscillations of wedge-like FACs

(e.g., Lester et al., 1983; Uozumi et al., 2009). In the high-latitude nightside region, it is

considered that Pi2 pulsations are observed as magnetic fluctuations produced by FACs

and ionospheric currents (e.g., Wilhelm et al., 1977; Samson, 1982; Olson, 1999). Pi2

pulsations are even observed in low-latitude and equatorial regions on the dayside ground

(e.g., Yanagihara and Shimizu, 1966; Kitamura et al., 1988; Sutcliffe and Yumoto, 1989),

indicating that they can propagate to the dayside ground from the nightside magnetotail

region.

Although generation mechanisms of Pi2 frequency are not a main subject of this study,
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I briefly mention models of Pi2 generation and their complexity because generation

mechanisms are limited by propagation mechanisms. Various generation models have

been proposed, but no single model can explain all properties of Pi2. Figure 2.1 shows

existing models of Pi2 generation and their possible relation to various regions Keiling

and Takahashi (2011). More than one possible mechanisms can exist simultaneously,

and related regions vary with models. This complexity makes it difficult to achieve

consensus on physical and morphological understanding of Pi2 (See a review by Keiling

and Takahashi (2011) for more detail).

Figure 2.1: The diagram of existing models of Pi2 generation and their relation to
various regions. (Keiling and Takahashi , 2011)

2.2 Nightside Pi2 Pulsations

2.2.1 Nightside Pi2 Pulsations as Electric Current Fluctuations

Nightside Pi2 pulsations, especially in the auroral region, have been discussed in terms of

current fluctuations of the substorm current system. Boström (1972) first proposed this

association by a theoretical consideration. Wilhelm et al. (1977) suggested that their

observations of localized features of Pi2 pulsations near the auroral electrojet can be
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explained by not the MHD-wave propagation but fluctuations of the auroral electrojet

(for H fluctuations) and FACs (for D fluctuations).

Equivalent currents associated with Pi2 have been studied from the perspective of the

relation to the substorm current system. Pashin et al. (1982) analyzed equivalent cur-

rents associated with Pi2 fluctuations in the region of the substorm westward electrojet.

The equivalent current vectors exhibited a two-vortices pattern, which differed from the

equivalent current structure associated with the substorm current. Lester et al. (1985)

performed a similar analysis and reproduced their observational result using a model

governed by the field line resonance.

The substorm current wedge (SCW) is the three dimensional large-scale substorm cur-

rent system localized in the midnight sector. Figure 2.2 is a traditional picture of SCW

that consist a pair of upward and downward FACs and westward ionospheric closure

current (McPherron et al., 1973). The SCW has been believed to be set up by the sud-

den divergence of the cross tail current (current disruption (e.g., Lui , 1996)), however,

causes of the divergence of the current are not fully understood. The upward and down-

ward FACs of the SCW current system produce the magnetic field in the middle-to-low

latitude. As shown in the longitudinal variation in Figure 2.2, the H component is pos-

itive and maximized at the central meridian of SCW, while the D component changes

the sense from positive to negative at the central meridian of SCW.

Lester et al. (1983) and Lester et al. (1984) demonstrated that the longitudinal variation

of azimuthal angles of Pi2 in the middle latitude was similar to that of the magnetic bay

caused by the SCW. The major axes of Pi2 pulsations were directed in the particular

meridian in the higher latitude region. However, the centers of the SCW and Pi2 oc-

curred at the same meridian for only ∼65% of their events (the center of Pi2 is defined

as the meridian where the sense of an azimuth angle changes). This suggests that the

Pi2 is not always the oscillating component of the substorm current system, and may

have a different configuration from the SCW.

Some researchers have been studied relations between Pi2 magnetic oscillations and

other quantities related to the current. Keiling et al. (2008) showed the substorm event

that ground Pi2, photon flux observed by the POLAR satellite, and ion energy flux

in the near-Earth plasma sheet were one-to-one correlated. They proposed that a lo-

cal plasma instability (such as ballooning mode) caused the wave-like structure in the
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Figure 2.2: Pictures of the original SCW model. (McPherron et al., 1973)

plasma sheet and oscillating FACs which drive ground Pi2 oscillations. Uozumi et al.

(2011) found that the time derivative of the height integrated auroral kilometric ra-

diation (AKR) synchronized with D component ground Pi2s. They suggested that D

component ground Pi2s were generated by the oscillating SCW-like FACs because the

AKR were related to the FACs. Nishimura et al. (2012) showed that each Pi2 pulse

in the middle-to-equatorial region was coincident with each auroral intensification, and

their amplitudes were correlated with the auroral intensity. These results indicated that

the Pi2 was related to oscillating FACs, which cause the quasi-periodic variation of the

auroral intensity. Panov et al. (2013) demonstrated that the oscillating component of
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magnetospheric perpendicular currents calculated from plasma pressure and bulk veloc-

ity was well correlated with the oscillating component of FACs deduced from magnetic

data shifted by ∼ 50 s forward.

2.2.2 Nightside Pi2 Pulsation as MHD Waves

It is accepted that some parts of compressional component Pi2s observed on the low-

latitude nightside are produced by fast mode waves. There are two types of mechanisms

that explain the generation of fast mode waves associated with Pi2.

One is the plasmaspheric resonance which includes the plasmaspheric cavity resonance

(PCR) (e.g., Saito and Matsushita, 1968) and the plasmaspheric virtual resonance (PVR)

(e.g., Lee and Takahashi , 2006). The PCR is a model that an impulsive fast mode wave

generated in the magnetotail is trapped between the plasmapause as an outer boundary

and the ionosphere as an inner boundary. The trapped fast mode wave is resonated and

radial standing harmonic waves are generated. The frequencies of lower-order harmonics

are approximately consistent with the Pi2 frequency band (e.g., Yeoman and Orr , 1989;

Lin et al., 1991; Itonaga et al., 1992). The PVR is similar to PCR, but the standing

wave structure of PVR is extended beyond the plasmapause. In the case of PCR, the

plasmasphere is treated as a perfect reflector, while in the case of PVR, the plasmasphere

is not a perfect reflector and some energy escapes beyond the plasmasphere. The strong

evidence of the existence of plasmaspheric resonance is the phase relation of the electric

field and magnetic field in the magnetosphere. The radial standing fast waves do not

transport energy in the radial direction, which means that the time-averaged radial

Pointing flux is zero. Many previous studies have shown that azimuthal electric field

oscillations are delayed by 90◦ against compressional magnetic field oscillations in the

low-latitude magnetosphere (Takahashi et al., 2001, 2003; Collier et al., 2006; Kwon

et al., 2012; Ghamry et al., 2015).

The other is the direct driven possess. In this process, the source periodically perturbed

directly drives the Pi2 wave that propagates as MHD waves. This concept has been

developed by associating Pi2 magnetic oscillations with oscillations in other physical

value (e.g., flow velocity, plasma pressure, ion energy flux) near the possible source

region. Also the time delay observed between separated observation points is explained

by the propagating wave rather than standing wave (Kepko and Kivelson, 1999; Uozumi
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et al., 2000, 2004; Keiling et al., 2008; Uozumi et al., 2009; Chi et al., 2009; Uozumi

et al., 2011; Murphy et al., 2011; Imajo et al., 2014). The possible periodically perturbed

sources that have been considered are periodic BBF braking (e.g., Kepko and Kivelson,

1999; Kepko et al., 2001; Hsu et al., 2012), periodic reconnection (Murphy et al., 2011),

plasma instability (Keiling et al., 2008; Keiling , 2012), and overshoots and bounces

of BBF (Panov et al., 2010). The direct driven process is often associated with not

only generation of periodic MHD waves but also generation of the oscillating wedge-like

current system.

2.3 Dayside Pi2 Pulsations

The number of studies of the dayside Pi2 pulsations is very small compared to that of the

nightside Pi2. One reason may be that the dayside Pi2 pulsation is relatively difficult to

be detected due to the small amplitude and large dayside background variation. Another

reason may be that it was not believed that studies of dayside Pi2 provides the insight

to the understanding the onset possess of the substorm. However, I argue that studies

of dayside Pi2s have significance in understanding the physical process and the path of

the disturbance propagation from the nightside magnetosphere to the dayside ground.

In this section, I review previous studies of dayside Pi2.

Yanagihara and Shimizu (1966) first reported Pi2 pulsations on the dayside ground.

They found that the amplitude of dayside Pi2 is enhanced near the magnetic equator,

similarly to other disturbances. The important implication shortly mentioned in their

paper is that the equatorial dayside Pi2 may be related to an ionospheric current because

the conductivity at the magnetic equator is enhanced by the Cowling effect.

Stuart and Barsczus (1980) indicated that dayside Pi2 rarely observed at the middle-

latitude station Eskdamuir (GMlat=58.5). They showed that the period of the low-

latitude Pi2 tended to be shorter than nightside Pi2s. Contrary to their results, subse-

quent studies showed that spectra of nightside Pi2 were similar to that of dayside Pi2

in the low-latitude region (Sutcliffe and Yumoto, 1989, 1991; Itonaga et al., 1992; Nosé

et al., 2006). Kitamura et al. (1988) found that the phase difference of the H compo-

nent of Pi2 at different stations was much less than 1/10 of the period despite a large

longitudinal separation (90◦) of the stations. They also found that the phase difference
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of the D component at different stations is variable, but a systematic pattern is not

clear. The small phase difference and similar spectra of H oscillations have led to the

view that dayside Pi2s are a consequence of the plasmaspheric cavity mode with the

near-zero azimuthal wavenumber (m number).

Shinohara et al. (1997) reported latitudinal variations of amplitude and phase of H

component middle-to-low latitude dayside Pi2. They found that the phase of equatorial

Pi2s was delayed by ∼ 30◦ on average relative to that of Pi2s at the off-dip equator. They

applied the model of transmission of polar electric field (Kikuchi and Araki , 1979b) to

the dayside Pi2; the electric field associated with Pi2s in the magnetosphere propagates

to the polar ionosphere, and is instantaneously transmitted to the dayside low-latitude

and equatorial ionosphere. Shinohara et al. (1998) tried to explain the phase delay at

the dip equator by inductive effects. They estimated the inductance and resistance of

the ionosphere-ground current circuit at the magnetic equator and low latitudes. From

their estimation, the phase delay at low latitudes is estimated to be ∼ 5◦ while the phase

delay at the dip equator, where the conductivity was assumed to be one order larger

than that of low latitudes, is calculated to be ∼ 35◦.

Pi2 pulsations in the upper ionosphere have been investigated using low-altitude satel-

lites. Han et al. (2004) reported that the H component of Pi2s observed by the Ørsted

satellite in the dayside F -region ionosphere is in antiphase with low-latitude Pi2s ob-

served by ground magnetometers. They suggested that zonal ionospheric currents be-

tween the ground and the satellite drove Pi2 magnetic oscillations. On the other hand,

Sutcliffe and Lühr (2010) argued that Pi2 oscillations were not identified by the CHAMP

satellite in the dayside F -region ionosphere even if Pi2s were identified on the dayside

ground.

Satellite observations on the dayside magnetosphere showed Pi2 pulsations could not be

clearly identified in this region (Takahashi et al., 1995; Cao et al., 2008; Kwon et al.,

2012). These results indicate that the fast mode wave associated with Pi2 fully attenu-

ates on the dayside when they propagate sunward in the magnetosphere. In the dawn

and dusk regions which are the transition regions between dark and sunlit regions, it has

been reported that Pi2 pulsations in the dawn side magnetosphere (before 0600 MLT)

tended to have high coherence with ground Pi2s while Pi2s in the dusk side magneto-

sphere (after 1800 MLT) had low coherence (Kim et al., 2010; Kwon et al., 2012). Nosé
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et al. (2003) investigated a Pi2 event observed when latitudinally aligned ground sta-

tions (L = 1.45−12.6) and the ETS-VI satellite were located in the magnetic local time

between 6.5 and 9.5 h. The ETS-VI satellite located above the geomagnetic equator

at L = 6.3 and MLT = 6.6 h observed a Pi2 pulsation that had a similar waveform as

ground Pi2 pulsations. There was no phase delay between low-latitude X/H component

Pi2 pulsations observed around 7 h MLT, 2 h MLT, and 15 h MLT.

2.4 The Problems of Previous Studies and the Approaches

of This Study

Although there are implications that the dayside Pi2 is a magnetic fluctuation pro-

duced by the ionospheric current, this interpretation is not conclusive nor established

in a quantitative manner. If the ionospheric current is important on the dayside, the

conductivity distribution should significantly affect features of Pi2. This effect can be

tested by examining the Pi2 at the region of a strong gradient of conductivity. The

dawn and dusk terminators, which are a boundary between sunlit and dark regions, is

a typical location of a strong conductivity gradient. However, Pi2 pulsations observed

in the dawn and dusk regions are poorly understood. To the best of my knowledge,

only Saka et al. (1980) studied the terminator effect on the Pi2 pulsation before the our

published work in Imajo et al. (2015). Saka et al. (1980) observed Pi2 and Pc4 period

range pulsations at the single station ASO (GMLat= 22◦) near the dawn terminator.

They found that an increase in the D-to-H amplitude ratio occurred simultaneously

with the E layer ionization at sunrise. They suggested that an increase of the Hall and

Pedersen conductivities at the dawn terminator changed the current pattern in the iono-

sphere, which changed the polarization of pulsations. A problem of their study is that

since they compared different events (a pre-sunrise event and post-sunrise event), it was

possible that the results were affected by differences between individual events. Today,

we can use wide and dense magnetometer networks. I examine Pi2 pulsations observed

simultaneously at multiple low-latitude stations around the dawn and dusk terminators.

This study will clarify the relation between Pi2 and the location of the terminator. The

analysis will be presented in chapter 3.
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Although the TM0 mode may explain how the initial electric field propagates to the

equator region, the structure of the current closure including the equatorial Cowling

current is still an open question. There is no detailed analysis of the spatial distributions

of amplitude, phase, and polarization of the dayside Pi2 in the middle-to-equatorial

latitude. In particular, previous studies did not carefully compare Pi2 pulsations between

in the prenoon sector and in the postnoon sector. I analyze three 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 altitude). I make equivalent current

distributions, which are useful approach to visualize an ionospheric current structure if

the magnetic effect of ionospheric current is dominant. Also, to investigate averaged

features of the local time distribution of dayside Pi2, I statistically analyze dayside Pi2s

simultaneously observed in the prenoon, noon, and postnoon secotors. The analysis will

be presented in chapter 4.

Although the present observational results will imply that the dayside Pi2 is associated

with oscillating ionospheric current, there has been no quantitative current system model

comparable to observed dayside Pi2s. In this thesis, I calculate the ground magnetic field

produced by the three-dimensional current system consisting of FACs localized in the

nightside auroral region, the magnetospheric azimuthal current (partial ring current),

and ionospheric current produced by the FACs. The ionospheric current was derived

by numerically solving the global electrostatic potential distribution. The numerical

simulation will be presented in chapter 5.

The physical process of the formation of the global ionospheric current system produced

by nightside FACs has not been discussed. I try to explain the formation process and

the asymmetry structure of the current system in the view of the basic nature of the

ionospheric current. The global Cowling channel model will be applied to the case of

the Pi2 pulsations. The discussion will be presented in chapter 6.



