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                                           ABSTRACT OF THE DISSERTATION 

 

The Magnetospheric Source of the Pre-existing Auroral Arc 
 

                                                                      by 

 

                                                           Feifei Jiang 
 

                          Doctor of Philosophy in Geophysics and Space Physics 

                                   University of California, Los Angeles, 2013 

                                       Professor Margaret G. Kivelson, Chair 

 

An auroral substorm commences when a discrete auroral arc brightens and subsequently expands 

poleward and azimuthally. The arc that brightens is usually the most equatorward of several 

quiescent auroral arcs present for a few to tens of minutes before the break-up commences.  This 

arc is referred to as the “pre-existing auroral arc (PAA)” or the “growth-phase arc”. Till now, the 

magnetospheric manifestation of the PAA during the growth phase and at substorm onset are not 

well understood. This dissertation addresses the magnetospheric location and source of the field-

aligned current (FAC) of the PAA by analyzing measurements from magnetic and optical 

observatories on the ground and spacecraft at low and high altitudes. 

 

In order to understand the magnetospheric location of the PAA relative to the inner edge of the 

electron plasma sheet (IEEPS), 2 years of THEMIS plasma data are surveyed to characterize the 

location of IEEPS on the equatorial plane. The IEEPS is found to lie at 7~8 RE in the pre-
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midnight sector and 6~7 RE in the post-midnight sector at geomagnetically quiet times.  Next, 

from 5 events obtained between 2007 and early 2009 in which FAST crosses the flux tube 

linking to a PAA imaged by THEMIS all-sky imagers before an auroral substorm, the PAA is 

found to be located 10~20 poleward of the equatorward boundary of the 1 keV trapped electrons 

in the ionosphere. This latitudinal separation maps to a 2~3 RE radial separation from the IEEPS 

at the equator by the T96 model, and it places the PAA at 8~10 RE for typical growth phase 

conditions and further tailward for a very stretched magnetotail.  In addition, the PAA is found to 

be located very close to the boundary between the Region 1 and Region 2 FACs but shifted into 

the upward FAC region. 

 

The source of the FAC of the PAA is examined from observations in the ionosphere and in the 

magnetosphere. ~200 PAA events identified from the FAST measurements in 1998 show that an 

ionospheric flow shear is present in the vicinity of the PAA, where westward flow increases 

within 0.50 equatorward of the PAA in the premidnight sector and eastward flow increases 

within 0.50 poleward of the PAA in the postmidnight sector. Corresponding magnetospheric flow 

shear is observed by the THEMIS probes in a region estimated to be located near the PAA’s 

source. Two events with THEMIS in-situ and ASI observations show that flow shear is the 

primary source of the FAC of the PAA during the growth phase and contributes significantly to 

the FAC system of the onset arc shortly before the auroral breakup. 
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Chapter 1.  A brief introduction to the auroral ionosphere and the auroral 

substorm 

Bright display of auroras during dark polar nights is one of the most spectacular phenomena on 

the Earth.   In 1964, Akasofu pointed out that active aurora always evolve in a predictable 

manner. He named the phenomenon where quiescent auroras erupt into dynamical forms the 

“auroral substorm”. Since then, much study has been directed to understanding the substorm 

phenomenon but there are still some features that remain unclear. The purpose of this 

dissertation is to understand the precursor phase from which dramatic auroral activity emerges. 

In this chapter, concepts relevant to this thesis are briefly introduced. 

 

1.1. The aurora and the auroral ionosphere 

The earliest records of the aurora date back to ancient China around 2600 BC. The Greek 

philosopher Xenophane described the aurora as “the accumulation of moving and burning 

clouds”. According to the theory of the great philosopher Aristotle, the northern lights are 

formed when the heat from the sun raises steam from the ground and the steam hits the fire 

element and causes it to ignite.  The term Aurora Borealis was introduced to describe the 

northern lights by Galileo in 1619, as Aurora is the Roman name for the Greek goddess of dawn 

and Boreas is the Greek name for north wind [Paschmann et al., 2003].  

 

Since the early days when people associated the aurora with lightning or burning clouds, our 

understanding of auroral phenomena has increased a great deal.  By now, the aurora is known to 

be the result of light emission produced by excited molecules and atoms in the Earth’s upper 

atmosphere that have collided with electrons and protons precipitated from the magnetosphere 
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along magnetic field lines. The most prominent emission, the “green line” at 557.7 nm, is due to 

transition of the atom oxygen from the 1S state to 1D state.  The other emission commonly 

observed by naked eye, the “red line” at 630 nm, is produced as the 1D state oxygen atom returns 

to the ground state. In terms of the source particles that produce the light emission, the green 

auroras are produced by high-energy electrons (> 1 keV) while the red auroras are produced by 

“soft” electrons with energies below 1 keV.  In contrast to the emissions associated with the 

precipitating electrons, the hydrogen lines Hα at 656.3 nm and Hβ at 486.1 nm are emissions 

from hydrogen atoms that are excited by energetic proton (~1 keV to ~10 keV) precipitation 

from the magnetosphere [Carlson and Egeland, 1995]. By analyzing the optical spectrum, one 

gains insight into the precipitating particles that create the auroral emission.   

 

The aurora is in general classified as diffuse or discrete. The diffuse aurora is a background 

airglow that persists within the auroral oval. The discrete auroras are sharply defined structures 

consisting of various forms, such as rays, spirals, or homogeneous arcs stretching along the east-

west direction. The mechanisms responsible for formation of the diffuse and discrete aurora are 

different. The diffuse aurora is primarily generated by precipitation of 0.1~30 keV electrons from 

the central plasma sheet due to electron scattering by whistler-mode chorus waves [e.g, Thorne et 

al., 2010].  A discrete auroral arc is associated with a field-aligned current (FAC) flowing from 

the ionosphere into the magnetosphere. The FAC develops when magnetic field lines are 

distorted due to plasma motion, or when the gradient of plasma thermal pressure is not aligned 

with the gradient of magnetic field strength [Vasyliunas 1970; Paschmann et al., 2003].  The 

FAC is carried by precipitating electrons that are accelerated into the ionosphere by a parallel 

electric field located a few thousand kilometers above the Earth.   
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Most of the auroral emission is found between 90 and 150 km in altitude, a region within the 

ionosphere where collisions between the ionized plasmas and the neutral atmospheric particles 

become important. Based on the height profile of electron density, the ionosphere is divided into 

three major regions: the D region (below 90 km), the E region (between 90 and 130 km), and the 

F region (above 130km) [Luhmann, 1995].  In the F region where collisions of charged particles 

with neutrals are not very frequent, electrons and ions move together in the presence of an 

electric field E, in the direction perpendicular to both the electric and magnetic field, i. e., 

( ) /i e= = × 2v v E B B . In the E region, collision between the ions and neutrals become important, 

and an ion will complete only part of gyro-cycle before it collides with a neutral particle. Then it 

will resume its motion under the presence of E and begin another gyro-cycle, until the next 

collision occurs (Fig. 1.1). When the ion-neutral collision frequency is much larger than the ion 

gyro frequency, the ions will not move in the direction of ×E B  but instead, they will diffuse 

through the neutrals in the direction of E. Therefore, the overall motion of the ions is between the 

direction of Eand the direction of ×E B .  Because the electron gyro-frequency is much greater 

than the electron-neutral collision frequency in this region, electrons still undergo ×E Bdrift.  

The combined motion of the electrons and ions results in a Pedersen current, P P= σj E , flowing 

parallel to the electric field, and a Hall current, H H= σ ×j b E , flowing transverse to both the 

magnetic and electric fields.  In the ionosphere, the Pedersen and Hall currents connect FACs of 

opposite polarity and play an important role in completing the current loop of an auroral arc.   
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Figure 1.1. A sketch of the disruption of ×E B  by collision and the resulting perpendicular 

currents [Paschmann et al., 2003]. The magnetic field points vertically out of the plane. 

 

1.2. Ionospheric convection and field-aligned currents (FAC) 

The solar wind drives plasmas and the magnetic fluxes to circulate between dayside and 

nightside magnetosphere via magnetic reconnection [Dungey, 1961]. The magnetospheric 

convection subsequently drives plasma convection in the ionosphere.  When the Interplanetary 

Magnetic Field (IMF) is southward, the ionospheric plasma convection pattern has two cells, 

with anti-sunward flow in the polar cap region and return sunward flow in the auroral zone.  

Observational study and empirical modeling of ionospheric convection [e.g., Weimer 1995] have 

shown that for southward IMF conditions, the duskside cell is more irregular than the dawnside 

cell, with a sharp reversal of eastward flows to westward flows that lie equatorward of the 

eastward flows. The sharp flow reversal is called the “Harang discontinuity” and is usually 

observed between 2200 MLT and 0100 MLT [Harang, 1946; Heppner, 1972]. 
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Figure 1.2. Statistical ionospheric convection pattern of the Weimer model for different IMF 

conditions [Weimer 1995]. 

 

The coupling between the magnetosphere and the ionosphere is accomplished by FACs. 

Statistical analysis of magnetometer data from low-altitude satellites indicates presence of two 

azimuthally extended current sheets. The poleward portion of the FACs are Region 1 currents, 

which flow into the ionosphere on the dawn side and out of the ionosphere on the dusk side. The 

Region 1 current system is believed to be associated with flow shear in the magnetopause 

boundary layers [Lotko et al., 1987]. The large scale FACs equatorward of the Region 1 currents 

are Region 2 currents, which flow into the ionosphere on the dusk side and out of the ionosphere 

on the dawn side. The Region 2 current system is believed to be generated where the gradient of 

flux tube volume is not parallel to the gradient of plasma thermal pressure [Vasyliunas, 1970].  It 

is generally believed that the Region 2 currents map to the inner part of the magnetosphere where 
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the dipolar magnetic field is dominant, and the Region 1 currents map to the region where the 

magnetic field is stretched and tail-like. Near local midnight, the FAC distribution with latitude 

becomes complicated and a three-sheet FAC pattern is usually observed. It is still unclear where 

the FACs linking to the ionosphere on much of the nightside map to in the equatorial region, as 

the magnetic field is quite stretched and deviates from empirical magnetic field models 

significantly in this sector.  Furthermore, theoretical analysis associates a FAC with either flow 

vorticity or pressure gradient in the magnetosphere, but the exact magnetospheric processes that 

determine the observed Region 1/2 FAC pattern are not fully resolved, partly because the 

magnetospheric pressure/flow distributions required to produce the observed FAC pattern have 

not been fully characterized.  Additionally, existing global simulations cannot fully reproduce the 

FAC distribution observed in the ionosphere, as they either overestimate the latitudinal width of 

the FAC sheet, or underestimate the observed total current intensity [e.g., Korth et al, 2011].   

                                 

Figure 1.3. Statistical distribution of FACs in the ionosphere during geomagnetically quiet times 

[Iijima and Potemra, 1976]. 
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1.3. Mapping of the auroral region 

In optical images, the auroral emission appears as an oval-shaped belt that is given the name “the 

auroral oval”. The auroral belt on the nightside centers near 670 magnetic latitude during quiet 

times and periods of moderate activity, and it maps to the plasma sheet where charged particles 

are trapped on closed field lines. It is generally agreed that the poleward boundary of the 

nightside auroral oval corresponds to the boundary between open and closed field lines in the 

magnetotail, while the equatorward boundary corresponds to the inner edge of the electron 

plasma sheet where the hot plasma sheet fluxes terminate.  

                                        

Figure 1.4. An image of the auroral oval taken by the Dynamics Explorer 1 satellite on 8th 

November 1981 from high above the northern polar region.  

 

Auroral features observed in the auroral oval are produced by processes within the plasma sheet. 

Two techniques are often used to connect ionospheric signatures to their source in the 

magnetosphere. One technique is tracing a magnetic field line from the ionospheric end to the 
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equator using empirical magnetic field models, the most widely used of which have been 

developed by Tsyganenko [e.g., Tsyganenko, 1989; Tsyganenko, 1995 & 1996; Tsyganenko, 

2002].  Since its earliest version was introduced in 1989, much improvement has been made to 

the Tsyganenko model such as including solar wind quantities (dynamic pressure, magnetic field, 

etc.) as input parameters and including dawn-dusk asymmetry of the ring current in the model.  

Nevertheless, the model is not very accurate for individual cases, and the deviation of the 

modeled field from the observed field can be huge even for moderately disturbed times.  The 

other mapping approach involves identifying both the ionospheric and magnetospheric signatures 

of a certain magnetospheric process. Although the chances of observing signatures at two ends of 

a flux tube simultaneously are slim, when it occurs, this approach is more accurate and sensible 

than mapping with magnetic models.  Nishimura et al [2011] used coordinated satellite and 

ground-based imager observations to relate lower-band chorus waves to their ground signatures, 

the pulsating aurora, and showed that the footprint of a spacecraft located at ~7 RE suggested 

from correlation of wave activity between ground and space is about 10 northward of the 

footprint from the T96 model.  Therefore, magnetic mapping by empirical models can only 

provide a zeroth-order approximation, and further improvement of mapping should be realized 

by matching ionospheric signatures with their magnetospheric counterpart.   

 

1.4. Auroral substorm and the preexisting auroral arc (PAA) 

In describing the temporal evolution of the aurora, Akasofu [1964] introduced the concepts of an 

auroral substorm and of the substorm expansion phase, which is now understood as the 

ionospheric signature corresponding to the release of free energy in a magnetotail instability. 

Akasofu noted that prior to the start of the substorm, quiescent discrete arcs, narrow in latitude 



 

and exten

of the e

longitudi

region of

often the

               

Figure 1

shows th

 

Since th

extensive

research 

nded in long

expansion p

inally extend

f bright emi

 first to brigh

                   

1.5.  Illustrat

e quiescent 

he concept w

ely via groun

focuses on 

gitude, appea

phase, whic

ded quiet arc

issions. Furt

hten and exp

          

tion of the ti

stage before

was introdu

nd and in-si

how the ion

ar in the nig

h is charac

cs, followed 

hermore, Ak

pand polewa

ime evolutio

e activity is in

uced by Aka

itu observati

nospheric ph

9 

ght sky. This

cterized by 

by rapid pol

kasofu noted

ard, westwar

on of an aur

nitiated, and

asofu in th

ions. One of

henomena re

s quiescent p

a sudden 

leward and l

d that the m

rd and eastw

roral substor

d it is the ma

e 1960s, su

f the most im

late to globa

phase termin

brightening

longitudinal 

most equatorw

ard.   

 

rm. [Akasofu

ain focus of t

ubstorms ha

mportant asp

al magnetosp

nates at the 

g of one of

expansion o

ward quiet a

u, 1964]. Pan

this thesis. 

ave been stu

pects of subs

pheric proce

onset 

f the 

of the 

arc is 

nel A 

udied 

storm 

esses. 



10 

 

McPherron [1970] introduced the idea that the quiescent period preceding the expansion phase is 

actually an integral part of the substorm, with characteristic evolution of the magnetospheric and 

ionospheric currents. He named this precursor interval the growth phase. During the growth 

phase, magnetospheric signatures such as sporadic and fast earthward flows [Angelopoulos et al. 

1992], thinning of the plasma sheet, and enhancement of cross-tail current density are usually 

observed [e.g., Sanny et al., 1994]. The precise time sequence leading to substorm onset has been 

the subject of a long-standing debate over the course of 40 years of substorm research. The major 

divergent explanations are whether substorm phenomena are triggered by magnetic reconnection 

in the near-Earth tail (20~30 RE) [e.g., McPherron et al., 1991], or by a current disruption 

process in the near-earth plasma sheet (~10 RE) [Lui and Burrows, 1978].  Angelopoulos et al. 

[2008] used simultaneous measurements from multiple THEMIS spacecraft to show that 

substorms are very likely to be initiated by magnetotail reconnection.   

 

Despite the on-going debate regarding the pre-onset auroral time sequence and the associated 

magnetospheric processes, brightening of a pre-existing arc is an undisputable signature of the 

auroral substorm onset. A recent study by Nishimura et al. [2011] showed that a majority (~85%) 

of the substorm events involves brightening of a thin growth phase arc, which appeared in the 

ASI 5~60 minutes prior to substorm onset.  In optical images, the PAA is a latitudinally narrow 

(8~30 km at 110 km altitude [Nishimura et al., 2011]) and azimuthally extended (~3 MLT) 

structure. Therefore, the magnetospheric counterpart of the PAA must be a region in the tail that 

is confined in the radial direction but extended in the azimuthal direction.  The exact location of 

this region in the magnetotail remains unclear. Furthermore, it is well known that the PAA is 

generated by precipitating electrons from the magnetosphere, but the physical process that leads 
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to the arc-associated electron precipitation is not fully understood.  Therefore, it is the objective 

of this thesis to constrain to some degree the source location of the PAA, and to identify the 

magnetospheric source of the FAC of the pre-existing arc. Four studies are conducted for this 

purpose, and they are described briefly in the section below.  

 

1.5 Organization of the dissertation 

The magnetospheric source of the PAA has remained enigmatic for two principal reasons. The 

first one has to do with the limited spatial extent of the arc’s source in the tail compared with the 

vast expanse of the magnetotail.  As a result, measurements from a small number of spacecraft 

provide relatively sparse sampling of the region of interest.  Second, uncertainty of magnetic 

mapping from the ionosphere to the tail can be large even for moderately disturbed times, and it 

is infeasible to infer the source location of the PAA merely based on magnetic mapping.   

 

The complexity of the study of substorm-related phenomena clearly requires multipoint 

measurements both in the auroral ionosphere and in the magnetosphere.  The THEMIS mission 

[Angelopoulos, 2008] was designed to provide such distributed measurements. It combines 

multiple spacecraft in the equatorial magnetosphere with a network of ground observatories that 

provide unprecedented coverage of the magnetotail. Specifically, the five THEMIS spacecraft 

swipe through the equatorial magnetotail during several months each year on orbits selected so 

they are aligned nearly radially at times when arrays of ground auroral imagers [Mende et al., 

2006] and ground magnetometers monitor conditions in the ionosphere in the same local time 

sector. The five probes provide a much more comprehensive coverage of the equatorial plasma 

sheet and a much greater frequency of encountering the presumed source region of the PAA than 
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previously launched missions.  Coordinated observations between in-situ spacecraft and ground 

stations provide an opportunity to make conjugate observations of the PAA at the ionospheric 

end and at the equator simultaneously, and this provides crucial information of where the PAA 

could map to in the magnetotail. 

 

As the magnetotail is subject to the influence of solar wind, the source location of the PAA is not 

at a fixed distance from the earth but at a location that varies with geomagnetic activity. Thus, it 

is much more meaningful to put the location of the PAA into the context of the field and plasma 

structures of the magnetotail than to simply estimate the distance between the equatorial source 

of the arc and the Earth.  An important region in the magnetotail is the electron plasma sheet. It 

maps to the night side auroral zone and its inner boundary corresponds to the equatorward 

boundary of the diffuse aurora.  Hence, it would be useful to bench-mark the PAA’s location 

relative to the inner edge of the electron plasma sheet.  In Chapter 2, THEMIS particle data from 

2007 to 2009 are used to identify the inner edge of the electron plasma sheet and to investigate 

how its location varies with the solar wind electric field.  We find that the inner edge of the 

electron plasma sheet at a characteristic energy range of 1~10 keV is located at 6~7 RE in the 

post-midnight sector and 7~8 RE in the pre-midnight sector during quiescent times.   

 

Having identified the typical location of the inner edge of the electron plasma sheet (IEEPS) in 

the equatorial plane, in Chapter 3 we use data from a low altitude spacecraft, FAST, to identify 

the PAA’s location relative to the equatorward boundary of the electron plasma sheet in the 

ionosphere and use this information to infer the source location of the PAA relative to the IEEPS 

in the magnetosphere.  We survey THEMIS and FAST measurements from 2007 to 2009 to look 
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for conjunction events in which FAST crosses the flux tube linking to a PAA imaged by the 

THEMIS ASI prior to substorm onset.  In addition, we investigate the PAA’s location relative to 

the large-scale FACs in the ionosphere, as well as the characteristics of the arc-associated 

electron precipitation.  We find that the PAA is located very close to the boundary between the 

Region 1 and Region 2 FACs, but shifted into the upward FAC region.  Moreover, the 

precipitating electrons associated with the PAA are accelerated by a field-aligned potential drop.  

 

According to the MHD theory, a FAC arises in the magnetosphere when the gradient of plasma 

thermal pressure is not aligned with the gradient of magnetic flux tube volume, or when the 

magnetic field lines are distorted by flows.  In the subsequent two chapters, we examine the 

magnetospheric source of the FAC associated with the PAA, with a focus on how sheared flows 

relate to the PAA’s source.  In Chapter 4, we survey FAST data in 1998 and identify ~200 events 

where FAST crosses the flux tube linking to a PAA during a quiescent time or a growth phase 

prior to a substorm. We characterize the flow pattern in the vicinity of the PAA from the FAST 

statistics, and find that an ionospheric flow shear is associated with the PAA.  Furthermore, the 

PAA’s location relative to the Region 1 and 2 FACs from the FAST statistics are consistent with 

our finding in Chapter 3. Additionally, we find that the FAC of the arc is primarily closed by the 

N-S Pedersen current in the ionosphere.  

 

The FAST statistics in Chapter 4 indicate that an ionospheric flow shear is associated with the 

PAA. In Chapter 5, we search for the equivalent flow pattern in the part of the equatorial 

magnetosphere that we have identified as the PAA’s source. We survey THEMIS in-situ and ASI 

measurements and obtain 3 events for which strong magnetospheric flow shear is observed to be 
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associated with a PAA.  The magnetospheric flow pattern is consistent with the ionospheric flow 

pattern associated with the PAA from the FAST statistics.  Furthermore, we find that the flow 

shear is significant enough to produce a discrete although faint arc in the ionosphere during the 

growth phase, and that at substorm onset prior to the auroral breakup, flow shear contributes 

significantly to the current system of the onset arc.  

 

Chapter 6 summarizes major results of this study.  
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Chapter 2. The inner edge of the electron plasma sheet 

In order to infer the location of the PAA’s source relative to the inner edge of the electron plasma 

sheet (IEEPS), one needs to first understand where the inner edge is situated on the equatorial 

plane.  In this chapter, we survey 2 years of THEMIS data in which the inner edge is crossed by 

multiple spacecraft to characterize the location of the inner edge on the nightside.  From 

substantial statistics, we find that the IEEPS lies at 6~7 RE in the post-midnight sector and 7~8 

RE in the pre-midnight sector during quiescent times.  Furthermore, we use an analytical model 

of particle drift path with a Volland-Stern electric field and a dipole magnetic field to reproduce 

the observed location of the IEEPS. 

 

2.1. Previous studies of the inner edge 

Observations of the electron flux distribution in the inner magnetosphere date back to the early 

1960s. Observations from the OGO 1 and OGO 3 spacecraft indicated that the electron plasma 

sheet terminates on the earthward side at a well-defined sharp boundary in the local time region 

from 1700 to 2200 [Vasyliunas 1968]. Frank [1971] found that this earthward edge of the 

electron plasma sheet is at 6 to 8 RE in the post-midnight sector (from 0000 MLT to 0300 MLT) 

and 7 to 8 RE in the pre-midnight sector (2100 MLT to 0000 MLT) at the magnetic equator 

during periods of relative magnetic quiescence. Another important observation is that the 

boundaries of lower-energy plasma sheet electrons are often closer to the earth than those of 

higher energies [Schield and Frank, 1970; Frank 1971]. More recently, a statistical survey fluxes 

of particles with energies from ~1 eV to ~30 keV based on a year of data from Los Alamos 

geosynchronous satellites showed distinct inner boundaries of the electron fluxes. When 

displayed as a function of Kp and MLT, it was found that as Kp increases, this boundary moves 
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earthward and the satellites at geosynchronous altitude may be immersed in hot plasma sheet 

electrons [Korth et al. 1999].  

 

Several theories have been proposed to explain these observations. A widely accepted one is 

based on the drift motion of individual particles. Particle drift patterns are principally determined 

by the collective effects of earthward convection, corotation and magnetic gradient and curvature 

drift that are controlled by the magnetic field and global electric field configurations in the inner 

magnetosphere. The inner boundary of the plasma sheet is the separatrix between trajectories of 

particles that reach the middle and/or inner magnetosphere from sources in the plasma sheet and 

trajectories of particles that drift on closed paths around the earth [Alfvén et al., 1963; Chen, 

1970; Kivelson et al., 1975]. Korth et al. [1999] compared electron flux cutoffs measured by 

geosynchronous satellites with separatrices between open and closed drift trajectories calculated 

by a Hamiltonian energy conservation approach [Whipple, 1978] using a Kp-dependent electric 

field model. They found good agreement between the observational boundaries and theoretical 

positions in the local time region from 2000 to 0500. Friedel et al. [2001] expanded their results 

to cover the entire inner magnetosphere by using data from the Polar HYDRA instrument 

projected to an equatorial reference plane, and they also found that the inner boundaries of 

plasma sheet electrons are well organized by simple theoretical Alfvén boundaries on the night 

side.  

