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ABSTRACT 

The solar wind, magnetosphere and ionosphere (SW-M-I) constitute a highly 

coupled system, where solar wind energy drives dynamic processes of the 

magnetospheric cavity and embedded ionosphere.  The high latitude ionosphere has an 

inherently complex structure and dynamic behavior due to direct coupling to the solar 

wind and outer magnetosphere.  Energy and charged particles deposited in the high 

latitude ionosphere via SW-M-I coupling processes generate ionization structures with 

variable spatial scales and dynamic behavior.  Characteristics of ionization structures, 

such as their source, generation mechanisms, and evolution, are not well understood, 

largely due to past inadequacies in observational capabilities at high latitudes.  From a 

physics perspective, the observation of high latitude ionospheric processes and structures 

is a proven technique for studying physical processes in the magnetosphere and solar 

wind.  From an industrial and societal perspective, the dynamic high latitude ionosphere 

is potentially problematic due to significant impacts on electromagnetic signals used for 

navigation and communication. 

 Recent installation of high data rate Global Positioning System (GPS) receivers of 

the Canadian High Arctic Ionospheric Network (CHAIN) has provided new, high 

resolution observations of the high latitude ionosphere.  This thesis uses a statistical study 

and case studies to investigate the characteristics and source regions of ionospheric total 

electron content (TEC) variations observed by CHAIN GPS receivers.  In the statistical 

study, occurrence rate, amplitude, and frequency of TEC variations were examined, in 

order to investigate the dependence of these characteristics on magnetic local time, 

latitude, and solar wind conditions. In three case studies, variations in TEC resulting from 
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ultra-low frequency (ULF) waves in Earth’s geomagnetic field were observed. It is 

shown that GPS TEC has a significant response to various ULF wave classifications and 

intensities, and is a potentially valuable tool for high resolution study of ULF activity and 

the associated ionospheric response. 
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Chapter 1: Introduction and Thesis Outline 
 

 

This chapter is a general introduction to solar wind-magnetosphere-ionosphere 

(SW-M-I) coupling processes that impact the high latitude ionosphere, and measurement 

techniques used to observe these processes.  Motivation behind the research presented in 

this thesis and a brief chapter-by-chapter outline are also provided. 

 

1.1 Introduction 

The ionosphere is the weakly ionized portion of the atmosphere extending from 

about 60 km altitude above the Earth’s surface and out into the inner regions of the 

magnetosphere (1000s of kms).  At low to mid latitudes (below ~60º geomagnetic 

latitude), the bulk of the ionosphere is produced from ionization of neutral particles by 

solar radiation.  In auroral and polar cap regions (above ~60º), ionization results from 

solar radiation as well as mass, energy, and momentum transfer (i.e. coupling) between 

the solar wind, magnetosphere and ionosphere (SW-M-I). This coupling results from the 

near-vertical orientation of the geomagnetic field at high latitudes, and direct connection 
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via geomagnetic field lines to the dynamic outer magnetosphere and solar wind.  SW-M-I 

coupling processes produce observable ionization structures on a wide range of spatial 

scales ranging from 100s of meters to 1000s of kms, in addition to ionospheric electric 

fields, currents, turbulence and plasma drifts.  SW-M-I coupling is modulated by the 

highly variable solar wind, where solar wind velocity, dynamic pressure, and the 

embedded interplanetary magnetic field strongly govern dynamics of the magnetosphere-

ionosphere system. 

 Coupling of the ionosphere to the solar wind and magnetosphere occurs through a 

number of physical processes.  Coupling via energetic particle precipitation and ultra low 

frequency (ULF) magnetic field variations play the most prominent role in observations 

presented in this thesis.   Energetic particles of solar wind and magnetospheric origin 

have direct access to high latitudes via geomagnetic field lines, where precipitating 

particles collide with, excite, and ionize atmospheric neutrals [Rees, 1963].  Ultra low 

frequency (ULF) magnetic field variations produce ionospheric perturbations by direct 

interaction of ULF wave fields with ionospheric plasma, and can also result in energetic 

particle precipitation through interactions with magnetospheric plasma [McPherron, 

2005].  Other SW-M-I coupling processes include magnetic reconnection between 

geomagnetic and interplanetary field lines [Sheng-Gao et al., 2014], viscous interaction 

of the solar wind and magnetosphere boundary [Lester et al., 2006], and electrodynamic 

coupling of the ionosphere and outer magnetosphere via magnetic field-aligned currents 

[Iijima et al., 1978].   

 Largely due to low observational spacecraft density and lack of ground based 

observations at high latitudes, how coupling processes materialize and evolve in the 
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magnetosphere and ionosphere is not fully understood.  Aside from the complex physics 

problem the SW-M-I system presents, the dynamic high latitude ionosphere is potentially 

problematic from an industrial and societal perspective.  Ionization structures result in 

significant position errors in Global Navigation Satellite Systems (GNSS) such as the 

Global Position System (GPS) [e.g. Lanzeroti, 2001], and can cause complete loss of 

satellite navigation links.  Absorption and propagation of high frequency (HF) radio 

communications signals are heavily dependent on the density of the ionosphere [Zaalov 

et al., 2003], where an HF signal can be partially or completely absorbed in a layer of 

enhanced ionization.  Circumpolar aviation routes, marine traffic, Arctic sovereignty 

issues and military activity, exploration of natural resources, and general modernization 

of Arctic communities all heavily depend on satellite and ground based navigation signals 

and communication links.  Loss of navigation or communication capabilities due to 

ionospheric perturbations is a potentially catastrophic issue for any of these applications.   

Enhanced electric currents in the high latitude ionosphere are also known to induce 

currents in both oil pipelines and power grids, causing potentially significant damage and 

financial setbacks [e.g. Boteler, 1998].   

Development of correction models and other mitigation techniques for effects of 

ionospheric behavior requires a thorough observational picture of high latitude 

ionospheric structure and dynamics, in addition to thorough observation of SW-M-I 

coupling processes that generate and control ionospheric irregularities.  This 

observational picture is only achieved through development and deployment of 

observational tools and techniques.  Recent development and expansion of the Canadian 

High Arctic Ionospheric Network (CHAIN) [Jayachandran et al., 2009] in Arctic regions 
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has made a major contribution to observational capabilities at high latitudes.  The CHAIN 

project includes 25 GPS receivers and 6 ionosondes at multiple polar cap and auroral 

locations, which are capable of measuring ionospheric density and motion at high 

temporal resolutions.  These instruments have already proven useful in the high 

resolution observation of high latitude ionospheric processes associated with SW-M-I 

coupling [e.g. Watson et al., 2011; Jayachandran et al., 2011; Jayachandran et al., 

2012]. 

This thesis presents new observations of high latitude ionospheric irregularities 

using total electron content (TEC) of the Global Positioning System.  TEC is the 

integrated electron density along a GPS satellite to receiver ray path, which is available at 

a high temporal resolution (1 Hz), as well as a high spatial resolution due to multi-

satellite TEC measurements available to each ground receiver.  The Canadian Advanced 

Digital Ionosondes (CADIs) of CHAIN are also used for observations of ionospheric 

motion and ionospheric density distribution with altitude, while ground based 

magnetometers and geosynchronous GOES satellites are used to observe magnetic field 

and energetic particle signatures of SW-M-I coupling processes associated with 

ionospheric TEC irregularities. 

Research presented in this thesis consists of a statistical study and three case 

studies.   The statistical study examines characteristics of TEC in the polar cap 

ionosphere, where <100 mHz TEC variations observed by five CHAIN GPS receivers, 

over a six year period, were collected and analyzed.  TEC variations at these frequencies 

are due to mesoscale (10s-100s of kms) structuring, which encompass a broad range of 

ionospheric ionization structures that differ in origin, structure, and evolution.  
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Characteristics (e.g. occurrence, frequency, amplitude) of TEC variations were examined 

as a function of magnetic local time and latitude, solar activity, season and for various 

solar wind conditions, in order to examine characteristics and sources of ionization 

structures associated with TEC variations.  Co-located CADIs were also used to estimate 

altitudes of ionization structures associated with variations in TEC, in order to separately 

examine the characteristics of structures involving ionization at different ionospheric 

altitudes. 

 Three case studies of TEC variations associated with ULF magnetic field waves 

are also presented.  These studies show that ionospheric TEC can have a significant 

response to ULF waves, and that the high temporal and spatial resolution of GPS TEC 

measurements allows for high resolution analysis of the structure and propagation of this 

response.  TEC variations were observed by the Sanikiluaq, Nunavut (56.54ºN, 280.77ºE) 

GPS receiver of CHAIN, which is located in the auroral region.  ULF magnetic field 

variations were observed by the co-located Sanikiluaq magnetometer and the GOES 13 

satellite magnetometer at geosynchronous orbit, which has a magnetic footprint in close 

proximity to Sanikiluaq.  Each case study presents a different class of ULF wave, each of 

which has a clear ionospheric response observable in the TEC. 

 

1.2 Thesis Outline 

Chapter 2 is a general introduction to the solar wind, magnetosphere, and 

ionosphere, as well as the coupling processes that link these three regions.  An emphasis 
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is placed on SW-M-I coupling via particle precipitation and ULF waves, including a 

summary of past ionospheric observations of these processes. 

Chapter 3 outlines measurement techniques and instrumentation used in this 

thesis.  Particular attention is given to theory and derivation of GPS TEC, which is the 

primary data source for research presented in this thesis.  A brief summary of CADI 

measurements, satellite magnetometer and particle data, and ground magnetometer data is 

also given. 

Chapter 4 is a statistical study of GPS TEC variations in the polar cap ionosphere.  

Amplitudes, frequencies and occurrence of TEC variations associated with mesoscale 

ionization structures are examined as a function of magnetic local time, latitude, solar 

activity, season, and solar wind conditions. 

Chapter 5 discusses two cases where TEC variations associated with ULF 

magnetic field variations were observed in the early morning auroral region.  The first 

case is large amplitude TEC variations associated with moderate amplitude ULF waves, 

while the second is small amplitude TEC variations associated with small amplitude ULF 

waves. 

Chapter 6 is a case study of large amplitude TEC variations associated with 

moderate amplitude ULF magnetic field variations in the afternoon auroral region.  A 

multi-GPS satellite triangulation technique was applied to examine the propagation of 

TEC variations and consistency with propagation of ULF waves. 

Chapter 7 highlights the important results and conclusions of this thesis.  Ideas for 

future work are also discussed. 
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Chapter 2:  The Ionosphere, Magnetosphere, 

and Solar Wind 
 

2.1 Properties of the Solar Wind 

Magnetospheric and ionospheric processes discussed in this thesis ultimately 

derive their energy from the magnetized, high speed solar wind plasma streaming from 

the sun.  Solar wind plasma is fully ionized and composed primarily of electrons, protons 

and helium ions whose convective acceleration is sufficient to escape the Sun’s 

gravitational pull.  Through mechanisms that are not fully understood, the solar wind 

plasma is accelerated to supersonic velocities as it travels radially outward away from the 

sun.  Embedded within the solar wind is a weak (1 to 10s of nT) interplanetary magnetic 

field (IMF) generated by the sun, which is “frozen into” the highly conductive solar wind 

plasma.  The IMF consists of “open” magnetic field lines that are anchored at the sun and 

extend out into interplanetary space.  A “heliospheric current sheet” separates fields of 

opposing polarity that originate from North and South hemispheres of the sun.  The 

gridded surface in Figure 2.1 [Kelley, 1989] illustrates this current sheet, which is warped 
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and “wave-like” due to the highly distorted, typically non-dipolar field generated by the 

sun.  As the sun and associated IMF rotate and sweep through Earth’s orbit, the Earth is 

exposed to both sunward and anti-sunward directed IMF above and below the current 

sheet.  The inset of Figure 2.1 (top-right) illustrates this from the perspective of Earth’s 

orbital plane.  As the Sun rotates, so do individual source regions of radially traveling 

solar wind plasma and frozen-in IMF field lines, which results in a spiral formation of the 

IMF in interplanetary space.  This pattern 

 

 

 

 

 

 

 

Figure 2.1: Diagram of the heliospheric current sheet (grid) that separates the 
IMF directed away from (above the sheet) and towards (below the sheet) the Sun.  
The earth deviates above and below the sheet as it orbits the Sun [Kelley, 1989]. 
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is often called the “Parker spiral”, stemming from theoretical considerations of Parker 

[1958]. The Parker spiral is illustrated in Figure 2.2, for an observer looking down along 

an axis perpendicular to the Sun-Earth plane.  Although highly variable, the IMF on 

average is oriented at a 45° angle relative to the Sun-Earth line when it reaches Earth.  