Chapter 3

Solar Terminator Effects on Pi2

Pulsations

3.1 Data descriptions

I use the geomagnetic field data from MAGDAS/CPMN (MAGnetic Data Acquisi-

tion System / Circum-pan Pacific Magnetometer Network (Yumoto and the MAG-

DAS Group, 2006, 2007) and INTERMAGNET stations. The station code, the coordi-

nates and LT of each station at 21:50 UT (universal time) are listed in Table 3.1. All the

magnetic field data have 1 s time resolution. MAGDAS/CPMN data are expressed in

the geomagnetic coordinates (HDZ coordinates). INTERMAGNET data are expressed

in geographic coordinates (XY Z coordinates), and I converted X (geographic north)

and Y (geographic east) components to H (geomagnetic north) and D (geomagnetic

east) components by rotating X and Y to the daily averaged magnetic declination.

3.2 Analysis Method

3.2.1 Procedure of Event selection

I use both automatic detection and visual inspection for selection of Pi2 events. In order

to find Pi2-like wave packets, the original data from ASB were processed into time-series

data of Pi2 wave energy Uozumi et al. (2000) that is an envelope of ∆H2+∆D2 (where

19
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Geographic Geographic Geomagnetic Geomagnetic LT [hour] at
Station code Latitude Longitude Latitude Longitude L 21:50 UT

MAGDAS/CPMN
HVD 48.01 91.67 43.51 164.05 1.90 3.9
PPI 42.98 131.73 36.27 203.74 1.56 6.6
PTK 52.94 158.25 46.17 226.02 2.12 8.4
ASB 43.46 142.17 36.43 213.39 1.54 7.3
AMA 28.17 129.33 21.11 200.88 1.15 6.5
DAW -12.41 130.92 -21.91 202.81 1.16 6.5
TWV -19.63 146.86 -28.73 220.30 1.30 7.6

INTERMAGNET
LZH 36.10 103.84 30.21 175.91 1.34 4.8
KAK 36.23 140.19 27.47 209.23 1.26 7.2
GUA 13.59 144.87 5.30 215.64 1.03 7.4
HON 21.32 202.00 21.67 269.52 1.16 11.3
AMS -37.80 77.57 -49.10 138.34 2.33 3.0
LRM -22.22 114.10 -33.57 185.18 1.44 5.4
TUC 32.17 249.27 39.84 314.19 1.78 14.5
BSL 30.35 270.37 41.50 339.93 1.70 15.6
SJG 18.11 293.85 28.79 9.83 1.30 17.4
CLF 48.02 2.27 43.67 79.68 1.91 22.0
TAM 22.79 5.53 9.22 78.37 1.03 22.2

Table 3.1: The geographic and geomagnetic location of each station.

∆H and ∆D are bandpass-filtered H and D, respectively, in the period range from

40 to 150 sec). The use of both the H and D components allows us to evaluate the

amplitude of Pi2 without depending on polarization changes. Isolated Pi2 wave packets

are automatically detected by the following criteria:

(1) A peak in the wave enegy must exceed 0.0625 nT2. The time of the peak is defined

as the event time (Tmax).

(2) The wave energy at Tmax must be a maximum in the interval from 10 min before

Tmax to 10 min after Tmax.

(3) To evaluate the amplitude of the background disturbance against that of Pi2s, I

examine the wave energy in the interval of Tmax− 7 min to Tmax− 2 min. The averaged

wave energy in this interval must be lower than 5% of the wave energy at the Tmax.

The events including following types of background variations are removed by visual

inspection: (1) Spike-like and step-like artificial noises (2) Step-like variation of SCs and

SIs (3) Pc4-like continuous waves. However, it is still difficult to distinguish between Pi2

and Pc4 on the dayside in some cases. In such cases, I refer to the magnetic data from

the nightside station (TAM for dawn side event events and TUC for dusk side events)

and remove events that show no clear signature of Pi2 in nightside data.



Chapter 3. Solar Terminator Effects on Pi2 Pulsations 21

3.2.2 Calculation of Phase Lag and Amplitude

I calculate the phase lag between two Pi2 waves using a cross phase analysis. A squared

coherence (C2
xy) and a phase lag (θxy) as functions of frequency f can be written as

Cxy(f)
2 =

|Sxy(f)|2
Sxx(f)Syy(f)

(3.1)

θxy(f) = arctan
ℑ(Sxy(f))

ℜ(Sxy(f))
(3.2)

where Sxx(f) and Syy(f) are power spectra of each data and Sxy(f) is a cross spectrum

of two data. Before calculating spectra, I apply the Butterworth bandpass filter with

a range of 10−300 s to original data for reducing the background trend and the high-

frequency noise. I calculate these spectra using Welch’s modified periodogram method

(Welch, 1967). The spectral components are calculated in the interval of 3 min before

and 7 min after Tmax (600 samples). The examined interval are divided into 5 seg-

ments of 500 samples (the length of overlap is 480 samples) and are applied. I apply a

Hann window to each data segment and calculated modified periodograms using Fourier

transform. Smoothed spectra are given by averaging the modified periodograms of 5

segments. The phase lag and squared coherence of Pi2 are determined at the dominant

frequency (fd), which is the maximum peak of Sxx(f) (or Syy(f)) in a range of frequen-

cies between 6 and 22 mHz. Hence, the phase lag and squared coherence between two

Pi2 waves are given as θxy(fd) and Cxy(fd)
2, respectively. The accuracy of phase lag is

ensured only if coherence is substantially high. To reduce the error of the phase lag, I

use θxy(fd) whose Cxy(fd)
2 is greater than 0.95 for the analysis.

An example of application of this cross phase analysis is shown in Figure 3.1 (20:09:02−20:19:02

UT 24 August 2012 event). One can see that the waveforms exhibit 180◦ phase lag from

bandpass-filtered data with a range of 10−300 s (a). The dominant frequency (fd)

shown by the vertical line is 12 mHz (b). Cxy(fd)
2 is 0.99 (c), so θxy(fd) is reliable.

θxy(fd) is -175.9◦ (d), which is consistent with the phase lag visually determined from

the waveforms.
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Figure 3.1: An example of application of the cross phase analysis (20:09:02−20:19:02
UT 24 August 2012 event). (a) Analyzed data that are bandpass-filtered with a period
range of 10−300 s. (b) Power spectrum density (Sxx(f),Syy(f)). (c) Squared coherence

(Cxy(f)). (d) Phase lag (θxy(f)).

3.2.3 Sunrise and Sunset Reference Times

In this thesis, sunrise and sunset are defined as the times when the center of the Sun

appears above the horizon at dawn and dusk, respectively. The solar zenith angle at

sunrise/sunset (χh) is π/2 at the ground level, but this exceeds π/2 at a higher altitude.

The solar zenith angle at sunrise/sunset can be written as

χh = π − arcsin

(

RE

RE + z

)

(π

2
≤ χh ≤ π

)

(3.3)
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where z and RE are altitude and the radius of the solid Earth (see Figure 3.2 for the

geometry). The sunrise time is the time when the solar zenith angle equals to χh and

its time derivative is positive, while the sunset time is the time when the solar zenith

angle equals to χh and its time derivative is negative. In this thesis, sunrise/sunset time

is expressed by local time. I use the open source program in Air-sea toolbox for MATLAB

(http://woodshole.er.usgs.gov/operations/sea-mat/air_sea-html/index.html)

to calculate the solar zenith angle.

Center of the Sun

Figure 3.2: Geometry of center of the Sun, the Earth, sunrise/sunset location at the
altitude of z. χh is the solar zenith angle at sunrise/sunset.

Figure 3.3 is the seasonal variations in the sunrise and sunset times at each location at

0, 100, and 200 km in altitude at PTK, ASB, and GUA. The sunrise time is earlier and

the sunset time is delayed with increasing in altitude. For example, sunrise times at 100

and 200 km in altitude at ASB are ∼1 and ∼1.5 h, respectively, earlier than the sunrise

time at 0 km. The difference in the sunrise/sunset time between summer and winter

increases with increasing latitude. At 100 km in altitude the difference of the sunrise

time at GUA is 1 h while the difference of the sunrise time at PTK is 5.2 h.

The terminator (or terminator line) is the line connecting the points of sunrise and

sunset at a specific time. Figure 3.4 illustrates the terminators at the three different

altitudes. On the ground (0 km in altitude), the area of the sunlit region equals to the

area of the dark region. With increasing altitude, the sunlit region become larger than

the dark region.

http://woodshole.er.usgs.gov/operations/sea-mat/air_sea-html/index.html
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Figure 3.3: The seasonal variations in sunrise and sunset times at each location at 0,
100, and 200 km in altitude at PTK, ASB, and GUA.
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Figure 3.4: The terminators at the three different altitudes (0 ,100, and 200 km) on
1 January 2012 at 0000UT

If features of Pi2 are controlled by the location of the terminator, these will vary accord-

ing to relative locations of stations to the terminator. I adopt sunrise/sunset reference

times (∆Tsr(STN)/∆Tss(STN)) [h] as measures of the relative location of a station STN

(code of a station) to the dawn/dusk terminator. The sunrise/sunset reference times

are defined here as the difference between the sunrise/sunset time in UT at each station

(Tsr(STN) and Tss(STN)) at 100 km in altitude, where the highly conducting E region

is located, and an event time (TPi2):

∆Tsr(STN) = TPi2 − Tsr(STN)

∆Tss(STN) = TPi2 − Tss(STN) (3.4)
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For ∆Tsr(STN), negative values indicate that the station is in darkness while positive

values indicate that the station is in sunlight. For ∆Tss(STN), negative values indicate

that the station is in sunlight while positive values indicate that the station is in darkness.

3.3 Case Studies

3.3.1 16 September 2011 Event

In this section, I investigate a Pi2 event, which occurred at 21:50 UT on 16 September

2011. Figure 3.5 is the map of the stations and the terminators at 0, 100 and 200 km in

altitude at 21:50 UT. The event is associated with the onset of a small substorm with the

AL index reaching a minimum value of −120 nT at 22:00 UT as shown in Figure 3.6a.

Figure 3.6b and c show H and D component magnetic variations, respectively, at the

stations on the dawn side and the HON station near noon. TheH component oscillations

are nearly in phase, which is consistent with results of previous reports (e.g., Sutcliffe

and Yumoto, 1991; Nosé et al., 2003, 2006). The H amplitude in darkness (HVD, LZH,

and AMS) is larger than the H amplitude in sunlight, although the amplitude near

noon (HON) is larger than the stations in the sunlit morning (e.g., PPI and ASB).

On the other hand, the D component oscillations show different phases and amplitudes

from the H component. The oscillations in the D component show a phase reversal

around the dawn terminator. The phase reversal occurred between LZH and AMA in

the Northern Hemisphere and between LRM and DAW in the Southern Hemisphere. In

both darkness and sunlight, D oscillations in the Northern Hemisphere are in antiphase

with D oscillations in the Southern Hemisphere. The amplitude of the D component

was greater than that of the H component except for HON, which was located near

noon.

I also investigate Pi2s on the dusk side for this event, when the dusk terminator was lo-

cated over the Atlantic. Figure 3.7 shows H and D component magnetic variations from

northern Hemisphere stations on the dusk side and the HVD station in the postmidnight

sector as a reference station. Unlike the dawn side, the amplitude of the H component

is larger than the D component. The D component amplitude at the SJG station, the

nearest station from the dusk terminator, is relatively small. The H component oscilla-

tions are nearly in phase as I found in the dawn side magnetic data. The oscillations in
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Figure 3.5: Map of stations and the terminator at 21:50 UT on 16 September 2011.
The solid curves are the locations of the terminator at three different altitudes: 0 km

(yellow), 100 km (red) and 200 km (blue).

the D component show a phase reversal between the BSL and CLF stations. This phase

reversal should be distinguished from the D component phase reversal around midnight

as reported by previous studies (Lester et al., 1983; Li et al., 1998); in this event the

midnight phase reversal occurred between CLF in the premidnight sector and HVD in

the postnidnight sector.

3.3.1.1 Other Examples

Figure 3.8 shows 12 typical events that exhibit D component phase reversal near the

dawn terminator. The figure includes AL index andH andD bandpass-filtered magnetic

fields at HVD on the nightside and ASB on the dayside for each event. Although

D oscillations show small phase shift from a 180◦ phase lag, the oscillations are in

nearly antiphase. H oscillations have relatively a small phase lag compared to the D

component, or the oscillation is very small and ambiguous. Events b, d, e, f, i, and k

show a start of decreasing in AL index at the onset of Pi2 pulsations, while events a,

c, g, h, j, and m do not show this evidence. This indicates that the phase reversal near

the dawn terminator is also observed with psedobreakups.

Figure 3.9 show 8 typical events that exhibit the D component phase reversal near the

dusk terminator in the same format as Figure 3.8. Compared to dawn side events, it is

difficult to find clear examples since the amplitude of the D component at HVD on the

dayside tends to be very small. H oscillations are synchronized with each other with
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Figure 3.6: (a) AL index, the (b) H-component and (c) D-component magnetic
variations around the dawn terminator at 21:50 UT on 16 September 2011. The arrow
in (a) indicates the timing of the Pi2 event. ∆Tsr is the time difference between the
sunrise time defined at 100 km in altitude and the event time, where negative values
indicate that a station was in darkness while positive values indicate that a station was

in sunlight.

a small phase lag (within ±30◦) for each event. Although D oscillations show small

phase shift from a 180◦ phase lag, the oscillations are in nearly antiphase. At ASB on

the nightside, the D amplitude is comparable to the H amplitude or larger than the

H amplitude. On the other hand, the D amplitude at HVD is smaller than the H

amplitude. Events c, d, and e show a start of decreasing in AL index at the onset of Pi2

pulsations, while events a, b, f, g, and h do not show this evidence. This indicates that

the phase reversal near the dusk terminator is observed regardless of a development of

a westward electrojet.
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Figure 3.7: The (a) H component and (b) D component magnetic variations on the
dusk side around 21:50 UT on 16 September 2011. ∆Tss is the time difference between
the sunset time defined at 100 km in altitude and the event time, where negative values
indicate that a station was in sunlight while positive values indicate that a station was

in darkness.

3.4 Statistical Studies

In this statistical analysis I use the five stations separated in latitude along the same

meridian (PTK, ASB, KAK, CBI, and GUA). The HVD station is used as a reference

station for examining the change of phase.

3.4.1 Pi2 around the Dawn Terminator

Pi2 events are selected during the period from 1 November 2011 to 31 October 2012,

when the quantity of data available is large, between 01:00 and 09:00 LT at ASB. I

selected a total of 213 Pi2 events from ASB data in this interval using the procedure

presented in section 3.1.

Figure 3.10 is the LT distribution of the selected events. As is well known, Pi2 pulsations

are more detectable on nightside than on dayside, indicating that the source of Pi2 is

located near the midnight. Figure 3.11 is the seasonal distribution of the selected events.

A peak of occurrence appears in the spring season and August.
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Figure 3.8: AL index and H and D component bandpass-filtered magnetic fields at
HVD and ASB near the dawn terminator for 12 events. θH,D and CH,D are phase lag

and squared coherence, respectively, where subscripts show a vector component.
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Figure 3.9: AL index and H and D component bandpass-filtered magnetic fields at
HVD and ASB near the dusk terminator for 8 events in the same format as Figure 3.8

Figure 3.12 presents the LT and ∆Tsr dependences of the phase lag of the H component

between HVD and the five examined stations. Positive values indicate that the phase

of reference data (HVD H) is delayed with respect to the examined data. Red and

cyan vertical lines show sunrise times at the summer solstice and the winter solstice,

respectively. It is clear that most phase lags are near 0◦ for all LT and ∆Tsr except for

PTK. The phase lag of PTK H is more scattered, but the phase of HVD tends to be

delayed from that of PTK.