 

Particle drift paths seem often to account for the structure of the inner edge of the electron 

plasma sheet, but other processes, both quasi-steady and dynamic, may also contribute. Kerns 

[1994] used low-energy plasma analyzer data collected by the CRRES satellite over a 14-month 
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period to examine how often a simple convection model can explain the structure seen in 120 eV 

to 28 keV particles at the inner edge of the plasma sheet. They found that 40% to 50% of the 

cutoffs sampled on the night side were consistent with those derived from a convection model 

with one variable. The model was often inconsistent with cutoffs measured during increasing 

activity and with those measured on the day side.  

 

Electron loss through precipitation is known to be a factor that contributes to the inconsistency 

between observed boundaries and those described by the drift boundary model. Kennel [1969] 

introduced the concept of a flow-precipitation boundary and suggested that strong precipitation 

would create a boundary to the plasma sheet at the location where the convective flow time and 

minimum life time of strong pitch angle diffusion become comparable.  Korth et al. [1999] and 

Friedel et al. [2001] both found that electrons at all energies show increasing losses as they drift 

towards dayside, but no quantitative comparison between observations and a precipitation 

boundary model has been conducted.  

 

In contrast with the steady-state drift boundary models discussed above, an alternative view 

provided by Mauk and Meng [1983] related the inner boundary of the plasma sheet to dynamic 

injections. They proposed that particles are injected sporadically from an “injection boundary” 

on the night side. Following the long-term evolution of these injected particles, they found that 

many signatures that cannot be obtained from the steady-state model were reproduced in their 

dynamic injection model. The Mauk and Meng model assumes injection over a broad range of 

local times on the night side of the magnetosphere. Such injections are likely to be associated 

with substorm expansion, and hence to occur during intervals of enhanced activity.  
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It is well established that intermittent injections at high radial speeds occur over limited angular 

ranges as bursty bulk flows (BBF) [Angelopoulos et al., 1992, 1994] even during relatively quiet 

times. The influence of BBFs on the location of the inner edge of the plasma sheet may be 

primarily to increase the scatter about an averaged location and to move the measured averaged 

boundary inward. Furthermore, the flux cutoffs resulting from dynamic injection is 

approximately dispersionless, so the effect of BBFs on the average positions should be to 

decrease the separations of boundaries at different energies.  

 

2.2. Data 

The THEMIS mission, which deployed five identical micro-satellites equipped with 

comprehensive particle instruments, provides a data set that can usefully extend studies of the 

inner plasma sheet [Angelopoulos 2008]. The three inner THEMIS probes cover a radial range 

from ~2 Re to 12 Re at all local times near the equatorial plane. With three spacecraft available 

to identify plasma boundaries, our statistical database is much more extensive than previous 

observational bases. This study uses Electrostatic Analyzer (ESA) plasma data from the three 

inner THEMIS spacecraft (THEMIS A, D and E) from November 2007 to April 2009 to identify 

the inner edge of the electron plasma sheet as a function of electron energy. Because the 

trajectories become increasingly azimuthal in the vicinity of the inner edge for orbits with 

apogees near dusk and the boundary cutoffs become difficult to identify, we focus on the 

boundary crossings from 2100 to 0600 in magnetic local time (MLT) where the spacecraft 

trajectories cross the inner edge of the plasma sheet at reasonably small angles relative to the 

radial direction [Sibeck and Angelopoulos, 2008]. 
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The energy range of the ESA (Electrostatic Analyzer) instrument on a THEMIS spacecraft 

extends from ~5 eV to ~ 30 keV and is divided into 32 energy channels [McFadden et al., 2008]. 

We used only the 10 energy channels that record the typical energy range for plasma sheet 

electrons (0.7 to 9 keV) for our study. The penetrating radiation contamination is removed from 

the electron ESA spectrum by subtracting the minimum E_flux (omnidirectional differential 

electron energy flux) value through all the energy bins [McFadden et al., 2008]. The background 

subtraction technique removes most of the penetrating radiation contamination but still leaves 

residual flux in the spectrum (indicated by the magenta rectangles in Figure 2.1a). Usually, there 

is an identifiable gap between the inner edge of the electron plasma sheet and the residual flux of 

background contamination (as can be seen in Figure 2.1a). Sometimes, the cutoff boundary is 

embedded within the residual flux from the penetrating radiation contamination, but the intensity 

of the latter is very small compared with the plasma sheet fluxes and the boundary can still be 

identified. We exclude cases only when the cutoff boundary cannot be distinguished from the 

residual flux of penetrating radiation contamination (these cases comprise less than 10% of our 

events).  Figure 2.2 illustrates such a case. The spacecraft moves radially inward and encounters 

the slot region (slightly after 2000 UT) and the inner radiation belt (~2020 UT) with closest 

approach around 2100 UT (1.5 RE). The cutoff boundary of 10 keV electrons overlaps with the 

residual flux of background radiation) and cannot be identified. Therefore, this event is not 

included in our data set.   
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(a) 

 

(b) 

Figure. 2.1. (a) Top panels: SST and ESA electron energy flux spectrum versus UT measured by 

THEMIS A on an inbound pass on Jan. 1, 2008. The electron radiation belt falls within the grey 

rectangle, and the inner edge of the electron plasma sheet lies within the grey oval on the 

inbound segment of the orbit. The penetrating radiation contamination has been removed from 

the electron ESA spectrum, and the residual contamination fluxes after we subtract background 
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are indicated by the magenta rectangles. The grey line in the second panel indicates the energy 

bin of 2.9~3.8 keV. Bottom panel: Omnidirectional differential flux of electrons at the energies 

from 2.9 keV to 3.8 keV vs. UT. The red dot indicates the time THEMIS A encounters 2.9 keV 

electrons’ cutoff boundary. (b) Spacecraft trajectories of THEMIS A, D and E in GSM 

coordinates in the XY, YZ and XZ plane for this event. The dots mark the cutoff boundaries of 

different energies, and the most distant ones correspond to the highest energy.   

 

 

Figure 2.2. Electron energy flux spectrum versus UT measured by THEMIS D on an inbound 

pass on Jan 6, 2008. This is a case where the cutoff boundary of the electron plasma sheet is 

embedded within the residual flux of the penetrating radiation contamination and cannot be 

identified. 

 

In order to facilitate processing of the large data set, an algorithm is applied to identify the 

boundary crossings. Figure 2.1a illustrates how the algorithm works. The top and the second 

panel show the omnidirectional differential electron energy flux spectrum vs. UT measured by 

Solid State Telescopes (SST) and Electrostatic Analyzers (ESA) from THEMIS A on an inbound 
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pass on January 1, 2008. The part of the electron radiation belt where the flux intensity peaks is 

indicated by the gray rectangle, and the inner edge of the electron plasma sheet is indicated by 

the gray oval on the inbound segment of the orbit. We obtain the differential electron flux versus 

UT for each energy bin from the energy flux spectrum and then detrend the time series via a 

three-minute moving-average filter. The third panel in Figure 2.1a plots the omnidirectional 

differential flux vs. UT for electrons in the energy bin from 2.9 to 3.8 keV, the energy range just 

above the light grey line that has been superimposed on the spectrogram of the top panel. The red 

dot at the bottom edge of the slope near 1920 UT, which corresponds to termination of the flux 

decrease, is chosen as the flux cutoff of 2.9 keV electrons (2.9 keV is the lower end of the energy 

bin, which extends from 2.9 keV to 3.8 keV). Figure 2.1b shows trajectories of THEMIS A, D 

and E in GSM coordinates in the XY, YZ and XZ plane for this event. The dots mark the cutoff 

boundaries of different energies, and the most distant ones correspond to the highest energy. The 

ESA energy bins used here are (in eV) 11557, 8780, 6670, 5067, 3849, 2925, 2221, 1687, 1282, 

and 974 respectively.  For the inbound portion of the spacecraft orbit, the algorithm first 

identifies the electron inner radiation belt (the electron radiation belt appears as three 

discontinuous intervals of enhanced fluxes observed in the SST energy flux spectrum near 

perigee) and then traces backward in time to look for the first large flux gradient encountered by 

the spacecraft (evident in the third panel of Figure 2.1a as a flux drop prior to 2000 UT) in a 

particular energy channel. Then the algorithm identifies the lowest point on the steep gradient as 

the boundary cutoff of electrons with energy equal to the lower bound of the energy bin of 

interest.  
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After running the algorithm on the entire data set, we check all the results by eye to eliminate 

those cases incorrectly picked up by the code. Mistakenly selected cases occur in the following 

situations: (1) Flux variation occurs because the spacecraft traverses the plasma sheet in the 

north-south direction and enters the lobe. (2) Highly fluctuating electron fluxes are observed 

simultaneously with observation of strong wave activity in the electric field. We exclude such 

cases because the flux variation may be a result of wave scattering instead of boundary crossing. 

For the events where multiple flux cutoffs are observed in a single pass, we select the cutoff 

closest to the earth as the inner edge. It is worth noting that there is not always a monotonic 

change of boundary cutoff versus energy, and the structure of the boundary can be very 

complicated. It is likely that complex boundary structure is observed when a dynamic boundary 

is produced in response to variable flows, injections, magnetic field reconfigurations, etc. We 

include these events in our database because we are seeking to establish whether, even in the 

presence of temporal variations, a drift boundary model can account for average location of the 

inner boundary.  

 

2.3. The steady-state drift boundary model 

Alfvén [1970] introduced the concept of a separatrix between open and closed drift trajectories of 

particles of a given magnetic moment μ . The separatrix is now referred to as an Alfvén layer. 

Satellites, however, do not measure μ  directly; they measure particle kinetic energy W instead. 

For this reason, Kivelson and Southwood [1975] modified the underlying equations to provide 

the locus where the cutoff boundary would be encountered by a spacecraft measuring electrons at 

energy W. We apply their procedure here and assume that the magnetic field is a dipole field but 
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replace the uniform electric field of their work with the Volland-Stern electric field model 

[Volland, 1973; Stern, 1975], which has the following form:                                   

                            ( , ) sinCU r br
r

γφ φ= − +                                                          (2.1) 

where b describes the strength of the cross-tail convection electric field. The angle φ  is magnetic 

local time (measured in radians) with origin at midnight, increasing counterclockwise, C = 92.4 

kV is the corotation electric potential, γ  is the shielding factor. 2γ =  is the typical value 

adopted in literature to describe the degree of shielding, but we take it as a parameter to be 

determined. When 1γ = , the convection electric field becomes a uniform dawn to dusk electric 

field. The total energy of a particle on the magnetic equatorial plane is 

                          sintot E
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The total energy (kinetic plus potential) is conserved along a particle drift path. L is radial 

distance to the earth in ER  measured at the equator. q is the electric charge of a particle. The 

separatrix between the hot tenuous electron plasma sheet and the cold electrons that rotate 

around the earth is a member of a family of surfaces composed of the field lines whose 

equatorial loci are the equipotential contours that pass through the stagnation point, where the 

drift velocity 0s =v  (the bounce averaged drift velocity can be written as 2
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The variation of W with L for adiabatic transport is approximated by [Southwood and Kivelson, 

1975] as 

         ( )s

s

LW
W L

ν= , 2.1 0.9sin eqsν α= +                                                              (2.4)             

eqsα  is equatorial pitch angle of a particle. A subscript “s” is used to identify the value of the 

parameter at the stagnation point. For electrons, q e= − , 3 / 2sφ π= , so at the stagnation point,  

               sin Rs s E s
s

eCW eb L
L

γ γν φ γ= − −                                            (2.5) 

Because the total energy is conserved along the electron’s orbit that passes through the 

stagnation point, it follows that 

        sin sinE s E s s
s

eC eCW ebR L W ebR L
L L

γ γ γ γφ φ− + = − +                      (2.6) 

and    ( )s

s

LW
W L

ν=                                         (2.7) 

There are three equations with three unknown variables: Ws, L, Ls. For given values of γ, ν, and 

W, we can solve the equations numerically to obtain L as a function of φ.  

 

Once we solve the equations of L for given γ, ν, W, and the convection strength b, the location of 

the drift boundary is known. The left panel of Figure 2.3a shows models of the cutoff boundaries 

between open and closed drift paths of equatorially mirroring ( 0 90 , 3.0α ν= ° = ) electrons of 

different kinetic energies in the magnetic equatorial plane. The right panel shows the equatorial 

cutoff boundaries of 4 keV electrons with different equatorial pitch angles ( 0 ,  45 , 90eqsα = ° ° ° ) 

at the stagnation point. The model leads to a tear-drop shaped cutoff boundary that is asymmetric 

about the noon-midnight meridian. The dotted lines correspond to the case of a uniform 
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convection electric field ( 1γ = ), and the solid lines correspond to the case of a shielded 

convection electric field ( 2γ = ) in the inner magnetosphere. The values of b  are chosen so that 

the potential drop across the magnetosphere in the dawn-dusk median is 50 kV for both cases 

(the electric field is integrated across 25 RE in the y direction). The cutoff boundary resulting 

from a shielded convection electric field is more circular than that from a uniform convection 

field, especially on the dusk side. For either form of electric field, the cutoff boundary of low-

energy electrons lies well within that of high-energy electrons. In addition, the more field-

aligned the electrons are, the more earthward their boundary lies, although the differences 

resulting from different initial pitch angles are quite inconspicuous except on the dusk side. 

Because the separation between cutoff boundaries of electrons of the same energy but different 

initial pitch angles is quite small in the local time region on which we will focus, hereafter we set 

3.0ν =  in the model, thereby using the cutoff boundary of equatorially-mirroring electrons to 

represent the boundary of electrons with arbitrary pitch angle. Figure 2.3b shows the cutoff 

boundaries of equatorially-mirroring electrons (4 keV) for different degrees of shielding (γ ) of 

the convection electric field. One can see that, for the same potential drop across the 

magnetosphere, as the degree of shielding decreases, the electron plasma sheet moves earthward 

in all local time sectors except those near dusk.  
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(a) 

 

(b) 
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Figure 2.3. Equatorial electron cutoff boundaries calculated from the drift boundary model by 

using two different electric field models, and a dipole magnetic field. The contours plotted as 

solid lines correspond to the Volland-Stern electric field (γ= 2). The dotted lines correspond to 

the case of a uniform cross-tail electric field where γ = 1. The cross-tail potential drop is 50 kV 

for both cases here. (a) The left panel shows the boundaries for electrons of different kinetic 

energies. The right panel shows the boundaries for 4 keV electrons with different equatorial pitch 

angles at the stagnation point at dusk. (b) The boundaries of 4 keV electrons for different degree 

of shielding (γ) in the Volland-Stern electric field model. 

 

2.4. Statistical results 

The drift boundary model we discussed above describes an inner edge of the electron plasma 

sheet dependent on electron kinetic energy and the convection electric field. In this section, we 

display the observed locations of the IEEPS and examine if the inner edge does depend on these 

quantities and whether, given appropriately chosen parameters, their relations can be reproduced 

by the drift boundary model.    

  

2.4.1. Equatorial locations of the IEEPS at different levels of geomagnetic activity 

Typically, a spacecraft inbound through the plasma sheet on the night side at quiet times 

observes sharp decreases of electron flux first at high energies and later at lower energies, 

whereas a spacecraft outbound observes sudden enhancement of electron flux first at lower 

energies and later at higher energies. This structure appears as a gradual slope in the electron 

energy flux dynamic spectrum (Figure 2.1a, second panel) and is referred to as a dispersive 

boundary. The explanation for a dispersive boundary is that the electron gradient and curvature 
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drift speed is proportional to the electron kinetic energy and inversely proportional to L, so the 

azimuthal drift velocity component that diverts the flow is larger for hot electrons than for cold 

electrons at the same location. Therefore, hot electrons start to drift azimuthally at a larger radial 

distance and form a cutoff boundary outward of that of the low-energy electrons. Sometimes a 

spacecraft observes the cutoff boundaries simultaneously at all energies, and this is referred to as 

a dispersionless boundary. Dispersionless signatures are common at disturbed times and are 

usually attributed to rapid motion of the boundary or dynamic injection.  

 

Figure 2.4 displays the observed equatorial radial distance (L) of the cutoff boundary versus 

kinetic energy ( kE ) for electrons at different magnetic local times (MLT) between 2200 and 

0600, for different levels of activity as characterized by the AE index. The locations of the flux 

cutoffs are mapped to the magnetic equator along a tilted dipole magnetic field to obtain the L  

shell value. Black dots and error bars are the means and SEMs (standard error of the mean, 

which is the standard deviation divided by N , where N is the number of samples) of L  in each 

energy channel. The red curves are the values calculated from the drift boundary model with γ = 

2.6 and the potential drop U  of the convection electric field indicated at the top left in each 

panel. The parameters b of equation (2.1) is related to U by *( )mpU b R γ= 2 , where Rmp is the 

distance of the magnetopause to the earth in the dawn-dusk direction and its value is set as 12.5 

RE in this study.  The value of U is obtained separately for each activity level (AE<50 nT, 50 

nT<AE<300 nT, and AE>300 nT) from a least squares fit 

( argmin ( ( , , . ))obs kU L L U E= − γ =∑ 22 6 ) to the means of L  vs. energy in all the local time 

sectors (e.g., U = 19.6 kV is a fit to the data in 2.4a, etc).  
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(b) 

 

(c) 

Figure 2.4. Equatorial radial distance of the cutoff boundary vs. electron kinetic energy in eV for 

different levels of activity. (a) is for AE<50 nT. (b) is for 50 nT<AE<300 nT, and (c) is for 

AE>300 nT. The black dots and error bars are the medians and the SEMs in each energy bin. The 

red solid lines represent theoretical values from the model inferred from equations (2.5) to (2.7) 

where γ = 2.6 and 
2*12.5

Ub γ= . The value of U  and the coefficients of determination between 

the black dots and the red curves are indicated on each panel. 

 

In order to characterize the goodness of our model prediction, we use a “coefficient of 

determination” to measure the discrepancy between the model and observation. The definition of 

“coefficient of determination is the following: 
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where yobs is the observed value, ymodel is the model prediction, and obsy  is the mean of 

observation. The numerator is essentially the residual between the model and the data. The 

denominator is the deviation of the observation from its mean.  The coefficient of determination 

represents the proportion of variability in a data set that is accounted for by the model. The value 

of 2R  varies from −∞  to 1. R2=0 indicates that the model predictions are only as accurate as the 

mean of the observed data. R2 = 0.5 or higher implies that the model accounts for a substantial 

part of the variation of data. The closer R2 is to 1, the more accurate the model is. When the 

relationship between two variables in the observation is linear and the model is obtained through 

linear regression, R2 equals the square of the correlation coefficient between the observed and 

modeled (predicted) data values.  We calculate the coefficients of determination and their values 

are shown at the top of each figure.  

 

In Figure 2.4a where the geomagnetic conditions are relatively quiet (AE<50 nT), the modeled 

radial distance of the cutoff boundary increases as the measured electron kinetic energy of the 

boundary increases in each of the local time bins, and the model organizes the trend of the data 

fairly well in all local time sectors except the pre-midnight sector (the coefficient of 

determination is ~0.5 in the post-midnight sectors and slightly less than 0 from 22 to 24 MLT). 

In addition, the model systematically overestimates the separation in radial distance between the 

cutoff boundary of the highest energy electrons and that of the lowest energy electrons. This may 
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result from the analytical electric field and magnetic field models we use which simplify the 

actual field distribution in the magnetotail, and this issue will be discussed in section 2.6.  

 

Figures 2.4b and 2.4c correspond to moderately disturbed times (50 nT<AE<300 nT) and highly 

disturbed times (AE>300 nT) respectively. The data show that at disturbed times, cutoff 

boundaries of different energies all move closer to the earth and the separation between the 

boundary of the lowest-energy electrons and that of the highest-energy electrons becomes 

smaller. Nevertheless, the energy dispersion observed at quiet times is not observed at disturbed 

times. In the local time region between 0200 and 0600 in Figures 2.4b and 2.4c, the cutoff 

boundaries of the lower energy electrons are encountered outside the boundaries of the higher 

energy electrons, and the cutoff boundaries of ~9 keV electrons and of ~1 keV electrons fall at 

almost the same radial distance. The values of the coefficients of determination indicate that the 

model captures the trend of the data in the pre-midnight sector but fails to reproduce 

observations in the post-midnight sectors at disturbed times. This is probably because at 

disturbed times, dynamic injections become the dominant mechanism of plasma transport, and 

they may even produce energy dispersion signatures inverse to those of a convection boundary 

[Mauk and Meng, 1983]. Besides, in Figures 2.4b and 2.4c, the “abnormal” energy dispersion 

feature of the boundary is most evident from 0200 MLT to 0600 MLT whereas from 2200 MLT 

to 2400 MLT, the inner edge maintains the energy dispersion feature of a convection boundary 

despite enhanced geomagnetic activity. This could be explained if the sources of the dynamic 

injections are located in the midnight meridian or slightly post midnight.  As a result, the flux 

cutoff boundaries from injections are observed in the post-midnight sector as the injected 

electrons drift counter-clockwise towards the dayside.  Furthermore, dynamical changes of the 
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magnetic field are probable during times of enhanced geomagnetic activity, and acceleration 

mechanisms not contemplated in a static field configuration can significantly modify the 

distributions encountered near the inner edge of the plasma sheet. 

 

2.4.2. Location of the IEEPS as a function of MLT 

Combining the results obtained in the preceding sections, Figure 2.5 illustrates the locus of the 

inner edge of the electron plasma sheet on the night side in the equatorial plane at quiet times 

(AE<50 nT on the left) and disturbed times (AE>300 nT on the right), respectively. The green 

(blue) crosses and curves in Figure 2.6 refer to the inner boundary of ~7 keV electrons (~1 keV 

electrons). The curves of Figure 2.6 are obtained from the model of equations (5) to (7) for γ = 

2.6 and U=20.6 kV (left panel) and U = 102 kV (right panel). The values of the potential drop of 

the convection electric field are obtained from a least squares fit to the data in each plot of Figure 

2.6 only, i.e., they are the parameters that minimize 2 2
2( ( , ,  LT) )

2 obs
mp

UL W L
R

= −∑χ .  
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Figure 2.5. Left: The night side cutoff boundaries of 90o pitch-angle electrons [ 3.0ν = in 

equation (2.7)] on the equatorial plane for AE<50 nT. Blue and green represent inner boundaries 

of ~1 keV electrons and ~7 keV electrons respectively. The crosses are taken from observations. 

The curves correspond to the boundaries calculated from the drift boundary model where γ = 2.6 

and U = 20.6 kV. The value of U is obtained from least squares fit to the crosses. Right: The 

same as the left panel but for disturbed times (AE>300 nT), U = 102 kV.   

 

The data displayed here confirm key features of the local time asymmetry of the inner edge of 

the electron plasma sheet: the inner boundary lays farther outward in the pre-midnight sector 

than it does near dawn. The reason is that electrons of identical μ  located at the same radial 

distance in a dipole field have larger azimuthal drift speed, near dawn, where their corotation 

velocity, gradient drift velocity and the azimuthal component of the sunward convection all point 
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eastward, than in the pre-midnight sector, where the azimuthal component of the sunward drift 

opposes gradient drift and corotation. Thus, it takes longer in the pre-midnight sector than near 

dawn for the electrons of the same γ at the same radial distance to sweep across an hour of MLT. 

Meanwhile, the radial component of the sunward drift velocity is the same for electrons near 

dawn and near dusk. Thus, the electrons in the pre-midnight sector dwell for long enough to 

experience a larger radial displacement than the ones near dawn. Consequently, for electrons of 

fixed μ , the drift boundary lies farther outward in the pre-midnight sector than near dawn. Since 

W Bμ=  for equatorially mirroring electrons and the contours of constant B  of a dipole field are 

circles, the local time asymmetry of the drift boundary of electrons with constant W  is similar to 

that of electrons drifting at constant μ .  

 

2.5. Discussion 

Since THEMIS has provided the most comprehensive and direct multi-point measurements of 

the inner plasma sheet so far, it is interesting to compare results of our work with previously 

published results. The gross features of our inner edge are consistent with early studies [Frank, 

1971; etc.] in the sense that the locations of the inner edge of low energy electrons typically lie 

inside those of high energy electrons, and the inner edge moves earthward as activity level 

increases.  Moreover, Kerns et al. [1994] found more cases of agreement between actual and 

convection boundaries of electron plasma sheet on the night side than on the dawn/dusk side 

during periods of decreasing activity, which is also true for our data set (Figure 2.4 and Figure 

2.5).  As to more recent work, Korth et al. [1999] showed that the statistical boundaries of 

higher-energy channels (~10 keV) are best fit by a Kp dependent γ=3 Volland-Stern electric field 

model whereas the electric field model with a smaller shielding factor provides a better match at 
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lower energies (~1 keV). They suggested that the shielding factor γ may be energy dependent. 

We find an improved fit to our data at geomagnetically quiet times if we allow the shielding 

factor in the model to decrease with energy.  However, adding a second free parameter in the 

model almost certainly improves the fit, and it is physically unclear how the convection potential 

can depend on particle energy.   