Significant north-south IMF components perpendicular to the Sun-Earth plane are usually 

present as well.  As described throughout this thesis, magnetospheric and ionospheric 

dynamics depend heavily on the interplanetary magnetic field orientation at Earth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Diagram depicting 
the orientation of IMF field 
lines (blue) and streaming solar 
wind particles (red arrows) in 
the Sun-Earth plane.  Earth is 
the black dot. 
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Solar wind properties are influenced by the level of solar activity, which is 

constantly changing on a range of time scales.  High solar activity corresponds to overall 

increased output of solar energy, including increased occurrence and intensity of solar 

flares and coronal mass ejections (CMEs).  The long term behavior of the sun’s magnetic 

field is characterized by a ~22 year cycle, where a reverse in magnetic field polarity 

occurs, on average, every 11 years.  Between magnetic field reversals, the magnetic 

activity of the sun will increase and then decrease, corresponding to an ~11 year cycle of 

solar energy output.  Since geomagnetic processes are predominantly solar wind driven, 

the level of geomagnetic activity is highly dependent on this solar cycle.  One indicator of  

 

 

 

 

Figure 2.3: Daily averages of solar sunspot number from the National 
Oceanic and Atmospheric Administration (NOAA) data archives.  Red 
indicates the years 2009-2014 pertinent to this thesis. 



 

11 

 

solar activity level is the number of observed sunspots, which are “dark” regions of low 

visible luminosity and high magnetic activity near the surface of the sun.  Figure 2.3 

shows the daily average of the observed number of sunspots since the year 1900, 

obtained from the National Oceanic and Atmospheric Administration (NOAA) data 

archives (http://www.ngdc.noaa.gov/stp/solar/solardataservices.html).  Observations 

presented in this thesis cover the years 2009-2014, indicated in red in Figure 2.3.  As 

shown in the Figure, a relatively weak solar cycle is currently underway.  High sunspot 

numbers correspond to an increased occurrence of solar flares and coronal mass ejections 

(CMEs), which lead to strong geomagnetic disturbances at Earth. 

  Solar wind characteristics continuously evolve during propagation away from the 

sun.  For years 2009-2014, Figure 2.4 shows near Earth solar wind flow speed, 

temperature, proton density, and IMF magnitude averaged over each day (black) and each 

month (red).  Measurements are from the OMNI database 

(http://omniweb.gsfc.nasa.gov/), which is combined data from several spacecraft on L1 

(Lagrange point) and geocentric orbits.  Measurements are time shifted according to the 

expected solar wind propagation time from spacecraft to the earth’s dayside 

magnetosphere (approximately 1 astronomical unit (AU), or ~ 81.5 10×  km from the sun).    

As seen in the figure, the solar wind is highly variable on a range of time scales, 

including sub-daily time scales not shown.  At most times, IMF magnitude ranges from 2 

to 20 nT, solar wind flow speed ranges from 200 to 800 km/s, ion and electron 

temperatures are on the order of 104 K, and proton and electron densities range from 1 to 

25 particles per cubic centimeter (cc).  The average density of Helium ions in the solar  
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Figure 2.4: For years 2009-2014, daily (black) and monthly (red) averages 
of various solar wind parameters from the OMNI database. 
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wind is on the order of 10-1 cm-3.  The dynamic nature of the solar wind is a major 

influence on physical processes in the magnetosphere and ionosphere. 

 

2.2 The Earth’s Magnetosphere     

The Earth’s magnetospheric cavity is carved by interactions between the 

internally generated magnetic field of the Earth and the solar wind.  The geomagnetic 

field is thought to arise from electric currents associated with the motion of conductive 

material within the Earth’s core, which results in field strengths on the order of 104 nT 

near the surface of the Earth.  Close to the Earth, this field can be reasonably 

approximated as a dipole, although significant distortions of the geomagnetic field occur 

away from the Earth due to interactions with the solar wind.  The Earth’s magnetic dipole 

axis is tilted at about 11° with respect to the Earth’s rotation axis.  The geomagnetic field 

shields the Earth from the high speed solar wind, with the pressure balance between the 

solar wind and geomagnetic field defining the shape of the resulting magnetospheric 

cavity.  Magnetospheric and ionospheric processes derive a large portion of their energy 

from the small percentage of solar wind plasma that penetrates the magnetosphere.  These 

mechanisms are discussed in Section 2.4. 

The diagram in Figure 2.5a [Hunsucker and Hargreaves, 2003] shows the basic 

structure of the magnetosphere (not to scale) for an observer positioned at dusk in the 

Sun-Earth plane.  Despite its name, the magnetosphere is very “non-spherical”.  This 

diagram depicts the approximate orientation of the magnetosphere during summer in the 

northern hemisphere, where Earth’s magnetic field axis is tilted towards the sun in the 
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north.  During winter, the northern axis is tilted away from the sun which results in an 

upward tilt of the dayside geomagnetic field.  Note the direction of the geomagnetic field, 

which is away from the Earth near the pole in the southern hemisphere, and towards the 

Earth in the north.  The direction of the geomagnetic field relative to the prevailing IMF 

orientation strongly governs the energy and momentum transfer from the solar wind to 

the magnetosphere and ionosphere.  As depicted in the diagram, solar wind pressure 

compresses the dayside magnetosphere, while the nightside field is directed anti-sunward 

with the deflected solar wind resulting in an elongated, tail-like topology.  This 

“magnetotail” stretches to distances greater than 1000 Earth Radii (RE) in the anti-

sunward direction.  The majority of solar wind plasma is deflected around the Earth by 

the geomagnetic field, resulting in formation of the magnetospheric cavity between the 

Earth and the solar wind. The magnetosphere will expand and contract in response to 

changes in solar wind pressure, which influences magnetospheric topology and plasma 

dynamics.  In general, higher solar wind pressure results in higher levels of geomagnetic 

activity.  As the supersonic solar wind approaches Earth, it is decelerated, compressed, 

and heated in a region called the bow shock at about 10-12 RE from Earth’s centre on the 

dayside.  The solar wind plasma is supersonic when its speed is greater than the 

propagation speed of plasma waves supported by the plasma.  The deceleration to 

subsonic speeds is associated with the bow shock, which folds around the dayside 

magnetosphere.  The exact position and shape of the bow shock is determined by a 

pressure balance between the solar wind and compressed geomagnetic field, as well as 

IMF orientation.   Within the bow shock but still outside the magnetosphere is the  
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Figure 2.5: Diagram showing the basic structure and electric current 
systems of the magnetosphere for an observer situated a) at dusk in 
the Sun-Earth plane [Hunsucker and Hargreaves, 2003] and b)  in the 
afternoon sector above the Sun-Earth plane [De Keyser, 2005]. 
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magnetosheath, the region where deflected, decelerated solar wind plasma flows around 

the Earth.  Magnetosheath plasma is high density (~20 cm-3) and low energy (10s-100s 

eV electrons; 1 keV ions) compared to solar wind and magnetospheric plasma, and 

directly influences the high latitude ionosphere. 

In addition to the geomagnetic field, the magnetosphere contains its own complex 

set of plasma regions and electric currents.  The cut-out in Figure 2.5b [De Keyser, 2005] 

depicts the major plasma regimes, flows and electric currents within the magnetosphere, 

for an observer situated in the afternoon sector.  A thin current layer called the 

magnetopause (lightest blue in Figure 2.5b) separates the magnetosheath plasma from the 

magnetospheric cavity.  The magnetopause current is composed of two main systems: 

one characterized by a dawn to dusk flow across the dayside magnetosphere, and the 

second by current loops around the upper and lower halves of the magnetotail that are 

closed within the magnetosphere (tail current in Figure 2.5b).  The dayside current 

generates its own magnetic field that cancels the geomagnetic field just outside the 

magnetopause and strengthens the northward geomagnetic field just inside the 

magnetopause.  Sudden enhancements of the solar wind dynamic pressure result in 

compression of the magnetosphere and enhancement of the magnetopause current. 

 The polar cusps (north and south, as seen in Figure 2.5a) are transition regions 

between magnetic field lines that connect on the dayside magnetosphere and those that 

are swept back into the magnetotail.  The magnetic field in cusp regions weakens with 

altitude, as indicated by diverging magnetic field lines, and thus low energy 

magnetosheath plasma has relatively easy access to the magnetosphere and ionosphere 

via the polar cusps.  Plasma outflow of ionospheric origin is also characteristic of the 
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cusp, and is a significant source of magnetospheric plasma.  Cusp particle populations 

have compositions and energies comparable to magnetosheath particles, which are 

characterized by relatively low energy (10s of eV electrons), high kinetic energies 

compared to thermal, and a high density of ions [Newell and Meng, 1992; Woch and 

Lundin, 1992].  Poleward and equatorward of the cusp, within the magnetosheath and 

close to the magnetopause, are magnetospheric boundary layers called the plasma mantle 

and low latitude boundary layer (LLBL), respectively (light blue in Figure 2.5b). These 

boundary layers are essentially transition layers from magnetosheath to magnetospheric 

plasma, with the LLBL associated with closed field lines on the dayside, and the mantle 

associated with open field lines extending anti-sunward with the magnetotail.  The 

plasma mantle typically consists of lower energy particles decelerated in the 

magnetosheath, with a significantly lower particle density compared to the cusp. The 

“polar wind”, plasma of ionospheric and cusp origin that flows upward along open field 

lines, also contributes to the mantle population.  Particles characteristic of the LLBL are 

slightly energized (100 eV-1 keV) compared to those of the cusp [e.g. Newell and Meng, 

1994], and are most often considered a mixture of both magnetosheath and 

magnetospheric plasma.  As will be discussed in Section 2.5, the cusp and 

magnetospheric boundary layers are important source regions of energetic particle 

precipitation into the polar cap and auroral ionosphere. 

 A large portion of the magnetosphere consists of the north and south lobes of the 

magnetotail, which are regions of highly stretched (non-dipolar) field lines spanning 

1000s of Earth radii in the anti-sunward direction.  Characteristic of the tail lobes is a low 

plasma density, on the order of 10-1 cm-3, a high magnetic field pressure, and “open” field 
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lines anchored at either the north or south polar cap of the earth, extending in the anti-

sunward direction on their “open” end.  Outer regions of the tail lobes close to the 

magnetopause correspond to the plasma mantle, while the transition from open to closed 

field lines is thought to be near the inner edge of the tail lobes. 

Sandwiched between the tail lobes is the plasma sheet (red region in Figure 2.5b) 

a region of relatively weak magnetic field and hot plasma (up to 10s of keV electrons and 

ions), with typical densities on the order of 1 cm-3.  The plasma sheet boundary layer 

(PSBL) is the outermost region of the plasma sheet, and is often considered a distinct 

plasma regime due to its slightly lower density and enhanced bulk flow speeds [e.g. 

Eastman et al., 1984].  The magnetic field in the plasma sheet is mainly closed, with field 

lines threading the region connected to both north and south poles of the earth.  These 

field lines transition from highly stretched to more dipolar as distance from the earth 

decreases.  The majority of solar wind particles that enter the magnetosphere are 

eventually convected to the plasma sheet, which is often thought of as an “energy 

reservoir” for a number of magnetospheric and ionospheric processes.  Particles of 

plasma sheet origin contribute significantly to disturbances in the polar cap and auroral 

ionosphere.  In turn, particles of ionospheric origin also contribute significantly to the 

plasma sheet population, especially during periods of low geomagnetic activity.  The 

inner boundary of the plasma sheet varies with geomagnetic activity, and averages 

around 6-8 RE at midnight, extending dusk and dawn-ward around the Earth.  Radial span 

of the plasma sheet decreases towards the dayside.  The outer radial boundary extends to 

100s of RE downtail on the nightside.  Anti-parallel magnetic field lines originating from 

north and south poles of the earth are separated by the cross-tail current sheet (sometimes 
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called neutral sheet current), which flows from east to west in the plasma sheet, 

perpendicular to the Sun-Earth line (Figure 2.5b).  The cross tail current forms a complete 

circuit with the magnetopause current (tail current in Figure 2.5b), which flows around 

the north and south lobes of the magnetotail. 

Energetic particles that drift earthward from the plasma sheet become “trapped” 

on closed, quasi-dipolar geomagnetic field lines, and contribute to the high energy 

radiation belts (Van Allen belts).  Motion and confinement of charged particles within the 

magnetosphere will be discussed in Section 2.4.  As depicted in Figure 2.5a, the region 

spanned by the radiation belts is enclosed by the plasma sheet, forming a donut shaped 

region around the Earth confined to low to mid latitudes.  Radiation belt particles form 

the highest energy population in the magnetosphere.  Highest energy protons (>30 MeV) 

are concentrated closest to the Earth around 1.5-2.0 RE in the magnetic equatorial plane, 

forming the inner radiation belt, while primarily higher energy electrons (>1.0 MeV) 

make up the outer radiation belt spanning about 3.0-5.0 RE.   Lower energy protons and 

electrons are also observed in regions spanning the outer radiation belt and into the 

plasma sheet [Hargreaves, 1979].  Recent observations have indicated the intermittent 

presence of a third radiation belt around 3.0-3.5 RE, which is distinct from the outer belt 

and consists primarily of >2 MeV electrons [Baker et al., 2013]. Gradients in the 

geomagnetic field result in an azimuthal drift of radiation belt particles, protons to the 

west and electrons to the east, which carries the ring current that circles the Earth in the 

magnetic equatorial plane (Figure 2.5b).  Details of magnetospheric plasma motion 

related to the ring current are further discussed in Section 2.4.4. 
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Located within and earthward of the radiation belt is the plasmasphere (dark blue 

in Figure 2.5b), whose inner boundary merges with the earth’s upper atmosphere and 

ionosphere.  The plasmasphere is also donut shaped, thickest in the equatorial plane and 

in the dusk to midnight sector.  The outer boundary of the plasmasphere is called the 

plasmapause, which is located at 3 to 6 RE in the magnetic equatorial plane, depending on 

the level of geomagnetic activity [Liu and Liu, 2014].  The plasmasphere contains dense 

(102 - 103 cm-3), relatively cold (~1 eV) plasma that is mostly leaked from the ionosphere.  