Figure 3.13 shows the LT and ∆Tsr dependences of the phase lag of the D component

between HVD and the five examined stations. The phase lags at ASB, KAK, and
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Figure 3.10: Event occurrence against LT for 213 dawn side Pi2 events.
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Figure 3.11: Event occurrence against month for 213 dawn side Pi2 events.

CBI show a clear jump from ∼ 0◦ to ∼ 180◦ near ∆Tsr = 0.5 − 1 while there is no

clear systematic change of the phase with LT. These results indicate that the phase

reversal of the D component is related to the location of the dawn terminator rather

than to the local time. Except for PTK, the phase lags for ∆Tsr ≤ −1 tend to be more

scattered, and this may be attributable to a smearing of the phase reversal around the

midnight. The LT and ∆Tsr dependences at GUA is similar because of the small yearly

variation of sunrise time. Although the the phase lag for ∆Tsr(GUA) ≤ 1 tends to be

scattered, this is near 180◦ for ∆Tsr(GUA) ≥ 1. The phase lag at PTK is near 180◦

for ∆Tsr(PTK) ≤ −1. Since the local time at PTK for ∆Tsr(PTK) ≤ −1 is near the

midnight in the summer season, these antiphase relations may be caused by the midnight
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Figure 3.12: The ∆Tsr and LT dependences of the phase lag of the H component
between HVD and the five examined stations. Positive values indicate that phase of
examined data is delayed by reference data. Red and cyan vertical lines show sunrise

times at the summer solstice and the winter solstice, respectively.

phase reversal.

I statistically examine the events when the phase reversal region (0.5 ≤ ∆Tsr ≤ 1)

was located between HVD and each examined station. I selected events that satisfy

∆Tsr(HVD) ≤ 0 and 1 ≤ ∆Tsr(ESTN), where ESTN is the station code of examined

stations. The geometry of the stations and the terminator in this situation is shown in

Figure 3.14. Figure 3.15 is the distribution of the phase lag of the D component between

HVD and the five examined stations. The phase lags are clearly distributed around 180◦

(antiphase relation). Table 3.2 is the parentage of antiphase relation events. I use two

criteria of the antiphase relation, 180± 45◦ and 180± 90◦. The percentage of antiphase
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Figure 3.13: The ∆Tsr and LT dependences of the phase lag of the D component
between HVD and the five examined stations in the same format as Figure 3.12.

events is up to 58% for 180 ± 45◦ and 81% for 180 ± 90◦, indicating that the D phase

reversal around the dawn terminator is a general feature.

I analyze amplitude characteristics of Pi2 around the dawn terminator. The amplitude

is simply determined by a maximum perturbation of the bandpass-filtered data with

a period of 40−150 s. Figure 3.16 shows the LT and ∆Tsr dependences of H and D

amplitudes and the D-to-H amplitude ratio. The H amplitude at ASB, KAK, and CBI

tends to decrease toward noon, although the H amplitude at GUA increases toward

noon on the dayside. The variation of the H amplitude at PTK differs from others; a

clear minimum appears at LT = 3−4. The D amplitudes increase with latitude on both

nightside and dayside. Although Pi2s are believed to have a larger amplitude on the

nightside than on the dayside, the D amplitude on the dawn side increases toward noon.
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Figure 3.14: Relative locations of HVD and a examined station (ESTN) to the dawn
terminator when ∆Tsr(HVD) ≤ 0.5 and 1 ≤ ∆Tsr(ESTN) are satisfied.

The D-to-H amplitude ratio starts to increase at LT = 5 and ∆Tsr = 0, although the

increase with ∆Tsr is more drastic than with LT except for PTK. The D-to-H amplitude

ratio of 1 ≤ ∆Tsr ≤ 2 at ASB is 2.2 while that of −2 ≤ ∆Tsr ≤ −1 is 0.9, indicating

that dawn side Pi2 in sunlight were more polarized in the azimuthal direction than in

darkness.

station 180± 45◦ 180 ± 90◦

PTK 68% 88%
ASB 58% 81%
KAK 63% 83%
CBI 68% 81%
GUA 69% 92%

Table 3.2: The percentage of antiphase events when the dawn phase reversal region
located between HVD and each examined station.

3.4.2 Pi2 around the Dusk Terminator

Pi2 events are selected during the same period as the previous analysis between 13:00

and 21:00 LT at ASB. I selected a total of 167 Pi2 events from ASB data in this interval

using the procedure presented in section 3.1.

Figure 3.17 and Figure 3.18 are event occurrences against LT and month, respectively,

for 167 dusk side Pi2 events. The event occurrence increases towards midnight. The

peaks in occurrence in spring and fall are probably due to seasonal variation of the

magnetic activity (e.g., Ellis, 1899; Russell and McPherron, 1973).
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Figure 3.15: The distributions of the phase lags of the D component between HVD
and the five examined stations when the phase reversal region near the dawn terminator

located between HVD and each examined station.

Figure 3.19 illustrates the LT and ∆Tss dependences of the phase lag of theH component

between HVD and the five examined stations. It is clear that most phase lags are near

0◦ for all LT and ∆Tss and for all stations except for PTK. The phase lag of PTK H is

more scattered, but the phase of HVD tends to be delayed from that of PTK.

Figure 3.20 is LT and ∆Tss dependences of phase lag of the D component between HVD

and the five examined stations. There is no clear systematic change of the phase with LT

for all stations. It seems that the phase lags at ASB, KAK, and CBI show a jump from

∼ 0◦ to ∼ 180◦ near ∆Tss = −2 ∼ −1, although these are not so clear compared with

the phase jump on the dawn side. The phase lag after the reversal tends to gradually

decrease to ∼ 45◦ with ∆Tss. For PTK and GUA, there is no clear systematic change

in the phase.
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Figure 3.16: LT dependences of (a) H amplitude, (c) D amplitude, and (e) D-to-H
amplitude ratio and ∆Tsr dependences of (b) H amplitude, (d) D amplitude, and (f)

D-to-H amplitude ratio. Error bars denote the standard errors of the mean.

I statistically examine the event when the phase reversal region (−2 ≤ ∆Tss ≤ −1) was

located between the HVD and each examined station in a same manner as Figure 3.14.

Figure 3.21 is the distribution of the phase lag of the D component between HVD and

the five examined stations. Table 3.3 is percentage of antiphase relation event. The

percentage of antiphase events is up to 31% for 180 ± 45◦ and 68% for 180 ± 90◦. The

phase lags tends to be distributed around 180◦ rather than 0 although the tendency is

weaker than the case of the dawn side.

Figure 3.22 shows the LT and ∆Tss dependences of H and D amplitudes and D-to-H

amplitude ratio. The H amplitude is largest at PTK and its variation differs from other

stations. The D amplitude increases with latitude on both nightside and dayside and

starts to increase at LT = 17 toward midnight. The D-to-H amplitude ratio except for

PTK increases with latitude. Peaks of D-to-H amplitude ratio occur at LT = 19 and
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Figure 3.17: Event occurrence against LT for 167 dusk side Pi2 events.
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Figure 3.18: Event occurrence against month for 167 dusk side Pi2 events.

∆Tss = 0. This differs from the D-to-H amplitude ratio on the dawn side, whose peak

occurs at few hours toward noon from the terminator.

3.5 Interpretation of Observation Results

I found the D component phase reversals near the dawn and dusk terminators, which

are different from the phase reversal around midnight reported by previous studies. The

occurrence of phase reversal related to the dawn terminator was substantially high, while

that of the phase reversal related to the dusk terminator was rather lower. These phase

reversals are not expected by the existing model of low-to-middle latitude Pi2, such
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Figure 3.19: LT and ∆Tss dependences of phase lag of the H component between
HVD and the five examined stations. Positive values indicate that phase of examined
data is delayed by the reference data. The red and cyan vertical lines show sunset times

at the summer solstice and the winter solstice, respectively.

as the plasmaspheric resonance (e.g., Allan et al., 1996), the direct driven fast wave

(e.g., Kepko and Kivelson, 1999), and the SCW oscillation (e.g., Lester et al., 1983).

If the plasmaspheric resonance is applied, the small phase difference of H oscillations

over entire local times indicates that the dominant m number is nearly zero. While the

cavity mode with m = 0 is decoupled from azimuthal oscillations (D oscillations), cavity

modes with m ≥ 1 have both H and D oscillations and their nodes. The uniform phase

structure of the cavity mode with m ∼ 0 can still be maintained if the amplitude of the

m ∼ 0 mode is larger than the amplitude of m ≥ 1 modes. However, there is no reason

why a node of D oscillations should always be located near the terminators. The direct
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Figure 3.20: LT and ∆Tss dependences of the phase lag of the D component between
HVD and the five examined stations. Positive values indicate that the phase of exam-
ined data is delayed by the reference data HVD D. The red and cyan vertical lines

show sunset times at the summer solstice and the winter solstice, respectively.

driven fast mode wave does not have nodal structures, the D phase reversal does not

occur except the meridian of the source region. The SCW oscillations cause only a D

phase reversal at the central meridian of the SCW.

The D-to-H amplitude ratio starts to increase with sunrise and reach a peak at 1−3

h after sunrise (or after a phase reversal), which is consistent with the case study by

Saka et al. (1980). The D-to-H amplitude ratio at ASB exceeded 2, which means

morning side Pi2 were polarized in the azimuthal direction. This polarization is different

from nightside low-latitude Pi2 that tends to be polarized in the north-south direction

(Takahashi and Liou, 2004). The fast mode wave is not consistent with large D-to-H



Chapter 3. Solar Terminator Effects on Pi2 Pulsations 40

−90 −45 0 45 90 135 180 225 270
0

2

4

6

8

10

12

phase lag [deg]

N
u

m
b

e
r 

o
f 

e
ve

n
ts

HVD−D vs PTK−D

−90 −45 0 45 90 135 180 225 270
0

5

10

15

phase lag [deg]

N
u

m
b

e
r 

o
f 

e
ve

n
ts

HVD−D vs ASB−D

−90 −45 0 45 90 135 180 225 270
0

2

4

6

8

10

phase lag [deg]

N
u

m
b

e
r 

o
f 

e
ve

n
ts

HVD−D vs KAK−D

−90 −45 0 45 90 135 180 225 270
0

2

4

6

8

phase lag [deg]
N

u
m

b
e

r 
o

f 
e

ve
n

ts

HVD−D vs CBI−D

−90 −45 0 45 90 135 180 225 270
0

2

4

6

8

10

phase lag [deg]

N
u

m
b

e
r 

o
f 

e
ve

n
ts

HVD−D vs GUA−D

Figure 3.21: The distributions of the phase lags of the D component between HVD
and the five examined stations when the phase reversal region near the dusk terminator

located between HVD and each examined station.

amplitude ratio because the wave produces H magnetic variations but little produces

D magnetic variations. Fast mode waves can be converted to Alfvén waves if the radial

component of polarization currents and the gradient of the Alfvén velocity are significant

(Itonaga and Yoshikawa, 1996). However, since the polarization current of the fast mode

station 180 ± 45 180 ± 90

PTK 50% 75%
ASB 42% 68%
KAK 45% 68%
CBI 32% 68%
GUA 37% 68%

Table 3.3: The percentage of antiphase events when the phase dusk reversal region
(−2 ≤ ∆Tss ≤ −1) located between HVD and each examined station.
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Figure 3.22: LT dependences of (a) H amplitude, (c) D amplitude, and (e) D-to-H
amplitude ratio and ∆Tss dependences of (b) H amplitude, (d) D amplitude, and (f)

D-to-H amplitude ratio.

wave flows in the azimuthal direction in the inner plasmasphere, the mode conversion

is not significant in the inner plasmasphere (Itonaga and Yumoto, 1998). The D-to-H

amplitude ratio around the dusk terminator starts to increase 1− 2 h before sunset and

peaks at near sunset. Contrary to the dawn side, the amplitude ratio is larger on the

antisunward side from the phase reversal meridian. Differences between dawn and dusk

Pi2 will be discussed in chapter 6 with results in chapters 4 and 5.

The D component phase reversals may be explained by considering the configuration of

oscillatory FACs and ionospheric currents. I suggest that the meridional component of

ionospheric currents is a possible source of the D component geomagnetic perturbation

on the sunlit side. If a meridional current on the dark side flows in the opposite direction

to the meridional current on the sunlit side, an opposite magnetic perturbation can be

produced on the dark side. However, this magnetic perturbation would not be significant

because currents are weak in the dark low-latitude ionosphere, where the conductivity is
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low. Alternatively, I consider that the oscillatory FAC in the postmidnight sector gener-

ates azimuthal Pi2 oscillations in darkness. Figure 3.23 is the schematic configuration of

FACs, ionospheric closure currents produced by these FACs and magnetic fluctuations

on the ground produced by these currents. The configuration of currents is similar to

the current systems for SCs, DP2 or Pc5 pulsations (Araki , 1994; Kikuchi et al., 1996;

Motoba et al., 2002). The FAC carries current perturbations related to Pi2s from the

magnetosphere to the nightside high-latitude ionosphere. The ionospheric current pro-

vided by the FAC may be connected to the meridional current near the terminator via

the zonal current flowing at the auroral latitude where the conductivity is enhanced by

auroral precipitation. In the northern hemisphere, when the perturbation component

of the postmidnight FAC flows downward, the meridional current flows southward. The

perturbation component of the FAC produces westward magnetic perturbations in the

postmidnight sector. On the other hand, the Pi2-related component of the southward

meridional current produces eastward magnetic perturbations on the ground. That is,

westward and eastward ground magnetic perturbations are produced on the dark and

sunlit sides, respectively. In the opposite hemisphere, at this time, the Pi2-related com-

ponent of the meridional current is northward, and the associated magnetic perturbation

is directed westward (not shown here). The azimuthal magnetic perturbations at a cer-

tain meridian around the dawn terminator vanish because the magnetic perturbation

due to the FAC cancels out the magnetic perturbations due to the meridional ionospheric

current. This neutral line, where the azimuthal magnetic perturbations vanish, does not

need to be located exactly at the dawn terminator because the location of the neutral

line depends on the intensity and the location of both the FAC and the meridional cur-

rent. The D component phase reversal on the dusk side may also be explained by a

similar current system consisting of the premidnight FAC and the postnoon meridional

current. However, the meridional component current may be weaker than that of the

dawn side.

The middle latitude PTK shows a weaker sunrise/sunset reference time dependences

than those at the low-latitude stations. The large yearly variation of the sunrise/sunset

time probably causes weak dependences. At the summer solstice, the phase reversals

around midnight (cause by FACs) and terminator (caused by a FAC and a meridional

current) may be mixed because the sunrise is near midnight (∼1.6 h LT). Also, the

polarization of Pi2 is easily influenced by the location of the oscillating FACs with an
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increase in the latitude. The middle latitude Pi2 polarization significantly varies from

event to event because the location of the FACs may vary.

Oscillatory FACs

Oscillatory current source

DawnDusk

auroral region

phase reversal region

current perturbation

magnetic perturbation on the ground 

meridional current

Oscillatory FACs

Oscillatory current sourceOscillatory current source

Oscillatory FACs

Oscillatory current source

Figure 3.23: Schematic diagram of the current system explaining D component mag-
netic perturbations (Imajo et al., 2015). Green and red arrows indicate magnetic and
current perturbations, respectively. Magnetic perturbations produced by FACs are rep-
resented by δBFAC , and magnetic perturbations on the ground produced by ionospheric

currents are represented by δBIC .