 

Several possibilities can lead to discrepancies between the model and observations shown in 

Figure 2.4. At quiet times (Figure 2.4a), the observed distances between the electrons’ inner 

boundaries of different energies are always smaller than predicted by the model. One way to 

decrease the separation is to introduce an electric field model where the gradient of the 

convection strength increases more sharply as a function of L than does the Volland-Stern 

potential. In this case, electrons with relatively high energy would penetrate closer to the earth 

than they do in a Volland-Stern potential because of larger earthward drift velocities at larger L 

shells. Moreover, the idealized assumption of a dipolar magnetic field becomes inaccurate at L> 

~6 RE because it does not include effect of the tail current sheet which significantly changes the 

magnetic field configuration and influences particle drift motion as is evident from equations 

(2.5) to (2.7).  Earthward convection brings particles inward while gradient drift leads particles 

to drift azimuthally, and the radial distance of the cutoff boundary depends on where the speed of 

gradient drift dominates over the speed of earthward convection. The ratio of the gradient drift 

speed to the convection speed for equatorially mirroring particles can be expressed as 

/
/

g

c

v B qB Br
v B qE

μ ×∇ μ∇
= = ≅

×
B
E B

2

2 . It depends on particle kinetic energy, the electric field, and the 

gradient of the magnetic field.  In the near-Earth region, the gradient of the actual magnetic field 

is smaller than the gradient of a dipole field due to the influence of the tail current sheet.  
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Consequently, at a fixed location, the azimuthal drift is less significant for the actual magnetic 

field than for a dipole field.  As a result, particles can penetrate further earthward in the actual 

magnetic field configuration.  For high-energy electrons (10 keV) whose cutoff boundary is 

located at ~8 RE, the gradient of the actual magnetic field is much smaller than the gradient of a 

dipole field.  For low-energy (1 keV) electrons whose cutoff boundary is located near ~6 RE, the 

difference between the gradient of a dipole field and that of the actual field is not as significant.   

Therefore, the actual magnetic field gradient affects the high energy electrons more than it 

affects the low energy electrons.  As a result, in the actual magnetic field, the cutoff boundary of 

high-energy electrons would move more earthward than the low-energy electrons, and the 

separation between the cutoff boundary of low-energy electrons and that of high-energy 

electrons would be smaller than the separation in a dipole field.   

 

The considerable discrepancy between the modeled properties (boundary locations and cross-

magnetosphere potential drops) and the observations during intervals of substantial activity (see, 

for example, Figure 2.4d) reflects inaccuracies of the field models and also the neglect of 

temporal variations.  A rapidly changing magnetic field not only modifies flow patterns but also 

accelerates particles, thereby changing distribution functions in ways not allowed for in our 

analysis.  It is probable that such dynamical changes are responsible for inverting the order of 

boundaries at different energies at high levels of activity.  Bounce-averaged energy change is 

proportional to energy, so the neglect of particle acceleration through temporal variations affects 

the higher energy channels more than the lower energy channels and may account for a portion 

of the breakdown of the model for the high energy channels in Figure 2.4a.  
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2.6. Conclusions 

In this study, we have used THEMIS ESA plasma data from November 2007 to April 2009 to 

identify the inner edge of the electron plasma sheet and to investigate how its location varies 

with the electron kinetic energy and solar wind electric field. The comparison between our 

statistical results and an analytical model of particle drift path with a dipole magnetic field and 

Volland-Stern electric field with shielding shows that, for appropriately selected parameters, the 

model gives a fairly good estimation of the average location of the inner boundary of the electron 

plasma sheet in the energy range from 0.7 keV to 9 keV, and it reflects the trend of the 

displacement of the inner edge with changing solar wind electric field at geomagnetically quiet 

and moderately disturbed times. However, the model cannot reproduce the energy dispersion 

seen at the inner edge of the electron plasma sheet at disturbed times.  

 

The observations indicate that the inner edge of the electron plasma sheet is located at 7~8 RE in 

the pre-midnight sector and 6~7 RE in the post-midnight sector at quiescent times.  In this region, 

the magnetic field is primarily dipolar but also influenced by the tail current sheet.  Figure 2.12 

shows distribution of | | | |obs dipB B  (the ratio of the magnitude of the observed magnetic field to 

the magnitude of the tilted dipole magnetic field) in SM coordinates on the equatorial plane for 

all the inner edge events.  One can see that at L < ~6 RE, the magnitude of the observed magnetic 

field is very close to that of a tilted dipole (cyan points). As the spacecraft moves beyond ~6 RE 

(blue points), the observed magnetic field starts to deviate from a dipole magnetic field and the 

magnitude of the former is smaller than that of the latter.  At ~10 RE, the observed magnetic field 

is only a fraction (20%~40%) of the tilted dipole in magnitude, indicating that the effect of the 

tail current sheet has become important.  Therefore, to understand where the source of the PAA 
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is located relative to the inner edge, one can look at whether the PAA maps to a radial distance 

near 7 RE, as well as the magnetic field configuration in the vicinity of the PAA’s source.   

 

 

Figure 2.6.  Ratio of the magnitude of the observed magnetic field to that of a tilted dipole on 

the equatorial plane in SM coordinates. The color bar shows the magnitude of the ratio.  
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Chapter 3. Magnetospheric location of the PAA inferred from ionospheric 

observations 

In this chapter, we combine auroral images from ground-based imagers, magnetic field and 

particle data from low-altitude spacecraft, and maps of field-aligned currents inferred from 

ground magnetometer data to identify the magnetospheric region that is linked to the PAA.    

 

3.1. Previous studies of the PAA 

Although it is widely accepted that the brightening of a preexisting quiet arc is a direct signature 

of the onset of the expansion phase of an auroral substorm, the magnetospheric source of the 

electrons that excite both the preexisting arc and the brightened arc is not well understood.  Low-

altitude spacecraft and ground optical observations have provided insight into the source region 

and particle properties of the pre-existing arc. Lui and Burrows [1978] argued that the arc that 

brightens at onset is magnetically conjugate to the transition region between dipolar and highly 

stretched topologies (a region they termed the “night side cusp”). Using the CANOPUS array of 

scanning photometers and precipitating ion and electron data from DMSP, Samson et al. [1992] 

showed that the arc that brightens forms within the region of the diffuse proton aurora. Voronkov 

et al. [2000], Deehr et al. [2002], and others have used ground-based optical data to show that 

the arc that brightens is on field lines poleward of the peak in brightness of the proton aurora, but 

in most if not all cases is within the bright proton aurora. Yahnin et al. [1997] proposed that the 

most equatorward discrete arc is on field lines that map to the earthward edge of a region of 

weak neutral sheet Bz, or equivalently, to a region in the center of the plasma sheet where the 

radius of curvature of field lines is so small that 30 keV electrons behave non-adiabatically. 

Donovan et al. [2008] studied ground-based and in-situ data of one substorm event and argued 



50 

 

that in that case the onset arc mapped to a region between 7 and 8 RE in the magnetotail. 

Combining CANOPUS with in-situ FAST measurements, Lessard et al [2007] showed that in a 

number of events, the arc that brightens (which they termed “the growth phase arc”) is excited by 

inverted-V electron precipitation [Frank & Anderson, 1971]. 

 

Because the magnetospheric source region of the preexisting arc remains uncertain, it is the 

objective of this chapter to constrain to some degree the region of the magnetosphere to which it 

links. Previous studies [e.g., Shiokawa et al., 2005; Yago et al., 2005] have proven that auroral 

studies benefit from combining ground optical observations with in-situ data from low-altitude 

spacecraft flybys.  Since 2007, the THEMIS mission [Angelopoulos, 2008] has provided greatly 

enhanced optical imagery of the auroral ionosphere in conjunction with simultaneous night-time 

satellite observations in the near-Earth equatorial plasma sheet.  During the early phase of the 

THEMIS mission the FAST spacecraft was providing low altitude data.  Thus, we survey data 

from the THEMIS All Sky Imager (ASI) and select intervals during which the FAST spacecraft 

crosses the magnetic shell of the preexisting arc before it brightens at the start of an auroral 

substorm.  The FAST measurements reveal the location of the arc relative to large scale field-

aligned currents (FACs) flowing between the magnetosphere and the ionosphere and identify the 

characteristics of the electrons that excite the arc. Ground magnetometer arrays are used to infer 

the distribution of FACs over a large part of the auroral zone [Weygand et al., 2011] and the 

location of the preexisting arc relative to Region 1 and Region 2 currents.  
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3.2. Data and event selection 

The THEMIS ground-based imager array consists of 20 all-sky white light imagers distributed 

across North America from Greenland to Alaska. Each imager has a field of view (FOV) of 9 

latitudinal degrees at 110 km altitude and takes auroral images every 3 seconds [Donovan et al., 

2006; Mende et al., 2008]. The imagers cover a large section of the auroral zone with roughly 

one-kilometer resolution at zenith, providing global auroral observations and broad coverage of 

the ionospheric footprint of the night-side magnetosphere.  

 

The FAST satellite was launched in 1996 and operated until March 2009 [Pfaff et al., 2001; 

Harvey et al., 2001].  It carried a fluxgate magnetometer [Elphic et al., 2001] and 4 electrostatic 

analyzers [Ergun et al., 2001] that measured particles of energies from a few eV to ~30 keV, 

with the highest time resolution of ~0.5s. The high-resolution optical data from ASI enable us to 

pin down the ionospheric location of the preexisting arc and FAST measurements provide the 

properties of the precipitating particles that cause the auroral emissions.  The insight gained by 

combining the two data sets is considerably enhanced by using a ground magnetometer array to 

characterize the FAC structure not only along the FAST trajectory but also across a large part of 

the auroral region. 

 

We surveyed THEMIS ASI and FAST data from 11/2007 to 03/2008 and from 11/2008 to 

03/2009, looking for events in which FAST crossed a preexisting arc in the field of view of the 

THEMIS ASIs. We verified that the arc selected as the preexisting arc was the one that 

brightened and expanded poleward within ~5 to ~50 minutes following the FAST crossing.  

Events were retained in the data set only if the preexisting arc was imaged by several imagers 
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and FAST measurements were available during the time of the arc crossing.  In addition, we 

required the FAST crossings to occur during geomagnetically quiet times prior to substorm onset 

or during a substorm growth phase. Geomagnetic conditions were characterized by the AL index. 

For quiet times AL was required to be small in magnitude (AL > -50 nT), whereas for a substorm 

growth phase, AL was required to decrease gradually before its sharp drop that signifies the 

substorm onset.  We required the preexisting arc of interest to remain undisturbed without visible 

changes in morphology till the auroral brightening began. We found five events in total, and they 

are listed in Table 1. The UT, magnetic local time and characteristic energy of the electron 

precipitation associated with the arc are listed for each event.  

 

Case 

No. 

Date Time of 

conjunction 

(UT) 

Time of auroral 

breakup (UT) 

FAST orbit FAST 

MLT

Characteristic 

energy of the 

electron 

precipitation 

1 2009-01-31 0633:36 0656:00 S, 50311 0.1 ~ 300 eV 

2 2008-02-14 0556:36  0604:24 N, 46351 21 ~ 500 eV 

3 2009-02-27 0515:06 0527:00 N, 50615 21.5 ~ 1 keV 

4 2008-02-02 0650:48 0740:00 S, 46216 1.7 ~ 800 eV 

5 2008-12-19 0821:03 0826:30 S, 49828 3.4 ~ 7 keV 

 

Table 3.1. List of observations of a preexisting arc by FAST and THEMIS All Sky Imagers. The 

event selection criteria are described in section 2. 
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To link FAST to the auroral features observed concurrently, we use the Tsyganenko 96 magnetic 

field model [Tsyganenko, 1996] with solar wind data input to map the FAST spacecraft to the 

ionosphere (taken to lie on a shell 120 km above the ground, around 1.02 RE). The solar wind 

data are from the ACE satellite, appropriately time shifted to the nose of the magnetopause 

[Weimer et al., 2003].  Uncertainty of mapping from the T96 model arises when FAST is located 

in the southern hemisphere and needs to be mapped to the northern hemisphere. Nevertheless, at 

the magnetic latitude of the preexisting arc, mapping uncertainty is small.  In the five cases we 

studied, even when FAST was located in the conjugate (southern) hemisphere, its mapped 

ionospheric footprint crossed the relevant auroral arc signatures in the white light images within 

a few seconds before/after its detector recorded signatures of precipitating electrons, thereby 

confirming the validity of the magnetic mapping.  

 

In addition to the THEMIS ASI and the FAST measurements, we used ground magnetometer 

data to calculate currents vertical to the earth’s surface in the ionosphere [Weygand et al., 2011]. 

The ground magnetometer stations analyzed are spread across North America and Greenland and 

include the THEMIS, CANMOS, CARISMA, MACCS, and Greenland arrays. The approach to 

measuring vertical currents by using ground magnetometer arrays is known as the spherical 

elementary current system (SECS) method and is described by Amm and Viljanen [1999] and 

Weygand et al. [2011].  Essentially, the technique applies the Biot-Savart law to calculate the 

vertical current at each grid point of an ionospheric grid from the horizontal magnetic 

perturbations measured at the array of ground stations..  In the latitudinal range of interest in the 

ionosphere (e.g., from ~500 to ~700 in geographic latitude), the angle between the earth’s main 

field and the direction normal to the earth’s surface ranges from ~150 to ~50. Therefore, we 
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assume that the vertical currents are a good approximation to FACs. With 81 ground 

magnetometer stations and ~1000 grid points and assuming uniform ionospheric conductivity, 

the relationship between the vertical current and magnetic field can be written in the form AI = B, 

where I is the amplitude of the vertical current at individual grid points, B is the horizontal 

vector of magnetic field perturbations at individual stations, and A is a matrix containing the 

magnetic field perturbation resulting from placing a unit vertical current at each grid point. The 

problem requires solving underdetermined linear equations. Applying a singular value 

decomposition (SVD) technique, I can be solved for given A and B. The computation is 

performed in the spherical coordinate system. The SECS method used in this study for 

determining ionospheric currents has been widely used.  Pulkkinen et al. [2003] tested this 

method for the BEAR and IMAGE magnetometer arrays by investigating the differences 

between the modeled and measured magnetic fields at various stations. Their test demonstrated 

that the SECS method applied with SVD is reliable and stable and is not highly sensitive to 

relatively large gaps in magnetometer arrays. Thus, this method serves as an effective tool for 

characterizing the ionospheric FAC distribution over a large portion of the auroral ionosphere.  

For the purpose of this study, the results are of particular value in placing the inferred currents 

along the track of the FAST spacecraft into a global context.    

 

3.3. Event study 

3.3.1. Jan. 31, 2009 

Figures 3.1a to 3.1e are five consecutive images of an auroral substorm acquired by four 

THEMIS ground imagers between 0631:00 UT and 0713:00 UT on Jan. 31, 2009. From left to 

right, the respective ground stations (circles) are Inuvik (top), Whitehorse, Gillam and Sanikiluaq.  
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Imaging from the stations in between was obscured by clouds. FAST flew through the southern 

auroral zone during this conjunction. Its trajectory as mapped to the northern hemisphere is 

indicated by the yellow dashed line and its footprints at the UTs of Figures 3.1a and 3.1b are 

indicated by yellow crosses. The wiggling of FAST trajectory results from the variation of solar 

wind quantities that are input parameters of the T96 model. The footprints of the THEMIS 

spacecraft A, D and E, also mapped to the ionosphere using the T96 model, are indicated by the 

blue, orange and red squares respectively. The THEMIS spacecraft data and the mapping of the 

footprints will be discussed in Section 4, but at this point we note that the mapping of THEMIS 

positions from the equator to the ionosphere is far less accurate than is the mapping of a low 

altitude spacecraft.  Prior to the auroral breakup, a diffuse band of aurora and multiple arcs were 

present in the FOV of the imagers. A thin, faint arc located at the poleward edge of the diffuse 

aurora was the preexisting arc of interest (Figure 3.1b). It was also the most equatorward arc and 

it extended across ~300 in longitude from Gillam to Sanikiluaq (The latitudinal extent 

corresponds to 2 hours of MLT). The preexisting arc is identified by the three red asterisks in 

Figures 3.1b to 3.1d.  FAST encountered the preexisting arc at 0633:36 UT (in Figure 3.1b, the 

footprint of FAST from the T96 mapping is located 0.50 poleward of the arc). The arc gradually 

intensified and began to brighten at 0655:30 UT (Figure 3.1d), and thereafter expanded (Figure 

3.1e).  
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(a) 2009-01-31 / 0631:00 

 

 

 

(b) 2009-01-31/0633:36 
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(c) 2009-01-31/0644:30  

 

 

(d) 2009-01-31/0655:30 
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(e) 2009-01-31/0713:00 

 

Figure 3.1. Snapshots of an auroral substorm on Jan. 31 2009 from THEMIS ASI. The UTs of 

snapshots (a) to (e) are indicated at the tops of the images. A substorm onset occurred at 0655:30 

UT. The trajectory and footprint of FAST are indicated by a yellow dotted line and a yellow 

cross, respectively on each image. In Figures 3.1b-3.1d, the preexisting arc is identified by red 

asterisks, and the footprints of THEMIS spacecraft A, D and E in the ionosphere are the blue, red 

and orange squares respectively.  

 

Figure 3.2 shows auroral indices vs. UT from three hours before to two hours after the auroral 

brightening. The two vertical lines mark the time that FAST crossed the preexisting arc and the 

time of auroral brightening respectively. The first vertical line is located at a time when AL was -

10 nT before it sharply dropped to -100 nT at 0655 UT. It shows that FAST passed the 

preexisting arc during a geomagnetically quiescent time.  
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Figure 3.2. Auroral indices from 0400 to 0900 UT on Jan. 31, 2009. AE, AL and AU are 

represented by blue, green and red respectively. The black vertical line near 0630 UT indicates 

the time when FAST crossed the preexisting arc, and the black line near 0700 UT indicates the 

time of auroral brightening. 

 

Figure 3.3a shows the FAST data for a few minutes that include its passage across field lines that 

map to the preexisting arc.  Panels from top to bottom are: energy flux spectrum versus energy 

(ranging from 4 eV to 30 keV) for electrons with a pitch angle range from 00 to 300; energy flux 

spectrum versus energy for electrons with a pitch angle range from 600 to 1200; energy flux 

spectrum versus energy for electrons with a pitch angle range from 1500 to 1800; ions omni-

directional energy flux spectrum over an energy range from 4eV to 25 keV; ions energy flux 

spectrum versus pitch angle for all energies; field-aligned ion fluxes integrated over an energy 

range from 1 keV to 25 keV; three components of the perturbed magnetic field in a field-aligned 
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coordinate system; and amplitude of FAC density derived from magnetic field perturbations 

using Ampere’s law (approximating curl-B by the change of cross-track perturbation with along-

track distance). In the 6th panel, a negative value of the field-aligned ion flux indicates that it is 

anti-parallel to the background magnetic field and hence directed into the ionosphere in the 

southern hemisphere. In the 7th panel, the blue trace is the perturbed magnetic field component 

along the magnetic field (i.e., away from the earth for the southern hemisphere), the green trace 

is the east-west component of the perturbed magnetic field with positive direction to the east, and 

the red trace is the poleward component, with positive direction to the south in the southern 

hemisphere. The background magnetic field is given by the International Geophysical Reference 

Field (IGRF).  The FAC density plotted in the 8th panel is calculated every 0.25s (black trace), 

and the red trace is a 20-second running average of the black trace. A positive value of the FAC 

density indicates that it is parallel to the background magnetic field. In the southern hemisphere, 

positive FAC is out of the ionosphere, while negative FAC is into the ionosphere. The altitude, 

magnetic local time and invariant latitude of FAST are indicated at the bottom of the panels. 

 

Figure 3.3b illustrates the statistical distribution of large scale FACs in the ionosphere during 

weakly disturbed conditions [Figure 6, Iijima and Potemra, 1976]. The poleward FAC sheets are 

the Region 1 currents, which flow into the ionosphere on the dawn side and out of the ionosphere 

on the dusk side. The Region 1 current system is believed to be associated with flow shear in the 

magnetopause boundary layers [Lotko et al., 1987]. The FACs equatorward of the Region 1 

currents are Region 2 currents, which flow into the ionosphere on the dusk side and out of the 

ionosphere on the dawn side. The Region 2 current system is believed to be generated where the 

gradient of flux tube volume is not parallel to the gradient of plasma thermal pressure 
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[Vasyliunas, 1972]. The red arrow in Figure 3.3b indicates the trajectory of FAST for this event.  

FAST flew through the auroral zone from pole to equator near local midnight, where the current 

configuration takes a complicated three-sheet form. In individual cases, the actual distribution of 

large-scale field aligned currents is likely to differ from the statistical pattern in Figure 3.3b. 

 

 

(a) 
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(b) 

Figure 3.3: (a) FAST data including the arc crossing on Jan. 31, 2009. Panels from top to bottom 

are: energy flux spectrum versus energy (ranging from 4 eV to 30 keV) for electrons with a pitch 

angle range from 00 to 300; energy flux spectrum versus energy for electrons with a pitch angle 

range from 600 to 1200; energy flux spectrum versus energy for electrons with a pitch angle 

range from 1500 to 1800; omni-directional ions energy flux spectrum; ions energy flux spectrum 

versus pitch angle for all energies; integrated field-aligned fluxes of ions over an energy range 

from 1 keV to 25 keV (black) and the average fluxes (red); components of the magnetic field 

perturbations in the field-aligned coordinate system: the blue trace is the perturbed magnetic 

field component along the magnetic field (away from the earth for the southern hemisphere), the 

green trace is the east-west component of the perturbed magnetic field with positive direction to 

the east, and the red trace is the poleward component, with positive direction to the south; FAC 

density derived from magnetic field perturbations (black) and averaged current density (red). The 

preexisting arc corresponds to the magenta dashed rectangle. (b) Illustration of the distribution of 

large-scale FACs in the ionosphere during weekly disturbed conditions [Figure 6, Iijima and 

Potemra, 1976]. The red arrow illustrates the trajectory of FAST for the pass shown in Figure 3a. 
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In Figure 3.3a, the dashed magenta rectangle identifies the interval during which FAST observed 

precipitating electrons associated with the crossing of the preexisting arc shown in Figure 3.1b at 

0633:36 UT. At this time, the particle detector on FAST measured enhanced precipitating 

electron flux (3rd panel) which we take as the source of brightening even though the T96 model, 

located the ionospheric footprint of FAST 0.50 north of the preexisting arc of interest (Figure 

3.1b).  The top panels show that the electron flux near 1800 (panel 3) at energies of a few 

hundred eV exceeds the flux at other pitch angles (panel 1 and 2) in the same energy band, i.e., 

electrons are being accelerated into the southern ionosphere where FAST is located, evidence of 

a field-aligned potential drop. Within the FOV of the imagers, the arc marked by the asterisks is 

the only isolated discrete auroral arc that corresponds to the isolated electron precipitation 

structure at 0633:36 UT. Therefore, it is the only plausible source of the preexisting arc. The 

narrow arc is excited by precipitating electrons accelerated by a field-aligned potential drop with 

a characteristic energy of ~300 eV. 

 

In Figure 3.3a, the equatorward boundary of the trapped electron flux (the gradual slope 

encountered almost a minute later from 0634:30 UT to 0635:00 UT in the 2nd panel of Figure 

3.3a) is the inner edge of the trapped electron plasma sheet. The energy-dependence of the inner 

edge can be understood as follows: In the equatorial plane, the inner edge of high energy plasma 

sheet electrons (~10 keV) lies at a larger radial distance than the inner edge of low energy plasma 

sheet electrons (~1 keV). Consequently, the equatorward boundary of ~10 keV plasma sheet 

electrons maps to a higher latitude than that of ~1 keV electrons. In Figure 3.3a, the preexisting 

arc is roughly 20 poleward of the inner edge of 1 keV electron plasma sheet, which maps to a 
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source ~3 RE more distant from the earth at the equator using the T96 model with real-time solar 

wind input. (We return to this argument in Section 4.) The energy flux of ~1 keV – ~20 keV ions 

intensifies between ~680 and ~650 magnetic latitude (06:33:10 UT to 06:35:20 UT, 4th panel of 

Figure 3.3a), and the pitch angle distribution (5th panel) shows that the ions are precipitating.  