Unlike magnetospheric plasma and similar to ionospheric plasma, the motion of 

plasmaspheric plasma is dominated by co-rotation with the Earth. 

 

2.3 The Earth’s Ionosphere 

The ionosphere is the ionized medium (plasma) that extends from roughly 60 km 

to heights of 1000 km or more above the Earth’s surface.  These upper and lower 

boundaries are not well defined due to variable electron distributions and a gradual 

thinning of the electron density into the plasmasphere.  Ionospheric plasma coexists with 

neutral atmospheric particles, where the photo-ionization of neutral atoms and molecules 

by solar x-rays and extreme ultraviolet (EUV) radiation is the main source of ions and 

electrons that make up the ionosphere.  Molecular diffusion combined with 

photodissociation of oxygen molecules by solar radiation creates significant variation in 

atmospheric composition with height, where heavy atoms and molecules dominate at 

lower heights and lighter particles such as hydrogen and helium are more prominent at  
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higher altitudes.  Figure 2.6 [Johnson, 1969] shows daytime number densities of the main 

constituents of the upper atmosphere and ionosphere, reproduced from mass spectrometer 

measurements taken during the International Year of the Quiet Sun (IQSY – 1964-1965).    

The major neutral constituents are diatomic oxygen (O2), diatomic nitrogen (N2), and 

atomic oxygen (O) whose photodissociation contributes the majority of the ionosphere’s 

composition.  Minor neutral species play a larger role below 100 km, which is a 

particularly complex region in a chemical sense since ionization can occur through a 

wide range of chemical reactions.  Neutral number density, highest in the lower 

ionosphere, dramatically decreases above 100 km due to molecular diffusion of heavier 

species.  Ionization of neutral species occurs through a variety of mechanisms depending 

Figure 2.6: Number density of charged and neutral constituents of the 
ionosphere.  Altitude in the ionosphere is indicated on the vertical axis 
[Johnson, 1969]. 
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on altitude, latitude, local time, season and solar activity.  Photoionization from solar 

radiation is the primary ionization source, evident from the notable differences in day-

night and solar minimum-maximum ionospheric plasma densities in Figure 2.7.  These 

profiles are from the International Reference Ionosphere (IRI; http://iri.gsfc.nasa.gov/), 

which is a semi-empirical model.  Precipitation of energetic particles from the solar wind 

and magnetosphere also contributes to the ionization, and is often the dominant source at 

high latitudes during periods of intense precipitation [Rees, 1989]. Charged atmospheric 

constituents are lost to various recombination reactions, where electrons recombine with 

ions to form neutral atoms or molecules.  The exact structure of the ionosphere depends 

on the balance between production and loss rates as well as transport processes such as 

electric currents and diffusion.  While the basic large-scale structure of the electron 

density profile is due to the exponential increase in neutral density with decreasing 

height, the ionospheric structure is horizontally stratified due to the distribution of 

individual neutral particles in the upper atmosphere.  As shown in Figure 2.7, the 

ionosphere can be divided into four layers, D, E, F1 and F2, based on electron density.  

The boundaries of these regions can vary and are roughly defined, and all four layers are 

not always present.  During night, the D and E layers usually disappear completely, and 

the F1 layer disappears and reappears depending on season and solar activity.  These 

features are discussed shortly. 

The magnetic field at high latitudes is near-vertically oriented with respect to the 

ground, which connects the high latitude ionosphere to the solar wind and outer 

magnetosphere.  High latitudes are thus exposed to energetic particle precipitation of  
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Figure 2.7: Density profiles of ionospheric electrons under various 
conditions.  Electron densities are from IRI-2007.  Heights of 
ionospheric layers and the main radiation type contributing to 
ionization are also indicated.  
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solar and magnetospheric origin, which is a significant and sometimes dominant source 

of atmospheric ionization.  Processes affecting the high latitude ionosphere and the 

physics behind energetic particle ionization in the ionosphere are discussed later in this 

chapter.  The next section focuses on ionization due to solar radiation during quiet 

periods. 

2.3.1    D layer 

The D region of the ionosphere is located around 60-90 km altitude, and coexists 

with a relatively high neutral density compared to the rest of the ionosphere.  Complex 

chains of chemical reactions govern the structure of the D-layer, and it can be 

distinguished by reactions not observed in E and F layers.  Two main radiation bands 

penetrate to D region altitudes without begin absorbed by E and F regions.  Lyman α 

radiation (121.5 nm) is the main source, which ionizes the minor species nitric oxide 

(NO).  Hard x-rays (0.1-1 nm) are only significant at moderate to high solar activity 

levels and ionize all neutral species, namely the major species N2 and O2.  NO+ and O2
+ 

are the main positively charged constituents of the D layer.  There is no real peak in D 

layer electron density, which instead decreases exponentially from the lower E region.  

Loss of D region electrons can occur by attachment of electrons to neutral species, 

mainly diatomic oxygen: 

 
-

2 2e + Ο + Μ  Ο + Μ→  

A molecule M is necessary to conserve energy during the reaction.  More complex 

negative ions are also formed from reactions involving O2
- and other neutral species.  

Electron loss is balanced by reactions of O2
- with atomic oxygen: 
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-
2 3Ο O O e+ → +  

and, to a lesser extent, excited molecular oxygen.  During the day, solar radiation 

exceeding 0.45 eV (visible light) can also remove electrons: 

-
2 2Ο h O e+ ν → +  

which results in the significantly higher daytime electron density observed in Figure 2.7.  

As the rate of this detachment process depends on incoming solar radiation flux and 

therefore solar zenith angle, there are also strong latitudinal and seasonal variations in D 

region electron density.   

Electron recombination occurs through dissociative processes involving a 

complex set of reactions and several molecules.  In the lower D layer, there tends to be a 

higher density of heavy ions due to large molecules associated with the mesosphere.  The 

heavy ions have higher recombination rates which result in lower electron densities 

deeper in the ionosphere. 

In high frequency (HF) radio communications, the bulk of HF wave absorption 

occurs in the D region due to the high density of neutral atoms and molecules, and thus 

high collision rate of ionospheric plasma and neutral constituents.  Complete HF 

communication blackouts at high geomagnetic latitudes are common during periods of 

high energy particle precipitation associated with high geomagnetic activity. 

 

2.3.2    E Layer 

The E layer ranges from about 90 km to 120 km altitude, and usually features a 

peak in electron density around 105-110 km.   Electron production is from ionization by 
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EUV radiation that is not fully absorbed in the F region (> 80 nm) and has high enough 

energy to ionize O2 (< 102.7 nm), and also from soft x-rays (1-10 nm) that ionize all 

neutral species.  O2
+, N2

+ and NO+ (products of subsequent reactions) are the dominant 

ions populating the E region.  Dissociative recombination involving each of these ions is 

the main mechanism for electron loss: 

2

2

O e O O

N e N N

NO e N O

+

+

+

+ → +

+ → +

+ → +  

 The equilibrium electron density is governed by a balance between ion production rate 

and the recombination reaction rate.  Electron density diminishes significantly at night 

due to the absence of ionizing solar radiation, where recombination reactions quickly 

consume the majority of electrons. 

Sporadic-E (Es) is an anomalous enhancement of the E layer electron density that 

can arise for a variety of mechanisms other than solar radiation.  Low to mid latitude Es 

occurs most often during the day, while high latitude Es is observed at night.  Sporadic-E 

enhancements vary in size, duration and vertical thickness, but electron densities can 

often exceed levels in the F region.  Suggested mechanisms for mid and low latitude 

sporadic-E include vertical shears in the neutral wind that drive vertical plasma motion 

and compress the ionosphere in the E region [e.g. Whitehead, 1988].   High latitude E 

region enhancements are largely a result of high energy particle precipitation from the 

plasma sheet and magnetospheric boundary layers, and will be discussed later in this 

chapter. 
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The presence of an E/Es layer is often useful in beyond line of site (BLOS) radio 

communications, where a radio signal can perform one or multiple hops between the E 

layer and the Earth to reach its destination.  E layer irregularities can also scatter radio 

waves leading to a degraded signal. 

 

2.3.3    F Layer 

The F layer ranges from 120 km up to the inner reaches of the magnetospheric 

plasma (plasmasphere), and contains the majority of the ionospheric plasma.  Two 

distinct layers, F1 and F2, are sometimes present, depending on a number of factors.  The 

F1 layer extends from around 120 km to 200 km altitude, and is most pronounced during 

the day, summer, and at solar minimum.  F1 merges into F2 at night due to lack of solar 

radiation, and also at solar maximum during winter due to high F region electron 

densities.  As in Figure 2.7, there is usually no peak in F1 density, but rather a gradual 

decrease in density into the E region.  The F1 layer can be distinguished from F2 by the 

underlying ionization processes and chemical reactions.  Solar EUV radiation in the 

range of 20 nm to 90 nm ionizes O, O2, N and N2, where NO+, O+ and O2
+ are left as the 

main ion constituents after subsequent reactions.  Similar to the E region, F1 electron loss 

is through dissociative recombination.  In the case of the major constituent O+, a transfer 

reaction involving a molecular constituent initially takes place: 

2

2 2

Ο N NO N

O O O O

+ +

+ +

+ → +

+ → +  
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and is followed by the recombination reaction.  The dissociative recombination reactions 

govern the loss rate in the F1 region since the transfer reactions occur quickly.   

The F2 region extends from the F1 layer and into the plasmasphere, and contains 

the peak electron density of the ionosphere at a height of 200-400 km.  Below the F2 

peak, electron density increases with height despite a decreasing ionization rate.  This 

results from an increasing O to N2 density ratio, where O density governs the production 

rate of electrons and N2 density governs the loss rate.  With O+ as the dominant F2 ion, 

electron loss occurs in the same two stage process as in F1: 

 

2Ο N NO N

NO e N O

+ +

+

+ → +

+ → +  

While the second reaction controls the loss rate in F1, this trend reverses at higher 

altitudes due to a decreasing N2 concentration.  The transfer reaction slows and becomes 

the controlling factor in the F2 region, and the loss rate will decrease with N2 density.  As 

seen in Figure 2.6, O density decreases at a slower rate than N2, and actually surpasses 

N2 density in the lower F region.  As a result, the decrease in electron production rate 

will fall off more slowly than the decrease in electron loss rate.  The peak F2 density can 

reach values exceeding 106 electrons per cubic centimetre.  As shown in Figure 2.7, 

unlike lower altitude regions, F2 retains the majority of its ionization throughout the 

night.  This is largely a result of bulk movement of the ionospheric plasma, where 

decreasing atmospheric pressure with increasing altitude results in an upward vertical 

drift.  Since neutral density decreases at higher altitudes and maximum ionization rates 

occur below 200 km, photoionization becomes less important to the electron density 
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distribution in the F2 layer.  Upward plasma diffusion due to significant pressure 

gradients maintains the high electron concentration observed at all times in F2. 

 

2.3.4    Plasmasphere 

At high altitudes in the upper F region, the ionosphere extends into the 

plasmasphere, the innermost layer of the magnetosphere as discussed in Section 2.2.  Due 

to ion exchanges with the F region, the plasmasphere has a large influence on the topside 

ionosphere.  Little to no ion production occurs in the plasmasphere, with the dominant 

plasmaspheric ion H+ supplied by upward diffusion from the ionosphere.  When 

ionospheric density decreases, ions diffuse downward from the plasmasphere and back 

into the ionosphere.  Protons are produced by a charge exchange reaction with oxygen: 

 O H O H+ ++ +  

which occurs at the same rate in either direction around the plasmaspheric boundary.  The 

height of the topside ionosphere is largely governed by the rate of this reaction. 

 

2.3.5   Ionospheric Conductivity 

 Unlike magnetospheric and solar wind plasma, the ionosphere is weakly ionized, 

coexisting with the neutral atmosphere.  Charged components move according to forces 

exerted by electric and magnetic fields present in the ionosphere, however their motion 

will also be modified by collisions with neutral particles.  Since neutral density varies 
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with altitude, so does collision frequency between charged and neutral components, 

resulting in motion of ionospheric plasma that is highly variable with altitude. 

 In the presence of uniform electric and magnetic fields E and B, charged particles 

travel on a spiral-like path due to the Lorentz force.  The net motion of both electrons and 

ions is directed perpendicular to electric and magnetic fields, with a velocity v given by: 

 2B
×

=
E Bv                                                            (2.1) 

This bulk motion is known as “E cross B drift”, and is the predominant motion of high 

latitude ionospheric plasma at altitudes above ~150 km in the F region.  For historical 

reasons, high altitude drift of ionospheric plasma at high latitudes is called “convection” 

in the space physics community, and is directly linked to “convection” of magnetospheric 

plasma.  Convection of magnetospheric plasma and convection of F region plasma in the 

high latitude ionosphere are ultimately driven by the solar wind.  This convection of 

magnetospheric and ionospheric plasma is discussed further in Section 2.4. 