The D component phase reversal and the increase of D-to-H amplitude ratio have

been found for also Pc 3−4 pulsations observed around the dawn terminator although

the source of these Pc pulsations are located in the dayside magnetosphere (Saka et al.,

1980, 1982; Tanaka et al., 2007). Tanaka et al. (2007) showed that the direct incidence of

Alfvén waves around the dawn terminator can explain the longitudinal phase variation

of Pc3 pulsation. They also suggested that a large scale ionospheric current system

produced by the Alfvén wave at higher latitudes is relevant to the D phase reversal at

lower latitudes where Alfvén waves are difficult to exist. The equivalent current system

(rotational part of ionospheric current system) of such ionospheric current system was

numerically simulated by Alperovich et al. (1996). Their simulation results showed the

change of equivalent currents near the dawn terminator but the feature of the change

depends on the season (conductivity distribution) and location of the FAC (incident

Alfvén wave).
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Previous studies have tried to explain the terminator effect on the geomagnetic pulsa-

tions in terms of the change of pattern of the ionospheric current driving pulsations in

the conductivity gradient region. On the other hand, in the model for Pi2 pulsation

near the terminator proposed in this thesis, the magnetic field produced by nightside

FACs much stronger than ground magnetic field produced by the current in the dark

ionosphere. I consider that a difference in a dayside source or a nightside source can

significantly affect the mechanism of the terminator effects on geomagnetic pulsations.

A possible mechanism of the terminator effects on the Pi2 pulsation will be revealed by

the numerical calculation in chapter 5.



Chapter 4

Spatial Properties and Equivalent

Current Distribution of Dayside

Pi2 Pulsation

4.1 Data Descriptions

In this chapter I use ground magnetic data from MAGDAS/CPMN (Magnetic Data Ac-

quisition System/Circum-pan Pacific Magnetometer Network (Yumoto and the MAG-

DAS Group, 2006)), JMA (Japan Meteorological Agency), INTERMAGNET (Interna-

tional Real-time Magnetic Observatory Network (Kerridge, 2001)), USGS (U.S. Geo-

logical Survey), and McMAC (Mid-continent MAgnetoseismic Chain (Chi et al., 2013)).

The magnetic latitude of the used stations is limited to −60 ∼ 60◦ since Pi2 pulsa-

tions are not clearly identified in the high-latitude dayside due to large background

variations. According to Shinohara et al. (1997), during daytime only less than 20% of

events showed Pi2 oscillations at the higher latitudes were similar to those at the lower

latitudes. The time resolution of all data is 1 s. For the data expressed in geographic

coordinates (XY Z coordinates), I converted the coordinate system around the Z-axis

by H (geomagnetic north) and D (geomagnetic east) components by rotating X and Y

to the daily averaged magnetic declination.

45
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4.2 Method to Derive an Equivalent Current Vector of Pi2

Figure 4.1 shows the diagram of the method to derive an equivalent current vector of

Pi2. First I apply a bandpass filter with a period of 40 to 150 s to H and D components

of magnetic data from all available stations. These filtered H and D component data

are described as ∆H and ∆D, respectively (Figure 4.1a, b). Then I calculate the

horizontal amplitude that is defined as
√
∆H2 +∆D2 (Figure 4.1c). The horizontal

amplitude corresponds to the radial distance of a hodogram (Figure 4.1d). I examine

the equivalent current distributions at the four largest local maxima of the horizontal

amplitude (vertical lines in Figure 4.1c). The time of the four largest local maxima is

determined from the data at the ASB station as a representative of all stations since

the time difference of local maxima among stations is small (This will be shown in

the next section). Finally I derive the equivalent current vectors at each time of the

local maxima of horizontal amplitude by rotating vectors by 90◦ clockwise (Figure 4.1d,

e). These estimated equivalent current vectors will be drawn on the map in IGRF

(International Geomagnetic Reference Field) geomagnetic coordinates.
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Figure 4.1: Examples of (a) H and (b) D component magnetic data that are
bandpass-filtered with period of 40−150 s. (c) Horizontal amplitude that is defined
as

√
∆H2 +∆D2. (d) Hodogram with arrows indicating the magnetic vector at the

times of four largest local maxima of the horizontal amplitude. (e) Equivalent current
vectors of Pi2. The color coding of lines and arrows in (c)-(e) indicates each peak of

the horizontal amplitude.
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4.3 Case Studies

4.3.1 2310 UT, 02 February 2012 Event

In this section I show a detailed investigation of the Pi2 event occurring at 2310 UT on

2 February 2012. Magnetic data from 41 stations in the sunlit region were available.

Figure 4.2 shows AL index and nightside magnetic variations. During this event AL

index starts to decrease at 2300 UT on 2 February 2012, and reached −200 nT at 0020

UT on 3 February 2012, indicating that the event was related to a substorm onset. The

magnetic data show clear Pi2 oscillations and small magnetic bays.

2200
Feb 02

2230 2300 2330 0000
Feb 03

0030 0100

-250

-200

-150

-100

-50

0

P
ro

v
. 
A

E
(1

-m
in

)
[n

T
]

  AL

hhmm
2012 

T
h

u
 O

c
t 

1
5

 1
3

:2
8

:1
7

 2
0

1
5

   

-16

-14

-12

-10

-8

T
A

M
 H

G
M

L
a

t.
=

1
1

.4
M

L
T

=
2

3
.0

h
[n

T
]

   

-4

-2

0

2

4

C
L

F
 H

G
M

L
a

t.
=

4
4

.3
M

L
T

=
2

3
.1

h
[n

T
]

2300 2320 2340

-8

-6

-4

-2

0

U
P

S
 H

G
M

L
a

t.
=

5
6

.7
M

L
T

=
 0

.2
h

[n
T

]

hhmm
2012 Feb 02 

T
h

u
 O

c
t 
1

5
 1

3
:2

8
:2

4
 2

0
1

5

   

0.5
1.0
1.5
2.0
2.5
3.0
3.5

T
A

M
 D

G
M

L
a

t.
=

1
1

.4
M

L
T

=
2

3
.0

h
[n

T
]

   

-4
-2

0

2

4
6

C
L

F
 D

G
M

L
a

t.
=

4
4

.3
M

L
T

=
2

3
.1

h
[n

T
]

2300 2320 2340

-5

0

5

10

15

U
P

S
 D

G
M

L
a

t.
=

5
6

.7
M

L
T

=
 0

.2
h

[n
T

]

hhmm
2012 Feb 02 

T
h

u
 O

c
t 
1

5
 1

3
:2

8
:3

2
 2

0
1

5

(a)

(b) (c)

Figure 4.2: (a) AL index (b) H and (c) D component variations at the nightside
stations.

Figure 4.3 shows ∆H and ∆D observed at longitudinally separated stations in the

Northern Hemisphere. Pi2 waveforms can be seen from at least either ∆H or ∆D

components for each station. At the prenoon station ASB the oscillation in the H

component is not clear while the oscillation in the D component has a large amplitude

(∼0.6 nT). At the postnoon station TUC, the H component amplitude (∼ 0.6 nT)

is larger than the D component amplitude (∼ 0.2 nT). At the HON station near the

noon magnetic meridian, the D oscillation is small while the H oscillation has a large

amplitude (∼0.5 nT). The D component shows a phase reversal between ASB and TUC.
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Figure 4.3: (a) Horizontal amplitude, (b) H component, and (c) D component mag-
netic data that are bandpass-filtered with period of 40−150 s at the longitudinally
separated stations. Vertical red lines in (a) show the successive four largest peaks at
ASB. Vertical dotted lines in (b) and (c) indicate times of peaks at GUA and ASB,

respectively.

Figure 4.4 shows
√
∆H2 +∆D2, ∆H, and ∆D observed at the stations in the prenoon

Northern Hemisphere (MLT= 6.9 − 8.9 h). The times of the successive four largest

local maxima of
√
∆H2 +∆D2 at ASB are indicated by the red vertical bars. Each

local maximum is approximately coincident with each peak of
√
∆H2 +∆D2 at other

stations. The intervals of local maxima correspond approximately to a half period of the

Pi2. The H amplitude is largest at the nearest station of the magnetic equator (DAV),

and its latitudinal profile is consistent with Shinohara et al. (1997). The amplitude of

the D component tends to increase with latitude. The H component oscillations at the

latitude from ONW to DAV are nearly in phase. The in phase relation between the

magnetic equator and low-latitudes cannot be properly compared to the observation by

Shinohara et al. (1998) because there is a small number of events during 0600−0800 LT

in their study. The D component at the latitude from MGD to KAG oscillates in phase.

Figure 4.5 shows
√
∆H2 +∆D2, ∆H, and ∆D observed at the stations in the postnoon

Northern Hemisphere (MLT= 14.1−17.7 h). The McMAC stations (GLYN to SATX) are

latitudinally aligned and the USGS stations (FRN to FRD) are longitudinally aligned.

The red vertical bars show the same times defined from ASB data in Figure 4.4. The

times of local maxima at all the postnoon stations are approximately coincident with the

vertical bars, indicating that the local maxima of
√
∆H2 +∆D2 are nearly coincident at

almost dayside stations. The H amplitude has a tendency to increase with latitude and

MLT. The D amplitude is smaller than the H amplitude at each postnoon station. H

component oscillations are nearly in phase. D component oscillations are also nearly in
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Figure 4.4: (a) Horizontal amplitude, (b) H component, and (c) D component mag-
netic data that are bandpass-filtered with period of 40−150 s in the prenoon sector.
Vertical red lines in (a) show the successive four largest peaks at ASB. Vertical dotted

lines in (b) and (c) indicate times of peaks at HON and ASB, respectively.

phase at GLYN, WRTH, and BENN, but the oscillation at BSL is ambigous or disturbed

before the Pi2 onset.

Figure 4.6 shows hodograms drawn on a map for 2312−2316 UT on 2 February 2012.

Note that amplitude of each hodogram is scaled by the maximum horizontal amplitude

at each station. Most of the hodograms are nearly linearly polarized. In the middle-to-

low latitude Northern hemisphere, the major axes in the prenoon sector are oriented in

the northwest quadrant, while those in the postnoon sector are oriented in the northeast

quadrant. The change of azimuth angles around noon corresponds to in-phase H and

antiphase D oscillations across the noon meridian.

The snapshots of the equivalent current distribution associated with the Pi2 are illus-

trated in Figure 4.7. The time of each snapshot corresponds to each local maximum of
√
∆H2 +∆D2 at ASB represented by the red vertical bars in Figure 4.4 and 4.5. At

23:13:41 UT (Figure 4.7a), the meridional component of equivalent current vectors is
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Figure 4.5: (a) Horizontal amplitude, (b) H component, and (c) D component mag-
netic data that are bandpass-filtered with period of 40−150 s in the postnoon sector.
The stations from GLYN to SATX are longitudinally aligned and the stations from
FRN to FRD are latitudinally aligned. Vertical red lines in (a) show the successive four
largest peaks at ASB shown in Figure 4.4. Vertical dotted lines in (b) and (c) indicate

peaks at TUC.

directed equatorward in the prenoon sector and poleward in the postnoon sector. The

opposite sense of meridional currents corresponds to the phase reversal of the D compo-

nent around the noon meridian. The large meridional component of equivalent current

vectors in the prenoon sector corresponds to the large D amplitude in this sector. The

meridional component decreases with magnetic latitude and vanishes near the magnetic

equator, in agreement with the latitudinal profile of the D amplitude. The zonal com-

ponent of equivalent current vectors is largest near the magnetic equator, corresponding

to the equatorial enhancement of H oscillations. The equivalent current distribution

shows that the meridional equivalent current flows to connect with eastward equiva-

lent currents in the equatorial region. The meridional component in the prenoon sector



Chapter 4. Spatial Features and Equivalent Current Distribution of Dayside Pi2
Pulsation 51

 

2012-02-02/23:12:00-90

-60

-30

0

30

60

90
G

M
 L

at
. [

de
g]

0 3 6 9 12 15 18 21 24
MLT [h]

Figure 4.6: Hodograms on the map for 2312−2316 UT on 2 February 2012. The
amplitude of each hodogram is scaled by the maximum horizontal amplitude at each

station.

is larger than in the postnoon sector and the zonal component in the prenoon sector

is smaller than in the postnoon sector; the pattern of equivalent currents exhibits a

prenoon-postnoon asymmetry. The equivalent current distribution 37 s later at 23:14:18

UT (Figure 4.7b) is similar to the previous one but its flow direction is opposite. The

meridional component of equivalent current vectors is directed poleward in the prenoon

sector and equatorward in the postnoon sector. The equivalent current distributions at

23:15:11 UT (Figure 4.7c) and 23:15:52 UT (Figure 4.7d) also show a similar pattern

but flow directions are opposite to the previous one.

4.3.2 Other Examples

Figures 4.8 and 4.9 show filtered magnetic data from the three dayside stations (ASB,

HON, and TUC) and equivalent current distributions during other two Pi2 events oc-

curring at 2335 UT on 2 March 2012 and 2100 UT on 26 March 2012, respectively.

The first event was related to a substorm since the AL index started to decrease in

concurrence with Pi2 and reached −230 nT, while the second event may not be related

to a substorm because of no clear AL decreasing (not shown here). The equivalent
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Figure 4.7: (a)-(d) Distributions of equivalent currents at the four successive times
on the map in IGRF geomagnetic coordinates. Red dots show locations of stations and
blue pointers show an equivalent current over each station. The grey and white regions

show dark and sunlit regions at 100 km in altitude, respectively.

current distributions of both events basically support features of the previous event. Lo-

cal maxima of
√
∆H2 +∆D2 are nearly coincident among latitudinally separated three

dayside stations. The D oscillation at the prenoon station ASB is in antiphase with

the D oscillation at the postnoon station TUC. The D amplitude at ASB is larger than

the D amplitude at TUC. As a consequence, both events show similar equivalent cur-

rent distributions to the previous event. Summarizing equivalent current distributions

for three events, the equivalent current associated with the dayside Pi2 flowed into the

equator region from a higher latitude region via meridional equivalent currents in the

prenoon and postnoon sectors. The equivalent current system simultaneously oscillated

with a Pi2 period and exhibited the prenoon-postnoon asymmetry that the meridional

component in the prenoon sector was larger than those in the postnoon sector.
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Figure 4.8: (a)-(c) Filtered magnetic data for 2326−2346 UT on 2 March 2012, in
the same format as Figure 4.4 and 4.5. (d)-(g) distributions of equivalent currents at

the four successive times in the same format as Figure 4.7.

4.4 Statistical Analysis

4.4.1 Longitudinal Features of Dayside Pi2

I statistically analyze dayside Pi2s simultaneously observed at ASB, HON, and TUC,

located in the prenoon, noon, and postnoon sectors, respectively. The local time sepa-

ration between ASB and HON is −4.0 h, and the local time separation between TUC

and HON is 3.2 h. Pi2 events are selected from HON data during the period from 1

November 2011 to 31 October 2012 between 10 and 14 h LT. I select a total of 69 Pi2

events in this interval using the procedure presented in section 3.1. TAM data are used

as a reference of nightside Pi2 for visual inspection. Thus, ASB is in the local time

sector 6.0 to 10.0 h, and TUC is in the local time sector 13.2 to 17.2 h.

I confirm whether nearly simultaneous Pi2 oscillations among longitudinally separated

station, which are found in the case study, are found in the majority of dayside Pi2

events. To calculate the time lag of peaks of
√
∆H2 +∆D2, I use a cross-correlation
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Figure 4.9: Filtered magnetic data for 2052−2112 UT on 26 March 2012 and the
distributions of equivalent currents at the four successive times in the same format as

Figure 4.8

analysis. The correlation function (R(τ)) is calculated in the interval of Tmax − 150 s to

Tmax + 150 s as:

R(τ) =

∫ Tmax+150

Tmax−150

AHON(t)ASTN(t− τ)dt (4.1)

where ASTN(t) is
√
∆H2 +∆D2 at STN and τ is a lag (−90 ≤ τ ≤ 90 s). The delay

time is determined by τ when the R(τ) is a maximum peak. To avoid analytical errors,

the delay time was only used in the analysis when maximum R(τ) was greater than

0.75. About 78% and 86% of the events satisfied this threshold for ASB and TUC,

respectively.