This enhanced ion precipitation is sometimes called the “proton aurora”. The peak of the 

precipitating ion fluxes is located at ~660 in invariant latitude and the preexisting electron arc is 

embedded within the “proton aurora”, poleward of the peak precipitating fluxes.  In the 7th panel, 

the east-west component of the perturbed magnetic field (green), is the dominant component of 

the magnetic perturbation measured by a spacecraft making a north-south cut through FAC 

sheets extended in longitude. The positive slope of the eastward component of the magnetic field 

between 0631:00 UT and 0631:50 UT implies a region of downward FACs with magnitude of ~2 

μA/m2. The negative slope of the eastward component between 0631:50 UT and 0633:30 UT 

implies a region of upward FACs with amplitude around 1 μA/m2. The much weaker positive 

slope between 0633:40 UT and 0634:40 UT implies a region of downward FACs with amplitude 

around 0.5 μA/m2. The fluctuation in the east-west component of the magnetic field (green trace 

in the 7th panel) reflects localized structure in the FACs, as shown by the black trace in the 8th 

panel. Although multiple localized FAC structures exist, the overall trend of the magnetic field 

and the smoothed FAC density clearly show a net upward current embedded between two 

downward currents. The preexisting arc of interest is located at the boundary between the low-

latitude Region 1 and Region 2 currents, appearing right after the westward component of the 

magnetic field reaches a minimum.  
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To further illustrate the relationship between the preexisting arc and the Region 1/Region 2 

current system, we plot (Figure 3.4) the distribution of vertical currents in the northern 

ionosphere at 0633:40 UT on Jan 31, 2009, the time FAST moved across the preexisting arc. The 

method used to infer the vertical currnts was introduced in Section 2.  In Figure 3.4, the black 

stars represent ground magnetometer stations with good data. The blue squares and red “+” 

symbols are the current amplitudes calculated using the SECS method. The values are given in 

Figure 3.4 in units of amps and the direction is up or down with respect to the ionosphere. To get 

a good estimate of the FAC density from the SEC method the ionospheric electric field and 

height-integrated Hall and Pedersen conductivities are required.  However, we can get a very 

rough estimate of the current density amplitude by dividing by the area (0.75 degrees geographic 

latitude by 1.75 degrees geographic longitude) surrounding the grid. The amplitude of the current 

ranges from -20000 to 20000 Ampere, implying that the current density is of order of 1 μA/m2, a 

typical value for Region 1 and Region 2 FACs density.  The larger the dot size, the larger the 

amplitude of current density. Magnetic midnight is marked by the black line. The distribution of 

the vertical currents is consistent with the statistical picture of the Region 1 and Region 2 FACs 

system (Figure 3.3b): in the pre-midnight sector, Region 1 currents are upward and Region 2 

currents are downward; in the post-midnight sector, Region 1 currents are downward and Region 

2 currents are upward. At midnight, the vertical current system becomes more complicated – an 

upward current sheet is located between two downward current sheets. The location of FAST at 

this time is marked by the green dot. Consistent with FAST data, the preexisting arc is located at 

the low-latitude edge of the outward field-aligned current produced by overlap of the pre-

midnight and post-midnight R1/ R2 current system.   
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Figure 3.4: Distribution of vertical currents in the northern ionosphere at 0633:40 on Jan 31, 

2009, the time FAST encountered the preexisting arc. The vertical currents are determined from 

ground magnetometer data. Blue dots are downward vertical currents and red dots are upward 

vertical currents. The black line indicates magnetic midnight. The footprint of FAST at this time 

is marked by the green dot.  

 

3.3.2. Feb. 14 2008 

Figures 3.5a to 3.5e are consecutive images of an auroral substorm acquired by five THEMIS 

ground imagers between 0554:00 UT and 0607:00 UT on Feb. 14 2008. In each circular image, 

the large bright spot is the moon (In Figure 3.5a this feature is identified by a yellow ellipse in 

the image from the station at the northeast of the array). FAST flew through the northern auroral 

zone during this conjunction. Its trajectory as mapped to the northern hemisphere is indicated by 

the yellow dashed line and its footprints at the times (UT) corresponding to Figures 3.5a to 3.5c 
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are indicated by yellow crosses.  Prior to the auroral breakup, several discrete arcs were present 

in the FOV of the imagers. The most equatorward one is a thin, faint arc that becomes visible 

(barely) in the image acquired as FAST crossed it at 0556:36 UT (Figure 3.5b, in which the red 

crosses have been placed at several positions along the faint arc). It is imaged by 3 ASIs and 

extends roughly 400 in longitude (~3 hours of MLT).  The arc brightened at 0604:24 UT (Figure 

3.5d), and thereafter expanded poleward (Figure 3.5e). Figure 3.6 shows the auroral indices vs. 

UT from two hours before to two hours after the auroral brightening. The two vertical lines mark 

the time that FAST crossed the preexisting arc and the time of auroral brightening respectively. 

For this event, FAST encounter occurred during the late growth phase. 

 

(a) 2008-02-14/05:54:00 
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(b) 2008-02-14/05:56:36 

 

 

(c) 2008-02-14/05:59:00 
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(d) 2008-02-14/06:04:24 

 

 

(e) 2008-02-14/06:06:30 
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Figure 3.5. Snapshots of an auroral substorm on Feb. 14 2008 from THEMIS ASI. The UTs of 

snapshots (a) to (e) are indicated at the top of the images. A substorm onset occurred at 0604:24 

UT. The trajectory and footprint of FAST are indicated by a yellow dotted line and a yellow 

cross. In Figures 3.5b to 3.5d, the preexisting arc is identified by red asterisks.  

 

 

Figure 3.6. As for Figure 3.2, auroral indices from 0400 to 0800 UT on Feb. 14 2008. The black 

vertical line at 0556 UT indicates the time FAST crossed the preexisting arc, and the black line at 

0604 UT indicates the time of auroral brightening. 

 

Figure 3.7a shows the FAST data for this event.  Panels from top to bottom are the same as in 

Figure 3a. Figure 3.7b illustrates the trajectory of FAST relative to the large-scale FAC 

distribution. It shows that FAST flew through a two-sheet FAC layer in the pre-midnight sector 

(~2100 MLT) moving equatorward from high latitude. The dashed magenta rectangle in Figure 

3.7a identifies the interval during which FAST, this time moving equatorward in the northern 
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hemisphere, observed precipitating electrons associated with the crossing of the preexisting arc 

shown in Figure 3.5b at 0556:36 UT. The flux of electrons with energy around a few hundred eV 

is greatly enhanced near 00 in pitch angle compared with that near 1800 in pitch angle (1st and 3rd 

panel). This is indicative of a field-aligned potential drop of a few hundred eV that accelerates 

the electrons into the northern hemisphere. The arc is located 10 poleward of the inner edge of 

the 1 keV electron plasma sheet, which maps to a source ~1.5 RE displaced at the equator using 

T96 model with concurrent solar wind input.  Similar to event 1, the preexisting electron arc is 

embedded within the 1–20 keV ion precipitation and lies poleward of the peak precipitation.  In 

the 7th panel, the positive slope of the eastward component of the magnetic field between 0555 

UT and 0556:30 UT implies a region of upward FAC with magnitude of ~0.3 uA/m2. The 

negative slope between 0556:30 UT and 0557:30 UT implies a region of downward FAC with 

amplitude of ~0.3 uA/m2. Consistent with the statistical FAC distribution in the evening sector, 

the overall trend of the magnetic field and the smoothed FAC density shows an upward current 

layer lying poleward of a downward current layer. The preexisting arc of interest is located at the 

poleward edge of the Region 2 current, appearing right after the azimuthal component of the 

magnetic field reached a maximum.  
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(a) 

 

(b) 
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Figure 3.7: (a) FAST data including the arc crossing on Feb. 14 2008. Panels from top to bottom 

are the same as those in Figure 3.3a. (b) Illustration of the distribution of large-scale FACs in the 

ionosphere during weekly disturbed conditions. The red arrow illustrates the trajectory of FAST 

for the pass shown in Figure 3.7a. 

 

Figure 3.8 illustrates the distribution of vertical currents in the northern ionosphere at 0556:36 

UT on Feb. 14 2008, the time FAST moved across the preexisting arc. Magnetic midnight is 

marked by the black line. The location of FAST at this time is marked by the green dot. 

Consistent with the FAST data, the preexisting arc is located at the boundary between the 

upward Region 1 current and the downward Region 2 current.  

   

Figure 3.8. As for Figure 3.4, the distribution of vertical currents in the northern ionosphere at 

0556:36 on Feb 14, 2008, the time FAST encountered the preexisting arc. 
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3.3.3. Feb. 2 2008 

Figures 3.9a to 3.9d are consecutive images of an auroral substorm acquired by 6 THEMIS 

ground imagers between 0648:00 UT and 0745:00 UT on Feb. 2 2008. FAST flew through the 

southern auroral zone during this conjunction. Its trajectory as mapped to the northern 

hemisphere is indicated by the yellow dashed line and its footprints at the times (UT) of Figures 

3.9a and 3.9b are indicated by the yellow crosses. The ground station beneath the FAST footprint 

(SNKQ) was obscured by clouds and did not provide auroral images.  However, the auroral 

features near the FAST footprint can be inferred from neighboring stations – GILL (the 2nd one 

on the right at the bottom) on the left of FAST and KUUJ (the 1st one on the right) on the right. 

Prior to the auroral breakup, multiple discrete arcs were present in the FOV of the imagers. At 

GILL, a bright discrete arc was located across the center of the image whereas at KUUJ, three 

discrete arcs were seen (Figure 3.9b). The bright discrete arc at GILL corresponds to the most 

poleward of the three (lowest latitude) discrete arcs at KUUJ and it brightens at substorm onset 

(Figure 3.9c) and expands afterwards. In this event, the quiet preexisting arc that brightened at 

substorm onset was not the most equatorward arc in the post-midnight sector (evident from 

KUUJ), but the most poleward one of the low-latitude arcs. The preexisting arc extends roughly 

450 in longitude (3 hours of MLT). Figure 3.9e plots the auroral intensity versus magnetic 

latitude at the central right meridian of GILL (~2670 geographic longitude) at 0651 UT. The 

highest peak at 66.70 corresponds to the brightest of the low-latitude preexisting arcs, whereas 

the two dashed magenta lines, marking local intensity peaks, correspond to the two arcs 

equatorward of the preexisting arc as seen at KUUJ. Figure 3.10 shows the auroral indices vs. 

UT from two hours before to two hours after the auroral brightening. For this event, FAST 

crossed the arc during the early substorm growth phase. 
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(a) 2008-02-02/06:48:00 

 

 

 (b) 2008-02-02/06:51:12 
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(c) 2008-02-02/07:40:00 

 

 

(d) 2008-02-02/07:46:00 
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(e) 

Figure 3.9. (a)-(d) Snapshots of an auroral substorm on Feb. 2 2008 from THEMIS ASI. The 

UTs of snapshots (a) to (d) are indicated at the tops of the images. A substorm onset occurred at 

0740 UT. The trajectory and footprint of FAST are indicated by a yellow dotted line and a 

yellow cross. (e) Latitudinal profile of the auroral intensity in the meridian at ~2670 in 

geographic longitude at GILL at 06:51:12 UT. The magenta dashed lines mark the center of the 

auroral arcs imaged by GILL.  
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Figure 3.10. As for Figure 3.2, auroral indices from 0500 to 0900 UT on Feb. 2 2008. The black 

vertical line at 0651 UT indicates the time FAST crossed the preexisting arc, and the black line at 

0740 UT indicates the time of auroral brightening.  

 

 

Figure 3.11a shows the FAST data for this event.  Panels from top to bottom are the same as in 

Figure 3a.  Figure 3.11b, analogous to Figure 3b, shows that FAST flew through a two-sheet 

FAC layer in the morning sector (0200 MLT) from the equator to the pole.  The dashed magenta 

rectangle in Figure 3.11a identifies the interval during which FAST observed precipitating 

electrons (characteristic energy slightly less than 1 keV) associated with the crossing of the 

preexisting arc shown in Figure 3.9b at 06:51:12 UT. This enhanced electron precipitation 

(centered at -66.50 ) is very close in invariant latitude to the intensity peak at GILL (66.70) and it 

is poleward of the energetic electron precipitation located from -650 to -660 (which corresponds 

to the diffused aurora equatorward of the preexisting arc at GILL).  At about 0651 UT, the 
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electron energy spectrum near 1800 in pitch angle shows enhanced fluxes with characteristic 

energy of ~800 eV (3rd panel) and the precipitating electron flux is much larger than the electron 

flux out of the ionosphere. This suggests a field-aligned potential drop of a few hundred eV 

above the FAST spacecraft that accelerates the electrons into the ionosphere. The inner edge of 

the electron plasma sheet is difficult to identify for this event due to the contamination of 

penetrating radiation flux (uniform flux enhancement across all the energy bins for both 

electrons and ions from 0649 UT to 0650 UT).  The energetic ion precipitating fluxes (~1—~25 

keV) have a peak at 0650:30 UT and a poleward boundary at 0651 UT.  The preexisting electron 

arc is embedded within the ion precipitation and poleward of the peak precipitating fluxes.  In 

the 7th panel, the positive slope of the eastward component of the magnetic field between 0649 

UT and 0651:20 UT implies a region of upward FACs.  The negative slope between 0651:20 UT 

and 0653 UT implies a region of downward FACs. The overall trend of the magnetic field and 

the smoothed FAC density shows a downward current layer lying poleward of an upward current 

layer. The preexisting arc is located at the poleward edge of the Region 2 current, appearing right 

before the azimuthal component of the magnetic field reached a maximum.  
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(a) 

 

(b) 

Figure 3.11. (a) FAST data including the arc crossing on Feb. 2 2008. Panels from top to bottom 

are the same as those in Figure 3a. (b) Illustration of the distribution of large-scale FACs in the 
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ionosphere during weekly disturbed conditions. The red arrow illustrates the trajectory of FAST 

for the pass shown in 3.11a. 

 

Figure 3.12 illustrates the distribution of vertical currents in the northern ionosphere at 0651:00 

UT on Feb. 2 2008, the time FAST moved across the preexisting arc. The location of FAST is 

marked by the green dot. Consistent with the FAST data, the preexisting arc is located at the 

boundary between the upward Region 2 current and the downward Region 1 current.  

 

 

Figure 3.12. As for Figure 3.4, distribution of vertical currents in the northern ionosphere at 

0651:10 UT on Feb 2 2008, the time when FAST encountered the preexisting arc.  

 

In the cases studied above, we find four distinct features of the preexisting arc: (1) the 

preexisting arc is embedded within the ~1 keV to ~20 keV ion precipitation and poleward of the 
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most intense trapped and precipitating ion fluxes; (2) The preexisting arc is associated with 

precipitating electrons accelerated by a field-aligned potential drop, with characteristic energy 

ranging from a few hundred eV to 1 keV; (3) The preexisting arc is located ~10 to ~20 poleward 

of the inner edge of 1 keV electron plasma sheet in the ionosphere. For the cases where FAST 

crossed the pre-midnight auroral zone (events 1 and 2), the latitudinal separation between the 

preexisting arc and the inner edge of 1 keV electron plasma sheet was ~10. For the one case 

where FAST crossed the auroral zone at local midnight, the latitudinal separation between the 

preexisting arc and the inner edge of the 1 keV electron plasma sheet was 20.  For the one post-

midnight pass where we are able to identify the inner edge (event 5), the latitudinal separation 

between the preexisting arc and inner edge of the 1 keV electron plasma sheet was ~1.40. (4) The 

arc is located at or very near the interface between the Region 1 and Region 2 FACs, but shifted 

into the upward FAC region.  

 

3.4. Magnetospheric location of the PAA relative to the IEEPS 

The location of the preexisting arc relative to the inner edge of the electron plasma sheet in the 

ionosphere provides insight into its location in the magnetosphere. Since we have observed that 

the latitudinal separation between the preexisting arc and the inner edge is ~10 to ~20 at low 

altitude above the ionosphere from 2100 MLT to 0300 MLT, the preexisting arc maps to an 

equatorial region a few RE beyond the inner edge of the plasma sheet in this sector. The precise 

mapping into the magnetosphere is, however, quite uncertain, and here the concurrent THEMIS 

measurements can provide some constraints that we will next consider. 
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In chapter 2, we showed that the inner edge of the trapped electron plasma sheet is located in a 

dipolar region in the inner magnetosphere, at radial distances of 6-7 RE from the Earth between 

2200 and 0600 MLT during geomagnetically quiet times. Given that the preexisting arc is at 

higher latitude in the ionosphere, it could map to a radial distance of ~10 RE (~3 RE away from 

the inner edge) or even further tailward as a result of the stretched magnetic field configuration 

characteristic of the growth phase of a substorm.  Figures 3.13a to 3.13c shows the magnetic 

field measured by THEMIS A, D and E located at radial distances of 10~11 RE between 0615 

and 0645 UT on Jan 31 2009, for the event in Figure 3.1. The red curves represent the observed 

magnetic field whereas the blue curves represent the magnetic field calculated from the T96 

model with solar wind input. Figure 3.13d displays the paths of THEMIS A, D and E in the GSM 

xy and xz planes during the half hour of interest. Around the time when FAST encountered the 

preexisting arc (~0633 UT), the Bx component of the T96 modeled magnetic field was very 

close to that measured at THEMIS A, D and E, whereas the By and Bz components were off by a 

few nT. The discrepancy in the By component mainly shifts the footprint along the azimuthal 

direction whereas the discrepancy in the Bz component, which indicates that the model 

underestimates the field stretching, shifts the latitude of the footprint.  In Figure 3.13a to 13c, the 

modeled Bz component of the magnetic field is ~5 nT larger, or almost a factor of 2 larger, than 

the measured Bz component, indicating that the actual magnetic field is much more stretched 

than predicted by the T96 model. This means that the ionospheric footprints of all three 

spacecraft must map to lower latitudes than those found using the T96 model.  Since the nominal 

footprints of the THEMIS spacecraft obtained from the T96 model are located ~10 poleward of 

the preexisting arc (Figure 3.1b), the actual footprints must be located very close to or even 

equatorward of the arc. Plasma measurements on THEMIS D and E (not shown here) indicate 
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that they were embedded within the electron plasma sheet and a few RE away from the inner 

edge around this time. Therefore, the preexisting arc is very likely to be located in a region a few 

RE tailward of the inner edge.   

 

In order to test the shift of the spacecraft footprint in the ionosphere for a more realistic magnetic 

field configuration, we took the input variables of the T96 model (solar wind dynamic pressure, 

the Dst index, and the IMF By and Bz component) as free parameters, and looked for the values 

that minimized the variance between the modeled magnetic field and the observed magnetic field 

at THEMIS A, D and E. Consistent with the field stretching discussed above, the modified 

mapping with optimized input parameters put the footprint very near the arc, slightly poleward of 

the inner edge of the electron plasma sheet observed by FAST.  

 

(a) 
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(b) 
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(c) 

 

(d) 

Figure 3.13. (a) – (c) Magnetic field at THEMIS A, D and E from 06:15 UT to 06:45 UT on Jan. 

31, 2009, for the event of Figure 1. The black curves are measured magnetic field whereas the 

blue curves are magnetic field calculated by the T96 model with real-time solar wind input. The 

radial distance and MLT of each spacecraft are indicated below the panels. (d) Trajectories of 

THEMIS A, D and E on the GSM xy and xz planes from 0615 UT to 0645 UT on Jan. 31, 2009.   

 

We obtained similar mapping for the two additional cases listed in Table 3.1 in which the 

magnetic field was relatively undisturbed during the interval of interest and the mapped 

footprints were located within the FOV of the auroral imagers (case 2 and 3).  In these cases 

once again, the T96 model significantly underestimates magnetic field stretching and correcting 



87 

 

for this effect, the modified ionospheric footprints of THEMIS D and E (located around 10 RE 

radially) are found to be located near or equatorward of the preexisting arc. For case 4 there were 

significant perturbations of the magnetic field during the time of interest. Temporal variation on 

short time scales cannot be modeled or even approximated by the T96 model.  For case 5 the 

footprints of the THEMIS spacecraft were located far outside of the FOV of the auroral imagers. 

Thus, all cases for which estimated mapping is meaningful support the view that the preexisting 

arc maps to a source in the magnetosphere within the electron plasma sheet and tailward of its 

inner edge.  

   

3.5. Discussion and conclusions 

From 5 FAST crossings of the clearly imaged growth-phase or quiescent “preexisting arcs” that 

brightened at substorm onset, we have found that the emissions are associated with precipitating 

electrons accelerated by a field-aligned potential drop and are embedded within the energetic ion 

precipitation but poleward of the most intense ion precipitation . This result confirms previous 

studies regarding the location of the arc [e.g., Jones et al., 1985; Samson et al., 1992] and that 

the preexisting arc associated with precipitating electrons accelerated by field-aligned potential 

drops [Lessard et al., 2007].  

 

Ohtani et al. [2010] used DMSP data to establish the location of various precipitation boundaries 

relative to Region 1 and Region 2 currents. They found that in the dusk-to-midnight sector, the 

most equatorward “electron acceleration event” is often at the boundary between the Region 1 

and Region 2 currents (Figure 3.8a in Ohtani et al. [2010]). Although Ohtani et al. [2010] did 

not survey any auroral image data in combination with DMSP and therefore could not 
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distinguish “the preexisting arc” from an arbitrary electron acceleration event in the electron 

energy spectrum, their results are consistent with ours, in that the preexisting arc is often the 

equator-most discrete arc. In the midnight-to-dawn sector, however, our result differs from 

Ohtani et al. [2010]. They found that the most equatorward electron acceleration is in general 

within the Region 2 current (Figure 3.8b) in the post-midnight region whereas in our event, the 

preexisting arc is located at the poleward boundary of the Region 2 currents. 

 

It is also of great interest to compare the characteristics of the “pre-existing arc” we found with 

those found for brightened onset arcs. Shiokawa et al. [2005] studied an event where the FAST 

spacecraft crossed several brightened auroral arcs after onset, and found that the most 

equatorward arc was located very near the equatorward boundary of the Region 1 current system. 

This is consistent with our observations and implies that the auroral arc remains at the boundary 

between the Region 1 and Region 2 FACs after substorm onset. In addition, Yago et al. [2005] 

found that precipitating electrons associated with a pseudo-breakup arc correspond to an electron 

inverted-V structure near the equatorward edge of the electron precipitation region, whereas 

Mende et al. [2003] examined FAST crossing of a substorm breakup arc one minute after onset 

and found that the onset arc was associated with highly intense wave-accelerated electrons. A 

statistical study by Newell et al. [2010] shows that precipitating power of broadband electron 

acceleration increases twice as much as that of mono-energetic electron acceleration after 

substorm onset. These results, in conjunction with our data, suggest that the precipitating 

electrons associated with the preexisting arc are mainly accelerated by field-aligned potential 

drops before onset, but that after the onset, both waves and field-aligned potential drops play a 

role in accelerating electrons into the ionosphere.  
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To summarize, from a survey of THEMIS ground optical data and FAST data from 2007 to April 

2009, we obtained 5 conjunction events where FAST crossed a growth-phase or quiescent 

“preexisting arcs” that remained visible and quiescent until it brightened within an hour at the 

time of a substorm onset. The arcs were imaged by multiple all-sky cameras and were found to 

extend over 2-3 hours of MLT.  The principal conclusions of our study are as follows: (1) We 

have confirmed that the precipitating electrons associated with the preexisting arc are accelerated 

by field-aligned potential drops; (2) We have found that in the ionosphere, the preexisting arc is 

located 10~20 in latitude poleward of the inner edge of the electron plasma sheet, and that it maps 

to a region tailward of the inner edge of the electron plasma sheet (6-7 RE at the equator) in the 

magnetosphere. The radial separation at the equator is found to be ~3 RE using modified T96 

model for our relatively undisturbed events. For a very stretched magnetic field configuration 

(such as that typical of the late growth phase), the radial separation may be much larger. 

Although there is considerable uncertainty in the mapping to the equator, it is of interest to note 

that these estimates suggest the arc links to an equatorial region near 8 to 10 RE, with an 

azimuthal extent of at least 2-3 hours (or equivalently >4 RE in length). (3) We have shown that, 

for all the 5 conjunction events, the “preexisting arc” is located at or very near to the boundary 

between the Region 1 and Region 2 FACs and slightly shifted into the upward FAC region. This 

finding constrains the magnetospheric region that is the source of both the preexisting arc and the 

arc that brightens at substorm onset.  
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Chapter 4. Ionospheric flow shear associated with the preexisting 

auroral arc: A statistical study from the FAST spacecraft data 

 

As we have discussed in previous chapters, auroral substorms always involve brightening of the 

pre-existing arc followed by poleward and azimuthal expansion.  However, the magnetospheric 

generator that drives the current system of this arc remains unclear.  The MHD momentum 

equation, d P
dt

ρ = × − ∇
U J B ( ρ is density, U is the averaged flow velocity, J  is the current 

density, Bis the magnetic field and P is the plasma pressure) requires that the ×J B  force be 

balanced by the forces arising from pressure gradients and variation of momentum.  Further 

analysis indicates that FAC flows out of the magnetosphere if gradient of plasma pressure is not 

aligned with gradient of magnetic flux tube volume [Vasyliunas 1970], or if flow shear exists. 

While the connection between the PAA and magnetospheric pressure gradients has been 

discussed [e.g., Mende et al, 2012], no studies have looked at the relationship between flow shear 

and the source of the PAA before substorm onset. Therefore, it is our objective here to 

investigate whether a flow shear is related to the PAA.   

 

Searching directly for a flow shear in the source region of the PAA is challenging for two 

reasons. First, the magnetospheric source of the PAA is a localized region within the vast 

expanse of the magnetotail.  Even a few satellites provide relatively sparse sampling of the 

region to which the auroral zone maps. Second, empirical magnetic field models that link 

magnetospheric signatures to their ionospheric footprints become inaccurate in the region to 

which the PAA is estimated to be magnetically conjugate.  Consequently, in this chapter, we 
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investigate the relationship between flow shear and the PAA by establishing the flow patterns 

near a pre-existing arc in the ionosphere. The properties of ionospheric flows are relevant to the 

magnetospheric source because any magnetospheric flow would produce an ionospheric 

counterpart that can be easily measured from radar, rockets or low-altitude spacecraft.  The 

ionospheric signatures in turn provide clues to the arc’s source in the tail.  In this chapter, we use 

FAST measurements to establish the statistics of flow patterns near PAAs and examine arc-

associated electrodynamics in the ionosphere. 