Since neutral density increases with decreasing altitude (Figure 2.6), collisions 

between charged constituents and neutral particles inhibit this convection to a greater 

degree in the lower ionosphere.  Since ions travel a greater distance during a single 

gyration period, the gyrating motion of ions is inhibited by collisions with neutrals to a 

greater degree than the gyrating motion of electrons.  This introduces a differential 

motion between ions and electrons as they ×E B  drift, resulting in an ionospheric current 

in the horizontal plane perpendicular to B.  The typical and convenient convention is to 

divide this current into two components: a Pedersen current (JP) flowing parallel to the 

electric field and a Hall current (JH) perpendicular to the electric field.  By solving the 
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equations of motion due to the Lorentz force and averaging the resulting electron and ion 

velocities over time intervals between collisions, these currents can be expressed as: 

 
( ) ( )

2
2 2 2 2

i e
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i i i e e e
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+ +  
                         (2.3) 

where Pσ and Hσ are the Pederson and Hall conductivities, E⊥ is the electric field 

directed perpendicular to the magnetic field, Ne is electron density, e is an elementary 

charge unit, im and em  are ion and electron mass, iν and eν are ion-neutral and electron-

neutral collision rates, and iω and eω are ion and electron gyrofrequencies.  For collision 

rates, Schunk and Nagy [1980] derived expressions that involved ion, electron, and 

neutral temperatures, as well as densities of individual atmospheric constituents.  With an 

electric field E


 applied parallel to the magnetic field, the resulting current 0J  has no 

dependence on ion and electron gyrofrequencies: 

 2
0 0

1 1
e

i i e e

J E N e E
m m

σ
ν ν

 
= = + 

 
 

                                             (2.4)  

Here, 0σ  is the conductivity parallel to the magnetic field, often called the “direct 

conductivity”.  

 Figure 2.8 plots altitude profiles of typical ionospheric conductivities for a quiet 

daytime interval in the auroral region, along with select ionospheric parameters that 

govern the conductivity.  Ionospheric parameters are from IRI and atmospheric  
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Figure 2.8: Top panel - Altitude profiles of electron (IRI-2007) and 
neutral (CIRA-86) number densities, and calculated electron and ion 
collision frequencies.  Bottom panel – Altitude profiles of calculated 
ionospheric conductivities. 
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parameters are from CIRA-86.  The top panel of Figure 2.8 shows electron (Ne) and 

neutral (Nn) densities, along with electron-neutral ( eν ) and ion-neutral ( iν ) collision 

frequencies, while the bottom panel shows conductivities calculated from atmospheric 

and ionospheric parameters using equations 2.2-2.4 and a magnetic field strength of 

60,000 nT.  The direct conductivity is seen to decrease exponentially with altitude as 

neutral density and collision frequencies increase, while Pedersen and Hall conductivities 

peak in the lower F region and E region largely due to a balance between ×E B  plasma 

drift and mobility of ion species.  The Pedersen conductivity parallel to E peaks around 

120-125 km altitude due to the ×E B drift of both ions and electrons combined with the 

mobility of ions parallel to E, while the Hall conductivity perpendicular to E peaks 

around 105-110 km due to continued ×E B  drift of electrons and immobility of ions.  

Conductivity drops off significantly in the D region below 90 km due to decreasing 

plasma density and increasing neutral density.  Hall and Pedersen currents are typically 

strongest in the auroral region due to the high occurrence of energetic particle 

precipitation and subsequent ionization of the lower ionosphere.  As will be discussed in 

Section 2.4, these auroral zone currents connect and form complete circuits with currents 

flowing in the magnetosphere, reflecting the strongly coupled magnetosphere-ionosphere 

system. 

 

2.3.6   The Ionosphere at High Latitudes 

The structure and dynamics of the high latitude ionosphere differs from low and 

mid latitudes largely due to the vertical alignment (with respect to the ground) of high 
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latitude magnetic field lines and the connection of these field lines to the dynamic solar 

wind and outer magnetosphere.  One significant consequence of this vertical alignment is 

the direct access of magnetospheric and solar wind particles to high latitude regions along 

magnetic field lines.  High latitude ionospheric processes are driven by coupling of the 

solar wind, magnetosphere, and ionosphere (SW-M-I) system.  Characteristic of the high 

latitude ionosphere are complex plasma convection patterns, plasma heating, auroral 

brightening, neutral wind disturbances and variations in ionospheric plasma density on a 

wide range of time and spatial scales.  Ionospheric disturbances are typically enhanced 

during periods of high geomagnetic activity, which results from a sudden increase in 

solar output of electromagnetic radiation and/or plasma associated with solar flares and 

coronal mass ejections (CMEs).  Section 2.4 will outline some of the well-known SW-M-

I coupling processes, while Section 2.5 will discuss the impact of specific coupling 

processes on the high latitude ionosphere pertinent to this thesis.  In general, the high 

latitude ionosphere can be divided into two regions: the auroral ionosphere and the polar 

cap ionosphere. 

The auroral oval is generally thought to be the transition region between closed 

field lines in the Van Allen belts and open field lines in the plasma sheet boundary layer, 

although the exact definition is debatable.  Characteristic of the auroral oval is a 

continuous influx of energetic particles from closed magnetospheric field lines that 

produce a number of observable phenomena including enhanced ionospheric density, the 

luminous aurora (aurora borealis/australis), geomagnetic field disturbances and auroral x-

rays.  The auroral oval forms a loop around the geomagnetic pole, enclosing the polar cap  
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region.  Figure 2.9 shows ultraviolet photon intensity measured by the POLAR satellite 

during a period of high geomagnetic activity, where red indicates high intensity and blue 

indicates low intensity.  During quiet periods, the auroral oval is centered around 67° 

magnetic latitude with a 3° to 4° latitudinal width at midnight, and around 77° magnetic 

latitude with a 1° to 2° latitudinal width at noon.  Precipitation intensity decreases sharply 

at the poleward and equatorward edges of the auroral boundary.  The oval expands both 

poleward and equatorward during periods of high geomagnetic activity and increased 

particle precipitation, and can extend over much of Canada during extreme activity.  The 

meridional expansion is typically accompanied by an east-west expansion, where auroral  

 

Figure 2.9: POLAR UVI ultraviolet photon emissions from the 
auroral oval during a substorm.  Red indicates high intensity emissions 
[Source: Visible Imaging System, University of Iowa and NASA 
(http://vis.physics.uiowa.edu/vis/)]. 
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Figure 2.10: Statistical location of auroral activity during periods of quiet, 
moderate and active geomagnetic activity.  Data is from all-sky camera 
images [Kivelson and Russell, 1995]. 
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intensification spreads azimuthally around the magnetic pole.  Figure 2.10 shows the 

statistical location of visible intense auroral emissions for low, moderate and high levels 

of geomagnetic activity, as estimated from all-sky camera images [Kivelson and Russell, 

1995].  Dotted regions represent the most intense auroral emissions.  Although the exact 

distribution of auroral activity varies, the equatorward expansion around midnight is 

typically the largest whereas the dayside sees only minor change.  Magnetospheric 

substorms are the most intense phenomenon affecting auroral latitudes, and involve 

sudden precipitation of high energy particles from the magnetotail resulting in significant 

ionization in the lower ionosphere and explosive brightening of auroral arcs. 

The polar cap ionosphere is enclosed by the auroral oval and is the highest 

latitude region on Earth.  Magnetic field lines originating from north and south polar cap 

regions are considered “open” since they only connect to the Earth at one magnetic pole.  

The open end of the field lines connect with the IMF and ultimately the sun, which 

exposes the polar cap directly to interplanetary space and leads to direct coupling 

between the polar cap ionosphere and the solar wind.  There is usually a steady 

precipitation of low energy electrons (a few hundred eV) into the polar cap that produces 

some F region ionization and low intensity (subvisual) optical emissions from the 

ionosphere.  This precipitation can be enhanced around the dayside polar cusp, where 

patches of ionization (polar patches) are produced and drift across the polar cap towards 

the nightside auroral oval.  More intense electron precipitation can also be observed in 

localized regions within the polar cap, which are typically associated with localized 

intensification of the polar rain, intense precipitation from magnetospheric boundary 

layers, or an extension of the auroral oval into the polar cap.  This precipitation is often 
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energetic enough to produce visual aurora from the lower F and E layers, and such events 

are thus termed polar cap aurora.  The most dramatic event at these latitudes is polar cap 

absorption (PCA).  PCA results from precipitation of higher energy (up to 1 GeV) 

protons into the ionosphere, typically following a major solar flare.  Enhanced D layer 

ionization during PCA events will absorb HF radio waves, resulting in widespread 

blackouts in HF communication across the polar cap that often lasts for multiple days. 

 

2.3.7 Ionization Rate of Energetic Particle Precipitation 

Energetic particles precipitating into the ionosphere will ionize atmospheric 

constituents at a particular rate and range of altitudes.  This ionization rate and 

subsequent enhanced ionospheric density depends on a number of factors, including the 

energy, flux and angular distribution of incident electrons, as well as the density profile 

of ionizable atoms or molecules in the ionosphere.  From Rees [1963, 1982], 

monoenergetic beams of precipitating electrons and protons will ionize neutral 

constituents at rates qelec and qion, respectively, which are given by: 

0

0 0 0
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Figure 2.11: Altitude profiles of ionosphere production rates due to 
monoenergetic beams of precipitating electrons (a) and protons (b).   
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where Ee and Ep are energies of precipitating electrons and protons, respectively, F is the 

flux of precipitating electrons or protons, z is the penetration depth of precipitating 

particles in the ionosphere, 6 1.75
0 4.57 10 ez E−= × is the maximum penetration depth in the 

ionosphere for an electron at energy eE , 6 0.75
0 5.05 10 pz E−= × is the maximum penetration 

depth in the ionosphere for an proton at energy pE , ΔE is the energy required to produce 

an electron-ion pair (taken on average as 35 eV), ρ0 is the mass density of the neutral 

atmosphere at z0, n and n0 are the number densities of neutrals at depths z and z0, 

respectively, and λe and λp are the normalized energy deposition function for electrons 

and protons, at a fractional depth z/z0 in the ionosphere.  The fraction of precipitating 

proton energy resulting in ionization, fion, takes into account the proton energy lost to 

charge exchange reactions and excitation of atmospheric constituents.  The function λ can 

be experimentally determined for various angular distributions of particles [Spencer, 

1959].  Figure 2.11a-b shows ion production rates in per unit particle flux ( q
F ) 

calculated from (2.6-2.7), with neutral densities obtained from the COSPAR International 

Reference Atmosphere (CIRA-86; http://ccmc.gsfc.nasa.gov/modelweb/atmos 

/cospar2.html).  Production rates are shown for monoenergetic streams of electrons and 

protons for energies in the range of 0.3-400 keV.  For lower energies <1 keV, heavier 

protons penetrate to lower altitudes in the ionosphere compared to electrons.  At higher 

energies < 1 keV, protons lose significant energy and momentum to charge exchange 

reactions and heating of atmospheric constituents, and deposit the bulk of their energy at  

higher altitudes compared to precipitating electrons.  Note that maximum production 

rates for lower energy electron and proton precipitation cover a wide range of heights in 
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the upper ionosphere, while higher energies cover a much thinner range in the lower 

ionosphere.  For example, production peaks for electron energies 0.3 – 2.0 keV span the 

F region from 130 to 300 km, while peaks for energies 2.0 keV – 400.0 keV span the D 

and E layers from 60 to 130 km.  This is mainly a result of the exponential increase in 

neutral density and electron-neutral collisional cross section with increasing depth in the 

ionosphere.   

 

2.4  Solar Wind - Magnetosphere – Ionosphere (S-W-I) 

Coupling 

Coupling of the solar wind, magnetosphere and ionosphere (SW-M-I) system 

occurs via a number of electrodynamic processes, as well as through transfer of mass, 

energy and momentum.  This section outlines some of the well-known SW-M-I coupling 

mechanisms. 

 

2.4.1   Magnetic Reconnection 

As mentioned in Section 2.1, the majority of the solar wind is shielded from the 

earth by the magnetosphere.  One process allowing solar wind plasma to gain entry to the 

magnetosphere is through magnetic merging (reconnection) of IMF and geomagnetic 

field lines at the dayside magnetosphere close to the polar cusp region.  This merging 

process allows plasma to drift across the magnetopause boundary separating the 

topologically different magnetic fields of the IMF and magnetosphere.  Magnetic 
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reconnection of previously connected geomagnetic field lines also occurs on the 

nightside, where open magnetic field lines of north and south magnetotail lobes merge 

forming a closed but stretched geomagnetic field line in the magnetotail.  Dayside and 

nightside reconnection drive the global circulation of plasma in the magnetosphere and 

high latitude ionosphere, which is discussed in Section 2.4.2. 