Figure 4.10 shows typical examples of the selected events. ∆TASB and ∆TTUC are time

delays of AASB and ATUC from AHON, respectively. The ∆TASB and ∆TTUC are small

and positive. The waveforms show that ASB D is in nearly antiphase with TUC D.

The amplitude of HON H is much larger than that of HON D. The amplitude of ASB
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Figure 4.10: Typical examples of the selected events. For each events, upper panel
shows AL index, and lower panel shows

√
∆H2 +∆D2, H , and D components filtered

data at ASB, HON, and TUC. ∆TASB and ∆TTUC are time delays of AASB and ATUC

from AHON, respectively.
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D is larger than that of ASB H. The amplitude of TUC H is larger than that of TUC

D. Although the D-to-H amplitude ratios are different among stations,
√
∆H2 +∆D2

is comparable.

Figure 4.11 shows distributions of phase lags between HON H and ASB D, between

HON H and TUC D, and between ASB D and TUC D. The phase of ASB D is

delayed by ∼ 45◦ from HON H. The phase of HON H leads TUC D by ∼ 135◦, which

corresponds to a phase delay of ∼ 45◦ from an antiphase relation (180◦). As expected

from Figure 4.11a and b, ASB D is in nearly antiphase with TUC D (Figure 4.11c),

which is consistent with case studies. About 81% of phase lag is within 180 ± 45◦.
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Figure 4.11: Distributions of phase lags (a) between HONH and ASB D, (b) between
HON H and TUC D, and (c) between ASB D and TUC D.

Figure 4.12 is distributions of D-to-H amplitude ratio. Most of D-to-H amplitude ratios

at ASB is larger than 1, which means that D component is dominant in the prenoon

sector. The D-to-H amplitude ratio at HON is very small, indicating that most of low-

latitude Pi2 pulsations around the noon is polarized in the H direction. At TUC, the

D-to-H amplitude ratio is also small but larger than at HON. The mean values at ASB,

HON, and TUC are 1.92, 0.30, and 0.49, respectively.

Figure 4.13 illustrates the distribution of time lag of
√
∆H2 +∆D2. Positive time lag

indicates that HON is delayed from ASB or TUC. Up to 76% of time lags for ASB and

91% of time lags for TUC are within ±10 s, although HON tends to lead ASB and TUC.

Thus dayside Pi2s nearly simultaneously oscillate in a wide local time sector in most

cases.

Figure 4.14 is the relation of maximum
√
∆H2 +∆D2 among ASB, HON, and TUC.

The correlation coefficient between HON and ASB is 0.815 and the correlation coefficient
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Figure 4.12: Distributions of D-to-H amplitude ratios at (a) ASB, (b) HON, and (c)
TUC.
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Figure 4.13: Distributions of time lags of
√
∆H2 +∆D2 between HON and ASB,

and between HON and TUC.

between HON and TUC is 0.842. The equations of the regression line are described as:

y = 0.930x + 0.115 (4.2)

for HON vs ASB, and

y = 1.244x + 0.010 (4.3)

for HON vs TUC, respectively. The gradient of the regression lines is close to 1 and the

intercept coefficient is small, indicating that the amplitude of dayside low-latitude Pi2

varies little with local time.

Here I also examine the amplitude relation between dayside and nightside to confirm

that the dayside Pi2 source is still related to the nightside Pi2 source. Figure 4.15 shows

the relation of maximum
√
∆H2 +∆D2 between dayside HON and nightside TAM. The
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Figure 4.14: relation of maximum
√
∆H2 +∆D2 (a) between HON and ASB (b)

between HON and TUC.

correlation coefficient is substantially high (0.784) and the amplitude of nightside Pi2 is

about twice times larger than that of dayside Pi2.
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Figure 4.15: The relation of maximum
√
∆H2 +∆D2 between dayside HON and

nightside TAM

4.5 Interpretations of Observational Results

I found the D component in the prenoon sector is in antiphase with that in the postnoon

sector. Since the magnetic effects of nightside FACs and fast mode waves probably

cannot reach the dayside regions, these D oscillations would be produced by ionospheric

current. In this context, the D phase reversal means that the meridional ionospheric

current in the prenoon sector is in antiphase with that in the postnoon sector.
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Largely, one can recognize a in phase relation between the prenoon D and the noon H,

and antiphase relation between the postnoon D and the noon H. This result leads to

the same conclusion as before that the meridional component of equivalent currents is

oppositely directed between prenoon and postnoon sectors so as to connect with zonal

equivalent currents at noon and the magnetic equator. This pattern was also found in

the previous study of the equivalent current distributions of Pc5 (Figure 10 in Motoba

et al. (2002)) although they did not mention this point. The source region of Pc5 is

believed to be in the dayside (or dawn and dusk) magnetosphere while the Pi2 source

is localized in a narrow region of the nightside magnetosphere. The magnetospheric

components (e.g., FACs and fast mode waves) associated with such dayside-source phe-

nomena may significantly contribute to the ground magnetic variation at dayside low

latitudes, and the ionospheric current contribution become relatively small. I suggest

that the dayside Pi2 equivalent current pattern better reflects ionospheric currents than

dayside magnetospheric source currents.

The D-to-H amplitude ratio in the prenoon sector (∼1.92 on average) is larger than that

in the postnoon sector (∼0.49 on average). Consequently, the equivalent currents ex-

hibited the prenoon-postnoon asymmetry that the ratio of meridional currents to zonal

currents in prenoon sector was larger than that in the postnoon sector. Tsunomura and

Araki (1984) calculated the two-dimensional ionospheric current distribution produced

by upward and downward FACs around dawn and dusk auroral regions. The calculated

ionospheric current distribution shows a similar asymmetry of the present equivalent

current distribution. Numerical calculations by previous studies have shown that a

global electric potential distribution is deformed under the condition of a nonuniform

conductivity distribution (e.g., Wolf , 1970; Peymirat and Fontaine, 1994; Tsunomura,

1999; Nakamizo et al., 2012; Ebihara et al., 2014). A common feature of these results

is that the polar potential tends to expand to the lower latitude region on the dawn

side and remain in the polar region on the dusk side. Yoshikawa et al. (2013) theo-

retically separated ionospheric currents into a symmetric part and an asymmetric part

(the primary current system and the secondary current system, respectively, in their

paper). The asymmetric part is composed of the total Hall current and the secondary

Pedersen current driven by Hall polarization fields. However, it is still not clear that

FACs localized on the nightside can create dayside current closures with a similar type

of the asymmetry. The numerical calculation of the global ionospheric current system
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driven by nightside localized FACs will be investigated in the next chapter.

The phase relation of dayside Pi2s supported the dayside ionospheric current closure

proposed in the previous chapter (Figure 3.23). Considering the prenoon-postnoon

asymmetry of D-to-H amplitude ratio, I modify the shape of the current closure as

shown in Figure 4.16. The meridional current intensively flows into the equator in the

prenoon sector and gradually returns from the equator in the postnoon sector. In the

low-to-middle latitudes, the meridional current producing the D magnetic field in the

prenoon sector is larger than that in the postnoon sector. The deformation may also

explain why the meridian of the D phase reversal on the dusk side tends to shift about

1−3 h sunward from the dusk terminator. Magnetic perturbations produced by the

premidnight FAC can easily penetrate to the dusk side sunlit region if the dusk side

meridional ionospheric current is weak. It is also considered that the magnetic effect of

the premidnight FAC is probably stronger than that of the postmidnight FAC because

the Pi2 source, which is considered to be at the center of Pi2-associated FACs, is shifted

to premidnight side on average (e.g., Uozumi et al., 2007).

Small time differences of peaks of the horizontal amplitude (within±10◦) indicate that

the propagation time of the electric field is much shorter than a period of Pi2 (40−150

s) in the context of the ionospheric current system. The TM0 mode wave propagates

at the speed of light from the polar ionosphere to the dayside equatorial ionosphere

within ∼0.05 s, which agrees with the small time difference, although there has been no

observation directly determining the propagation mechanism of the electric field. Small

time differences also mean that the induction effect is not significant at low latitudes. On

the other hand, Shinohara et al. (1998) showed the phase difference at the dip equator is

delayed by ∼ 30◦. However, this phase shift does not significantly affect the pattern of

equivalent current because the value at the 30◦ phase shift from a peak does not differ

much from a peak value (86% of a peak value for a sine function). I suggest that the

induced ionospheric current at the equator may exist but this is not significant compared

with the electrostatic currents.

The amplitude at noon HON had high correlation with that of prenoon ASB, postnoon

TUC, and nightside TAM. The high correlation of amplitudes between different local

times means that the dayside Pi2 is driven by a common source, and the amplitude

observed by each observatory is strongly controlled by the magnitude of the Pi2 source.
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I suggest that ‘Pi2 magnitude’, which is the magnitude of Pi2 event, can be defined by

correction of the local time dependence on the Pi2 amplitude.

Hashimoto et al. (2011) found antiphase deflections of the D component magnetic bay

between prenoon and postnoon sectors after a substorm onset. They interpreted that

these deflections were caused by the meridional ionospheric current connecting to the

equatorial counterelectrojet driven by the region 2 sense FACs that are in antiphase

with the SCW. This means that the relation between H magnetic variations at the

dayside equator and those at nightside low latitudes differs between Pi2 oscillations

and magnetic bays, and the global configuration of the oscillating current system of

Pi2 differs from that of the non-oscillatory current system. It is worth comparing global

features between Pi2 perturbations and magnetic bays to further understand the relation

between the current systems of Pi2 and substorm.
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Figure 4.16: Schematic illustration of the current system to explain equivalent current
distributions of dayside Pi2. Green arrows indicate magnetic perturbations, and red
stream lines indicate current closures. Magnetic perturbations produced by mainly
FACs are represented by δBFAC , and magnetic perturbations on the ground produced

by mainly ionospheric currents are represented by δBIC .



Chapter 5

Application of Global Three

Dimensional Current Model:

Numerical Modeling of Ground

Magnetic Field

5.1 Description of Model

In this section, I introduce the model to calculate ground magnetic fields produced by

the three-dimensional current system. The model adopts the polar coordinates (r, θ, φ)

in which r is the radial distance from the center of the Earth, θ is the colatitude, and

φ is the longitude. First I make the model three-dimension current system, and then

calculates the ground magnetic field produced by the current system using the Biot-

Savart law generalized in polar coordinates (Kisabeth and Rostoker , 1977). As shown in

Figure 5.2, the current system consists of three parts, FACs, a magnetospheric closure

current, and horizontal ionospheric currents. All these currents are derived from the

scalar current density of FACs on the ionospheric shell (jI//, positively downward). The

altitude of the ionospheric shell (rI) in which the horizontal ionospheric current flows

is set to rI = RE + 100 km. The distribution of the jI// is given similarly as that of

previous studies (Kamide and Matsushita, 1979; Tsunomura, 1999; Nakamizo et al.,

2012) as follows:

63
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jI// = −j0 exp

[

−(θ − θ0)
2

Dθ
2

− (φ− φW )2

Dφ
2

]

+ j0 exp

[

−(θ − θ0)
2

Dθ
2

− (φ− φE)
2

Dφ
2

]

(5.1)

where j0 is the maximum value of jI//, θ0 is the latitude of peaks of jI//, φW and φE are

the longitudes of peaks of westside and eastside FACs, respectively, and Dθ and Dφ are

latitudinal and longitudinal scale parameters of jI//, respectively. Dθ and Dφ are fixed

to 3◦ and 15◦, respectively, for all calculations.

The grid points on the ionospheric shell are composed of 257 (longitude) × 257 (latitude)

matrix. The latitudinal grid spacing is smaller near the equatorial region since the

conductivity gradient is large due to the modification of the Cowling conductivity; 20%

of the grid points is used in the colatitude of 80−100◦ and remaining 80% of grid points

is used in other latitudes (Figure 5.1). Note that the grid size shown in Figure 5.1 is

reduced by 1/4 of the actual grid size for better visibility.

Figure 5.1: The grid distribution in the ionospheric shell. Note that the grid size is
reduced by 1/4 of the actual grid size for better visibility.

The diagram of the procedure for making the model current system is shown in Figure

5.3. The horizontal ionospheric current (J) is simulated under realistic conductivity

distributions solving the electrostatic potential. FACs (jM// ) are made by tracing the

dipole field line from each grid of ionospheric FAC footprint. The magnetospheric closure

current (jM
⊥
) closes in the equatorial plane (θ = π

2
), and flows in purely azimuthal

direction. The input parameters are only jI// and conductivity distributions (Σ) on the

ionospheric shell. I will explain in detail methods for making the model current for each

component in the following subsections.
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ionospheric current (IC)

field aligned current (FAC)

magnetospheric closure 
current (MCC)

Figure 5.2: The configuration of the model current system.

FAC distribution at ionospheric altitude 

FAC distribution in the magnetosphere
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Potential and Electric field
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magnetospheric current closure

 in the equatrial plane 

extending along the dipole field line calculating total current and 
equatorial footprint of centers of FACs 

Figure 5.3: The diagram of the procedure for making the model current system.

5.1.1 Field-Aligned Current

I assume that the FAC is purely along the dipole field line. The location of the current

line extended from the ionospheric altitude is given by

r = rI
(

sin θI

sin θ

)2

(5.2)

where θI is the colatitude at the ionospheric footprint of the dipole line. The number of

grid in one field line is 180 points, and the latitudinal spacing is uniform.
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The current density along the field line from the ionosphere to the equatorial plain (jM// )

can be described by values at the ionospheric altitude:

jM// = ±jI//
rI

2
sin θI

r2 sin θ

1√
4 cot2 θI + 1

(2 cot θr̂ + θ̂). (5.3)

where a positive sign is for the Northern Hemisphere and a negative sign is for the

Southern Hemisphere. The derivation method of the equation is shown in the Appendix

A.

5.1.2 Magnetospheric Closure Current

I assume that FACs are closed in the equatorial plane (θ = π
2
) in the magnetosphere,

and the closure current flows in purely azimuthal direction. I treat this magnetospheric

closure current (MCC) jM
⊥

as a line current for simplicity because the current is far

away from the Earth’s ground and the volume of the current probably does not affect

the result. The absolute value of jM
⊥

equals to the total current intensity of the overall

current system. The total current intensity corresponds to a half of the spherical surface

integration of
∣

∣

∣jI//r

∣

∣

∣, which is the absolute value of the radial component of FACs at the

ionospheric altitude:

∣

∣

∣
jM//

∣

∣

∣
=

∫∫

S

1

2

∣

∣

∣
jI//r

∣

∣

∣
rI

2
sin θIδθIδφI (5.4)

jI//r =
2cot θI√

4 cot2 θI + 1
jI//. (5.5)

The current is assumed to flow between the equatorial footprints of peaks of FACs, and

the location of the current line is

r =
r1

sin2 θ0
(5.6)

θ =
π

2
(5.7)

φW ≤ φ ≤ φE. (5.8)

The number of grids between φW and φE is 60 points, and the longitudinal spacing is

uniform.
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5.1.3 Ionospheric Current

I numerically simulate the distribution of ionospheric currents (ICs) generated by FACs,

solving the ionospheric electrostatic potential. The electrostatic potential is calculated

in the frame of the model developed by Nakamizo et al. (2012), which is a model that

applies so called “thin shell model” (e.g., Fejer , 1953; Kamide et al., 1981; Tsunomura

and Araki , 1984; Tsunomura, 1999) to the global ionosphere. In this section I briefly

describe the model and basic equations used in this simulation.