 

4.1. Introduction 

The electrodynamic pattern associated with discrete arcs has been examined extensively by 

rockets [Marklund 1984; Bruning et al., 1985], by satellites [Heelis et al., 1981], and by radars 

[de la Beaujardière et al., 1977 and 1981; Stiles et al., 1980; Vondark 1981].  Marklund [1984] 

used these published experimental results, in addition to rocket observations, to organize auroral 

arc types based on the arc-associated electric field patterns.  Later, Timofeev et al. [1991] 

selected published observations of longitudinally extended auroral arcs with life time more than 

1000s, measured in the equatorward and central part of the auroral oval under steady conditions,  

to investigate arc-associated electrodynamics. They found that the electric field pattern 

associated with these quasi-steady arcs is consistent with that of an “evening arc” in Mauklund 

[1984], in which the strength of the north-south (N-S) electric field in the downward FAC region 

adjacent to an arc increases. They found that the increase is seen equatorward of the arc in the 

evening region and poleward of the arc in the morning region.  These results imply increased 

westward flow equatorward of an auroral arc in the evening sector, and increased eastward flow 

poleward of an auroral arc in the morning sector.  
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Although these case studies have shown that a gradient in the NS electric field (equivalent to a 

shear in the azimuthal flow) exists near a quasi-steady auroral arc in the ionosphere, there has yet 

to be a statistical study of the electric field/flow pattern around the latitudinally narrow PAA. A 

key remaining question is: Is the flow pattern associated with the PAA similar to that of a quasi-

steady arc reported in earlier studies?   

 

In order to understand the pattern of ionospheric flow and its relation to the auroral arc, we 

require simultaneous measurements of the location of the PAA and of the flow or the electric 

field in its vicinity. We are able to identify these critical features in data from a low altitude 

spacecraft. In this study, FAST data [Harvey et al., 2001 and references therein] are used to 

investigate the electric field/flow pattern around PAAs in the ionosphere. In the next section, the 

FAST data and the criteria used to identify PAAs in the ionosphere are introduced.  In section 

4.3, we describe in detail two events in which FAST crossed a “PAA” during a substorm growth 

phase, with one case in the pre-midnight sector and the other in the post-midnight sector.  

Section 4.4 presents a statistical analysis of FAST data to characterize the typical location of 

PAAs relative to large-scale FACs and convective flows, and also to establish the 

electrodynamical pattern associated with PAAs. Our work is summarized in section 4.5.     

 

4.2. FAST data  

In order to investigate the flow pattern around a PAA, it would be desirable to use optical images 

to identify the location of the arc during an interval when a low-altitude spacecraft is passing 

over it and measuring the plasma flow or, equivalently, the electric field. The low-altitude FAST 
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satellite provides data with sufficiently high spatial/temporal resolution to resolve the fine 

structure of the electric field associated with a thin PAA (~10 km).  Since 2006, the THEMIS all-

sky imager array has been providing systematic imaging of auroral activity.  Unfortunately, the 

electric field measurements on FAST were reliable only before 2001.  Consequently, one cannot 

carry out the analysis using conjugate observations from these two datasets.  However, we have 

learned enough from previous studies of the PAA that used low-altitude spacecraft particle and 

magnetometer data at times when optical images were available to be able to identify the 

location of a preexisting arc from spacecraft particle measurements without auroral images 

[reference to your work].  It is known that the PAA is typically the most equatorward discrete arc 

present during the growth phase or a quiescent time prior to substorm onset [e. g., Akasofu 1964].  

The PAA is usually embedded within a region of increased ion precipitation with an energy 

range between ~1 keV and ~20 keV [e.g., Samson et al, 1992], and somewhat poleward of the 

inner edge of the electron plasma sheet.  In addition, observations show that the precipitating 

electrons associated with the preexisting arc are accelerated by field-aligned potential drops [e.g., 

Lessard et al., 2007; Jiang et al., 2012].   These characteristics support the use of the following 

criteria to identify the presence of a PAA from spacecraft data alone:  (1) In the electron energy 

spectra, FAST should record increased electron precipitation consistent with field-aligned 

acceleration, i.e., more intense electron fluxes in the downward direction than in the upward 

direction. (2) The “PAA” is the most equatorward electron acceleration structure that is 

embedded within a region of enhanced ion precipitation and poleward of the inner edge of the 

electron plasma sheet. (3) The region of increased electron precipitation is encountered during a 

quiescent time or growth phase prior to a substorm (within 1 hour) as inferred from the AL index.   
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Because the indirect evidence used to infer the presence of the PAA that leads to auroral breakup 

could mis-identify some events, a large database of FAST measurements is required for 

meaningful statistics. Fortunately, our survey of FAST data in 1998 yielded ~200 events that 

meet the selection criteria. We describe two examples next, and then discuss the statistics of the 

complete set of events. 

 

4.3. Case study of the “PAA” from the FAST observations 

4.3.1. A post-midnight event 

Figure 4.1 displays FAST data from a pass across the nightside auroral oval near 1.6 MLT in the 

northern hemisphere on Aug. 13, 1998. Panels from top to bottom are: electron energy flux 

spectra over an energy range from 5 eV to 28 keV with a pitch angle range from (a) 00 to 300; (b) 

600 to 1200; (c) 1500 to 1800; (d) net energy flux of electrons with an energy range between 

100eV and 34 keV (ESA electron energy range); (e) ion omni-directional energy flux over an 

energy range from 10 eV to 25 keV; (f) ion energy flux versus pitch angle for all energies; (g) 

three components of the perturbation magnetic field in the background field-aligned coordinate 

system; (h) amplitude of the FAC density derived from magnetic field perturbations using 

Ampere’s law (approximating curl-B by the change of cross-track perturbation with along-track 

distance); (i) electric field along the direction (north-south) of spacecraft motion. The MLT, 

invariant latitude, altitude, and UT of FAST are indicated below the panels.  In panel (d), the net 

energy flux is mapped to auroral altitude at 110 km above ground.  The net energy flux at auroral 

altitude is 

                                               FAST
fluxFAST

aurora
aurora
flux E

B
BE =                                                       (4.1) 
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BFAST is the magnetic field strength measured at the altitude of FAST. Baurora is the magnetic field 

strength at the ionospheric end (110 km above ground) of the flux tube that FAST is linked to, 

and it is obtained from the International Geophysical Reference Field (IGRF 2010). Here we 

assume that no parallel electric fields exist between FAST and the auroral ionosphere, so that the 

net electron energy flux is conserved along a flux tube ( 0=⋅∇ fluxE ). Thus, the ratio of the net 

energy flux at two places along the same field line equals the ratio of local magnetic field 

strength.    

 

At the altitude of FAST, the background magnetic field is well approximated by the IGRF 2010.  

Subtracting the model value from the measurements, we plot the perturbed field in panel (g).  

The red trace is the perturbed magnetic field component along the background magnetic field 

(i.e., pointing into the earth for the northern hemisphere), the green trace is the east-west 

component of the perturbed magnetic field with positive direction to the east, and the blue trace 

is the north-south component, positive to the north in the northern hemisphere. The dashed black 

trace is the 25-s running average of the green trace.  The FAC density plotted in panel (h) is 

calculated every 0.25 s (blue trace), and the red trace is a 20-s running average of the blue trace. 

Positive values of the current density indicate that the FAC is parallel to the background 

magnetic field and vice versa.  In the northern hemisphere, positive FAC is into the ionosphere, 

while negative FAC is out of the ionosphere. In panel (i), the electric field plotted is the north-

south component of the electric field in the frame of the co-rotating plasma, obtained as 

- ( - )measured motion coro= ×E E v v B , where motionv  and corov  are the velocity of FAST and the 

velocity of ionospheric co-rotating plasmas in the Earth’s inertial frame respectively, and 



101 

 

measuredE is the measured electric field in the spacecraft frame. A positive/negative value indicates 

that the electric field is parallel/anti-parallel to the direction of the spacecraft motion (southward 

for this event). 

 

 

Figure 4.1. Data from a FAST flyby of the nightside auroral zone on Aug. 13 1998. Panels from 

top to bottom are: energy flux of electrons with a pitch angle range from (a) 00~300, (b) 600~1200 

and (c) 1500~1800; (d) net energy flux of electrons mapped to auroral altitude at 110 km; (e) 

omni-directional energy flux of ions, over an energy range from 4eV to 25 keV; (f) energy flux 

of ions versus pitch angle for all energies; (g) three components of the perturbed magnetic field 
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in a field-aligned coordinate system; (h) amplitude of the FAC density derived from magnetic 

field perturbations using Ampere’s law with 0.25s resolution (blue) and a 20s running-average 

(red); (i) electric field along the direction of spacecraft motion (positive southward). The signal 

at 14:41:30 UT is instrumental. The blue line in panel (d) corresponds to 1 erg.cm-2.s-1.  

 

Figure 4.2a shows the auroral indices vs. UT from three hours before to two hours after the 

FAST crossing of the auroral oval. The black vertical line located at 14:43 UT indicates the time 

FAST encountered the precipitating electron fluxes associated with the PAA.  A sharp drop in 

AL to -200 nT is seen around 1500 UT. The auroral indices indicate that FAST crossed the PAA 

structure during a geomagnetically quiet time, ~20 minutes prior to AL onset.  Figure 4.2b 

illustrates the FAST trajectory for this event relative to a statistical average of the distribution of 

Region 1 and Region 2 FAC in the ionosphere [Iijima et al., 1976] and a schematic of convective 

flow in the ionosphere. In the left panel, the dark shaded regions correspond to downward FAC 

into the ionosphere, whereas the light shaded regions correspond to upward FAC out of the 

ionosphere.  The Region 1 and Region 2 FACs comprise a downward FAC sheet located 

adjacent to an upward FAC sheet; the pair of FAC sheets is connected by a north-south Pedersen 

current in the ionosphere. It has been suggested that, analogously, the current system of an 

azimuthally extended arc is a localized double-sheet FAC structure, in which a downward FAC 

sheet is located adjacent to the upward FAC sheet of the arc [Timofeev and Galperin 1991; Aikio 

et al 1993; and references therein]. It has also been suggested that the Pedersen current 

connecting the pair of FACs of the arc current system is in the same direction as the Pedersen 

current connecting the Region 1 and Region 2 FAC. Therefore, for both the arc-current system 

and the large-scale (Region 1/2) ionospheric current system, the downward FAC sheet is located 
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earthward of the upward FAC in the pre-midnight sector and poleward of the upward FAC in the 

post-midnight sector.  We will return to this topic in section 4.  On the right panel of Figure 4.2b, 

black arrows show the schematic two-cell convective flow in the ionosphere, the red arrow 

indicates that in this event FAST moves across the post-midnight auroral oval from pole to 

equator, and the blue arrow indicates direction of the implied convection electric field in the 

vicinity of FAST. 

 

(a) 
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(b). 

Figure 4.2. (a) Auroral indices from 12:00 UT to 17:00 UT on Aug. 13 1998. The black line 

indicates the time when FAST crossed the PAA structure. (b) Ionospheric large-scale FACs (left) 

and the typical substorm-growth-phase convective flow pattern in the polar cap (right). The dark 

shaded region corresponds to downward FAC into the ionosphere whereas the light shaded 

region corresponds to upward FAC out of the ionosphere. The red arrows indicate the FAST 

trajectory. The black arrows indicate flow directions, and the blue arrows indicate the direction 

of the convection electric field in the vicinity of FAST.  

 

The top three panels of Figure 4.1 show that from 14:43:20 UT to 14:43:40 UT, at energies near 

1 keV, the electron flux near 00 exceeds the flux near 1800 in the same energy band, i.e., 

electrons are being accelerated into the ionosphere, evidence of a field-aligned potential drop.  In 

panel (d), the net energy flux is in units of erg/cm2/s, where 1 erg = 10-7 Joule. The red vertical 

line corresponds to the peak of the net energy flux associated with the electron acceleration 

structure from 14:43:20 UT to 14:43:40 UT. The net energy flux of the electron acceleration 

structure exceeded 1 erg/cm2/s (indicated by the blue line), a threshold for visible emission at the 
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auroral ionosphere [Carlson and Egeland, 1995]. The region of increased electron precipitation 

is also the most equatorward mono-energetic acceleration structure that is poleward of the inner 

edge of the 1 keV electron plasma sheet (near 67.30 in panel a), and is therefore identified as the 

PAA of interest.  Panels (e) and (f) show increased ion flux precipitating into the ionosphere 

from 14:42 UT to 14:44 UT in the energy range between 1 keV and 20 keV. The PAA at 14:43 

UT is embedded within this ion precipitation.  In panel (h), the positive value of the FAC density 

from 14:41 UT to14:43:20 UT corresponds to a FAC sheet into the ionosphere, whereas the 

negative value from 14:43:20 UT to 14:44:10 UT corresponds to a FAC sheet out of the 

ionosphere.  This is consistent with a downward Region 1 FAC sheet poleward of an upward 

Region 2 FAC sheet in the post-midnight sector (Figure 4.2b). The black vertical line in panel (g) 

marks the boundary between the Region 1 and Region 2 FACs. The peak of the precipitating flux 

of the PAA is located very close to the interface between the Region 1 and Region 2 FACs, but 

slightly shifted into the upward FAC sheet.  In panel (i), the polarity of the electric field reverses 

at 14:42 UT, as a result of traversing the boundary between open and closed flux tubes. The 

southward electric field after 14:42 UT corresponds to eastward convective plasma flow, 

consistent with the illustration in Figure 4.2b. A sharp gradient in the southward electric field 

starting at 14:43:15 UT is seen near the PAA, and the electric field poleward of the arc is larger 

in amplitude than the electric field within the arc. This suggests that eastward convective flow 

becomes faster poleward of the PAA.  In this panel, the black vertical line marks the location of 

maximum southward electric field, i.e., maximum eastward flow. The PAA is located 

equatorward of and adjacent to the eastward flow maximum. 
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4.3.2. A pre-midnight event 

Figure 4.3 shows FAST measurements made in the pre-midnight auroral zone near 22 MLT in 

the southern hemisphere on Jan. 29, 2008.  The panels plotted are analogous to those in Figure 

4.1.  Figure 4.4a shows the auroral indices three hours before and three hours after FAST crossed 

the PAA of interest (~18:17 UT), indicating that the crossing occurred during the substorm 

growth phase, roughly 30 minutes before a sharp drop in AL around 18:50 UT.  Figure 4.4b 

illustrates the FAST trajectory relative to the large-scale FACs and ionospheric convective flow. 

For this event, FAST crossed the auroral oval from equator to pole in the pre-midnight sector. 
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Figure 4.3.  FAST measurements from 18:16 UT to 18:18 UT on Jan. 29 1998. Panels from top 

to bottom are the same as Fig. 1. The structure identifiable in panels (a)-(c) at 18:16:20 UT is an 

instrumental anomaly. 

 

(a) 

 

(b)  
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Figure 4.4.  (a) Auroral indices from 15:00 UT to 21:00 UT on Jan. 29 1998.  (b) FAST 

trajectory relative to the large-scale FACs (left) and convective flows (right) in the ionosphere 

for this event.  FAST flew through the pre-midnight auroral oval from equator to pole. Arrows 

are colored as for Fig. 4.2. 

 

In the top 3 panels in Figure 4.3, electron energy flux increases in the energy range of a few keV 

from 18:16:30 to 18:17:20 UT. The electron flux near 1800 exceeds that near 00, consistent with 

field-aligned acceleration of electrons into the southern hemisphere. In panel (d), the peak of the 

net electron energy flux (marked by the red line) is identified as the center of the PAA. The PAA 

is also poleward of the inner edge of the 1 keV electron plasma sheet seen around 18:16:20 UT 

(panel c, preceding the instrumental glitch).  Panels (e) and (f) show that the PAA is embedded 

within the energetic ion precipitation (1 keV ~20 keV) from 18:16 UT to 18:17 UT and poleward 

of the most intense precipitating fluxes.  In panel (h), the negative value of the FAC density from 

18:16:10 UT to 18:16:30 UT corresponds to a FAC sheet anti-parallel to the background 

magnetic field, i.e. into the ionosphere in the southern hemisphere, whereas the positive value 

from 18:16:30 UT to 18:17:20 UT corresponds to an upward FAC sheet out of the ionosphere.   

The polarity of the FAC is consistent with the configuration that a downward Region 2 FAC is 

equatorward of and adjacent to an upward Region 1 FAC in the pre-midnight sector (Figure 

4.4b).  The black line located at the minimum of the azimuthal magnetic field in panel (g) 

represents the boundary between the Region 1 and Region 2 FACs.  Again, we find that the 

center of the PAA is located close to the interface between the Region 1/2 FACs, but slightly 

shifted into the upward FAC region.   In panel (i), the poleward electric field before ~18:17:20 

UT corresponds to westward convective flow of the plasma. The peak of the westward flow, as 
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indicated by the black line, is equatorward of the PAA.  In addition, the electric field in the 

equatorward vicinity of the PAA is greater than the electric field within the PAA. 

 

The two examples above show that the PAA structure identified from FAST data is located very 

close to the boundary between Region 1/2 FAC, but slightly shifted into the upward FAC region. 

This is consistent with what was found for the PAAs in chapter 3, and gives support to the view 

that our criteria for selecting the PAA events are robust. In both cases, the meridional electric 

field displays a sharp gradient near the PAA, corresponding to faster westward flow equatorward 

of the PAA in the pre-midnight sector and faster eastward flow poleward of the PAA in the post-

midnight sector. The center of the PAA is located roughly 10 equatorward of the maximum 

eastward flow in the post-midnight sector, and 10 poleward of the maximum westward flow in 

the pre-midnight sector.   

 

4.4. Statistical results from FAST 

To check whether the features identified in the cases discussed in the previous section are 

systematically present, we carried out similar analysis for all ~200 events in 1998, obtaining data 

from which we report statistics of the electrodynamics associated with the pre-existing arc.  

Figure 4.5 plots the local time distribution of the PAA events identified from the FAST data. The 

FAST events are roughly evenly distributed in MLT on the night side of the earth.   
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Figure 4.5. Distribution in magnetic local time of the PAA events identified by FAST.  

 

4.4.1. Location of the PAA relative to large-scale FACs and convective flows 

In this section, the relationship between the location of the PAA and the Region 1/2 FAC 

boundary is investigated.  As in the analysis of the events shown in Figures 4.1 and 4.3, the 

center of the PAA is identified from the net precipitating electron energy flux, while the 

boundary between the Region 1/2 FACs is identified from the gradient of the azimuthal 

component of the perturbed magnetic field.  Figure 4.6 displays a histogram of the latitude of the 

PAA relative to that of the Region 1/2 FAC boundary, i. e.,  PAA R Rd | | | |λ = λ − λ 1 2 , where PAA| |λ

is the absolute value of the invariant latitude of the PAA and R R| |λ 1 2  is the absolute value of the 

invariant latitude of the Region 1/2 FAC boundary.  With dλ=0  defined as the Region 1/2 FAC 

boundary, a positive (negative) dλ  implies that the PAA is poleward (equatorward) of the 

Region 1/2 FAC boundary in either hemisphere. The left-hand panel in Figure 4.6 is based on 
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passes in the post-midnight sector.  For most (~65%) of the events in this region, the center of 

the PAA is located within 10 equatorward of the Region 1/2 FAC boundary, embedded within the 

upward Region 2 FAC.  The right-hand panel, based on passes in the pre-midnight sector, shows 

that, for most (~60%) cases, the center of the PAA is located within 10 poleward of the Region 

1/2 FAC boundary, embedded within the upward Region 1 FAC.  Considering that the width of 

the PAA (~10 km), is a fraction of a degree, this statistical study confirms the finding that the arc 

structure is located very close to the boundary between the Region 1 and Region 2 FAC, and 

slightly shifted into the upward FAC.   

 

 

 

Figure 4.6.  Histogram of the invariant latitude of the PAA relative to that of the Region 1/2 

FACs boundary (x=0, marked in red), i.e., 1 2| | | |PAA R Rdλ λ λ= − , where | |PAAλ  and 1 2| |R Rλ  are 

the absolute values of the invariant magnetic latitudes of the PAA and the Region 1/2 FAC 

boundary, respectively. The left panel is for post-midnight passes while the right panel is for pre-

midnight passes.  
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In addition to linking the locations of the PAA to the Region 1/2 FAC boundary, we have also 

benchmarked the PAA’s location relative to large-scale convective flows. In a typical growth 

phase, the ionospheric flow has a two-cell convection pattern, in which plasmas are transported 

from the dayside to the tail at high latitudes and returned to the dayside on the flanks at lower 

latitudes.  We identify azimuthal flow maxima from electric field measurements and display the 

histogram of the latitude of the PAA relative to the azimuthal flow peak in Figure 4.7.  The 

latitudinal separation is calculated as _| | | |PAA flow peakdλ = λ − λ , where | |PAAλ  and _| |flow peakλ  are 

the absolute values of the invariant latitude of the PAA and the azimuthal flow peak, respectively. 

dλ=0 is defined as the invariant latitude of the maximum azimuthal flow. The panel on the left in 

Figure 4.7 is for passes in the post-midnight sector, while that on the right is for passes in the 

pre-midnight sector.  In the morning sector, the PAA is mostly confined within 20 equatorward 

of the maximum eastward flow. In the evening sector, however, the PAA lies poleward of the 

maximum westward flow only slightly more often than it lies equatorward of the maximum 

westward flow.  The presence of the Harang discontinuity and associated distortions of flow 

boundaries in the pre-midnight region may account for the spread of the distribution.  The 

Harang discontinuity spans a range of local times within which the eastward electrojet lies 

equatorward of the westward electrojet [Harang, 1946; Heppner, 1972], usually appearing as 

clockwise rotation of flow vectors from eastward flow at higher latitudes to westward at lower 

latitudes.  This distorted flow pattern may produce a latitudinal spread of the westward flow peak.  

As a result, the location of the PAA relative to the westward flow peak is less well organized in 

the evening than in the morning sector.  
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Figure 4.7.  Histogram of the invariant latitude of the PAA relative to that of the maximum 

azimuthal return flow (x=0, marked in red), i.e., _| | | |PAA flow peakdλ λ λ= − , where | |PAAλ  and 

_| |flow peakλ  are the absolute values of the invariant magnetic latitudes of the PAA and  the 

azimuthal flow peak, respectively. The left panel is for post-midnight passes while the right 

panel is for pre-midnight passes. 

 

The relationship between the location of the substorm breakup arc and that of the Harang 

reversal has been studied by various authors [Nielsen and Greenwald, 1979; Baumjohann et al., 

1981; Gjerloev et al, 2003; Zou et al, 2009], and it is of interest to compare our results with 

previous studies.  In Figure 4.8, we select passes in the local time range between 2100 MLT and 

0100 MLT and plot the PAA’s location relative to the Harang flow reversal.  It is worth noting 

that the electric field probes on FAST are in the spin-plane and measure only the north-south and 

field-aligned components. Therefore, the electric field data here enables one to identify 

azimuthal flows but not north-south flows, and one needs to bear this in mind when looking at 

the flow distribution.  Figure 4.8a plots the histogram of the latitude of the PAA relative to those 

of the maximum westward and eastward flows, respectively. It shows that between 2100 MLT 
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and 0100 MLT, the PAA is typically located poleward of the (lower-latitude) westward flow 

peak and equatorward of the (higher-latitude) eastward flow peak of the Harang reversal.  Figure 

4.8b plots the histogram of the latitude of the PAA relative to the center of the Harang reversal. 

The center of the Harang (corresponds to zero on the x-axis) is identified as the latitude between 

the westward flow peak and the eastward flow peak at which the azimuthal flow speed becomes 

zero.  The histogram implies that most of the PAAs (~75%) lie equatorward of the center of the 

Harang reversal. Thus, our data indicate that the PAA is typically located between the westward 

flow peak and the eastward flow peak of the Harang reversal near local midnight, but 

equatorward of the latitude at which azimuthal flow velocity is zero.  This result is closely 

related that of Baumjohann et al. [1991] in which they found that substorm breakup arcs 

occurred slightly equatorward of the Harang flow reversal and in the region of northwestward 

directed electric fields.   

 

 

(8a). 
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(8b).  

Figure 4.8. (a) Histrogram of the latitude of the PAA relative to that of the maximum azimuthal 

flow (left: eastward; right: westward) for events near local midnight (22<MLT<24 & 0<MLT<1). 

x=0 (marked in red) is defined as the latitude of the maximum azimuthal flow. (b) Histogram of 

the latitude of the PAA relative to the center of the Harang flow reversal, i.e., 0| | | |PAA vdλ λ λ == −  

(left), and an illustration of the ionospheric convective flow (right). The center of Harang 

discontinuity (corresponds to zero on the x-axis, marked in red) is taken to lie between the 

westward flow peak and the eastward flow peak where the azimuthal flow speed becomes zero 

and is marked in red The schematic on the right illustrates the ionospheric flow pattern, and the 

dashed line represents to the center of the Harang flow reversal (corresponds to epoch zero in 

Figure 8b).   