For highly conductive, collisionless, and magnetized plasma, the magnetic field is 

considered “frozen” to the plasma, where the motion of a particular field line corresponds 

to the motion of a particular plasma element.  In this fashion, a frozen-in field line can be 

bent or deformed due to differential motion of adjacent bundles of plasma.  This frozen-

in condition is often considered a good approximation for the highly conductive solar 

wind and magnetospheric plasma.  In mathematical terms, the frozen-in condition can be 

described using Ohm’s Law: 

    ( )σ= + ×J E u B                                            (2.8) 

where J is the current density, or charge per second flowing across a unit area 

perpendicular to the plasma flow velocity u, σ is the plasma conductivity, E is the electric 

field and B  is the magnetic field.  For highly conductive (large σ), collisionless plasma, 

where charged components move freely, Equation 2.8 is satisfied if 

      0+ × =E u B                                                (2.9) 

which indicates a non-zero electric field for moving plasma,  and no electric field in the 

frame moving with the plasma (u=0).  The frozen-in condition is valid when Equation 2.9 

holds true, which is the case when the dominant plasma motion occurs on temporal and 

spatial scales much larger than temporal and spatial scales characterized by the dynamics 

of individual ions.  For magnetic reconnection and subsequent plasma exchange between 
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the solar wind and magnetosphere to occur, the frozen-in condition must be violated.  

This violation can occur near the thin current sheet of the magnetopause, where abrupt 

changes in plasma conditions take place. 

Figure 2.12 [Kivelson and Russell, 1995] is a qualitative depiction of the “X-line” 

configuration, which is commonly used to describe the merging of field lines separated 

by a thin current sheet.  This is a two dimensional picture, where it is assumed that the  

 

 

 

 

 

 

Figure 2.12: Diagram qualitatively depicting the “x-line” 
magnetic field configuration associated with magnetic 
reconnection.  Magnetic field (B) and plasma flow (u) are in the 
plane of the page, while electric field (E) and current (J) are 
directed out of the page [Kivelson and Russell, 1995]. 
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physical parameters are independent of the third dimension in and out of the page.  

Opposing magnetic fields (B) are located at the top and bottom of the figure, with plasma 

and frozen-in magnetic field moving inward at flow rate u towards the diffusion region.  

Although a variety of models are available to describe the merging process, most involve 

the diffusion of magnetic field lines across the current sheet where the ‘frozen-in’ 

condition no longer holds, or the compression of the current sheet between the two field 

regions due to the ×J B force.  Either way, field lines of opposite polarity will merge at a 

magnetic neutral point, which in the simplest case will result in an “X-line” formation.  

Field lines previously moving from the top and bottom of the page in Figure 2.12 will 

merge at the “X”, resulting in a magnetic neutral point where the magnetic field is zero, 

and subsequent formation of newly reconnected field lines that move to the right and left 

of the page.  Within the diffusion region surrounding the “X” formation, de-coupling of 

the plasma and magnetic field takes place, allowing for plasma to flow freely between 

previously separated regions.  Plasma previously transported towards the reconnection 

region from top and bottom of the page is ejected to the right and left of the page along 

with the newly reconnected field lines 

 

2.4.2    Magnetospheric and Ionospheric Convection 

 As proposed by Dungey [1961], magnetic reconnection at the dayside and tail 

regions of the magnetosphere is responsible for the large scale plasma flow pattern 

observed in the magnetosphere and high latitude ionosphere.  The convection process is 

simplest and most efficient when the IMF points south (IMF BZ component is negative), 
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since the northward-pointing dayside geomagnetic field and IMF must be anti-parallel for 

magnetic reconnection to occur.  Enhanced reconnection activity for southward IMF is 

associated with an increase in solar wind energy input to the magnetosphere and an 

overall higher level of geomagnetic activity.  On average, southward oriented IMF is 

observed 50% of the time.  The more complex situation for northward IMF will be 

discussed near the end of this section.   

 

 

 

 

Figure 2.13: Illustration of magnetic and electric field configuration in the solar 
wind and magnetosphere for southward IMF.  The observer is situated in the 
magnetotail along the Earth-Sun line.  Blue (green) arrows are electric fields 
mapped along open (closed) magnetic field lines (equipotential) [Lyons, 1992]. 
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Figure 2.13 [Lyons, 1992] shows a schematic of magnetic and electric field lines 

associated with the solar wind and magnetosphere (for southward IMF), for an observer 

situated in the magnetotail along the Sun-Earth line (behind the earth looking toward the 

sun).  The solar wind flows out of the page, while the IMF is directed southward, down 

the page (indicated by arrows near the top of the figure).  The IMF either flows out and 

around the magnetosphere or connects with “open” geomagnetic field lines at the 

magnetopause (red boundary).  The dashed lines in the figure represent the hypothetical 

situation of all IMF field lines penetrating the magnetopause, in which case significantly 

larger electric potential difference (Δφ) would exist across the magnetosphere.  In the 

Earth’s reference frame, the solar wind electric field (blue arrows in the figure) is 

directed dawn to dusk for southward IMF according to equation 2.9: 

 SW IMF= − ×E u B                                                                 (2.10) 

where SWu  is the solar wind velocity and IMFB  is the IMF magnetic field vector.  The  

electric conductivity parallel to the geomagnetic field is high, and thus magnetic field 

lines can be approximated as equipotentials.  As a result, the solar wind electric field 

maps along open field lines and down into the ionosphere, producing a dawn to dusk 

(right to left) electric field across the polar cap.  Magnetic flux density increases from the 

solar wind to the ionosphere due to converging field lines, and therefore the polar cap 

electric field is higher than that of the solar wind.  Assuming that only open geomagnetic 

field lines are exposed to the solar wind flow, the solar wind electric field does not map 

onto closed field lines mapping to latitudes below the polar cap.  This implies that a 

charged boundary must exist to separate closed field lines from open, positive on the 
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dusk side and negative on the dawn side (plus and minus signs in Figure 2.13).  This 

charged boundary induces an electric field on closed field lines in the magnetosphere 

(green arrows in Figure 2.13), which is opposite in direction to the polar cap field in the 

auroral oval but dawn to dusk when mapped into the equatorial plane.  The charged 

boundary separating open and closed magnetic field lines also requires an electric field 

parallel to the boundary, which is called the “reconnection electric field”.   

Magnetospheric electric fields drive field-aligned currents (FACs) directed parallel to the 

magnetic field, into and out of the auroral ionosphere, as well as ionospheric Pedersen 

currents which form a complete circuit with FACs. 

This electromagnetic field configuration, resulting from reconnection of IMF and 

geomagnetic field lines at the dayside magnetosphere, is the basic driver of plasma 

motion in the magnetosphere and ionosphere.  The global convection pattern of 

magnetospheric plasma is illustrated in Figure 2.14 [Kivelson and Russell, 1995] for 

southward IMF, and for an observer situated in the dusk sector, perpendicular to the Sun-

Earth line.  The smaller inset illustrates the associated plasma convection in the high 

latitude ionosphere, for an observer situated above the magnetic equator in the pre-

midnight sector.  Numbered field lines represent a time lapse of magnetospheric 

convection, with the IMF field line labelled 1’ and the closed geomagnetic field labeled 1 

representing field topology immediately prior to reconnection.  Newly reconnected field 

lines (2-5 in the north, 2’-5’ in the south) frozen into solar wind and magnetospheric 

plasma convect anti-sunward, up and over the polar cap, driven by an electric field E 

imposed along equipotential field lines according to (2.3).  This electric field is directed  
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Figure 2.14: Time lapse of magnetospheric (large figure) and polar cap (small 
inset) convection for southward IMF.  The convection cycle for a field line in 
the magnetosphere and parcel of plasma in the polar cap ionosphere is indicated 
by numbers 1-9 [Kivelson and Russell, 1995]. 
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out of the page in Figure 2.14 (from dawn to dusk).  A second reconnection region exists 

far down-tail from the earth, where open field lines (6 and 6’) merge with the tail lobes 

near the outer radial boundary of the plasma sheet, resulting in a newly closed 

geomagnetic field line (7) and a new, purely IMF field line (7’).  Plasma ejected from the 

neutral point of the reconnection region will ×E B  drift earthward, while newly 

connected field lines will also progress earthward becoming more dipolar as they get 

closer to the Earth (field line 8).  Convection proceeds around the Earth on both dusk and 

dawn sides, back towards the dayside (field line 9).  For long durations of southward 

IMF, a build-up of flux can occur in the magnetotail, while increasing plasma pressure in 

the plasma sheet can hinder the return of magnetic flux to the dayside.  This inherently 

unstable condition results in magnetospheric substorms, where much of the excess energy 

built up in the magnetotail is dissipated in the ionosphere via field aligned currents and 

energetic particle precipitation.  The explosive substorm process results in ionospheric 

heating and auroral brightening, among other observable phenomena (see Section 2.5 for 

further details).  A time lapse of high latitude ionospheric convection is represented by 

the numbers 1-9 in the small inset of Figure 2.14, which are related to the numbered 

sequence of field lines in the larger illustration of magnetospheric convection.  The dawn-

dusk electric field combined with an earthward magnetic field produces an anti-sunward 

×E B  drift in the polar cap ionosphere (as discussed in Section 2.3.5), corresponding to 

the anti-sunward motion of open field lines through the polar cap (numbers 1-6).  

Ionospheric plasma at 6 maps to the outer plasma sheet, close to the transition from open 

to closed field lines and the poleward auroral boundary.  After crossing into the auroral 
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region, ionospheric plasma follows the subsequent sunward convection of newly 

reconnected geomagnetic field lines back to the dayside (numbers 7-9).   

Following Kelley [1989], typical parameters of solar wind (SW) and polar cap 

(PC) convection, and the ratio of solar wind and polar cap convection parameters 

(SW/PC) are summarized in Table 2.1.  Convergence of magnetic field lines and 

equipotential surfaces from the solar wind into the polar cap ionosphere results in large 

magnetic and electric field magnitudes in the polar cap compared to the solar wind.  

Typical polar cap convection speeds are two orders of magnitude smaller than solar wind 

flow speeds.  

 

 

Table 2.1.  Typical Solar Wind (SW) and Polar Cap (PC) convection parametersa 

 B(nT) E(mV/m) V(km/s) 

SW 5 2 400 

PC 55 10×  50 1 

PC/SW 104 125 32.5 10−×  

aTypical magnetic field (B), electric field (E) and plasma flow speed (V) magnitudes  
of the solar wind (SW) and polar cap ionosphere (PC), following Kelley [1989]. 
 

 

The net effect of this magnetospheric and ionospheric circulation is a two cell 

convection pattern in the high latitude ionosphere, where plasma flows anti-sunward 

through the polar cap and sunward through lower latitudes close to the auroral region on 
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both dawn and dusk sides.  Figure 2.15 [Spiro et al. 1978] shows high latitude convection 

streamlines (equipotentials) as a function of magnetic latitude and local time, for an 

observer looking down on the polar cap along the north magnetic pole.  The authors 

reproduced convection patterns using simple analytic potential functions, with Figure 

2.15b illustrating the effect of Earth’s rotation on the convection.  The convection is  

driven by an electric field directed dawn-to-dusk in the polar cap and dusk-to-dawn in the 

auroral regions, as indicated in Figure 2.15a.  Ionospheric convection speeds depend on 

the potential drop across the polar cap, which in turn depends on IMF conditions and 

solar wind pressure.  Bulk convection (drift) speeds are typically in the range of a few  

 

 

 

 

 

Figure 2.15: Southward IMF convection pattern in the high latitude ionosphere 
a) with no corotation effect, and b) with corotation.  Blue(green) arrow(s) 
is(are) the electric field mapped to the ionosphere along open(closed) field lines 
[Spiro et al. 1978]. 
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hundred to a thousand meters per second.  Previous observational studies have reported 

that the primary factor governing polar cap convection speed is the north-south IMF 

component [e.g MacDougall and Jayachandran, 2001].  The co-rotation effect due to the 

rotation of the Earth distorts the convection in both the magnetosphere and in the high 

latitude ionosphere.  This rotational effect is largest on the dusk side where the sunward E 

cross B drift opposes the anti-sunward rotational drift.  Additional asymmetry and 

rotation of the overall two-cell pattern will result from IMF variations in the dusk-dawn 

direction.  A duskward IMF acts to rotate the pattern towards dawn while a dawnward 

IMF will produce a duskward rotation [Reiff and Burch, 1985; Jayachandran and 

MacDougall, 1999].  