To ensure current continuity, the divergence of ionospheric horizontal currents should

equal to the radial component of FACs. The current continuity equation is given by

∇·J = jI//r, (5.9)

where J are an ionospheric horizontal current. The zonal ionospheric current Jφ (positive

east) and the meridional ionospheric current Jθ (positive north) are given by the Ohm’s

law,

J = Σ·E




Jθ

Jφ



 =





Σθθ Σθφ

Σφθ Σφφ









Eθ

Eφ



 ,Σφθ = −Σθφ, (5.10)

where Σ is a hight-integrated conductivity tensor integrated from 90 to 300 km in

altitude, and E is an ionospheric electric field. I calculate the distribution of the hight-

integrated conductivity tensor, using the FORTRAN code provided by Dr. Nakamizo

(Nakamizo et al., 2012). The method in this code includes the modifications by auroral

precipitation (Hardy et al., 1987) and the equatorial Cowling conductivity (Tsunomura,

1999). I do not take into account the conductivity change caused by the input FACs

because the intensity of FACs associated with Pi2 is much smaller than that of back-

ground FACs (e.g., region-1 and -2 FACs). Thus the amplitude of input FACs is not

important in this study because it does not affect conductivities and relative amplitude

of an ionospheric current distribution.

Although the current system associated with Pi2 pulsation is not a steady state current,

I assume that the inductive electric field is much smaller than the electrostatic field. E
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is obtained from only the electrostatic potential in the ionosphere Φ:

E = −∇ · Φ. (5.11)

By substituting the equations 5.10 and 5.11 into the equation 5.9, I finally obtain the

equation to be solved:

−rI
2
jI//r sin θ = (sin θΣθθ)

∂2Φ

∂θ2
+

( Σφφ

sin θ

)∂2Φ

∂φ2

+
{ ∂

∂θ
(sin θΣθθ)−

∂Σθφ

∂φ

}∂Φ

∂θ

+
( 1

sin θ

∂Σφφ

∂φ
+

∂Σθφ

∂θ

)∂Φ

∂φ
. (5.12)

The equation 5.12 is solved for Φ by the bi-conjugate gradient stabilized method (Van

Der Vorst , 1992) (“bicgstab”, built-in function of the MATLAB). E can be obtained

by substituting Φ in equation 5.11, and Jφ and Jθ are obtained by substituting E in

equation 5.10.

5.2 Results

5.2.1 Symmetric Input Parameters

First I use the symmetric input parameters shown in Figure 5.4 for simplicity. (The

illustrations in the polar coordinate of figures in this section are available in Appendix

B.) The jI// distribution is symmetric with respect to the equator and midnight meridian.

The center of upward FACs is located at 23 LT and 65◦ in latitude and the center

of downward FACs is located at 1 LT and 65◦ in latitude. (Samson and Rostoker ,

1983) showed that the peak amplitude of H component Pi2 is located at 64 − 68◦

geomagnetic latitude, and footpoints of Pi2-associated FACs is considered to be located

in the same geomagnetic latitude range. Σθθ and Σφφ distributions are symmetric with

respect to the equator and Σθφ distribution is antisymmetric with respect to the equator.

Although the original calculated conductivity includes a weak dawn-dusk asymmetry, in

this calculation the conductivity tensor in the 0−12 LT sector is mirrored in the 12−24

LT sector.
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Figure 5.4: The distributions of (a) the FAC density at the ionospheric altitude (jI//),

(b)-(d) Elements of the hight-integrated conductivities tensor.

Figure 5.5 illustrates distributions of the ionospheric potential and ionospheric electric

field vectors. It is clear that the electric field is strong near the footprints of FACs. At

low latitudes, the nightside electric field is stronger than the dayside electric field. The

potential contour lines are asymmetrically deformed with respect to the noon-midnight

meridian. Consequently the electric field also exhibits a dawn-dusk asymmetry.

L
a

tit
u

d
e

 [
d

e
g

]

Local time [h]

Potential and electric field

 

 

0 3 6 9 12 15 18 21 24
−90

−60

−30

0

30

60

90
[V

]

−6000

−4000

−2000

0

2000

Figure 5.5: Distributions of the ionospheric potential (Φ) and ionospheric electric
field (E) vector.

The two-dimensional distribution of simulated height-integrated ionospheric currents is

shown in Figure 5.6. The current amplitude (|J|) illustrated by the background color

is saturated for visibility in the middle-to-equatrial latitudes (actual maximum value is
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7.42 × 10−2). Naturally the ionospheric current provided by the FACs mainly closes as

the intense westward current in the auroral region because of a small distance between

the upward and downward FACs and higher conductivities due to auroral precipitation.

However, some parts of the ionospheric current flow out to the dayside region. The

meridional currents in the dayside region flow equatorward in the prenoon sector and

poleward in the postnoon sector. Around the noon meridian, the zonal current reaches

a peak at the equator because of higher conductivities modified by the Cowling effect.

The simulated dayside current system shows the prenoon-postnoon asymmetry similar

to equivalent current distributions of dayside Pi2s, in which the meridional current in

the prenoon sector is larger than in the postnoon sector.

Figure 5.6: Simulated height-integrated ionospheric current distribution (J). The
background color shows the current amplitude (|J|).

Figure 5.7 shows distributions of the calculated ground magnetic field and the equiva-

lent current. The equivalent current vectors (Figure 5.7b, c, and d) are simply derived

by rotating the magnetic vectors by 90◦ clockwise. Looking at Figure 5.7a, at low-to-

middle latitudes, the east-west magnetic component is dominant around 8 LT, while the

north-south magnetic component is dominant in 10−18 LT. It is clear that the east-west

magnetic component in the Northern Hemisphere is opposite to that in the Southern

Hemisphere in the entire local time sector. The amplitude has a peak at the dayside

equator. It should be noted that the total equivalent current pattern (Figure 5.7b) on

the dayside is similar to the simulated ionospheric current pattern on the dayside. This

means that the ionospheric current mainly contributes to the dayside equivalent current

(or magnetic field). To confirm this interpretation, the equivalent currents caused by the
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Figure 5.7: (a) Total magnetic vectors, (b) total equivalent current vectors, (c) equiv-
alent current vectors caused by the ionospheric current, and (d) equivalent current
vectors caused by the magnetospheric current. The color contour in (a), (c), and (d)
shows the absolute value of the magnetic field. The background color in (b) shows the

percentage of the contribution of the ionospheric current.
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Figure 5.8: The distributions of sign of (a) H and (b) D components. The red line
shows the isoline of |Σθφ| = 0.8, which indicates that edges of conductivity near the

terminator and the auroral region.

ionospheric current (J) and the magnetospheric current (jM// + jM
⊥
) are shown in Figure

5.7c and d, respectively. The equivalent current of ionospheric current contribution on

the dayside is larger than that on the nightside, and the equivalent current of magneto-

spheric current contribution is confined in the nightside region. The percentage of the

ionospheric current contribution (RI) shown in the background color in Figure 5.7b is

defined as:
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RI =

∣

∣BI
∣

∣

|BI |+ |BM | × 100 (5.13)

At the latitudes between −60◦ and 60◦, RI on the dayside is about 90%, while RI on

the nightside is only about 20%. In the nightside auroral region, RI is about 80% due to

a strong auroral electrojet. The rise of RI on the dawn side is steeper than the decrease

in RI on the dusk side.

If the current system oscillates in a quasi-steady state, the sign of magnetic fields shows

phase relations of exactly 0◦ or 180◦. Figure 5.8 shows the distributions of the sign of H

and D components. The white area is positive and the black area is negative. The red

line shows the isoline of |Σθφ| = 0.8, which indicates the edge of the higher conductivity

region (sunlit and auroral regions). The H component is positive in most regions except

the midnight auroral region and postmidnight middle latitudes. This means that the

sign of H component at the low latitudes does not vary with local time. On the other

hand, the D component shows a more complicated structure. The sign is antisymmetric

with respect to the equator. In the middle-to-low latitude region, the sense changes at

the 0, 5, 10 and 17 LT.

To see the contribution of each current component in detail, I show the LT dependence of

magnetic fields at the specific latitudes produced by each current component in Figure

5.9. On the dayside, it is clear that the IC contribution nearly equals to the total

magnetic field, and the MCC contribution cancels out the FAC contribution. The MCC

contribution to H component is nearly constant over both latitude and local time, and

the contribution to the D component is very small. The FAC contribution increases with

latitude and becomes dominant on the nightside especially for the D component. The

changes in sign of the D component appear at 0, 5, 10 and 17 LT. The change around

midnight has been predicted by the model calculation of SCW (McPherron et al., 1973;

Clauer and McPherron, 1974). The sign changes near dawn and dusk are caused by

a change of a main contribution from the FAC to the IC, and vice versa. The sign

change near dawn occurs with a start of the increase in conductivities, while the sign

change near dusk occurs 1−2 h before conductivities reach the lowest level. The sign

change at 10 LT is caused by a sign change in the meridional ionospheric current, which

corresponds to the outward and inward current flows to the equatorial ionosphere. At
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Figure 5.9: LT dependence of magnetic field at the specific latitudes produced by
each current component at 0◦, 30◦, and 45◦ latitudes. The magnetic fields of (a)-(c) H
components, (d)-(e) D components (g)-(i) absolute values of the horizontal component,

and (f)-(h) the height-integrated conductivities.
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the 30◦ and 45◦ latitudes, the maximum D in the prenoon sector is about 2 times larger

than that in the postnoon sector.

5.2.2 Asymmetric Input Parameters

5.2.2.1 Asymmetric FACs with Respect to the Noon-midnight Meridian

I examine the effect of the location of FACs. In the averaged situation the Pi2 source

is considered to be located in the premidnight sector (Uozumi et al., 2007). I set the

upward FAC located at 21 LT and 65◦ in latitude and downward FAC located at 23 LT

and 65◦ in latitude. The same symmetric conductivity tensor is used (see Figure 5.4).

Figure 5.10 shows distributions of calculated ground magnetic field and the equivalent

current in the same format as Figure 5.7. The pattern of the total equivalent current on

the dayside is similar to the symmetric FAC case. The equivalent current distribution

shows the prenoon-postnoon asymmetry that the meridional component in the prenoon

sector is larger than in the postnoon sector. On the other hand, the total equivalent

current distribution on the nightside is shifted to the premidnight sector. Looking at

Figure 5.10d, one can see that this shift is clearly caused by the location of the magne-

tospheric current. This result indicates that the location of the FACs strongly affects

the equivalent current on the nightside, while it little affects the equivalent current on

the dayside.

5.2.2.2 Asymmetric Conductivity with Respect to the Equator: Summer-

Winter Asymmetry

At the summer and winder solstices, the conductivity distribution is highly asymmetric

with respect to the equator because the location of the terminator is not symmetric. I

examine the difference between summer and winter hemispheres. The FAC and conduc-

tivity distributions at the summer solstice are shown in Figure 5.11. The conductivity

tensor in the 0−12 LT sector is mirrored in the 12−24 LT sector. Northern Hemisphere,

which is the summer hemisphere in this simulation, has a greatly high conductivity

region. The FAC distribution is same as Figure 5.4a.



Chapter 5. Application of Global Three Dimensional Current Model: Numerical
Simulation of Ground Magnetic Field 75

Figure 5.12 shows distributions of calculated ground magnetic field and the equivalent

current in the same format as Figure 5.7. Naturally, the magnetospheric current con-

tribution (Figure 5.12d) is not affected by the asymmetry of the conductivity. The

ionospheric current contribution exhibits a clear asymmetry with respect to the equa-

tor. The equivalent current on the dayside summer hemisphere is about 2−3 times

stronger than that on the dayside winter hemisphere. On the contrary, the westward

equivalent current in the midnight auroral region on the winter hemisphere is about

1.2 times stronger than that on the summer hemisphere. Although the summer-winter

asymmetry pattern in the total equivalent distribution is notable on the dayside, the

prenoon-postoon asymmetry similar to the previous result can be seen in both hemi-

spheres.

5.3 Discussion

The calculation of ground magnetic field produced by the SCW-type current system have

been studied by many previous studies (e.g., Kisabeth and Rostoker , 1971; McPherron

et al., 1973; Clauer and McPherron, 1974; Samson and Rostoker , 1983; Sergeev et al.,
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Figure 5.10: (a) Total calculated magnetic vectors, (b) total equivalent current vec-
tors, (c) equivalent current vectors caused by the ionospheric current, and (d) equivalent
current vectors caused by the magnetospheric current. The color contour in (a), (c),
and (d) shows the absolute value of the magnetic field. The background color in (b)

shows the percentage of the contribution of the ionospheric current.
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Figure 5.11: The distributions of (a) the FAC density at the ionospheric altitude (jI//),

(b)-(d) Elements of the hight-integrated conductivities tensor at the summer solstice.
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Figure 5.12: (a) Total calculated magnetic vectors, (b) total equivalent current vec-
tors, (c) equivalent current vectors caused by the ionospheric current, and (d) equivalent
current vectors caused by the magnetospheric current. The color contour in (a), (c),
and (d) shows the absolute value of the magnetic field. The background color in (b)

shows the percentage of the contribution of the ionospheric current.

2011). However, no study shows the changes in sign of the east-west magnetic field

near noon and the dawn/dusk terminator. Because the purpose of these studies is

to understand the magnetic field in the nightside middle-to-polar region, the dayside

current closure was not taken into account. The present results of nightside magnetic
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field at equatorial-to-middle latitude are consistent with previous results since the FAC

distributions used in this study are basically the same and the nightside magnetic field at

equatorial-to-middle latitude is mainly produced by FACs. The difference of the present

study from the previous study of SCW is that I used the global ionospheric current

system calculated under realistic conductivity including modification at the equator by

Cowling conductivity. If the conductivity at the equator was not enough, the current

would not extend to the equator because the equatorial region is far from the FAC

footprint. Consequently, the meridional current that connects to the equatorial current

will be weak, and the D magnetic field on the dayside will be weak.

As I expected from the present observational result, the numerical calculation shows

that the D phase reversal near the terminator occurs as a result of the balance of mag-

netic perturbations caused by the nightside FAC and the dayside meridional ionospheric

current. The D magnetic perturbation of nightside FACs hardly reaches the dayside,

while the ionospheric current contribution is dominant in the dayside region where the

conductivity is high.

On the dayside, the H component produced by FACs cancels out that produced by the

MCC, and consequently the magnetospheric current contribution is very small. If the

MCC magnetic effect is not taken into account, the H component on the dayside is very

weak or even opposite sense because of the FAC contribution. Basically, the magnetic

field outside the current loop is much weaker than that inside the current loop. In

the present model current, the main current loop consists of the FAC, MCC and the

westward electrojet. The MCC plays a role in confining the magnetic field produced by

the nightside current loop.

Although the conductivity in the low-latitude dark ionosphere is very low, the magnetic

field by IC on the nightside has same order as that on the dayside (See Figure 5.9b and

e). Since the ionospheric current on the low-latitude dayside is weak, it is not considered

that the IC contribution is only caused by the overhead ionospheric current. I suggest

that, in the present simulation, the IC contribution in the low-latitude nightside region

partially originates from the intense ionospheric current in the auroral region. Figure

5.13 is the LT dependence of H magnetic fields at 30◦ in latitude produced by total IC

and IC in the latitude of −60 to 60. The difference of the two line plots means that

the intense ionospheric current in the auroral region produces magnetic fields not only
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just below but also at a distant point. In 22−03 LT, the H magnetic field produced by

lower latitude ionospheric currents is about 2/3−1/3 smaller than the H magnetic field

produced by the all ionospheric currents. The sense of H magnetic field produced by the

auroral electrojet reverses at the certain latitude where the magnetic field is directed to

the Z axis in the HZ plane because of the curve of the Earth surface. The H magnetic

field produced by the westward electrojet is negative at high latitudes and positive at

low latitudes.
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Figure 5.13: The LT dependence of H magnetic fields at 30◦ in latitude produced by
the total IC (red solid line) and the IC in the latitude of −60◦ to 60◦ (red broken line).