 

4.4.2. Flow pattern associated with the PAA 

In the two cases described in section 3 there is a gradient in the azimuthal flow across the PAA, 

i.e., there is increased westward flow equatorward of the PAA in the pre-midnight sector and 
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increased eastward flow poleward of the PAA in the post-midnight sector.  To establish whether 

this type of flow structure is typical for all the cases examined, we superimpose the north-south 

electric field along the FAST path from 10 equatorward of the center of PAA to 10 poleward for 

all the post-midnight passes (0<MLT<6) in Figure 4.9.  The epoch zero, marked by the red line, 

is the invariant latitude of the peak electron energy fluxes of the PAA, as illustrated in panel (d) 

in Figures 4.1 and 4.3.  The events in which FAST observed sharp bipolar electric field 

signatures and upward-going ion beams with an energy from a few hundred eV to a few keV 

have been excluded, as these are signatures of the acceleration region in which the bipolar 

electric field is produced by a U-shaped potential drop and does not map to the bottom of the 

ionosphere.  In addition, for each pass, the electric field in the plasma co-rotating frame has been 

mapped along field lines (assumed to be equi-potentials) to a common altitude at 110 km above 

the surface of the Earth.  In Figure 4.9, the x-axis is the invariant latitude of FAST relative to that 

of the PAA.  The dashed black traces in 4.9b represent individual electric field profiles as FAST 

moves from equator to pole.  Since the electric field is taken positive along the motional 

direction of FAST (equator to pole), and the convection electric field is equatorward in the post-

midnight sector, the black traces are mostly in the negative range. The solid blue curve is the 

median of the black traces, whereas the dashed blue curves are the quartiles. On average, the 

electric field remains relatively constant at around 5~10 mV/m equatorward of the PAA and then 

drops to -25 mV/m ~0.60 poleward of the PAA. Although there are large fluctuations, the trend is 

also evident for the individual passes.  
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(a) 

 

(b) 

Figure 4.9. Electric field along the FAST trajectory versus the latitude of FAST relative to the 

latitude of the PAA (x=0, marked in red) for all the post-midnight passes, positive in the 

poleward direction. (b) is plotted the same as (a) but for a larger range of electric field intensities. 

The dashed black traces represent individual profile of the electric field from equator to pole. 
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The solid blue trace is the median of the black traces, and the dashed blue traces are the quartiles 

of the data. (b) is plotted the same as (a) but for a larger range of electric field intensities so that 

the traces for individual events can be shown.   

 

Figure 4.10 is equivalent to Figure 4.9, but for passes in the pre-midnight sector (18<MLT<24). 

In this region, the convection electric field associated with the return flow is poleward, so the 

black traces are mostly in the positive range. As contrasted with the situation post-midnight, in 

this local time sector the electric field variation is not monotonic poleward of the peak, reflecting 

the complexity of flow in the region of the Harang discontinuity.  Consistent with the 2nd case in 

section 3, the median of the electric field increases equatorward of the PAA.  Although scatter of 

the data is considerable, the plot over a large range of electric field intensities (Figure 4.10b) 

makes clear that this trend is meaningful.   Nevertheless, the gradient of the electric field in the 

pre-midnight sector is less pronounced than that in the post-midnight sector, and a plateau is seen 

poleward of epoch zero. The plateau probably results from the complex distribution of large-

scale flows in the pre-midnight sector previously discussed.  Figure 4.7 indicates that for almost 

half of the cases in the pre-midnight sector, the maximum electric field is located poleward of the 

PAA.  As a result, the gradient of the electric field across the PAA is smaller in this sector than 

that in the post-midnight sector.  To illustrate this point, Figure 4.11 plots the median of the 

electric field across the PAA in the pre-midnight sector for cases where the PAA is located 

poleward of the maximum electric field (4.11a) and for cases where the PAA is located 

equatorward of the maximum electric field (4.11b).  In Figure 4.11b, as the electric field starts to 

increase with latitude at 0.20 poleward of epoch, the overall variation of the electric field over 20 

across the PAA is less pronounced than that in Figure 4.11a. However, even in this subset, a 
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localized gradient of the electric field is present across the center of the PAA (from -0.20 to 0.20).  

Figure 4.11 shows that in the pre-midnight sector, increased westward flow is always present in 

the equatorward vicinity of the PAA, in spite of the PAA’s location relative to the large-scale 

convection.  

 

(a) 

 

(b) 
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Figure 4.10. Electric field along the FAST trajectory versus the latitude of FAST relative to the 

latitude of the PAA As for Figure 4.9 but for all the pre-midnight passes (18<MLT<24), positive 

in the poleward direction.  

 

 

(a) 

 

(b) 
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Figure 4.11. Electric field along the FAST trajectory versus the latitude of FAST relative to the 

latitude of the PAA (x=0, marked in red) in the pre-midnight sector. (a) for cases where the PAA 

is located poleward of the peak of the poleward electric field. (b) for cases where the PAA is 

located equatorward of the peak of the poleward electric field.  The solid traces are the medians 

and the dashed traces are the quartiles of the data.  

 

4.4.3. Electrodynamics of the PAA 

In order to understand why the electric field increases adjacent to the PAA, we consider 

equations that describe arc-associated electrodynamics. In the ionosphere, the current 

perpendicular to the background magnetic field can be broken into the Pedersen current and the 

Hall current, i. e. 

                                                       ˆσ σ⊥ = + ×p Hj E b E                                                  (4.2) 

where Pσ and Hσ  are the Pedersen and Hall conductivities respectively. E is the electric field, 

and b̂ is a unit vector along the background magnetic field. We assume that in the ionosphere, 

the background magnetic field is vertical.  Integrating equation (4.2) along the vertical direction 

and assuming that the electric field does not vary within the ionospheric height ( 0∂
=

∂z
E ), we get      

                                                     ˆ
⊥ = ∑ + ∑ ×p HJ E b E                                                 (4.3) 

Here P∑ and H∑  are the height-integrated Pedersen and Hall conductivities respectively and ⊥J  

is the height-integrated current density. For steady state, the current density is divergence-free, 

i.e.,  

                                                       0⊥ ⊥

∂
∇ ⋅ + =

∂
z

z
jj                                                        (4.4) 
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Integrating equation (4.4) along the vertical direction, one finds 

                                                  ( )⊥ ⊥∇ ⋅ = − − = −top bot top
z z zj j jJ                                        (4.5) 

Here we recognize that no currents flow out of the bottom of the ionosphere ( 0=bot
zj ). 

Replacing ⊥J  with equation (4.3), the vertical current density can be expressed as 

                                                 ( )⊥= −∇ ⋅ Σ + Σ ×z p Hj E b E                                            (4.6) 

Expanding equation (4.6) in a Cartesian coordinate where the x-axis points east, y-axis points 

poleward and z-axis points vertical to the surface of the Earth, one gets 

                             
( ) ( ) ( ) ( )∂ ∑ ∂ ∑ ∂ ∑ ∂ ∑

− = − + +
∂ ∂ ∂ ∂

p x H y p y H x
z

E E E Ej
x x y y

                       (4.7) 

For a quasi-steady PAA, the variation in the azimuthal direction is in general much smaller than 

the variation in the meridional direction, i. e., ∂ ∂
>>

∂ ∂x y
. If the convective flow is mainly in the 

azimuthal direction and the dominant component of the electric field is north-south, i. e. 

>>x yE E ,  equation (7) is well approximated by 

                                                  
( )∂ ∑

− =
∂

p x
z

E
j

x
                                                            (4.8) 

We assumed that the angle between the background magnetic field and the vertical direction is 

small at the auroral latitude, so that the FAC density approximately equals  jz.  

 

Equation (4.8) shows that the FAC density depends on how Ex and �p vary with latitude.  

Figures 4.12a and 4.12b show profiles of various quantities across the PAA in the post-midnight 

sector and in the pre-midnight sector respectively.  The values are plotted against magnetic 

latitude relative to epoch, which is defined as the invariant latitude of the peak electron energy 
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flux of the PAA.  Panels from top to bottom are: electric field along the FAST trajectory (same 

as the average traces in Figures 4.9 and 4.10); height-integrated Pedersen conductivity ∑ p ; FAC 

density derived from equation (4.8) (blue) and from the perturbed magnetic field (black), both of 

which are smoothed by a 6s running-average window.  In Figure 4.12, the solid blue traces are 

the medians while the dashed blue traces are the quartiles of the data.  The height-integrated 

Pedersen conductance is estimated using the formulas in Robinson et al. [1987] and Galand et al. 

[2001], where the contribution to the Pedersen conductance from proton precipitation is  

0.55.7P Q+
+∑ =  and the contribution to the Pedersen conductance from electron precipitation is 

0.5
2

40
16P

W Q
W

−
−

< >
∑ =

+ < >
.  Here Q− and Q+  are the precipitating energy fluxes at the top of the 

ionosphere at 800 km above ground for electrons and protons respectively, and <W> is the mean 

energy of the incident particles in keV. The total Pedersen conductance is 2 2( ) ( )P P P
− −∑ = ∑ + ∑

[Galand et al., 2001]. In the 3rd panel, negative values correspond to upward FAC while positive 

values correspond to downward FAC. 
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(a) 

 

(b) 
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Figure 4.12. Profiles of various quantities from -10 equatorward of the center of the PAA to 10 

poleward of the PAA for (a) post-midnight passes and (b) pre-midnight passes respectively. 

Panels from top to bottom are: the electric field along FAST trajectory (positive in the poleward 

direction); height-integrated Pedersen conductance (in Siemens), evaluated as explained in the 

text; and FAC density inferred from magnetic field perturbations (black) and FAC density 

inferred from equation (8) (blue). Epoch zero (marked by the red line) corresponds to the center 

of the pre-existing arc inferred from precipitating electron energy fluxes. The solid traces are the 

medians and the dashed traces are the quartiles of the data.  In the 3rd panel, negative values 

correspond to upward FACs and positive values correspond to downward FACs into the 

ionosphere. 

 

In the 4th panel of Figure 4.12, the FAC density inferred from equation (4.8) is generally 

consistent with the FAC inferred from the magnetic field perturbations. In the post-midnight 

sector (Figure 4.12a), an upward FAC current sheet is located equatorward of a downward FAC 

sheet, and the FAC reverses polarity at ~0.50 poleward of epoch.  In the pre-midnight sector 

(Figure 4.12b), an upward FAC is located poleward of a downward FAC sheet, and the FAC 

reverses polarity at 0.40 equatorward of the epoch.  Overall, the FAC density calculated from 

equation (4.8) mimics the trend of the FAC density inferred from magnetic perturbations fairly 

well, and the interface between the upward and the downward FAC inferred from the 

perpendicular current lies at same latitude as that inferred from magnetic perturbations.  The 

discrepancy in magnitude between the FAC density inferred from magnetic perturbations and 

that inferred from the divergence of the Pedersen current may result from the uncertainty in 

estimating ionospheric conductivity using an empirical model.  In addition, in deriving equation 
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(4.8), we assumed that variation in the azimuthal direction is in general much smaller than the 

variation in the NS direction ( ∂ ∂
>>

∂ ∂x y
), and that the convective flow is mainly azimuthal 

( >>x yE E ). This geometry is likely to break down near local midnight where the Harang 

discontinuity is present. 

 

With the guidance of equations (4.2) to (4.8), the enhancement of the N-S electric field adjacent 

to the PAA can be understood intuitively as follows.  In the ionosphere, the current system of the 

PAA consists of an upward FAC sheet, a downward return FAC sheet adjacent to the arc, and a 

meridional Pedersen current that connects the pair of FACs. In the downward return FAC region, 

ionospheric conductivity is low because of the outflow of cold ionospheric electrons carrying the 

current [Doe et al. 1995; Karlsson and Markland 1998]. In the upward FAC region, conductivity 

is relatively high because of the increased electron precipitation.  In order to maintain continuity 

of the N-S Pedersen current across the arc, the electric field in the low conductivity region 

(downward FAC) needs to increase.  In the pre-midnight sector, the downward FAC sheet is 

located equatorward of the upward FAC sheet, whereas in the post-midnight sector, the 

downward FAC sheet is located poleward of the upward FAC. Consequently, an increased 

electric field is observed equatorward of the PAA in the pre-midnight sector and poleward of the 

PAA in the post-midnight sector.     

 

4.5. Conclusions 

In this chapter, we characterize the ionospheric flow pattern and FACs in the vicinity of a PAA 

from the FAST statistics.  Conclusions of this chapter are as follows:  
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1. In the pre-midnight region, the PAA is typically located within 10 poleward of the R1/R2 

boundary (65%). In the post-midnight region, the PAA is typically located within 10 equatorward 

of the R1/R2 boundary (60%). Therefore, the most probable arc location is near the R1/R2 

boundary but displaced into the region carrying upward FAC from the ionosphere. 

2. In the post-midnight sector, most of the arcs lie equatorward of the maximum eastward flow 

and at the edge of a strong flow gradient.  In the pre-midnight sector, the PAA is found within 20 

of the maximum westward flow, sometimes equatorward and sometimes poleward. Near 

midnight, the PAA is typically located between the maximum westward and eastward flow, and 

equatorward of the center of the Harang flow reversal (zero azimuthal flow). Many of the 

anomalous cases in the pre-midnight region appear to reflect the complex flow patterns in the 

Harang region. 

3. FAST statistics indicate that in the pre-midnight sector, a downward FAC sheet is located 

equatorward of and adjacent to the upward FAC sheet of the PAA while in the post-midnight 

sector, a downward FAC sheet is located poleward of the upward FAC of the PAA. The FAC 

density inferred from the divergence of the N-S Pedersen current agrees qualitatively with the 

FAC inferred from magnetic perturbations.  The analysis suggests that in the ionosphere, the 

FACs associated with the PAA is likely to be closed by a N-S Pedersen current.  

4. In the ionosphere, the eastward flow speed increases over 0.6˚ poleward of the PAA in the 

morning sector whereas the westward flow speed increases over 0.4˚ equatorward of the PAA in 

the evening sector. The average speed of the azimuthal flow adjacent to the arc is ~1 km/s, which 

corresponds to an azimuthal flow of ~80 km/s or less in the magnetotail where the magnetic field 

is a few nT.    In the subsequent chapter,  the magnetospheric counterpart of such a flow shear is 

searched in the estimated source region of the PAA. 
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Chapter 5. Magnetospheric flow shear associated with the pre-existing 

auroral arc before the auroral breakup 

 

In the previous chapter, the FAST statistics show that an ionospheric flow shear is associated 

with the PAA, which appears as increased westward flow equatorward of the PAA in the pre-

midnight sector and increased eastward flow poleward of the PAA in the morning sector.  

Therefore, the equivalent flow pattern in the magnetosphere should be accelerated duskward 

flow earthward of the source region of the PAA in the evening sector and accelerated dawnward 

flow tailward of the source region of the PAA in the morning sector (Figure 5.1).  In this chapter, 

we seek to identify such flow shears in the magnetosphere. More importantly, we investigate 

whether these flow shears are quantitatively plausible as the source of the FAC of the pre-

existing arc.  We also examine how the flow shear evolves as substorm activity commences and 

consider whether the observed flow shear contributes to the current system associated with the 

onset auroral arc.  
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Figure 5.1. Schematic flow pattern near the preexisting arc in the ionosphere and on the 

equatorial plane in the magnetosphere. The black curve represents the preexisting arc. Blue 

arrows represent accelerated flow channels adjacent to the arc or its source in the magnetosphere.  

 

5.1. Introduction 

Multiple studies have sought to identify the magnetospheric driver of the current system of an 

arc.  Shiokawa et al. [1997] examined the braking of high-speed flows in the near-Earth region 

and the relationship between the inertial current caused by flow braking and the formation of 

substorm current wedge.  Keiling et al. [2009] presented an example in which magnetospheric 

flow vortices generate the FAC of the substorm current wedge at the beginning of substorm 

expansion phase. Shiokawa et al. [1998] and Xing et al. [2011] proposed that an azimuthal 

gradient of plasma pressure drives the substorm current system at onset, while Mende et al. 

[2012] suggested that a typical quiet-time azimuthal pressure gradient generates sufficient 

current to account for the auroral current loops observed by the FAST and POLAR spacecraft. 

Yao et al. [2012] studied 2 substorm cases and suggested that both pressure gradient and vertical 

flow contributes to the substorm current wedge formation, with the former being dominant near 

the dipolarization region.  

 

While these studies above address the relationship between arc-associated currents and pressure 

gradient or flow vortices, there has yet to be a study that examines the relationship between the 

PAA and magnetospheric flow shear. Therefore, in this chapter, we combine the THEMIS in-situ 

measurements [Angelopoulos 2008] with the THEMIS All-Sky Imagers (ASI) data [Mende et al., 

2006 and Donovan et al., 2006] to identify whether a magnetospheric shear is associated with an 



135 

 

auroral arc prior to auroral breakup.  In the next section, the THEMIS data used to search for 

magnetospheric flow shears are described. In section 5.3, we analyze measurements for an event 

in which THEMIS probes observed localized flow shear in a region that appears to map close to 

a quiescent PAA in the ionosphere during the growth phase.  In section 5.4, details of one event 

in which a transient flow shear developed at substorm onset soon before the auroral breakup are 

described. Our work is discussed in section 5.5 and concluded in section 5.6.     

 

5.2. Data and event selection criteria 

To seek evidence for the magnetospheric flow shear displayed in Figure 1, we surveyed the 

THEMIS data during intervals preceding substorms in the tail seasons of 2008 and 2009 using 

following criteria: 

1. Multi-point THEMIS observations are available during an isolated growth phase prior to a 

substorm, identified by both the AL index and auroral images. The ASI must record auroral 

features typical for growth phase, in which a PAA remains stable without much change in 

morphology until the breakup occurs.  

2. The THEMIS probes are located in the nightside plasma sheet at radial distances in the range 

of 7~15 RE, and are separated mainly in the radial direction, with close separation (1~2 RE) 

between adjacent pairs of spacecraft. This is because the source of the PAA is estimated to be 

located a few RE tailward of the inner edge of the electron plasma sheet, which typically lies at 

6~7 RE in the morning sector and 7~8 RE in the evening sector during quiescent times [Jiang et 

al., 2011]. Consequently, the tailward region from ~7 RE to ~15 RE covers the most probable 

range for the source location of the PAA.  In addition, an orbit configuration with multiple 
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spacecraft closely separated in the radial direction is necessary to identify magnetospheric flow 

shear that corresponds to latitudinal gradients of the azimuthal flow in the ionosphere. 

3. The ionospheric projections of the THEMIS probes are located near a PAA identified in 

auroral images. In search of desirable events, we use the Tsyganenko model (T89 or T96 

depending on which one is better) to estimate the ionospheric footprints of the spacecraft. We 

require the mapping error indicated by the discrepancy between observed magnetic field and the 

predicted magnetic field by the Tsyganenko model to be comparatively small by ensuring that 

the T96 model correctly predicts the polarity of the Bx component and that magnetic signatures 

during the interval of interest are not fluctuating intensely so that the empirical mapping is 

relatively reliable. After obtaining a handful of events from an initial search, we use an adaptive 

T96 model (described in section 5.3 and 5.4) to improve the accuracy of the magnetic mapping.  

 

Our survey identifies five events that satisfy these search criteria. They are listed in table 5.1. 

Three among them show magnetospheric flow shear of meaningful magnitude that is very likely 

to be associated with a PAA or onset arc before the auroral breakup.  In the sections below, 

details of the event on March 29 2008 and the event on March 19 2009 are presented. The event 

on March 17 is almost identical to the event on March 19 2009. The other two events where 

meaningful flow shears have not been observed prior to auroral breakup are addressed in section 

5.5. 
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Date UT of observing 

the flow shear 

UT of onset THEMIS probes that observed 

the sheared flow 

2008-03-29 06:25 – 06:40  06:51  A, B, C, D, E 

2009-03-17 12:42 – 12:46 12:42 C, D, E 

2009-03-19 11:38 – 11:41  11:37 C, D, E 

2008-03-22     N/A 07:33 N/A 

2008-03-26     N/A 05:38 N/A 

 Table 5.1. List of events that satisfy our search criteria described in section 5.2. 

 

5.3. Flow shear associated with the PAA during the growth phase – a case study 

Figure 5.2 displays the locations of THEMIS probes in the GSM XY and YZ planes between 

06:00 UT and 07:00 UT on March 29, 2008.  During this time interval, THEMIS B, C, D and E 

were located at ~2100 MLT at distances between ~10 RE and ~15 RE, with a separation of 1~2 

RE between adjacent pairs of spacecraft.  Figure 5.3 plots the THEMIS auroral indices, ground 

magnetic perturbations and the auroral keograms vs. geomagnetic latitude at Fort Simpson 

(FSIM) and Fort Smith (FSMI) between 06:10 UT and 07:00 UT.  During this interval, the AL 

index gradually decreased from a background level to -100 nT. The H components at FSIM and 

FSMI started to decrease around 06:43 UT, and dropped suddenly around 06:52 UT.  In the 

auroral keograms, a faint arc appeared around 06:35 UT near 670 at FSMI and near 690 at FSIM. 

The arc drifted equatorward from 06:35 UT, brightened at 06:51 at FSMI and expanded 

azimuthally (to FSIM at 06:53 UT) and poleward. For this event, we are interested in 

measurements during the growth phase, which ends at approximately 06:51 UT, as can be seen 

both in the ground magnetometer data and in the keograms. 
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Figure 5.2. Locations of the THEMIS probes in the GSM x-y and y-z planes from 06:00 UT to 

07:00 UT on March 29 2008.  
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Figure 5.3. Auroral indices from the THEMIS ground stations, ground magnetic perturbations 

and auroral keograms vs. geomagnetic latitude at Fort Simpson and Fort Smith from 06:10 UT to 

07:00 UT on March 29 2008.  

 

Figure 5.4 shows an auroral image at 06:37 UT on March 29, 2008. Circular images are 

superimposed on a map. Each circle is an image from a ground optical station. Stations from the 

left to the right are: Inuvik, Fort Simpson, Fort Smith and Gillam. The red line indicates 

magnetic midnight, while the dotted white lines represent constant geomagnetic latitudes and 

longitudes. The putative ionospheric footprints of the five THEMIS probes, obtained from the 

T96 model [Tsyganenko 1995; Tsyganenko and Stern, 1996], are marked by colored letters.  At 

06:37 UT, a bright arc was seen in the upper portions of the images, and equatorward of it, a 
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faint arc was seen slightly equatorward of the footprints of THEMIS D and E.  Later on at 06:51 

UT, the faint arc suddenly brightened and the brightened aurora expanded poleward and 

azimuthally. This arc is the equatorward-drifting arc in the auroral keograms that starts at ~06:36 

UT and it is the preexisting arc of interest here. 

 

Figure 5.4. Auroral image at 06:37 UT on March 29 2008. Stations from the left to the right are: 

Inuvik, Fort Simpson, Fort Smith and Gillam. The red line indicates local midnight. The white 

dotted lines represent constant latitudes and longitudes.  Putative ionospheric footprints of the 

spacecraft, obtained from the T89 model, are marked by colored letters. The faint PAA of 

interest is marked by the yellow dots. 

 

Figure 5.5a plots three components of the magnetic field in GSM coordinates from 

measurements [Auster et al., 2008] at THEMIS D and E (black) and predicted by the T89 model 

(red). The radial distance, MLT and displacement along the z-direction are indicated below the 

panels.  During the interval 06:20 UT to 06:50 UT, the Bx component at D is close to zero and 
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the Bx component at E is close to -3 nT. The Bz components at both spacecraft are a few nT.  This 

suggests that both D and E are located in the region where the magnetic field is tail-like, and D is 

located very close to the center of the neutral sheet while E is located slightly below the 

magnetic equator.  During this time when the faint PAA was slightly poleward of the footprints 

of D and E, the modeled Bx components are very close to the observed Bx components, whereas 

the modeled Bz components are significantly larger than the observed ones.  This implies that the 

T89 model provides a roughly accurate prediction of the location of D and E relative to the 

magnetic equator, but significantly underestimates the stretching of the field. Consequently, the 

actual footprints of D and E should be shifted equatorward of the modeled footprints to a place 

equatorward of the PAA.  Figure 5.5b is a schematic of the location of THMEIS D and E and the 

field lines linking to them in the XZ plane.   

 

 

(a) 
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(b) 

Figure 5.5. (a) Magnetic field from measurements and from predictions of the T89 model in 

GSM coordinates at THEMIS D and E from 06:10 UT to 07:00 UT. Panels from top to bottom 

are the Bx, By and Bz component in GSM coordinates. The radial distance, MLT and 

displacement along the z direction are indicated below the panels. (b) Schematic of the location 

of THEMIS D and E in the XZ plane and the perpendicular current.  

 

Figures 5.6a and 5.6b display additional in-situ measurements at THEMIS D and E. Panels from 

top to bottom are: (a)-(c) ESA [McFadden et al., 2008] electron energy spectrum over an energy 

range from 10 eV to 30 keV, for pitch angles near 900, 00, and 1800 respectively; (d) magnetic 

field in GSM coordinates; (e) the averaged ion velocity over the entire ESA and SST energy 

range (4 to 500 keV) in GSM coordinates; (f) 60s running average of the flow velocity in GSM 

coordinates inferred from / Bu = E×B 2 ; (g) equatorial plasma pressure; (h) azimuthal plasma 

pressure gradient.  Between 06:25 UT and 06:40 UT, both D and E observed an increase of 

electron energy flux at energies of a few hundred eV, distinctly below the characteristic energy 

of the electron plasma sheet (~1 keV). The pitch angle distribution indicates that this low-energy 
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electron population is present in the parallel and anti-parallel directions, but not in the 

perpendicular direction.  Liang et al. [2013] studied these field-aligned electron beams 

extensively and showed that they are the magnetospheric counterparts of upward-going electron 

beams that are commonly found in the equatorward vicinity of an inverted-V arc in the 

ionosphere in the pre-midnight sector. These upward-going electron beams are accelerated by a 

downward field-aligned potential drop as they enter the magnetosphere, and broaden their 

angular distribution as they interact with waves [e.g., Zhang et al., 1993; Abel et al., 2002].  