Ionospheric convection patterns during northward IMF can vary significantly 

from the two cell pattern described for southward conditions.  Since dayside geomagnetic 

field lines and IMF field lines are not anti-parallel for northward IMF, dayside 

reconnection does not readily occur as described in Figures 2.13 and 2.14.  Northward 

IMF occurs about half of the time, and is usually associated with lower geomagnetic 

activity due to diminished dayside reconnection rates, and thus less energy transfer from 

the solar wind to magnetosphere.  Ground based convection measurements in the polar 

cap have indicated that the prevailing F region plasma drift is often sunward for 

Northward IMF conditions, due to a flow reversal of polar cap convection cells 

[Jayachandran and MacDougall, 2001].  Figure 2.16 [Förster et al, 2008] shows 

statistical high latitude convection patterns for the Northern Hemisphere, as observed by  
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Figure 2.16: Statistical polar cap convection patterns for variable IMF 
clock angle.  Colour contours are electric potential, while black contour 
lines are convection streamlines (equipotentials) [Förster et al, 2008]. 
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the Electron Drift Instrument of the Cluster spacecraft.  Color contours represent electric 

potential, while black contour lines show convection streamlines (equipotentials), 

separated by 1 kV.  Statistics are binned by IMF clock angle ( IMFθ ), which is the 

orientation of the IMF in the plane perpendicular to the Sun-Earth line ( IMFθ = 0º 

indicates northward IMF, while IMFθ = 90º indicates duskward IMF).  Figure 2.16a shows 

a well-structured, two cell convection pattern for -90º clock angle, where the IMF BZ 

(north-south) component is around zero.  As the IMF rotates northward (Figure 2.16b-e), 

the development of a 3-4 cell convection pattern is evident, in addition to a systematic 

decrease in potential difference between convection cells (note the extended scale of the 

color bar in 2.16a).  For purely northward IMF (Figure 2.16e), the general pattern 

Involves a pair of small negative-positive convection cells at high latitudes in the 

morning-evening, and a pair of larger positive-negative cells at lower latitudes in the 

early morning-evening.  In the higher latitude cells, plasma circulation is reversed relative 

to the “normal” circulation pattern of the lower latitude cells.  This flow reversal, 

consistent with observations of sunward flow in the central polar cap by Jayachandran 

and MacDougall [2001], is thought to result from magnetic reconnection poleward of the 

polar cusp region where the geomagnetic and northward IMF fields are anti-parallel [e.g. 

Crooker, 1979].  Viscous interactions between the solar wind and magnetosphere are 

thought to contribute to production of lower latitude convection cells [Axford and Hines, 

1961]. 
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2.4.3 Electric Current System of the Magnetosphere-Ionosphere 

As mentioned in Section 2.2, a westward ring current (JR) circles the Earth in the 

4-6 RE region and a cross-tail current (JT), or neutral sheet current, flows from dawn to 

dusk in the plasma sheet.  The ring current is associated with plasma drift on the dipole-

like fields closer to the Earth, while the cross-tail current is due to the stretched magnetic 

field configuration in the magnetotail.  The cross-tail current is part of a circuit composed 

of the magnetosheath current (JMS), or tail current, which flows around the outer 

magnetosphere on north and south tail lobes and connects with the tail current at dawn.  

From a macroscopic point of view, a uniform plasma distribution along the path of these 

currents implies an absence of charge separation or time variation in the local charge 

density.  This, in turn, implies that the currents are divergence free.  In the presence of 

some gradient in the plasma distribution, charge separation will occur and current must 

divert through the ionosphere in order to maintain current continuity.  This current 

diversion is equivalent to removal of a net positive or negative charge in the 

magnetosphere that arises from a non-uniform plasma density in the path of a current.  

Divergence of ring and tail currents occurs via field-aligned (Birkeland) currents that 

flow in and out of the ionosphere, where the circuit is closed in the ionosphere by 

horizontal Pedersen currents.  Although driven by current divergence in the solar wind or 

magnetosphere, field aligned currents are also related to spatial variations in ionospheric 

conductivity.  Auroral activity is directly related to enhancement of ionospheric currents 

and disruption of the ring and tail currents.  The basic configuration of the 

magnetosphere/ionosphere current system is shown in Figure 2.17 [Kelley, 1989].   
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Figure 2.17: Diagram of the basic current system connecting the 
magnetosphere to the high latitude ionosphere [Kelley, 1989]. 
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Magnetospheric current diverted near the inner edge of the plasma sheet is called the 

partial ring current (JPR), which typically flows into the ionosphere at dusk and out on the 

dawn side via Birkeland currents.  These so-called region 2 (R2) currents connect the 

inner magnetosphere with lower latitudes in the auroral oval.  Region 1 (R1) currents 

connect high auroral latitudes and the polar cap boundary to the cross-tail and 

magnetosheath currents, while horizontal Pedersen currents connect R1 and R2 currents in 

the ionosphere.  The R1 current is associated with the electric field reversal at the polar 

cap boundary (poleward auroral boundary), and flows into the ionosphere near dawn and 

Figure 2.18: Distribution of Birkeland currents flowing in and out of the 
high latitude ionosphere for quiet (left) and active (right) auroral activity 
[Iijima, 1978]. 
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out at dusk.  The spatial distribution of Birkeland currents flowing in and out of the 

ionosphere is shown in Figure 2.18 [Iijima, 1978] for both quiet (left plot) and active 

(right plot) auroral activity.  These distributions were calculated from magnetometer 

measurements of the Triad satellite for multiple passes at ~800 km altitude.  During high 

auroral activity, these distributions show expansion of both R1 and R2 currents that is 

mainly in the equatorward direction and largest in the evening sector.  This expansion is 

associated with the expansion of the auroral oval.  During periods of high energy 

  

  

 

 

 

 

Figure 2.19: Illustration of eastward and westward electrojets associated 
with Birkeland, cross tail and ring current sheets in the nightside 
magnetosphere [Swift, 1979]. 
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precipitation into the auroral ionosphere (e.g. substorms), the increase in D and E layer 

ionization corresponds to a conductivity enhancement in the lower ionosphere.  This is 

associated with an increase in the westward (pre-midnight) and eastward (post-midnight) 

auroral electrojets, hypothetical currents that flow horizontally 

in the lower auroral ionosphere (Figure 2.19 [Swift, 1979]).  They are hypothetical since 

assuming an exclusively horizontal current distribution ignores the presence of the 

vertical Birkeland currents.  The earliest observations of electrojets were from ground 

based magnetometers, where north (south) deflections of the geomagnetic field implied 

the presence of a strong westward (eastward) current in the ionosphere.  Since signatures 

of Birkeland currents are not visible in ground-based observations, the over-simplified 

picture of the horizontal electrojet current system was assumed.  The actual picture 

involving both horizontal and Birkeland currents is considerably more complex, and a 

complete theory connecting the two has yet to be found.  Nevertheless, the electrojets are 

an important piece of the overall substorm picture and a reliable indicator of geomagnetic 

activity.  Arrays of ground based magnetometers at high latitudes are often used to 

determine electrojet strength, an indicator of the intensity of a particular substorm or 

other geomagnetic disturbance.  A measured increase in the horizontal north-south 

magnetic field component (a positive magnetic bay) is associated with an enhancement of 

the eastward electrojet, while a decrease (a negative bay) is associated with enhancement 

of the westward electrojet.   

Currents in the polar cap region are highly dependent on IMF orientation.  The 

field aligned polar cusp current system flows into the pre-noon ionosphere and out in the 

post-noon sector, its symmetry strongly dependent on IMF By (dawn-dusk component).  
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For northward IMF, this cusp current becomes the NBZ (northward Bz) current system, 

which increases in both strength and complexity compared to southward IMF conditions.  

As the northward IMF increases in magnitude, the NBZ current can expand over R1 

latitudes while both R1 and R2 currents decrease in intensity. 

The solar wind-magnetosphere-ionosphere system can be broadly interpreted in 

terms of a magnetohydrodynamic (MHD) dynamo process, where the solar wind is the 

flowing conductor, and the magnetosphere and ionosphere act as the load.  This dynamo 

process generates the stored energy in the magnetotail that drives magnetospheric 

substorms and other geomagnetic processes.  The flowing solar wind imposes an electric 

potential across the magnetotail, where the current discharge is through the cross tail and 

ionospheric currents.  Current discharge in the ionosphere is responsible for the auroral 

phenomena. 

 

2.4.4 Magnetospheric Particle Motion and Precipitation 

Energetic charged particles are trapped in the magnetosphere when their motion is 

confined to closed field lines connected to both magnetic poles of the Earth.  These are 

mainly particles associated with the inner edge of the plasma sheet and the Van Allen 

belt.  The overall motion of trapped particles can be separated into three basic 

components which are illustrated in Figure 2.20 [Hargreaves, 1992].  The first results 

from the Lorentz force, which dictates that a particle travelling at velocity v with 

components perpendicular ( v⊥ ) and parallel ( v


) to a magnetic field will spiral along a 
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field line, orbiting with a gyration radius (rB) and angular frequency (ωB): 

,B B
mv qBr
qB m

ω⊥= =                                       (2.11) 

These gyration parameters depend on particle charge q and mass m, as well as 

magnetic field strength B.  The angle between the magnetic field and velocity of the 

particle is called the pitch angle (α), which is an important quantity concerning the escape 

of particles from trapped motion and their precipitation into the ionosphere.  The second 

motion is from the so-called magnetic mirror effect, where trapped particles travelling 

along a particular closed field line will bounce back and forth between the north and 

south magnetic poles of the Earth.  Depending on the exact motion of the particle, it can 

be lost to the Earth’s atmosphere (precipitation) when it reaches a geomagnetic pole 

instead of bouncing back towards the equator.  The third motion is an azimuthal drift  

 

 

 

 

 

 

 

 

 

 
Figure 2.20: Illustration of trapped particle motion in the dipolar 
geomagnetic field [Hargreaves, 1992]. 
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around the Earth, westward for protons and eastward for electrons.  This motion arises 

from an earthward gradient of the magnetic field and curvature of magnetic field lines 

(sometimes called gradient-curvature drift), and is responsible for the westward ring 

current circling the Earth around 4-6 RE (can extend between 2 and 10 RE for increased 

geomagnetic activity).  The drift speed of particles is energy dependent, where particles 

of different energies will be dispersed as they orbit the Earth.  Periods for bounce motion 

are on the order of seconds to tens of seconds for electrons and seconds for protons, while 

an orbit of the Earth typically takes an hour or more. 

Three adiabatically invariant quantities dictate the motion of trapped particles: the 

magnetic moment (μm) of the particle gyration, the parallel momentum ( p


) of the 

particle (with respect to B) integrated over the path between mirror points, and the total 

geomagnetic flux ( geoΦ ) that is enclosed by the complete orbit of a particle around the 

Earth.  The first invariant μm describes the basic trapping motion, and will be discussed 

here.  It is related to the magnetic flux mΦ  through a particle orbit of radius rB: 

         

2
2

2magnetic field strength area of current loopm B
mKEB r
q B

pp ⊥Φ = × = × =         (2.12) 

where KE⊥  is the kinetic energy of the particle in the direction perpendicular to the 

magnetic field.  This flux must remain constant for a trapped particle, otherwise an 

electric field would be generated and the net work done on the particle would be non-

zero.  As a result, the perpendicular kinetic energy of the particle must change in 

proportion to the magnetic field strength since all other quantities in (2.12) are constants.  

The magnetic moment is the ratio of KE⊥  to B, which remains constant if the magnetic 
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field changes only on time scales greater than the gyration period of the particle.  In terms 

of the pitch angle α: 

2sin constanttotKEKE
B B

a⊥ = =            (2.13) 

where the total kinetic energy totKE is constant, and therefore sin2α is directly 

proportional to the magnetic field strength.  The geomagnetic field is weakest at the 

equator and strongest at the poles, so as the particle gyrates towards a pole, its pitch angle 

progressively approaches 90° while it slows in the parallel direction.  Assuming the 

particle stops its forward motion before it reaches the Earth’s atmosphere, there is a point 

(the mirror point) at which α = 90° and the particle is reflected back towards the equator.  

Upon reflection, the particle reacquires a parallel velocity due to the non-homogenous 

magnetic field at the equator, which has a component in the plane of the particles orbit.  

A trapped particle will continue this bounce motion between north and south mirror 

points since it requires no energy expenditure or gain.  The exact location of the mirror 

point depends entirely on the particle’s pitch angle, more specifically the pitch angle (α0) 

at the geomagnetic equator.  Following from (2.13): 

20
0sin

M

B
B

a=                                      (2.14) 

where B0 and BM are the field strengths at the equator and mirror point, respectively.  For 

smaller pitch angles, the magnetic field near the pole must be larger in order to satisfy 

this equation.  If this equation cannot be satisfied before a particle reaches the Earth’s 

atmosphere, that particle is lost to the atmosphere.  Equatorial pitch angles that are small 

enough for loss to occur define the loss cone (Figure 2.20). 
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The parallel momentum of a particle (the second adiabatic invariant) determines 

the azimuthal drift orbit of particles, and depends on the equatorial pitch angle and the 

exact topology of the magnetic field (how dipole-like the field is).  This invariant holds 

assuming the magnetic field does not significantly change its topology on time scales less 

than the particle bounce period.  The total geomagnetic flux (the third invariant) takes 

into account more gradual changes in field topology since it holds for time scales greater 

than the gradient-curvature drift period of a particle.  Removal of particles from stably 

trapped drift orbit requires a violation of one of the three adiabatic invariants.  Deviations 

from the trapped motion occur through mechanisms such as particle interactions with 

electromagnetic/electrostatic waves in the magnetosphere or sudden changes in the 

magnetic field.  Precipitation can occur when wave-particle interactions produce pitch-

angle scattering, where particles are scattered into the loss cone and lost to the 

atmosphere. 