The numerical simulation reproduced the observed prenoon-postnoon asymmetry that

the D component in the prenoon sector is larger than in the postnoon sector. This is due

to the asymmetry of the ionospheric current on the dayside. This result supports the

hypothesis that the dayside ionospheric current system produces dayside Pi2 pulsations.

The reason why the ionospheric current shows the asymmetry will be discussed in the

next chapter.

Features of high-latitude Pi2 may not be well explained by the oversimplified FAC con-

figuration in this study. The features of high-latitude Pi2 are highly localized, and

quite variable from event to event.This indicates that the magnetic field in the region

near the FAC footprint is easily affected by the fine structure and location of the FAC.

Rostoker (1991a,b) proposed that the SCW consisted of small-scale current elements
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called “wedgelets”. Using data from Cluster 1 and 4, ground-based magnetometers, and

optical instruments, Forsyth et al. (2014) showed that there were a lot of upward and

downward current sheets during a substorm but these were reduced to the simple line

current model of the SCW as a sum of effects of each current element. Although the

small-scale structure of Pi2-associated oscillatory FACs has not been studied by the in-

situ observation by satellites, I expect that the features of the middle-to-low latitude Pi2

(especially for the D component) is a result of a sum of the magnetic effect of small-scale

oscillatory wedgelets.

The ionospheric current on the dayside is less affected by the small-scale structure of

FACs. The small-scale structure of the potential caused by the small-scale structure of

FACs can be limited in the region near the FACs, but the small-scale potential structure

is reduced to a large scale potential structure in the region distant from potential sources.

The electric field distribution on the dayside may show similar pattern to the electric

field distribution in the case of a simple FAC structure as used in this study. As a result,

the ionospheric current near the FACs has complicated structures, while the ionospheric

current pattern on the dayside depends on the large-scale pattern of FACs.



Chapter 6

General Discussion

6.1 Formation Process of Dayside Ionospheric Current Clo-

sure: Roles of the Dawn and Dusk Terminators

In this section, I discuss how the dayside ionospheric current closure including the equa-

torial Cowling current is formed.

Kikuchi et al. (1996) suggested that for DP2 ionospheric current system, the equato-

rial ionospheric current is directly connected to the upward and downward FACs as a

Pedersen current. According to their model, the polar electric field is transmitted to

the equatorial ionosphere in the TM0 mode, and drives Pedersen currents and Cowling

Hall currents. However, the Pedersen current at low-to-high latitude, connecting the

FACs to the equatorial ionospheric current, is not strong to supply an enough current

to the equatorial region because the conductivity in the prenoon and postnoon low-to-

high latitude is not high compared to that in the equatorial region. To ensure current

continuity, the surplus current enhanced by the Cowing effect must be closed by other

closures.

The global Cowling channel (Yoshikawa et al., 2012) is a model that explains the closure

of the equatorial Cowling current. This model suggests that the terminator, where the

conductivity is highly non-uniform, plays a role in the formation of the meridional current

connecting to the equatorial current. The schematic of the model is shown in Figure 6.1.

It is assumed that there are region-1 sense FACs at the dawn and dusk polar regions. In

80
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this case, the primary Pedersen current extends from the FACs to the equatorial region,

and the Pedersen current in the middle-to-low latitudes near the terminator flows along

with the terminator. On the other hand, the primary Hall current near the terminator

flows antisunward perpendicular to the terminator. This Hall current diverges due to a

strong conductivity gradient and generates positive charges along the terminator, and

the polarization electric field drives the secondary Pedersen current that cancels out the

divergence of the Hall current. The polarization electric field also drives a secondary Hall

current which is in the same direction as the primary Pedersen current. The meridional

current is formed by the integration of the primary meridional Pedersen current and the

secondary meridional Hall current. This enhancement of the meridional current near the

terminator is exactly the Cowling effect due to the horizontal charge separation, which is

similar to the Cowling effect of the auroral electrojet. It is considered that the secondary

meridional Hall current is connected with the equatorial Cowling current, so this current

channel of the secondary Hall current along the terminator and the magnetic equator is

the “global Cowling channel”.

Figure 6.1: The schematic of the global Cowling channel produced by the region-1
sense FACs in the dawn and dusk polar regions (courtesy of Dr. Akimasa Yoshikawa).

Although the global Cowling channel model was applied to the current system produced
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by region-1 sense FACs in the dawn and dusk polar regions, this model is also valid

for the case of the SCW-type FACs localized near the midnight. Figure 6.2 shows the

picture of the global Cowling channel produced by the nightside localized FACs. Since

the primary Hall current has a substantial normal component to the terminator line, the

positive Hall polarization can occur. The primary Pedersen current also has the normal

component, and generate negative charge at the dawn terminator and positive charge at

the dusk terminator. However, since the Hall conductivity is typically larger than the

Pedersen conductivity, total electric charges at the both terminators are still positive.

Thus the polarization electric field drives the meridional secondary Hall currents, which

are connected to the zonal equatorial current, and consequently a global Cowling channel

is formed.

Cowling Hall current

primary Pedersen current

primary Hall  current

polarization electric field

Cowling Hall current Cowling Hall current

Pi2-associated FAC

Figure 6.2: The schematics of the global Cowling channel produced by the SCW-type
FACs localized near the midnight.

In my numerical simulation, the ionospheric current provided by the nightside FACs

leaks into the dayside ionosphere through the auroral region. The leaking ionospheric

current flow eastward when the sense of FACs is same as SCW. The eastward electro-

jet for substorm current system, which corresponds to a positive H magnetic bay, are

often found in evening sector (e.g., Akasofu and Meng , 1967; Kamide and Fukushima,

1972). However, since substorm current system is a mixture of the SCW and convec-

tion (direct driven) current system (e.g., Rostoker , 1991b; Kamide and Kokubun, 1996;

Gjerloev and Hoffman, 2001), the proposed current system for Pi2 pulsation cannot be

simply compared to the substorm current system. Rostoker (1991b) proposed that the
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eastward current in the evening sector is a part of the convection current system rather

than dayside closure of the SCW. It seems unlikely that convection current system in-

cludes the Pi2 fluctuation components since the Pi2 pulsation is not a solar wind origin

phenomenon.

The Cowling channel of the westward electrojet in the auroral region inside of the SCW-

type current system has been considered by previous studies (Boström, 1964). The

Cowling channel of the eastward electrojet is probably formed in the auroral region

outside of the SCW-type current system. The primary Hall current flows equatorward

in the outside of the SCW-type current system, and generates a positive charge along

the equatorial edge of the auroral region and a negative charge along the poleward edge

of the auroral region. The poleward polarization field generated by the charges drives

the eastward secondary Hall current.

6.2 Prenoon-postnoon (Dawn-dusk) Asymmetry of Iono-

spheric Current

6.2.1 Hall Current and Polarization Effects

The simulated ground magnetic field showed that the ionospheric current contributed

significantly to the dayside magnetic field. The simulated ionospheric current exhib-

ited the prenoon-postnoon (dawn-dusk) asymmetry that the meridional current in the

prenoon sector was stronger than that in the postnoon sector. Although the merid-

ional secondary Hall current explains the closure of the equatorial Cowling current, this

current closure is symmetric with respect to the noon meridian.

Yoshikawa et al. (2013) separated ionospheric currents into the primary current sys-

tem and the secondary current system. The primary current system is composed of

the primary Pedersen current and secondary Pedersen current driven by the Pedersen

polarization field. This current system is directly connected with the input FACs. The

primary current system has an antisymmetric structure as long as FACs are antisym-

metric and conductivity distributions are symmetric with respect to the central meridian

of the input upward and downward FACs. The secondary current system is composed

of the total Hall current and the secondary Pedersen current driven by Hall polarization
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fields. This current system is not directly connected with FACs but its divergence is

cancel out the divergence of the primary current system at the edge of a conductiv-

ity gradient. Because the symmetric Hall current is driven by antisymmetric charges

and the antisymmetric Hall current is driven by symmetric charges, the summention of

Hall current itself and currents driven by Hall polarization has a mixture structure of

symmetric and antisymmetric structures. Thus the secondary current system becomes

an asymmetric, distorts the total current system. I suggest that, in the secondary cur-

rent, the Hall current driven by the primary field mainly causes the prenoon-postnoon

asymmetry of the meridional current. Figure 6.3 is a schematics of this explanation.

When the premidnight FAC is upward and postmidnight FAC is downward, the merid-

ional component of the primary Hall current on the dayside flows equatorward. Thus,

the equatorward Cowling current in the prenoon sector is enhanced and the poleward

Cowling current in the postnoon sector is reduced.

darkness sunlight

primary Hall
primary Pedersen

B

secondary  E
secondary Hall

secondary Pedersen 

northward

darknesssunlight

primary Hall

primary Pedersen
B

secondary  E

secondary Hall

secondary Pedersen 

northward

dawn terminator dusk terminator

meridional component of primary Hall 

current enhance cowling current

meridional component of primary Hall 

current reduce cowling current

Figure 6.3: The schematics explaining role of the primary Hall current in the prenoon-
postnoon asymmetry.

In this thesis I give only a qualitative explanation for the asymmetry of the ionospheric

current system due to the physical nature of the ionospheric current. Numerical separa-

tions between Pedersen and Hall currents and between primary and secondary currents

are necessary for further understanding reasons for the prenoon-postnoon asymmetry.
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6.2.2 Configuration of Field-Aligned Currents

I discuss the possibility that the configuration of FACs affects the structure of the dayside

current system. Figure 6.4 shows the simulated ionospheric currents produced by a pair

of downward and upward FACs shifted duskward and dawnward. In the case of duskward

shifted FACs (Figure 6.4a), the peaks of upward and downward FACs are located at 21

LT and 23 LT, respectively. The configuration of the dayside ionospheric currents is

basically the same as the case of symmetric FACs shown in Figure 5.6. The dawnward

shifted FAC system, in which the peaks of upward and downward FACs are located at 1

LT and 3 LT, respectively, also generates a similar dayside current system (Figure 6.4b).

These results indicate that the shape of the dayside current system does not strongly

depend on the configuration of FACs. Thus the present model suggests that locations

of Pi2-associated FACs for individual events are not significant for dayside equivalent

currents.

(a)

(b)

Figure 6.4: Simulated ionospheric current distributions produced by a pair of down-
ward and upward FACs shifted (b) duskward (2100 LT and 2300 LT) and (b) dawnward

(0100 LT and 0300).
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6.2.3 Asymmetry of the Equatorial Current

The asymmetric current system also explains the asymmetry of the amplitude of Pi2 at

the magnetic equator. Yumoto and the CPMN Group (2001) reported that horizontal

amplitude of Pi2 observed at the equatorial POH station (0.09◦ geomagnetic latitude)

is maximized at 10 LT (Figure 5 in their paper). The LT dependence of Pi2 amplitude

on the dayside is similar to the H component at the equator calculated by the present

model (Figure 5.9a). The calculated dayside H component reflects the zonal ionospheric

current. The peak of ionospheric current is shifted to the dawnward because the intense

prenoon meridional current flows into the narrower width of the equatorial region than

the postnoon meridional current.

6.3 Causes of Small Phase Shift

If the Pi2 pulsations driven by only the simultaneous electrostatic current oscillation, the

Pi2 is purely linearly polarized and their phase relations are just 0◦ or 180◦. Although

the longitudinal phase variation shown in this study is roughly constant or 180◦ steplike

change, there are some cases in which phases are not distributed around 0◦/180◦ or

gradually change (Figure 3.20). Also the time difference of the peak of the horizontal

amplitude is small (within 10 s) but they are slightly earlier at the noon than at the

prenoon and the postnoon (Figure 4.13).

One reason is the uncertainty of an estimation of phase differences. Since Pi2 pulsations

are impulsive and irregular oscillations, their spectrum densities tend to be broad and

change with time. Also, data contain variations other than Pi2 pulsations in some

degree. These uncertainties affect the degree of variability but may not cause the bias

of the variability.

The other possibility is that the phase is changed by some Pi2 components driven by a

mechanism other than the electrostatic current oscillation. These Pi2 components are

not always necessary to be in phase with the electrostatic current oscillation. If these

components do not have the gradual phase variation (finite propagation time), they can

be a cause of phase shifts of the total magnetic oscillation because the modulation of

the phase depends on the amplitude and initial phase the of additional components.
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One such Pi2 components is fast mode waves. If the initial phase is different from the

electrostatic oscillation, they can cause the phase shift. Uozumi et al. (2009) showed that

the time delay between the middle-latitude D component and low-latitude H component

is very small (nearly antiphase or in-phase relation). They considered that D oscillations

were mainly driven by the oscillation of the SCW and H oscillations were mainly caused

by the fast mode wave. They suggested that the start of the current oscillation and

arrival of the fast mode wave is nearly simultaneous. In this case, the phase modulation

by the fast mode wave is very small. The Alfvén wave driven by the fast mode wave

may cause a larger propagation delay toward sunward direction but this delay is not

significant at low latitudes. On the dayside around the noon, the effect of fast mode

wave probably small because the Pi2 is not observed in the dayside magnetosphere

and F -region ionosphere. In dawn and dusk regions, although the fast mode wave is

attenuating during sunward propagation, the fast mode wave may contribute to the

ground magnetic field (mainly H component) to some extent.

Another possibility is propagation and inductive effects of ionospheric electric fields.

If the electric field propagates over the globe from the footprint of the FACs with a

significant propagation time relative to a period of Pi2, this propagation effect may

cause the time delay of the driving of the ionospheric current. The TM0 mode wave

(Kikuchi , 2014) propagates at the speed of light from the polar ionosphere to the dayside

equatorial ionosphere within ∼0.05 s, which is much shorter than a period of Pi2 (40−150

s). The propagation effect of the electric field may not affect the phase of the P2.

The inductive ionospheric current can change the phase of Pi2. The inductive horizontal

electric field is given as

− ∂B

∂t
= ∇×E. (6.1)

If the initial ionospheric current is given by a harmonic function, the phase of the primary

inductive field induced by the magnetic field produced by the initial current is delayed by

90◦ from the initial current. The inductive current driven by the inductive electric field

changes the phase of the initial ionospheric current. Each element of the current closures

has different inductance and conductance. The phase shift due to the inductive effect is

different from location to location. Shinohara et al. (1998) estimated the inductance and
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resistance of ionosphere-ground current circuit at low latitudes and the magnetic equator,

where the conductivity was assumed to be one order larger than that of low latitudes.

From their estimation, the phase difference of ∼ 30◦ can arise from an inductive effect.

However, the current circuit is not realistic because the vertical displacement current is

included. The Pi2 period is too long to generate effective displacement current.

In chapter 4, phases of ASB D in the prenoon sector and TUC D in the postnoon sector

relative to HON H near the noon meridian are delayed by ∼ 45◦ from the in-phase and

antiphase relations, respectively. The D component may reflect a part of meridional

ionospheric current connecting to the equatorial current. On the other hand, the low-

latitude current closure on the noon meridian plane does not involve the equatorial

current. The current closure including the equatorial region may have a large inductance

because the length of the current line is long. The conductance is also large because

this current closure has a Cowling conductivity. The current closure including prenoon

and postnoon low latitudes and the equatorial region may have larger inductive effect

than that in the low latitude noon. A numerical estimation of the inductive effect of the

global current system is worth investigating in further study.