Eventually, these beams become a trapped population in the magnetosphere with finite beam 

width [Abel et al. 2002b], along directions both parallel and anti-parallel to the background 

magnetic field.   The field-aligned beams observed at D and E between 06:25 UT and 06:40 UT, 

along with the fact that the actual ionospheric footprints of D and E appear to be equatorward of 

the PAA, indicate that D and E are very likely to be located earthward of the arc’s source, in a 

region of downward FAC that is carried by the trapped low-energy electron beams.  In Figure 5.5, 

from 06:25 UT to 06:40 UT, the By component measured at THEMIS E is +4 nT larger than that 

at THEMIS D.  Since the Bx values at THEMIS D and E suggest that they are located very close 

to the neutral sheet where the dominant current should be perpendicular to the magnetic field, the 

difference in By is very likely to result from a current in the radial direction (Figure 5.5b). 

THEMIS D is located close to the center of this current sheet while E (0.1 RE below D in the z 

direction) is located below it. This radially inward perpendicular current suggests a pair of FAC 

sheets where a downward FAC is located earthward of an upward FAC, consistent with the 

current system of a PAA in the pre-midnight sector. It further supports our inference that, during 

06:25~06:40 UT, THEMIS D and E are located within a downward FAC region earthward of the 

source of the PAA. 
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(a) 

 

(b) 
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Figure 5.6. Observations from 06:10 to 07:00 UT at THEMIS D and E on March 29 2008.  

Panels from top to bottom are: (a)-(c) electron ESA energy flux spectrum for electrons with a 

pitch angle range of 750~1050, of 00~150, and of 1650~1800 respectively; (d) magnetic field in 

GSM coordinates; (e) ion bulk velocity across the entire energy range (ESA+SST) in GSM 

coordinates; (f) flow velocity inferred from / Bu = E×B 2  ; (g) plasma pressure at the magnetic 

equator; (h) azimuthal plasma pressure gradient. Radial distance, MLT and displacement along 

the z direction are indicated below the panels.  

  

In Figure 5.6, increased duskward flow is seen simultaneously with the advent of field-aligned 

electron beams at D and E.  The flow velocity inferred from the electric field is similar to the 

flow inferred from particle distribution, indicating that it is a convective flow and can be mapped 

to the ionosphere (discrepancy between the ion flows from plasma measurements and flows 

inferred from / Bu = E×B 2  result from uncertainties in the electric field measurement).  The 

azimuthal ion flows measured at all the spacecraft at 06:37 UT and projected onto the GSM x-y 

plane are shown in Figure 5.7.  The flow data have been filtered by a 30s running-average 

window, in order to examine the trend.  The smoothed data have been transformed into a local 

field-aligned coordinate system.  The x-axis of the local coordinate is along the direction of the 

background magnetic field, and the flow parallel to the background magnetic field is

ˆ( )= • = •Bu
B
Bu u b . The y-axis is perpendicular to both the radial direction and the direction of 

the background magnetic field; therefore the azimuthal component of the perpendicular flow is 

ˆ ˆ( )
ˆ ˆ| |

×
= •

×
r

azimuthal
r

u b eu
b e

, where ˆ re  is a unit vector in the radial direction. The 3rd component 



146 

 

3

ˆ ˆ( )ˆ{ }ˆ ˆ| |
×

= • ×
×

r

r

u b eu b
b e

 completes the description of the flow vector in the local coordinate system.   

In Figure 5.7, the dots represent projections of the spacecraft locations to the magnetic equator, 

and the lines represent vectors of the azimuthal flow  azimuthalu .  The flow vector is plotted in 

black if the flow speed is below 20 km/s, a value adopted as the noise level of magnetospheric 

flows. The lengths of the colored flow vectors are proportional to flow speeds, and one grid 

length represents 50 km/s.   

 

Figure 5.7. Azimuthal components of the perpendicular ion flow velocity in the GSM x-y plane 

at 06:37 UT on March 29 2008. The spacecraft positions are mapped to the magnetic equator by 

the T89 model. Length of the vectors is proportional to flow speed. Black vectors indicate that 
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the flow speed is less than 20 km/s. The dashed grey lines show the radial direction from the 

Earth to each spacecraft.  

 

Starting at 06:26 UT, both D and E observed increased duskward flows while spacecraft at larger 

and smaller radial distances did not.  The increased duskward flows at D and E reached peak 

intensity of ~50 km/s at 06:29 UT and retreated to background level at 06:32 UT.  One minute 

later at 06:33 UT, the duskward flows at D and E began to increase again and reached peak 

intensity of ~60 km/s at 06:37 UT. The flows reduced to background level at 06:41 UT, 

approximately concurrent with the disappearance of the field-aligned electron beams at THEMIS 

D and E.  During this time interval, azimuthal flows at the other 3 spacecraft remained small. 

The ~60 km/s duskward flow observed at D and E is roughly equivalent to a flow of 800 m/s at 

the auroral ionosphere, consistent with the average speed of westward flow equatorward of the 

PAA in the evening sector found from FAST statistics. This quantitative correspondence 

suggests that the increased azimuthal flow at THEMIS D and E are very likely to be the 

magnetospheric source of the lower latitude flows adjacent to a PAA in the ionosphere and, 

correspondingly, that the magnetospheric source of the PAA must have been located tailward (~1 

RE) of D and E. 

 

The density of the FAC associated with the flow shear in Figure 5.7 can be estimated as follows.  

From the MHD momentum equation, the perpendicular current can be written as,  

         2( ) /d P B
dt

ρ⊥ = × +∇
uj B                                                                (5.1) 
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The first term characterizes perpendicular current associated with flow inertia, and the second 

term characterizes perpendicular current associated with pressure gradients. The first term can be 

further expanded as 

                                     2 2 ( ( ) )d
B dt B t

ρρ⊥

∂
= × = × + •∇

∂
B u B uj u u                                                    (5.2) 

In equation (5.2), the temporal variation term is small compared with the spatial variation term 

and can be ignored.  Assuming that variation in the azimuthal direction is much larger than the 

variation in the radial direction.  The perpendicular current can be written as 

                         2 2( )( )r r ru u u
B r r B r

φ
φ φ

ρ ρ
φ⊥

∂∂ ∂
= × + + = ×

∂ ∂ ∂
uB Bj u u                                             (5.3) 

Here we drop 
φ
∂

∂
 and r

r
∂
∂
u  terms in equation (5.3) because flow measurements show that the 

dominant component of the flow is in the azimuthal direction and that the radial gradient of flow 

is much larger than the azimuthal gradient.  Hence, the perpendicular current density associated 

with the flow is approximately /j A m−
⊥ ≈ 10 210 .   

 

Since both the pressure gradient and flow shear can lead to FAC in the magnetosphere, it is 

worth examining the contribution to the FAC from pressure gradient. In the near-Earth plasma 

sheet, the azimuthal component of the pressure gradient is dominant in driving a FAC compared 

with the radial component.  In this case, THEMIS D and E are located close to the neutral sheet 

and mainly separated in the azimuthal direction, and thus can be used to infer the plasma 

pressure gradient in the azimuthal direction. We first find out the equatorial plasma pressure at 
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THEMIS D and E by assuming vertical pressure balance [Xing et al., 2009], i.e., 

( )P∇ = ∇ × ×
μ

B B
0

1  in the z direction.  Integrating this equation vertically one gets                     

  
2 2

0 0 00 0

( ) 1 1|
2

z z
x ysc eq z z

z sc x y

B B B BP P B dz B dz
x yμ μ μ=

− + ∂ ∂
− = + +

∂ ∂∫ ∫                               (5.4) 

Here Psc and Peq are the pressure at the spacecraft and magnetic equator respectively. The 2nd and 

3rd term in equation (5.4) represent the effect of field line curvature. Due to the very limited 

spacecraft coverage, we use the T89 model to estimate the significance of each term on the RHS 

of equation (5.4) at THEMIS D and E, and find that the 2nd term is less than 10% of the 1st term 

while the 3rd term is 1% of the 1st term at THEMIS D and E. Therefore, the equatorial plasma 

pressure can be well approximated by  

 
( )x yeq sc B B

P P
+

= +
μ

2 2

02
                        (5.5) 

Here Psc is the pressure measured at the spacecraft by ESA and SST (Solid State Telescope) that 

cover the energy range 5 eV to 6 MeV for ions and 5 eV to 1 MeV for electrons. Subsequently, 

the azimuthal pressure gradient at the neutral sheet is estimated by 

                                              ( )
( ) / * ( )

D E
azi

D E D E

P PP
r r

−
∇ =

+ θ − θ2
                                                     (5.6) 

where r and θ is the radial distance and azimuth of the spacecraft.  

 

Panel (h) of Figure 5.6 plots the azimuthal pressure gradient calculated by equation (5.6). During 

the interval when D and E observed the field-aligned electron beams and flow shear (06:25 

UT~06:40 UT), a dawnward pressure gradient (positive) of 0.005 nPa/RE is present in the region 

between D and E. The value of the dawnward pressure gradient between D and E is small 
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compared with the averaged magnitude of the azimuthal pressure gradient over a longer time 

period (not shown here) for this case and smaller than the typical azimuthal pressure gradient of 

0.01 nPa/RE found in a quiet-time plasma sheet near ~10 RE [Xing et al., 2009].  In addition, this 

value should be an upper limit of the dawnward pressure gradient, as D is located 0.3 RE 

earthward of E and a small radial pressure difference also contributes to the total pressure 

difference. The perpendicular current density associated with this pressure gradient is 

2A/mPj
B

−∇
= ≈ 1010 , which is very close to the FAC associated with the flow shear.  Therefore, 

during the growth phase, the FAC density associated with the flow shear is as significant as the 

upper limit of the FAC density associated with the background azimuthal pressure gradient, and 

the corresponding ionospheric FAC density is adequate for producing a faint PAA.   Although 

the dawnward pressure gradient between D and E suggests a downward FAC into the ionosphere, 

we believe that this pressure-associated current is relevant the background large-scale FAC 

instead of the FAC of the PAA and will address this further in the discussion section.  

 

Inferences from observed features of this case are as follows: (1) During the interval 06:25 UT 

~06:40 UT on March 29 2008, THEMIS D and E were located in the pre-midnight sector and 

earthward of the magnetospheric source of the PAA and magnetically conjugate to the 

downward FAC region in the equatorward vicinity of the PAA in the ionosphere. (2) THEMIS D 

and E (near 11 RE) observed increased duskward flow while spacecraft at larger and smaller 

distances did not. (3) This azimuthal flow of ~60 km/s is roughly equivalent to a flow of ~800 

m/s at the auroral ionosphere, consistent with the average speed of duskward flows equatorward 

of the PAA in the pre-midnight ionosphere. (4) The FAC density associated with the flow shear 



151 

 

in the magnetosphere is comparable to the FAC density associated with the background pressure 

gradient and corresponds to an ionospheric FAC density of a discrete arc.  

 

 

5.4. Flow shear associated with the PAA shortly before the auroral breakup  

In the previous section, we discussed a case in which flow shear is observed near the source 

region of a preexisting arc during the growth phase. It is of interest to examine whether such a 

flow shear exists during substorm onset, and if so, how it differs from the flow shear during the 

growth phase. Intuitively, one would expect the flow shear to be much stronger simply because 

arc-associated FAC density at substorm onset is much larger than that at a quiescent time. In this 

section, we describe an event on March 19 2009 in which a transient flow shear that developed at 

substorm onset is associated with intensification of the onset arc. 

 

Figure 5.8 displays ground and spacecraft measurements from 12:20 UT to 13:00 UT.  Panels 

from top to bottom are: (a) the auroral indices; (b) ground magnetic perturbations at Fort Yukon 

(FYKN); (c) auroral keogram at FYKN; (d) ionospheric ion velocity in the east-west direction 

measured by the Poker Flat Incoherent Scatter Radar (PFISR); (e) — (g) ion bulk flow velocity 

in GSM coordinates at THEMIS C, D and E respectively; (h) equatorial plasma pressure at 

THEMIS C and D; (i) azimuthal pressure gradient between THEMIS C and D.    PFISR is a 

radar observatory using Advanced Modular Incoherent Scatter Radar (AMISR) technology at the 

Poker Flat Research Range in Alaska. It measures parameters such as ion drift velocity and 

electron density as a function of latitude/altitude in the line of sight direction of individual beams 

[Heinselman and Nicolls, 2008].  The 4th panel of Figure 5.8 shows azimuthal flow velocity as a 
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function of geomagnetic latitude and UT. The red portion of the spectrum represents eastward 

flows, whereas the blue portion of the spectrum represents westward flows.  Azimuthal flows 

with a speed less than 400 m/s are colored green, as an ionospheric flow velocity of 400 m/s 

corresponds to the ~20 km/s in the tail (where Bz is ~10 nT) adopted as a threshold of 

background noise.  In panel (h) of Figure 5.8, the equatorial plasma pressure at THEMIC C and 

D are obtained as: 

                   
( )

|
z

x yeq sc z
z sc x

B B BP P B dz
x=

+ ∂
= + −

μ μ ∂∫
2 2

0 0 0

1
2

                                       (5.7) 

The term 
z

z
y

BB dz
y

∂
μ ∂∫

0 0

1
 is dropped in equation (5.7) because it is 3 orders of magnitude smaller 

than 
( )

|x y
z sc

B B
=

+

μ

2 2

02
 according to the T96 model, while the term 

z
z

x
BB dz
x

∂
μ ∂∫

0 0

1
 is retained as it is 

roughly 30% of 
( )

|x y
z sc

B B
=

+

μ

2 2

02
. One should bear in mind that uncertainty arises in the estimation 

of the equatorial plasma pressure by using the T96 model to calculate the 3rd term on the RHS of 

equation (5.7).  Additionally, in equation (5.7), the neutral sheet is assumed to be perpendicular 

to the GSM z direction whereas in the actual situation, the neutral sheet may not be aligned with 

the z=0 plane.  The azimuthal pressure gradient in panel (i) of Figure 5.8 is calculated as 

                                     ( )
( ) / * ( )

C D
azi

C D C D

P PP
r r

−
∇ =

+ θ − θ2
                                                 (5.8) 
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Figure 5.8. Ground and in-situ observations from 11:25 UT to 12:00 UT on March 19 2009. 

Panels from top to bottom are: (a) auroral indices; (b) ground magnetic perturbations; (c) auroral 

keograms at FYKN; (d) ionospheric ion drift velocity in the azimuthal direction measured by 

PFISR; (e-g) ion bulk flow velocity in GSM coordinates at THEMIS C, D and E; (h) equatorial 

plasma pressure at THEMIS C and D; (i) azimuthal pressure gradient calculated from equation 

(5.8). The dashed black line marks the time of substorm onset. 

 

Figure 5.9 display auroral images recorded by FYKN and KIAN at 11:35:30 UT, 11:37 UT, 

11:40 UT and 11:43 UT respectively. Magnetic midnight is indicated by the red line, and the 

putative ionospheric footprints of the THEMIS spacecraft are marked by the letters. For this case, 
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spacecraft footprints are obtained from the AM03 model [Kubyshkina et al. 2011]. The AM03 

model is a modified T96 model in which the tail and ring current intensity and thickness as well 

as the current sheet tilt in the x-z plane are tweaked to fit the magnetic field observations at five 

THEMIS probes at each time step. The set of parameters that minimize the standard deviation 

between the measured magnetic field and the modeled field is taken to be the optimal model.  

The AM03 model has been shown to produce reasonable mapping in a number of studies [e.g., 

Sergeev et al. 2012; Liang et al., 2013].   

 

 

(a) 
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(b) 

 

 

(c) 
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(d) 

Figure 5.9. Auroral image recorded by FYKN and KIAN at the time of the substorm onset at 

11:37 UT. Spacecraft footprints are obtained via the AM03 model. Magnetic midnight is marked 

by the red line. 

 

For this event, the AL index remained near a base level for two hours and dropped suddenly at 

11:37 UT.  The H component at FYKN began to decrease steadily at 11:33 UT with periodic 

perturbations in the Pi2 wave frequency range, indicating an enhanced level of geomagnetic 

activity.  In the auroral keogram at FYKN, a faint arc appeared at 11:35 UT, slightly drifted 

equatorward, brightened slightly after 11:40 UT and broke up around 11:43 UT.   In the auroral 

snapshots, a thin, faint arc emerged in the left portion of the field of view at FYKN at 11:35:30 

UT, while KIAN showed several auroral rays that are likely to be the same arc observed at 

FYKN, but appeared as ray structures due to projection effect of the camera.  From 11:36 UT to 

11:40 UT, the thin arc extended towards the right side of FYKN and became brighter. At 11:41 
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UT, brightening of the thin arc was seen at both KIAN and FYKN, and the brightened region 

propagated eastward starting at 11:43 UT.  In this event, 11:37 UT is selected as the time of 

substorm onset, as it is the time of the sudden drop in AL.   

 

Starting at 11:38 UT, THEMIS C and D observed increased dawnward flow while THEMIS E 

observed increased duskward flow.  The dawnward flow at THEMIS C and D continued to 

increase until they reached peak speed at 11:40 UT and decelerated to background level at 11:42 

UT. The duskward flow at THEMIS E reached maximum speed at 11:39:30 UT and retreated to 

background level afterwards. Figure 5.10 shows the azimuthal flows measured at four THEMIS 

probes at 11:39:30 UT, obtained in the same way as in Figure 5.7.  The dots represent spacecraft 

positions mapped to the magnetic equator.  

 



158 

 

Figure 5.10. Azimuthal components of the perpendicular ion flow velocity in the GSM x-y plane 

at 11:39:30 UT on March 19 2009 measured at five spacecraft. The gray dashed line marks the 

radial direction.  

 

In the 4th panel in Figure 5.8, starting at 11:35 UT, strong eastward flow was observed by PFISR 

at 66.50 ~ 670, poleward of the preexisting arc. This is consistent with our observation in the 

post-midnight ionosphere, where increased eastward flow is observed in the poleward vicinity of 

the PAA. From 11:39 UT to 11:43 UT, ~1 minutes after the strong flow shear was observed at 

THEMIS C, D and E, PFISR measured strong westward flow near ~67.50, poleward of the 

eastward flow and the onset arc. The polarity of this flow shear poleward of the onset arc is 

consistent with the ionospheric projection of the flows measured at the spacecraft, in which 

THEMIS C and D, located at a lower latitude, observed eastward flow while THEMIS E, located 

at a higher latitude, observed westward flow.  Furthermore, the magnitude of the westward and 

eastward flow velocity is 1500~2000 m/s, roughly equivalent to 80~100 km/s at the location of 

the THEMIS spacecraft.  Therefore, THEMIS C, D and E are very likely to be located on a flux 

tube ~10 poleward of the onset arc during the interval before auroral breakup,  

 

The flow shear observed at THEMIS C, D and E from 11:38 UT to 11:42 UT is associated with a 

localized FAC sheet. The current density can be estimated by the same procedure from equations 

(5.1) to (5.3), but the temporal variation is significant for the interval of interest and needs to be 

included in the calculation, i. e.,  

                                ˆ ˆ ˆ( ) ( )( )
t x

y y y y
x x

u u u unmu u
B t x B t x⊥

∂ ∂ Δ Δ
= × + = + −

∂ ∂ Δ Δ
j z y xρ                                (5.9) 
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Since THEMIS C, D and E are located at 0100 MLT, the GSM x and y directions are close to the 

radial and azimuthal direction. Again we assume that 
x y

∂ ∂
>>

∂ ∂
 and uy>>ux (Figure 5.8) from 

11:38 UT to 11:42 UT in estimating the perpendicular current. 

 

Equation (5.9) describes the perpendicular current at the magnetic equator, but during the 

interval of interest, the Bx values at C, D and E imply locations below the neutral sheet and the 

spacecraft measurements should be mapped to the equator.  Knowing that∇• =B 0 , we get 

                                               eq eq eq sc sc scB dx dy B dx dy=                                                            (5.10) 

The superscript “eq” and “sc” denote values at the magnetic equator and at the spacecraft 

respectively. Bsc is the field magnitude measured by the spacecraft whereas Beq is the field 

magnitude mapped to the equator by the T96 model.  dx and dy are the scale lengths of a flux 

tube in the x and y direction respectively.  Since the THEMIS spacecraft are located close to 

midnight where field lines are stretched in the radial direction, eq scdy dy≈ . The ratio of the 

magnetic field magnitude at the equator to that at the spacecraft is 
eq sc

sc eq

B dx
B dx

= . Assuming that  

+ × =E u B 0 , one has 
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And                               
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Δφ
                                               (5.12) 

During 11:38~11:39:30 UT, the flows measured at THEMIS C, D and E were accelerating. At 

THEMIS C, 30.4 /cmn = , nTscB ≈ 23 , nTeqB ≈12 ,  km/st
yuΔ = −100 , stΔ = 90 , 



160 

 

 km/ssc
xu = 30 ,  km/sx

yuΔ = −200 , E.  ReqxΔ ≈1 3  and the perpendicular current at the magnetic 

equator linking to THEMIS C is 10 2ˆ1.5*10  A/mC −
⊥ ≅j x . At THEMIS E, 30.4 /cmn = , 

 nTscB ≈ 25 ,  nTeqB ≈ 7 , km/st
yuΔ = 100 , stΔ = 90 , km/ssc

xu ≈ 5 , -  /x
yu km sΔ = 200 , 

E.  ReqxΔ ≈1 3 , and correspondingly 11 2ˆ7*10  A/mE −
⊥ ≅ −j x .  Thus, from 11:38 UT to 11:39:30 UT, 

there is a pair of diverging perpendicular current out of the region between C and E and the total 

perpendicular current density is 10 22*10  A/mj −
⊥ ≅ .  Current continuity implies that an upward 

FAC should flow out of the ionosphere into this region. Assuming that the plasma sheet 

thickness zΔ is 2 RE, the FAC density can be approximated as   10 2
||

0.5 2*10  A/mzj j
x

−
⊥

Δ
≈ ≈

Δ
.                             

 

From 11:39:30 UT to 11:42:00 UT, the flows at THEMIS C, D and E were decelerating. 

Following the same procedure described above, the perpendicular current densities at the 

magnetic equator linking to THEMIS C and E were 11 2ˆ4*10  A/mC −
⊥ ≈ −j x  and 

10 2ˆ2.5*10  A/mE −
⊥ ≈j x  respectively.  Thus, during this time interval a pair of converging 

perpendicular current flew into the region between C and E, and the total perpendicular current 

density was 10 23*10 A/mj −
⊥ ≈ . This corresponds to a downward FAC flowing out of the region 

between C and E into the ionosphere, the density of which is 10 2
|| 3*10  A/mj j −

⊥≈ ≈ .  

 

Figures 5.11a to 5.11c plot the observed magnetic field and field predicted by the AM03 model 

at THEMIS C, D and E.  During 11:38 UT to 11:42 UT, C and D observed a negative deviation 

from background in the By component while E observed a positive perturbation. At the same 

time, the Bx and Bz component varied a little.  Since C and E are located away from the neutral 
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sheet and the dominant current between them should be field-aligned, the –By perturbation at 

C/D (-4 nT) and the +By perturbation at E (+2 nT) indicate the existence of a downward FAC 

sheet (illustrated in Figure 11d). The density of this downward FAC can be calculated from 

Ampere’s law, i.e., 

                                           10 2
||

0

1 9*10 A/myB
j

l
−Δ

= ≅
Δμ

                                                           (5.13) 

Here Δl (~0.8 RE) is the projection of the separation between C and E in the field normal 

direction. This downward FAC density derived from the magnetic perturbations is the same 

order of magnitude as the downward FAC density estimated from the flow shear and they differ 

only by a factor of 3. It indicates that that the magnetospheric flow shear either drives or at least 

contributes significantly to maintaining the downward FAC.  This downward FAC density 

corresponds to an ionospheric current density of 2
|| || 3 A/m

iono
iono mag

mag

Bj j
B

= ≅ μ , a magnitude 

commonly found for a discrete arc in the ionosphere and much larger than the average current 

density in the diffuse aurora.   
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(a) 

 

(b) 
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(c) 

 

(d) 
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Figure 5.11. (a)-(c) Magnetic field from measurement and from the prediction of the AM03 

model in GSM coordinates at THEMIS C, D and E, from 11:30 UT to 11:50 UT on March 19 

2009. (d) Projection of magnetic field lines and spacecraft location in the GSM xz plane. The 

field lines are calculated by the T96 model with real solar wind input. The red arrows indicate 

the FACs.   

 

Before the substorm activity was initiated, a duskward pressure gradient was present between C 

and D (panel (i) of Figure 5.8). The pressure gradient steadily increased towards onset, jumped 

abruptly at 11:40 UT, and retreated at 11:43 UT.  The enhancement in the duskward pressure 

gradient at 11:40 UT was mainly due to the enhancement of energetic ion fluxes at THEMIS C.  