 

2.4.5 ULF Waves 

2.4.5a ULF Wave Classification 

Ultra low frequency (ULF) magnetic field variations (i.e. waves, pulsations) are a 

ubiquitous feature of the earth’s magnetosphere, and are one of the modes of energy and 

momentum transfer within the (SW-M-I) system [e.g. Kilvelson, 2013].  ULF waves 

include magnetic field variations at frequencies ranging from less than ~5 Hz (0.2 

seconds), which roughly corresponds to the lower limits of natural plasma frequencies 
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Table 2.2a: Continuous Pulsations (Pc)a 

Pc1 Pc2 Pc3 Pc4 Pc5 Pc6 

0.2-5 Hz 

 

(0.2-5s) 

0.1-0.2 Hz 

 

5-10s 

0.02-0.2 Hz 

 

10-45s 

36.7 10−×  

-0.2 Hz 

 

45-150s 

31.7 10−× -

36.7 10−× Hz 

 

150-600s 

< 31.7 10−×

Hz 

 

>600s 

aFrequency bands and corresponding wave periods of continuous-type (Pc) Pulsations 

Table 2.2b: Irregular Pulsations (Pi)b 

Pi1 Pi2 Pi3 

0.025-1 Hz 

 

1-40s 

0.025- 

36.7 10−×  Hz 

 

40-150s 

< 36.7 10−×  Hz 

 

>150s 

bFrequency bands and corresponding wave periods of irregular-type (Pi) Pulsations 

 

(e.g. the ion gyrofrequency).  Coupling via ULF waves is typically strongest at auroral 

and polar cap latitudes, which contributes to the complex structural behavior and 

electrodynamics of the high latitude ionosphere.  ULF waves were classified, based on 

frequency and waveform, at the second International Association of Geomagnetism and 

Aeronomy (IAGA) General Scientific Assembly in Kyoto, Japan in 1973.  These 

classifications are discussed in detail by Saito [1978].  Continuous type pulsations (Pc) 

are magnetic field variations with quasi-sinusoidal waveforms that often persist for 
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relatively long durations, while irregular type pulsations (Pi) are less sinusoidal with 

typically short durations.  Classifications of ULF waves and corresponding frequency 

bands are listed in Table 2a-b.  This thesis deals with ULF waves classified as Pc4-6. 

 

2.4.5b Ideal MHD Wave Modes 

ULF waves are often modeled using ideal magnetohydrodynamics (MHD), which 

involves low frequency approximations to basic equations describing the motion of 

magnetized plasma [e.g. Baumjohann and Treumann, 1996].  In ideal MHD, magnetic 

fields are considered “frozen into” plasma, which was described in Equation (2.9) for 

magnetospheric plasma.  Characteristic time and spatial scales of ULF waves must also 

be much larger than time and spatial scales characteristic of the plasma (e.g. collisions, 

cyclotron frequencies, Larmor radii, skin depths).  This allows for averaging of plasma 

characteristics on time and spatial scales of ULF waves.  As opposed to multi-fluid 

descriptions of plasma behavior, where distinct ion species and electrons are treated as 

individual and interacting fluids, ideal MHD treats plasma as a single fluid with a well-

defined density, temperature and pressure.  This single fluid plasma is subject to forces 

arising from electric and magnetic fields.  Due to the frozen-in condition, pressure 

(sound) waves in magnetospheric plasma are coupled to electric and magnetic field 

perturbations.  Three solutions to ideal MHD equations reflect this coupling, and 

represent three ULF wave modes supported by the magnetospheric cavity: the Alfvén 

mode, the compressional mode, and the slow mode. 
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Figure 2.21: Mechanism of Alfvén wave generation, following Alfvén 
and Falthammar [1963; pp 74-75]. 
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The Alfvén (i.e. Shear Alfvén, intermediate) mode, first described by Hannes Alfvén in 

1942 [Alfvén, 1942], describes perpendicular (transverse) magnetic field and plasma 

perturbations that propagate mainly parallel to the background magnetic field (i.e. Alfven 

waves).  The Alfvén mode involves no compression/rarefaction of magnetic field and 

plasma, and thus no pressure or density perturbations.  A model for Alfvén wave 

generation was proposed by Alfvén and Fälthammar [1963; pp 74-75], which is 

illustrated in Figure 2.21.  In Figure 2.21a, a magnetic field B parallel to the Z axis 

threads a volume (ABCD) of fully ionized, homogenous plasma, which extends to 

infinity in the Y direction.  If some external force results in a displacement of plasma in 

the Y direction at velocity v, the Lorentz force ( q ×v B ) will result in charge separation 

within the slab and an electric field E in the X direction.  Since plasma surrounding the 

volume is also electrically conducting, excess charge accumulation can flow through 

surrounding plasma resulting in a current J flowing above and below the volume 

ABCD,as shown in Figure 2.21b.  A force = ×F J B  is exerted on the plasma, in the 

negative y direction for volume ABCD (opposite to the original velocity v), and in the 

positive Y direction for volumes above and below ABCD.  The original motion of 

volume ABCD in the Y direction is therefore slowed, while volumes above and below 

are accelerated along positive Y.  Similar to the charge separation in volume ABCD, 

charge separation will then occur in volumes EFBA and DCGH due to their motion along 

positive Y, which will result in similar currents and forces exerted on volumes further 

above and below the original volume.  In this fashion the original disturbance is 

propagated along the positive and negative Z axis, parallel to the magnetic field B.  Since 

the magnetic field is frozen into the highly conducting plasma, a plasma volume moving 
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in the Y direction drags the field along with it, creating a bend in the field.  As the field 

bends, magnetic tension creates a restoring force in the direction opposite to the motion 

of the plasma volume, returning the volume to its original position.  This motion of 

plasma and frozen-in magnetic field perpendicular to B is the Alfvén wave.  Alfvén 

waves propagate along field lines with a speed 2
0AV B µ ρ= , where AV  is the Alfvén 

speed, 0µ is the permeability of free space, and ρ is the plasma density.  The phase speed 

of Alfvén waves decreases with increasing angle between propagation direction and B, 

and is zero for propagation perpendicular to B.  An important feature of the Alfvén mode, 

and magnetosphere-ionosphere coupling via Alfvén waves, is a magnetic field-aligned 

current (FAC) carried by the Alfvén wave.  In addition to the transverse motion of 

charged particles associated with Alfvén wave generation, which is associated with a 

transverse current, charged particles also have a net motion parallel to the magnetic field.  

Considering a two fluid approach, where ions and electrons are treated separately, the 

field-aligned motion of ions will be constrained more so than the electron motion, and 

thus the field aligned current is carried mainly by electrons.   

  The compressional (i.e. fast, magnetosonic) mode of wave propagation in 

the magnetosphere involves rarefaction and compression of plasma (i.e. pressure 

perturbations) and frozen-in magnetic field.  While the the Alfvén wave propagates 

primarily parallel to the background magnetic field, the compressional wave propagates 

in all directions with respect to B.  Parallel to B, the phase speed of the compressional 

wave is either the speed of sound s B ic k T mγ=  , where γ is the ratio of specific heats 

of the plasma, kB is the Boltzmann constant, T is the plasma temperature and mi is the ion  
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mass, or the Alfvén speed VA, whichever is greater.  Perpendicular to B, the 

compressional wave speed (cms) is a combination of the sound and Alfvén speeds 

2 2( )ms A sc V c= + .  Figure 2.22 illustrates compressional wave propagation perpendicular 

to the background field B, where periodic compression and rarefaction of the plasma and 

frozen-in magnetic field occur in the direction of propagation.  The slow mode, similar to 

the Alfvén mode, propagates mainly parallel to B, at a phase speed of cs or VA, whichever 

is smaller.  Similar to the compressional waves, slow mode waves involve both magnetic 

field and plasma pressure perturbations, but typically dissipate quickly in the 

magnetosphere and have little effect on ULF wave activity observed on the ground. 

2.4.5c Field Line Resonance 

 Analogous to a wave on a string, resonant vibrations (standing Alfvén waves) can 

be excited on closed geomagnetic field lines anchored in the conducting ionosphere in 

Figure 2.22: Propagation of MHD 
compressional wave mode.  Arrows represent 
magnetic field vectors. 
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both north and south hemispheres.  This commonly observed process is called field line 

resonance (FLR), and generally occurs over a large scale (comparable to magnetospheric 

size) and at Pc4-6 frequencies.  Geomagnetic field lines are excited at discrete 

frequencies associated with fundamental and higher resonance modes [e.g. Zanetti et al., 

1987], where exact resonance frequencies depend primarily on field line topology and 

density distribution of plasma along field lines [Rankin et al., 2006]. 

 Figure 2.23 [Mcpherron, 2005] summarizes the two main modes of resonance  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.23: Illustration of fundamental (top row) and second (bottom 
row) harmonics for resonance on a straight string (left), poloidal 
magnetic field resonance (middle), and toroidal magnetic field resonance 
(right).  Dotted lines are field line displacement [Mcpherron, 2005]. 
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variations observed on geomagnetic field lines: the poloidal mode (middle panels) and 

toroidal mode (right panels).  The left panels of Figure 2.23 illustrates the analogous 

situation for fundamental mode (top) and second harmonic (bottom) resonance on a 

stretched string.  Dashed lines in the figure show displacement of field lines (ξ), while bx 

and by represent radial (poloidal) and azimuthal (toroidal) magnetic field variations.  The 

fundamental resonance (top panels) contains a half wavelength of oscillations between 

north and south ionosphere, with maximum radial (azimuthal) magnetic field 

perturbations at north and south ionospheres for poloidal (toroidal) modes.  There is an 

anti-node in magnetic field variations at the magnetic equator for the fundamental mode.   

In the second harmonic, magnetic field perturbations are largest at the north and south 

ionospheres, and at the magnetic equator.  Third and higher order harmonics have also 

been observed in the magnetosphere.  Field line resonance frequencies are theoretically 

calculated in Chapter 5. 

 

2.4.5d  Cavity Resonance 

 Sharp gradients in plasma density and Alfvén speeds around the magnetopause, 

plasmapause and ionosphere may act as boundaries for cavity resonances, where 

compressional mode waves resonate radially between an inner and outer boundary within 

the magnetosphere.  Reflection of compressional waves occurs at these boundaries if the 

phase velocity of a radially propagating wave reaches zero, with the exact reflection point 

depending on the wave frequency.  Sharp gradients in Alfvén velocities around the 

plasmasphere, which act as compressional mode reflection points, are evident in the 
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second panel of Figure 2.25.  Not shown is an additional reflection point due to a sharp 

decrease in Alfvén velocity near the ionosphere, as well as reflection at the 

magnetopause.  Reflection between boundaries results in radially standing waves at 

discrete frequencies, where compressional mode waves are essentially trapped between 

an inner reflection point such as the plasmapause, and an outer reflection point such as 

the magnetopause.   

When the frequency of a radially propagating compressional wave matches the 

local eigenfrequency of the Alfvén mode, compressional-Alfvén coupling can occur and 

excite field line resonance structures on magnetospheric field lines [e.g. Kivelson and 

Southwood, 1985].  Several ground based observational studies of FLR activity have 

reported FLR excitation at discrete “Samson frequencies” of 1.3, 1.9, 2.7 and 3.4 mHz 

[e.g. Samson et al. 1991], which may reflect the most common eigenfrequencies of 

compressional mode resonance in the magnetospheric cavity. 

 This concept of cavity resonance works well in the dayside magnetosphere where 

the magnetopause forms a well-defined boundary for compressional mode reflection.  In 

the nightside magnetotail, where the dipolar field line topology is significantly distorted 

and field lines extend long radial distances in the anti-sunward direction, the 

magnetosphere acts more like a “waveguide” for the compressional mode rather than a 

cavity [e.g. Samson et al., 1992].  In this more realistic scenario, compressional waves 

reflect between inner and outer boundaries as in the cavity mode, with a net anti-sunward 

propagation from the dayside and into the magnetotail. 
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2.4.5e  ULF Wave Excitation Mechanisms 

A number of mechanisms both internal and external to the magnetosphere are 

known to excite magnetospheric ULF wave activity.  Variations in solar wind pressure 

occur on a wide range of time and spatial scales, and result in inward/outward motion of 

the magnetopause and associated compression/expansion of magnetospheric plasma.  

This magnetopause “buffeting” drives compressional ULF waves within the 

magnetosphere [e.g. Southwood and Kivelson, 1990], which subsequently excite 

transverse Alfvén modes and FLRs.  ULF waves at Pc1-6 frequencies are generated in 

the solar wind due to plasma instabilities in the bow shock, as well as a number of 

instabilities generated by solar wind interaction with particles reflected by the bowshock 

[Russell and Hoppe, 1983; Hartinger et al., 2013].  On occasion, these ULF waves can 

penetrate through the magnetopause and into the magnetosphere [Takahashi et al., 1981].    