However, I emphasize that the electrostatic current oscillation can explain the major

part of the longitudinal phase structure at low-to-middle latitudes. Although other

components of Pi2 pulsation (FACs, MHD waves, induced ionospheric currents) would

exist, I conclude that major part of Pi2 on dayside and near the terminator is produced

by the electrostatic oscillation of the three dimensional current system.



Chapter 7

Summary

7.1 Summary and Conclusion of this Thesis

This thesis presented detail observations of dayside Pi2s and terminator Pi2s using

the middle-to-equatorial latitude ground magnetic data provided from multiple world-

wide ground-based magnetometer networks (MAGDAS/CPMN, INTERMAGNET, Mc-

MAC). The model current system proposed by this thesis provided a quantitative inter-

pretation of the observational results.

The thesis first clarifies the effects of dawn and dusk terminators on the Pi2 pulsations.

I examined Pi2 pulsations observed simultaneously at middle-to-low latitude stations

around dawn and dusk terminators. The phase reversal of the D component occurred

around dawn and dusk terminators whereas the H component was nearly in phase.

The D component was in antiphase with respect to the magnetic equator not only in

darkness but also in sunlight. A statistical analysis using Pi2 events that occurred

during 1 November 2011 to 31 October 2012 showed that some features of Pi2s are

controlled by the relative location of the terminator (at 100 km in altitude, where the

highly conducting E region is located) 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 approximately 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 existing models alone (e.g., plasmaspheric resonance, substorm current

89
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wedge oscillation). I suggested that the terminator effect can be explained by a change

in contributing currents, namely the FACs on the nightside to the ionospheric currents

on the sunlit side of the terminator, and vice versa. The ionospheric current on the

sunlit side was expected to be a part the dayside current system (Figure 3.23).

I analyzed some Pi2 events using at least 36 magnetometers in the dayside middle-to-

equatorial latitude region (geomagnetic latitude lower than 60◦ and the sunlit region at

100 km in altitude) to examine the dayside ionospheric current system. I derived equiv-

alent current distributions, which are a useful approach to visualize the ionospheric

current structure if the magnetic effect of ionospheric current is dominant in the ex-

amined region. Equivalent current vectors of Pi2 are determined by rotating the fil-

tered horizontal magnetic field vectors at the local maxima of the horizontal amplitude

(
√
∆H2 +∆D2, where ∆H and ∆D 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◦ clockwise. The local maxima of the horizontal amplitude of Pi2 occurs nearly simul-

taneous at almost all dayside stations, indicating that their oscillations in the direction

of 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 con-

nect 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.

To systematically test the generality of these features, I statistically analyzed dayside

Pi2s observed simultaneously at the longitudinally separated three stations (ASB, HON

and TUC) in prenoon, noon, and postnoon sectors during 1 November 2011 to 31 Octo-

ber 2012. It was confirmed that the averaged features are consistent with the feature of

the individual events shown in case studies. Based on the current system in Figure 3.23,

I proposed the current system including the skewed dayside ionospheric current which

can explain the prenoon-postnoon asymmetry of the Pi2 feature (Figure 4.16).

The present observational results imply that dayside Pi2s are associated with oscillating

ionospheric currents. 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. The magnetic field is

calculated by the generalized Biot-Savart law in the spherical coordinates. The current
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distribution of the current system was derived from the FAC density at the ionospheric

altitude and the height-integrated ionospheric conductivity tensor given by the method of

Nakamizo et al. (2012). 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 electrostatic 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 the dayside, indicating that the ionospheric current

mainly contributes to the dayside equivalent current. On the other hand, since the

ionospheric current is very weak at nightside low latitudes, the magnetospheric current

contribute mainly to the magnetic field in this region. The sense of simulated both H

and D magnetic field is consistent with the longitudinal phase variation of the observed

Pi2. By separation of the contribution of each current element, it was found that D

component phase reveals around the terminator are caused by a change in contributing

currents, namely FACs or meridional ionospheric currents.

While the previous Pi2 model for low latitudes cannot explain the observational result,

the proposed model current system well explains the magnetic vector (or equivalent

current vector) of Pi2 magnetic perturbation. The asymmetry of the dayside ionospheric

current is due to the Hall current and its polarization field. The formation of the polar-

to-equatorial ionospheric current implies that global Cowling channel (Yoshikawa et al.,

2012) can be applied to the nightside-source phenomena. I conclude 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.

7.2 Future Works

The location of Pi2-associated FAC regions was not determined for each event, and this

thesis discusses only typical configuration of the FACs. In reality, the location of FAC

varies from event to event, and the magnetic effect on the ground differ from event to

event. To give further support to the present model, it is necessary to determine the

configuration of FACs and use this information as input for the calculation of the ground

magnetic field. A method of the determination is auroral observations. The localized
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periodic intensification of auroral probably indicates the ionospheric footprint of the Pi2

associated FACs (e.g., Nishimura et al., 2012). The dense and wide magnetic observation

may be also used to determine the distribution of Pi2-associated FACs. However, since

the conductivity in the nightside auroral region during the expansion phase is highly

variable and nonuniform, the vortex center of the equivalent current does not match

the FAC location. Only middle latitude magnetic data can be used to estimate an

approximate central meridian of large-scale structure of FACs (Lester et al., 1983).

The direct evidence for the existence of the Pi2-associated dayside ionospheric current

has not been found. If the ionospheric current exists, the magnetic field observed at the

upper side of the current and lower side of the current is in antiphase. However, most

low-altitude satellite observations show that Pi2 pulsations were not detected in the F

region ionosphere (400−600 km). Since the typical altitude of the intense ionospheric

current is 90-130km, the satellite location is far from the current sheet. Moreover, the

ground induced current enhances the ground magnetic field and reduces the magnetic

field above the current sheet. The amplitude of the dayside ground magnetic field is

small (typically smaller than 1 nT), Pi2 in the F region driven by the E region current

may be very small and not enough to be detected. In future, the Pi2 can be detected in

the dayside ionosphere if a satellite that have high time-resolution magnetometer in the

very low altitude (around 200 km) will be operated. One possible way is to use the data

when a satellite was descending. The CHAMP satellite started to drastically descend

at the beginning of 2008 and crashed at the beginning of 2009. The altitude in the last

half year is below 300 km, there may be a chance to detect signal of dayside Pi2s over

an ionospheric current layer.



Appendix A

Derivation of the equation of FAC

distribution in the magnetosphere

In this appendix, the derivation of equation 5.1.1 is shown.

The unit vector component of the dipole field is given by

ê =
2cot θ√

4 cot2 θ + 1
r̂ +

1√
4 cot2 θ + 1

θ̂ (A.1)

Thus the ratios between jM//r and jM//θ and between surface elements dSr and dSθ are

given by

jM//r

jM//θ
=

dSr

dSθ
=

1

2 cot θ
. (A.2)

The current intensity along a field line element is constant:

JI
// = JM

//

jI//dS
I = jM// dS

√

jI//r
2
+ jI//θ

2

√

dSI
r
2
+ dSI

θ
2

=
√

jM//r
2
+ jM//θ

2

√

dSr
2 + dSθ

2. (A.3)
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Using A.2 and A.3, I obtain the following relation,

jI//rdS
I
r = jM//rdSr

jM//r =
rI

2
sin θIdθI

r2 sin θdθ
jI//r. (A.4)

Using the relation rdθ/dr = 1/2 cot θ for the dipole field line and replacing θ by θI , I

obtain the equation,

dθI

dθ
=

cot θ

cot θI
. (A.5)

I substitute equation A.5 into equation A.4:

jM//r =
rI

2
sin θI cot θ

r2 sin θ cot θI
2 cot θI√
4 cot θI + 1

jI//

jM//r =
rI

2
sin θI

r2 sin θ

1√
4 cot θI + 1

2 cot θjI// (A.6)

jM//θ also can be derived in the same manner above.



Appendix B

Illustration in Polar Coordinates

The following figures are same as figures in Section 5.2.1 except that these are illustrated

by polar coordinates.
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Figure B.1: Illustration by polar coordinates of Figure 5.4. The distributions of
(a) the FAC density at the ionospheric altitude (jI//), (b)-(d) Elements of the hight-

integrated conductivities tensor.
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Figure B.2: Illustration by polar coordinates of Figure 5.5. Distributions of the
ionospheric potential (Φ) and ionospheric electric field (E) vector.

Figure B.3: Illustration by polar coordinates of Figure 5.6. Simulated height-
integrated ionospheric current distribution (J). The background color shows the current

amplitude (|J|).
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Figure B.4: Illustration by polar coordinates of Figure 5.7. (a) Total magnetic vec-
tors, (b) total equivalent current vectors, (c) equivalent current vectors caused by the
ionospheric current, and (d) equivalent current vectors caused by the magnetospheric
current. The color contour in (a), (c), and (d) shows the absolute value of the magnetic
field. The background color in (b) shows the percentage of the contribution of the

ionospheric current.
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Figure B.5: Illustration by polar coordinates of Figure 5.8. The distributions of sign
of (a) H and (b) D components. The red line shows the isoline of |Σθφ| = 0.8, which

indicates that edges of conductivity near the terminator and the auroral region.
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Kikuchi, T., H. Lühr, T. Kitamura, O. Saka, and K. Schlegel (1996), Direct penetration

of the polar electric field to the equator during a DP 2 event as detected by the

auroral and equatorial magnetometer chains and the EISCAT radar, J. Geophys.

Res., 101 (A8), 17,161–17,173, doi:10.1029/96JA01299.

Kikuchi, T., K. K. Hashimoto, T.-I. Kitamura, H. Tachihara, and B. Fejer (2003), Equa-

torial counterelectrojets during substorms, J. Geophys. Res. Space Physics, 108 (A11),

1406, doi:10.1029/2003JA009915.

Kim, K.-H., H.-J. Kwon, D.-H. Lee, H. Jin, K. Takahashi, V. Angelopoulos, J. W.

Bonnell, K. H. Glassmeier, Y.-D. Park, and P. Sutcliffe (2010), A comparison of

THEMIS Pi2 observations near the dawn and dusk sectors in the inner magnetosphere,

J. Geophys. Res., 115, A12226, doi:10.1029/2010JA016010.

Kisabeth, J. L., and G. Rostoker (1971), Development of the polar electrojet dur-

ing polar magnetic substorms, J. Geophys. Res., 76 (28), 6815–6828, doi:10.1029/

JA076i028p06815.



Bibliography 104

Kisabeth, J. L., and G. Rostoker (1977), Modelling of three-dimensional current systems

associated with magnetospheric substorms, Geophysical Journal International, 49 (3),

655–683, doi:10.1111/j.1365-246X.1977.tb01310.x.

Kitamura, T., O. Saka, M. Shimoizumi, H. Tachihara, T. Oguti, T. Araki, N. Sato,

M. Ishitsuka, O. Veliz, and J. B. Nyobe (1988), Global mode of Pi2 waves in the

equatorial region: Difference of Pi2 mode between high and equatorial latitudes, J.

Geomagn. Geoelectr., 40, 621–634, doi:10.5636/jgg.40.621.

Kwon, H.-J., K.-H. Kim, D.-H. Lee, K. Takahashi, V. Angelopoulos, E. Lee, H. Jin, Y.-

D. Park, J. Lee, P. R. Sutcliffe, and H. U. Auster (2012), Local time-dependent Pi2

frequencies confirmed by simultaneous observations from THEMIS probes in the inner

magnetosphere and at low-latitude ground stations, J. Geophys. Res., 117, A01206,

doi:10.1029/2011JA016815.

Lee, D.-H., and K. Takahashi (2006), MHD Eigenmodes in the Inner Magnetosphere, in

Magnetospheric ULF Waves: Synthesis and New Directions, Geophys. Monogr. Ser.,

vol. 169, edited by K. Takahashi, P. J. Chi, R. E. Denton, and R. L. Lysak, pp. 73–89,

American Geophysical Union, Washington, D. C., doi:10.1029/169GM07.

Lester, M., J. W. Hughes, and H. J. Singer (1983), Polarization patterns of Pi 2 magnetic

pulsations and the substorm current wedge, J. Geophys. Res., 88 (A10), 7958–7966,

doi:10.1029/JA088iA10p07958.

Lester, M., W. J. Hughes, and H. J. Singer (1984), Longitudinal structure in Pi 2

pulsations and the substorm current wedge, J. Geophys. Res. Space Physics, 89 (A7),

5489–5494, doi:10.1029/JA089iA07p05489.

Lester, M., K. H. Glassmeier, and J. Behrens (1985), Pi 2 pulsations and the east-

ward electrojet: A case study, Planet. Space Sci., 33, 351, doi:10.1016/0032-0633(85)

90066-2.

Li, Y., B. J. Fraser, F. W. Menk, D. J. Webster, and K. Yumoto (1998), Properties

and sources of low and very low latitude Pi2 pulsations, J. Geophys. Res., 103 (A2),

2343–2358, doi:10.1029/97JA02921.

Lin, C. A., L. C. Lee, and Y. J. Sun (1991), Observations of Pi 2 pulsations at a very

low latitude (L = 1.06) station and magnetospheric cavity resonances, J. Geophys.

Res., 96 (A12), 21,105–21,113, doi:10.1029/91JA02029.



Bibliography 105

Liou, K., C.-I. Meng, P. T. Newell, K. Takahashi, S.-I. Ohtani, A. T. Y. Lui, M. Brit-

tnacher, and G. Parks (2000), Evaluation of low-latitude Pi2 pulsations as indicators

of substorm onset using Polar ultraviolet imagery, J. Geophys. Res., 105 (A2), 2495–

2505, doi:10.1029/1999JA900416.

Lui, A. T. Y. (1996), Current disruption in the earth’s magnetosphere: Observations

and models, J. Geophys. Res., 101 (A6), 13,067–13,088, doi:10.1029/96JA00079.

Lyons, L. R., T. Nagai, G. T. Blanchard, J. C. Samson, T. Yamamoto, T. Mukai,

A. Nishida, and S. Kokubun (1999), Association between Geotail plasma flows and

auroral poleward boundary intensifications observed by CANOPUS photometers, J.

Geophys. Res., 104 (A3), 4485–4500, doi:10.1029/1998JA900140.

Maeda, H., and M. Yamamoto (1960), Daytime enhancement of the amplitude of geo-

magnetic sudden impulses in the equatorial region, J. Atmos. Terr. Phys., 19 (3), 284

– 287, doi:10.1016/0021-9169(60)90050-7.

Matsushita, S. (1960), Studies on sudden commencements of geomagnetic storms using

IGY data from United States stations, J. Geophys. Res., 65 (5), 1423–1435, doi:10.

1029/JZ065i005p01423.

McPherron, R. L., C. T. Russell, and M. P. Aubry (1973), Satellite studies of magneto-

spheric substorms on August 15, 1968: 9. Phenomenological model for substorms, J.

Geophys. Res., 78 (16), 3131–3149, doi:10.1029/JA078i016p03131.

Mene, N. M., A. T. Kobea, O. K. Obrou, K. Z. Zaka, K. Boka, C. Amory-Mazaudier,

and P. Assamoi (2011), Statistical study of the DP2 enhancement at the dayside dip-

equator compared to low latitudes, Ann. Geophys., 29 (12), 2225–2233, doi:10.5194/

angeo-29-2225-2011.
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