From 11:38 UT to 11:41 UT when the flow shear was observed, the average duskward pressure 

gradient is 0.1 nPa/RE and the corresponding perpendicular current density is 

9 20.1 / 1.3*10 /
12

EnPa RPj A m
B nT

−
⊥

∇
≈ ≈ ≈ . This duskward pressure gradient corresponds to an 

upward FAC ( 9 2
|| 1.3*10 /j A m−≈  under the simple assumption that ||

0.5 zj j j
x ⊥ ⊥

Δ
≈ ≈

Δ
 ) that is 

~4 times larger than the downward FAC density associated with the flow shear but very close to 

that inferred from the magnetic perturbations.  The discrepancy in the polarity of the FAC 

associated with pressure gradient and that associated with flow shear may result from the 

different equatorial locations these FACs map to.  In calculating the equatorial plasma pressure, 

we project C and D along the z direction to the neutral sheet and as a result, the duskward 

pressure gradient between C and D and the corresponding upward FAC flow into the region are 

located vertically above C and D.  On the other hand, in estimating the current associated with 

the flow shear, we map the measurements at the spacecraft along the flux tube to the magnetic 



165 

 

equator.  Thus, the downward FAC between C and E are located tailward of the region of 

upward FAC (Figure 5.11d).   Since both the ionospheric flow observation and magnetic 

mapping suggest that C, D and E map to a region poleward of the onset arc in the ionosphere, it 

is likely that the upward FAC associated with the duskward pressure gradient between C and D 

corresponds to the FAC of the onset arc while the downward FAC associated with the flow shear 

constitutes the other half of the arc-associated FACs.   

 

In Figure 5.8, the duskward pressure gradient jumped at 11:40 UT and peaked at 11:42, 

occurring after the flow shear reached maximum intensity.  In the auroral keogram and the ASI 

movie, the onset arc brightened at 11:40 UT, and the brightened arc widened and expanded from 

11:43 UT to 11:46 UT.  During the interval of interest in this case, the Alfven transit time is 

estimated to be ~2 minutes.  Thus, the magnetospheric flow shear observed between 11:38 UT 

and 11:42 UT and the gradually increased duskward pressure gradient during the same time 

interval are likely to be associated with intensification of the onset arc from 11:40 UT to 11:43 

UT, whereas the pressure gradient bump from 11:40 UT to 11:43 UT is likely to be associated 

with the expansion of the brightened arc.  In section 5.2, the relationship between flow shear and 

pressure gradient in maintaining the arc-associated current system is further discussed.  

 

Key features of this case can be summarized as follows: (1) On March 19 2009, a small substorm 

occurred at 11:37 UT.  From 11:38 UT to 11:42 UT, a flow shear with a scale length of ~1 RE 

was observed by the THEMIS spacecraft. Magnetic mapping and comparison between 

magnetospheric and ionospheric flows indicate that the flow shear was located on a flux tube 

poleward of the onset auroral arc. (2) In-situ magnetic field data showed signatures of a 
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downward FAC in the region of the flow shear, the density of which is of the same order of 

magnitude (differs by a factor of 3) as the downward FAC density associated with the 

decelerating flow shear. The corresponding ionospheric FAC density matches the FAC density 

typically found for a discrete auroral arc. (3) During the interval that the flow shear was observed, 

a significant duskward pressure gradient was seen in the region that is believed to be located in 

the earthward vicinity of the flux tube linking to the THEMIS spacecraft. The upward FAC 

density associated with the pressure gradient is very close to the downward FAC density inferred 

from magnetic perturbations, but larger than the FAC density associated with the flow shear.   

Based on these, we conclude that both the flow shear and the pressure gradient act as sources of 

the FAC current system of the onset arc.  

 

5.5. Discussion 

In our search of flow shears, we obtain 2 events in which sheared flows of meaningful magnitude 

are not observed by the spacecraft prior to auroral breakup, despite that the PAA persists near the 

spacecraft footprints for ~10 minutes before the substorm onset.  This is likely due to the limited 

radial extent of the arc’s source in the tail.  Chapter 4 shows that the ionospheric flow shear 

associated with the PAA has a latitudinal width of 0.50~10.  Accordingly, the magnetospheric 

counterpart of this flow shear should have a radial extent of 1~2 RE.   Therefore, it is very 

possible that the spacecraft are separated from the arc’s source region where a localized flow 

shear exists even though their ionospheric footprints from magnetic mapping are close to the arc 

in ASIs.  In the two cases where sheared flows are not observed (events 4 and 5 in table 5.1), we 

carry out mapping using both the T96 model and the AM03 model and display the results of 

event on March 26 2008.  Figures 5.12a to 5.12c show the magnetic field from the T96 model 
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(blue traces), the AM03 model (red traces) and observations (black traces) at THEMIS A, D and 

E respectively.  Figure 5.12d shows an ASI snapshot with the spacecraft footprints obtained from 

the T96 model plotted on top, whereas Figure 5.12e shows the same snapshot with spacecraft 

footprints obtained from the AM03 model.  Figures 5.12a to 5.12c indicate that the AM03 model 

greatly reduces the discrepancy between the observed magnetic field and modeled field, and is, 

therefore, likely to predict the ionospheric projections of the spacecraft more accurately than the 

T96 model.  The spacecraft footprints from the AM03 model are located further poleward of the 

pre-existing arc than the footprints from the T96 model. For this event, THEMIS A, D and E are 

located in the pre-midnight region, where increased westward flow is present equatorward of the 

PAA in the ionosphere. Thus, magnetic mapping suggests that all 3 probes are located tailward 

of the region of increased azimuthal flow.  We obtain similar mapping results for the other event 

(March 22, 2008), in which the 3 THEMIS probes are mapped poleward of the PAA and 

increased azimuthal flows are not detected at the spacecraft. 

 

(a) 
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(b) 

 

(c) 
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(d) 

  

(e) 

Figure 5.12 (a)-(c) Magnetic field from observation (black), the T96 model (blue) and the AM03 

model (red) at THEMIS A, D and E respectively; (d) An ASI snapshot at 05:27 UT with 

spacecraft footprints obtained from the T96 model; (e) is the same as (d) but the spacecraft 

footprints are obtained from the AM03 model. 
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Figure 5.12 shows that different magnetic field models lead to very different mapping results and 

that mapping by empirical models alone is not sufficient for inferring where the probes are 

located relative to the arc’s source in the magnetotail. The mapping uncertainly also presents a 

problem in the case on March 29 2008, but for this event we are able to relate the increased flows 

observed by THEMIS D and E to the PAA because the spacecraft observed field-aligned electron 

beams that are believed to originate from an arc’s vicinity in the ionosphere, and the polarity of 

the perpendicular current at the equator inferred from the By signal at THEMIS D and E is 

consistent with the notion that D and E are located in a downward FAC (into the ionosphere) 

region earthward of the arc’s source.  For the other two events on March 17 2009 and March 19 

2009, we are able to relate the flow shear to the onset arc because the FAC density associated 

with the flow shear matches the FAC density reflected in magnetic perturbations and its 

ionospheric counterpart far exceeds the typical FAC density associated with the diffuse aurora.  

Additionally, for the event on March 19 2009, flows in the vicinity of the arc measured by radar 

on the ground are consistent with in-situ flow measurements.  In short, although close proximity 

of the spacecraft footprints to an arc obtained from empirical mapping does not guarantee that 

the spacecraft are located near the arc’s source in the tail, in some events, supplemental 

evidences of consistency allow us to make the connection between the PAA/onset arc and 

magnetospheric flow shear, and they are the events that we analyze fully. 

 

5.5.1. The magnetospheric location of the source of the PAA/onset arc 

Previous studies [e.g., Lui and Borrows, 1978; Sergeev et al. 2012] suggest that the PAA/onset 

arc maps to a region where the equatorial magnetic field changes from a dipole to a tail-like 
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configuration.  In this section we examine the magnetospheric location of the PAA in the context 

of the magnetic field configuration.  In Figures 5.13a and 5.13b, the top panels show the total 

magnetic field in the lobe region (red), the total magnetic field from the IGRF 2010 model 

(black), and the total field from the T96 model (blue) at THEMIS C. Assuming that the total 

pressure is constant in the z direction, the lobe field is obtained as 2
02lobe scB B pμ= +  , where p 

is the isotropic plasma pressure and Bsc is the observed magnetic field strength that is smoothed 

by a 10-minute moving average filter.  The middle panels show the ratio of the measured 

magnetic field strength to the IGRF 2010 modeled field strength. The bottom panels show 

plasma beta ( 2
0/ 2sc

p
B

β
μ

= ) plotted on a logarithmic scale. The magenta lines mark the location 

of the PAA/onset arc inferred from our analysis above. 

 

In both events, the ratio of the lobe field strength to the IGRF field strength reaches ~1 at ~8 RE 

and stays at ~1 as the spacecraft moves earthward, indicating that this is a region where the 

Earth’s dipole is dominant.  Beyond 8 RE, the ratio increases with increasing radial distance as 

the magnetic field from the cross-tail current sheet becomes increasingly dominant. We select the 

radial distance at which the ratio is 2 (13~14 RE) as the earthward edge of the region dominated 

by tail-like field.  In both cases the PAA/onset arc is located between the dipole-like region and 

the tail-like region. The onset arc is located just at the outer edge of the dipole-like field, and 

roughly 3 RE earthward of the location of the PAA in the growth phase. This is consistent with 

the auroral keogram observations at FSIM and FSMI on March 29 2008 that the PAA drifted ~10 

equatorward from the time that the spacecraft encountered the arc’s source to the time of 

substorm onset. Although we have only two events on which to base our conclusion, we believe 
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that the equatorial source of the PAA is located in the outer part of the region in which the field 

configuration changes from tail-like to dipole-like field and that the source region drifts inward, 

mapping to the onset arc as it reaches the inner part of the transition region. 

 

  

(a) 
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(b) 

Figure 5.13. Panels from top to bottom are: magnitude of the lobe magnetic field (calculated 

from 2
02lobe scB B pμ= + ), the T96 modeled field and the IGRF field; the ratio of the lobe field 

strength to the IGRF field strength; plasma beta ( 2
0/ 2sc

p
B

β
μ

= ). Radial distance, MLT and z are 

indicated below the plots. The locations of PAA and onset arc are marked by the magenta dashed 

lines.   

 

5.5.2. Pressure gradient vs. flow shear 

Since the MHD momentum equation suggests that both the pressure gradient and flow shear in 

the magnetosphere contribute to a FAC, in this section we discuss which term of the two is more 

relevant to the current system of the PAA/onset arc.  During the growth phase prior to a substorm, 

the PAA is azimuthally extended (across ~3 MLT [Jiang et al., 2012]) and latitudinally narrow 
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(a fraction of 10 in the ionosphere).  The geometry of the arc suggests that its magnetospheric 

source should be azimuthally extended and radially limited (~1 RE).  If the source of the FAC of 

the PAA is primarily driven by a pressure gradient, the region of the azimuthal pressure gradient 

must also be azimuthally extended and radially limited.  Nevertheless, such pressure distribution 

has not been inferred from observations in the quiet-time or reproduced in global simulations.  

Therefore, we believe that during the growth phase, pressure gradients in the near-Earth plasma 

sheet are relevant to the large-scale Region 1/2 current system instead of the FAC current system 

of the PAA. 

 

On the other hand, our ionospheric study indicates that increased westward flow is present over a 

small range of latitude (~0.50) equatorward of the PAA from 2000 MLT to 2400 MLT in the pre-

midnight sector and that increased eastward flow is present over a small range of latitude (~0.50) 

poleward of the PAA from 0000 MLT to 0300 MLT in the postmidnight sector.  In the 

ionosphere, the average latitudinal extent of the flow shear is less than 10, comparable to that of 

the PAA.  In the magnetosphere, the radial extent of the arc-associated flow shear is observed to 

be ~1 RE for the event on March 29 2008.  Therefore, the geometry and scale of the flow shear 

are consistent with the geometry and scale of the PAA.   In addition, the FAC density associated 

with the growth-phase flow shear is significant enough to account for a discrete (although faint) 

arc in the ionosphere. Consequently, we believe that during the substorm growth phase, the 

primary source of the FAC of the PAA is likely to be a localized flow shear.  

  

At substorm onset, previous studies and our observations indicate that both vortical flows and 

pressure gradients contribute to the arc current system. Xing et al. [2011] found that a substantial 
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duskward pressure gradient is observed at the THEMIS spacecraft 1~5 min before substorm 

onset in the pre-midnight region that maps near a growth-phase auroral arc, and the onset arc 

intensifies simultaneously with the pressure gradient enhancement before the onset breakup 

occurs. Keiling et al. [2009] presented observations of conjugate magnetospheric and 

ionospheric flow vortices during formation of a substorm current wedge (SCW). Their analyses 

show that magnetospheric vortices generate the field-aligned current of the SCW at the 

beginning of substorm expansion phase and cause ionospheric vortices.  Yao et al. [2012] studied 

2 substorm cases and suggested that both pressure gradient and vortical flow contribute to the 

substorm current wedge formation, with the former being dominant near the dipolarization 

region.   In our event on March 19 2009, a strong flow shear and increased duskward pressure 

gradient are both observed near ~10 RE and at 0100 MLT during the first few minutes after 

substorm onset and before the auroral breakup.   The estimated FAC density associated with the 

duskward pressure gradient is very close to the FAC density inferred from the magnetic 

perturbations, and both are of the same order of magnitude and larger than the FAC density 

associated with the flow shear.  Since the brightening of the onset arc usually occurs in a limited 

MLT range, the flow shear associated with the FACs of the brightened arc is likely to be 

relatively localized as contrasted with the azimuthally extended flow shear associated with the 

PAA.  Furthermore, temporal variation of the flow shear becomes much more important in 

contributing to the arc-associated FACs at substorm onset than during the growth phase.  

 

It has been well established that the PAA is embedded within the proton aurora [e.g., Samson et 

al., 1992].  We also find that the PAA is located very close to outer edge of the Region 2 FACs 

[Jiang et al., 2012] and tailward of the outer edge of the region dominated by the Earth’s dipole.  
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These results suggest that the PAA is located at the periphery of a region of high plasma pressure, 

and earthward flows from the tail are diverted by the strong radial pressure gradient. We 

speculate that sheared flows associated with the PAA form due to diversion of enhanced 

earthward convection during the growth phase, and accordingly, sheared flows associated with 

the onset arc prior to auroral breakup form due to diversion of bursty bulk flows [Angelopoulos 

et al., 1992] in the same region.  

 

5.6. Conclusions 

In this work, we investigate magnetospheric flow shear associated with the PAA during the 

growth phase as well as the flow shear associated with the onset arc prior to auroral breakup.  

From THEMIS observations in the 2008~2009 tail season, we find three events in which strong 

flow shear is observed by the near-equatorial THEMIS spacecraft on flux tubes that we show 

must map into the ionosphere adjacent to a PAA or onset arc. We conclude from the 

observations that a magnetospheric flow shear acts as the source of the FAC of the PAA during 

the growth phase. The flow shear appears as increased duskward flow (~60 km/s) ~1 RE 

earthward of the PAA’s source in the pre-midnight sector.  At the first few minutes of substorm 

onset before the auroral breakup, both the flow shear and azimuthal pressure gradient contributes 

significantly to the FAC of the intensified onset arc.  Additionally, we find that the source of the 

PAA/onset arc is located between the dipolar region and the region of tail-like field.  
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Chapter 6 Conclusions and future work 

6.1. Conclusions 

This thesis addresses the magnetospheric location and source of the FAC of the pre-existing 

auroral arc (PAA) leading to auroral breakup. To understand the location of the PAA in the 

context of the magnetotail, we begin by examining the location of the inner edge of the electron 

plasma sheet (IEEPS) on the equatorial plane with 2 years of THEMIS plasma data. We find that 

the IEEPS is located at 7~8 RE in the pre-midnight sector and 6~7 RE in the post-midnight sector 

at geomagnetically quiet times.  Second, we survey 2 years of THEMIS ASI and FAST data and 

obtain 5 events in which FAST crosses the flux tube linking to a PAA imaged by ASI before the 

auroral breakup. We examine the PAA’s location relative to the equatorward boundary of the 

electron plasma sheet and large-scale FACs in the ionosphere.  Third, we identify ~200 PAA 

events from FAST data in 1998 and find that an ionospheric flow shear exists in the vicinity of 

the PAA.  Finally, we survey THEMIS in-situ and ASI data and obtain three events in which 

shear flow is associated with the PAA’ source in the magnetotail.  Major conclusions of this 

thesis are as follows:  

 

1. In the ionosphere, the PAA is located 10~20 poleward of the inner edge of the 1 keV electron 

plasma sheet. When mapped to the magnetotail, the source of the PAA is estimated to be located 

2~3 RE tailward of the IEEPS of the 1 keV electrons.  Since the IEEPS of the 1 keV electron is 

located at 6~8 RE on the nightside, the most probable location of the PAA’s source is at 8~10 RE. 

For a very stretched magnetotail, the source of the PAA can be located further tailward.  In 

addition, the source of the PAA is located in the transition region between the dipole-like and the 

tail-like field.   
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2. The PAA is located very close to the boundary between the Region 1 and Region 2 FACs but 

displaced into the region carrying upward FAC from the ionosphere.  The FAC system of the 

PAA consists of a pair of azimuthally extended and latitudinally narrow current sheets that are 

adjacent to each other. In the pre-midnight sector, the downward FAC sheet is located 

equatorward of the upward FAC of the arc whereas in the post-midnight sector, the downward 

FAC sheet is located poleward of the upward FAC of the arc.  

 

3. In the post-midnight ionosphere, most of the arcs lie equatorward of the maximum eastward 

flow.  In the pre-midnight sector, the PAA is found within 20 of the maximum westward flow, 

sometimes equatorward and sometimes poleward.  Near local midnight where the Harang flow 

reversal is present, most of the PAA lie between maximum westward and eastward flow, but 

equatorward of the flow reversal point where the azimuthal flow velocity is zero.  

 

4. An ionospheric flow shear is present in the vicinity of the PAA. In the post-midnight sector, 

the eastward flow speed increases over a range of 0.50 poleward of the PAA whereas in the pre-

midnight sector, the westward flow speed increases over a range of 0.50 equatorward of the PAA.  

 

5. In the magnetosphere, the observed flow shear associated with the arc’s source is consistent 

with the flow shear associated with the PAA in the ionosphere.  For the event in which 

observations are made during a growth phase, increased duskward flow is present earthward of 

the arc’s source in the pre-midnight sector. For the events in which observations are made during 

the first few minutes at substorm onset prior to auroral breakup, strong eastward flows develop 
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tailward of the arc’s source in the post-midnight sector (The flow pattern is nevertheless more 

complex at disturbed times than at quiescent times, as strong westward flows also exist further 

tailward of the eastward flow). 

 

6.  In the growth phase case, the magnetospheric source of the FAC of the PAA is very likely to 

be a localized flow shear. In the substorm onset case, both the pressure gradient and flow shear 

act as sources of the FACs of the onset arc. 

 

Conclusions of this dissertation are consistent with substorm observations. It is well established 

that the PAA appears well before substorm onset, drifts equatorward, and is typically the locus of 

the onset arc. During the growth phase, earthward convecting plasmas reach the transition region 

where the configuration of the field changes from tail-like to quasi-dipolar and they are diverted 

azimuthally by the pressure gradient force. The radial gradient in the azimuthal flows leads to a 

pair of FAC sheets, in which a downward FAC sheet (into the ionosphere) forms earthward of an 

upward FAC sheet (out of the ionosphere) premidnight and a downward FAC sheet forms 

tailward of an upward FAC sheet postmidnight (Figure 6.1a).  The upward FAC sheet with 

limited radial extent (1~2 RE) maps to the thin PAA in the ionosphere.  As the growth phase 

progresses, earthward convection is enhanced, so the flow diversion region moves slowly 

towards the inner boundary of the transition region, resulting in equatorward drift of the PAA.  

At substorm onset (Figure 6.1b), the flow speed increases considerably and the flow shear 

intensifies. An azimuthal pressure gradient in the near-earth plasma sheet builds up as a result of 

earthward transport of energetic ions. The intensified flow shear and the pressure gradient 

augment the FACs, leading to brightened aurora along the pre-onset arc.  
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(a) 

 

(b) 
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(c) 

Figure 6.1. Proposed flow streamlines and FACs associated with the PAA/onset arc in the 

magnetosphere. (a) and (b) are equatorial views in the growth phase (flow diversion near 12 RE 

generating the FAC of the arc) and in the first few minutes of substorm onset (flow diversion 

near 10 RE coupled with an azimuthal pressure gradient generating the FAC of the arc). (c) is a 

meridional view in the pre-midnight sector. In (a) and (b), the color scale represents plasma 

pressure in the unit of 10-12 Pa. The dashed circle shows r=10 RE. Blue arrows indicate flows, the 

length and width of which are proportional to flow speed. The red dots correspond to FACs out 

of the equatorial plane and into the ionosphere, whereas the red crosses correspond to FACs into 

the equatorial plane and out of the ionosphere.  (c) shows that the sheared duskward flows and 

the associated FACs exist between the dipolar region and the region of tail-like magnetic field 

(We thank Jodie Ream for providing the pressure distribution plot from an MHD simulation).  

 

6.2. Future work 

In this work, we show that a flow shear is present in the vicinity of the PAA both in the 

ionosphere and in the magnetosphere. The ionospheric flow pattern established by the FAST 



186 

 

statistics is unambiguous, but the magnetospheric flow shear associated with the PAA is obtained 

from limited number of case studies and is therefore not definitive. The role of the 

magnetospheric flow shear in maintaining the arc-associated FACs can be validated by 

additional studies. 

 

One way to verify the existence of sheared flows in the magnetospheric source region of the 

PAA is to examine the statistical average of flow patterns in the transitional region between the 

dipole-like magnetic field and the tail-like magnetic field, i.e., from 8 RE to 14 RE, during a 

quiescent time/growth phase prior to a substorm.  A similar study was conducted by 

Angelopoulos et al. [1993], in which the AMPTE/IRM and ISEE 2 data were used to study the 

average ion flow patterns in the quiet inner plasma sheet. Their results show that earthward ion 

flows (binned by 3x3 RE
2 grids in the XY plane) are diverted in the region between 10 RE and 16 

RE, and that diverted flows are predominantly duskward due to gradient drift of the ions. With 

the THEMIS particle measurements that provide much more comprehensive coverage of the 

magnetotail than the AMPTE and ISEE data sets, ion flows in the near-earth plasma sheet during 

a quiescent time/growth phase can be characterized in greater detail (e.g., binned by 0.5x0.5 RE
2 

grids), as the sheared flows of interest in our study has a radial extent of ~1 RE. Once the 

statistics are established, the radial profile of averaged flows from ~8 RE to ~14 RE can be plotted 

to investigate whether a sharp gradient exists in the azimuthal component, and whether the 

region with a relatively strong flow shear moves earthward in the late growth phase.  
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Figure 6.2.  Ion flow averages in each 3x3 RE
2 X-Y bin. This figure is from Angelopoulos et al. 

[1993]. 

 

In this thesis, we have partially addressed the relationship between pressure gradient and sheared 

flows in maintaining the FAC of the PAA. The case on March 29 2008 in Chapter 5 indicates 

that during the growth phase, sheared flows act as the primary source of the FAC of the PAA.  

However, one fortuitous pass is not sufficient to pin down the magnetospheric manifestation of 

the PAA, and the question of whether a flow shear is the primary source of the arc-associated 

FAC can be illuminated through numerical simulation.  The Rice Convection Model (RCM) [e.g., 

Wolf et al., 1991] is an established physical model of inner and middle magnetosphere that 

includes coupling to the ionosphere. It uses a many-fluid formalism to describe particle 

distribution in a self-consistently computed electric field and specified magnetic field.  Recently, 

Gkioulidou et al. [2011] integrated the RCM model with a self-consistently force-balanced 
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magnetic field and realistic particle boundary conditions based on Geotail observations and 

simulated the equatorial plasma pressure distribution and the resulting FACs.  Since RCM 

assumes that the flow inertia term is negligible in the momentum equation, and that FACs arise 

solely from a pressure gradient, i.e., P= ∇J×B , it is ideal for comparing the FACs associated 

with sheared flows with the FACs associated with pressure gradient.  One finding from this 

dissertation is that the PAA is located very close to the boundary between the Region 1 and 

Region 2 FACs but shifted into the upward FAC region.  Therefore, we can map the ionospheric 

flow pattern in the vicinity of the PAA obtained from the FAST statistics to the tailward edge of 

the Region 2 FACs on the equatorial plane in the RCM model, under the assumption that 

magnetic field lines are equipotentials. The perpendicular currents associated with this flow 

shear can be calculated by ( )ρ ⋅∇ = ×u u J B using the RCM magnetic field and plasma density. 

The corresponding FACs are obtained as ||
dsj B
B⊥⊥= − ∇ ⋅∫ j , which can be compared with the 

FACs associated with the pressure gradient from the RCM simulation to see if the flow-

associated FAC is more significant than the pressure-associated FAC. 
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Figure 6.3. (from Gkioulidou et al. [2011]). Pressure and FAC distribution on the equatorial 

plane from the RCM simulation with a self-consistent magnetic field (left) and T96 magnetic 
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field (right). In the 3rd panel, red is for downward FAC into the ionosphere and blue is for 

upward FAC out of the ionosphere.  
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