Solar wind pressure pulses, or sudden increases/decreases in solar wind dynamic 

pressure, are known to excite compressional ULF waves due to the sudden 

expansion/compression of the magnetospheric cavity associated with the pressure 

impulse [e.g. Sanny et al., 2007; Zhang et al., 2010].  Compressional modes can also be 

excited by magnetopause Kevin Helmholtz Instabilities (KHIs) generated by the 

differential (shear) motion of the solar wind and magnetospheric plasma [Chen and 

Hasegawa, 1974; Junginger and Baumjohann, 1988].  Occurrence and intensity of 

magnetospheric ULF activity is known to increase with solar wind speed, largely due to 

increased KHI intensity and occurrence at the magnetopause [e.g. Mathie and Mann, 

2001].  Whereas the above mechanisms are largely broadband in nature, direct driving of 

discrete frequency, compressional Pc5-6 pulsations by discrete frequency variations in 
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solar wind dynamic pressure has also been observed [e.g. Kepko et al., 2002].  Such 

observations have led to speculation that discrete frequencies observed in compressional 

modes originate from the solar wind rather than from discrete cavity/waveguide 

eigenmodes. 

Internal plasma instabilities that drive ULF waves are related to the drift, bounce 

and cyclotron motion of magnetospheric particles discussed in Section 2.4.4.  Ion 

cyclotron resonance arises from interactions of ions and Pc1-2 ULF waves, when the 

ULF wave frequency matches the ion gyrofrequency.  For anisotropic ion pitch angle 

distributions, resonance of the wave electric field and perpendicular (with respect to the 

magnetic field) ion velocities result in either energy transfer from ions to waves (for large 

average ion pitch angles) and subsequent ULF wave growth, or energy transfer from 

waves to ions (for small average ion pitch angles) and subsequent wave damping [e.g. 

Cornwall, 1965].  Pc1-2 waves associated with this electromagnetic ion cyclotron 

(EMIC) instability are often called EMIC waves. 

Drift-bounce resonance is related to interaction of magnetospheric particles with 

lower frequency Alfvén standing waves in the Pc4-5 bands, and occurs when 

magnetospheric particles drift and bounce such that they experience wave electric fields 

of the same polarity at each mirror point.  Since the wave electric field is either weaker or 

stronger at mirror points than at the magnetic equator (depending on the wave harmonic), 

particles will experience a net ×E B  drift outward or inward depending on the relative 

phase of the wave electric field and bounce motion.  If a higher number of particles 

fitting the resonance condition are distributed radially earthward of the standing Alfvén 

wave, drift-bounce resonance will result in a net radially outward particle motion, and 
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energy will be fed from the particles to the wave.  The opposite is true for a net particle 

distribution radially outward from the standing wave, where the net particle drift will be 

inward and the wave will be damped. 

Pi1 and Pi2 pulsations observed on the ground are commonly observed features 

attributed to magnetospheric substorm activity [Pytte et al., 1976; Arnoldy et al., 1998].  

Pi1-2 pulsations have been attributed to several sources related to substorm activity.  

 

2.4.5f   Ionospheric Effects on Ground-Based ULF Wave Observation 

Due to the relative ease and low cost of installing ground magnetometers 

compared to satellite magnetometers, ground magnetometer observations are more 

readily available at a much higher spatial resolution.  As a result, a large fraction of ULF 

wave study arises from ground-based observations.  A drawback of ground-based studies 

is that ULF waves observed on the ground are basically signatures of the ionospheric 

response to ULF waves, and thus ground observations do not always provide a complete 

or accurate picture of the ULF wave structure in the magnetosphere. 

As discussed in Section 2.3.5, the ionosphere is weakly ionized plasma, which 

gives rise to Pedersen and Hall currents flowing in the E region and lower F region 

ionosphere.  An Alfvén wave incident on the non-perfectly conducting ionosphere will be 

partially reflected, and will also induce additional Hall and Pedersen currents in the 

ionosphere.  Electromagnetic waves radiated from ULF-induced ionospheric currents can 

be observed on the ground as signatures of magnetospheric ULF waves.  A well-known 

effect of the ionosphere on Alfvén waves is a rotation of transverse magnetic field 

perturbations when observed on the ground [e.g. Hughes and Southwood, 1976], which is 
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a result of divergence of the Alfvén wave-associated field aligned current (FAC) in the 

ionosphere via Pedersen currents.  For a standing toroidal mode Alfvén wave confined to 

a radially narrow region in the magnetosphere (confined latitudinally on the ground), 

wave associated FACs diverge via ionospheric Pedersen currents to the north and south 

of the FAC, which drives ionospheric Hall currents perpendicular to the Pedersen 

currents due to the ×J B  force.  The magnetic field associated with the induced Hall 

current is observed on the ground.  For uniform ionospheric conductivity and 

perpendicular background magnetic field (relative to the ground), this ground magnetic 

field perturbation is rotated 90º counter clockwise with respect to the magnetic field 

perturbation in the magnetosphere. 

A second well known effect is the attenuation (i.e. screening) of ULF waves by 

the ionosphere.  Hughes [1974] described this “atmospheric shielding effect”, where the 

wave amplitude on the ground is reduced compared to the wave amplitude in the 

magnetosphere.  This wave attenuation depends on the azimuthal scale of the wave 

incident on the ionosphere, relative to the height between the ground and the ionospheric 

Hall and Pedersen currents (~100 km).   Hughes [1974] estimated that attenuation of 

Alfvén waves by the ionosphere increases exponentially with decreasing azimuthal scale 

length, and thus ULF waves azimuthally confined to a narrow region in the 

magnetosphere (longitudinally confined on the ground) are heavily attenuated and can be 

completely invisible to ground magnetometers.  ULF waves with large azimuthal scale 

lengths, such as toroidal mode FLRs, are easily visible to ground magnetometers. 
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2.5   Ionization Structures in the High Latitude Ionosphere 

 The primary focus of this thesis is the observation and characterization of 

medium-scale (mesoscale - 10s-100s of kms in horizontal scale) ionization structures in 

the high latitudes ionosphere.  Mesoscale structures in the auroral ionosphere are 

primarily due to precipitation of energetic particles, which often results in auroral 

emissions from the lower ionosphere.  Mesoscale polar cap ionization structures consist 

mainly of polar patches and polar cap aurora.  High latitude ionospheric ionization 

structures vary in geometry and evolution, and have a broad range of generation 

mechanisms and source regions.  Smaller scale (microscale - less than a few kms) 

structures are known for the rapid phase and amplitude fluctuations (scintillations) they 

produce in trans-ionospheric radio signals, and are beyond the scope and time resolution 

of data used in this thesis.  Larger scale structures (macroscale – e.g. tongues of 

ionization), comparable to the size of the polar cap, are often extensions of mid-latitude 

storm enhanced densities, and also occur on time and spatial scales outside the interest of 

this study.  It’s worth noting that macro-, micro-, and mesoscale structures are intimately 

linked since they often co-exist or are by-products of one another. 

 

2.5.1   Energetic Particle Precipitation 

 Precipitation of energetic particles of solar wind or magnetospheric origin is often 

the dominant source of ionization in the polar cap and auroral ionospheres.  Precipitating 

particles originate from a wide range of sources in the outer magnetosphere and solar 

wind, and varying compositions and energy spectra of precipitation populations produce 
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a variety of effects in the high latitude ionosphere.  For energetic electron precipitation, 

Section 2.3.7 discussed the altitude profile of ionospheric ionization rate and its 

dependence on energy flux of precipitating electrons. 

 

2.5.1a   Field-Aligned Particle Acceleration 

 Section 2.4.4 discussed particle loss (precipitation) to the atmosphere due to 

scattering of particle pitch angles into the atmospheric loss cone.  Energetic particle 

precipitation can also occur when magnetospheric particles (mainly electrons) are 

accelerated along geomagnetic field lines due to a field-aligned drop in electric potential. 

Past studies have suggested a number of mechanisms capable of producing field aligned 

potential drops and associated particle acceleration, such as rapid changes in field 

topology in the magnetotail associated with magnetospheric substorms [e.g. Korth and 

Pu, 2001] and periodic field-aligned electric fields associated with ULF magnetic field 

pulsations [e.g. Chaston et al., 2007]. 

 Often observed in satellite particle measurements at auroral latitudes is “Inverted-

V” type electron precipitation, first identified by Frank and Ackerson [1972] using Low 

Earth Orbiting (LEO) satellite measurements.  These events can be identified by an 

“inverted-V” structure in the electron energy spectrogram for a north-south line LEO 

satellite trajectory, which results from an increase and then decrease in precipitating 

electron energy observed by the satellite as it moves through the precipitation region.  

Inverted-V electrons are accelerated along field lines to a narrow range of energies, and 

exhibit a relatively monoenergetic energy spectrum.  Monoenergetic electron acceleration 
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is due to a relatively steady, quasi-static, field aligned electric field, and is associated 

with a field aligned current.  How the magnetosphere supports these quasi-static, field 

aligned electric fields is still a matter of contention.  Satellite observations have indicated 

that the so-called “acceleration region”, the region along the magnetic field line where the 

parallel electric field forms, is typically located between ~1000 km and ~10000 km above 

the Earth [e.g. Morioka et al., 2010]. 

Energy spectra of accelerated, precipitating electrons often exhibit a more 

broadband character where electrons are accelerated to a wide range of energies.  These 

events involve parallel electron acceleration by the periodic, parallel electric field 

associated with Alfvén waves [e.g. Chaston et al., 2003]. 

Particles precipitated into the ionosphere via field-aligned acceleration typically 

produce the most intense auroral activity due to their increased kinetic energy.  Field-

aligned potential drops above the auroral ionosphere have been observed by using a 

number of methods, including satellite measurements of particle energy flux above the 

ionosphere [Block and Fälthammer, 1990], and simultaneous, multipoint electric field 

measurements (e.g. satellite and rocket measurement) along a single magnetic field line 

[Rinnert et al., 1986]. 

 

2.5.1b    Luminous Aurorae 

Aurora produced by precipitation can be in the form of highly localized individual 

structures or more widespread activity.  Auroral structures are divided into two basic 

classes: diffuse aurora and discrete aurora.  Diffuse aurorae tend to occur near the 
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equatorward edge of the auroral oval, are wide in latitudinal extent, and lack spatial 

structure.  They often appear as a faint glow in the night sky and are a relatively constant 

feature of the auroral oval, even during geomagnetically quiet periods.  These aurorae are 

due to trapped magnetospheric ions and electrons that are pitch-angle scattered through 

wave particle interactions and subsequently lost to the ionosphere.  Diffuse auroral 

particles cover a broad spectrum of energies, consisting mainly of 0.1-30 keV electrons 

and 5-40 keV protons [Lyons and Williams, 1984].  Auroral emissions resulting from 

energetic proton precipitation are often called “proton aurora”. 

Discrete aurora produce the bright arcs visible in the night sky that are known as 

the northern lights.  They are a result of particles accelerated via field-aligned potential 

drops into the ionosphere, are one of the primary signatures of magnetospheric 

substorms, and typically occur during periods of high geomagnetic activity.  Discrete 

aurora occur in latitudinally narrow regions (~100m – 10km) associated with intense field 

aligned currents, but can extend through large azimuthal distances (100s-1000s km).  

They are most often observed toward the poleward edge of the auroral oval.  These 

aurora are more structured than the diffuse type, and are a result of electron precipitation 

on the order of 0.1-100 keV [McIlwain, 1960]. 

Most auroral emissions fall in the ultraviolet (UV) and x-ray range and are not 

visible to the naked eye.  Visible aurora are mainly due to the green (557.7 nm) and red 

(630.0 nm) lines of atomic oxygen.  The majority of auroral emissions originate from 90 

to 150 km altitude in the ionosphere [Stormer, 1955]. 
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2.5.1c  Observations of Low Earth Orbiting (LEO) Satellites 

Characteristics of particles precipitating into the high latitude ionosphere, namely 

the energy spectrum and flux, are highly dependent on latitude, local time, solar activity, 

geomagnetic conditions and IMF.  The exact characteristics of the precipitating particles 

partially govern the ionosphere’s response to the precipitation.  Various techniques have 

been used to map particular magnetosphere/solar wind source regions to the ionosphere.  

This mapping is traditionally achieved using geomagnetic field models, where a point in 

the magnetosphere can be mapped to its corresponding magnetic footprint in the 

ionosphere.  The Tsyganenko models [eg. Tsyganenko and Stern, 1996; Tsyganenko, 

2002], the most widely used among the space physics community, are semi-empirical 

models based on satellite observations of the solar wind, IMF and magnetosphere.  

Although useful in many applications, these models account poorly for variations in 

magnetic field topology during significant geomagnetic disturbances such as substorms.   

Several studies have used Low Earth Orbiting (LEO) satellites (~200-2000 km 

altitude) to measure flux and energy spectra of precipitating particles.  Since particle 

populations of particular source regions (e.g. mantle, polar cusp, LLBL, etc.) have unique 

compositions and energy spectra, particle measurements of LEO satellites can be used to 

map particular ionospheric regions back to particular magnetospheric/solar wind source 

regions.  Figure 2.24a-b [Newell et al., 2004] are ionospheric maps of magnetospheric 

source regions in magnetic latitude and local time, based on particle measurements of 

electrostatic analyzer (ESA) instruments onboard DMSP satellites.  Precipitation maps 

are shown for IMF BY < -1.0 nT (dawnward IMF) and for southward (a) and northward 
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Figure 2.24: Ionospheric maps (magnetic latitude and local time) of 
precipitation source regions in the magnetosphere for a) southward 
IMF and b) northward IMF.  Black contour lines are convection 
streamlines (equipotentials) [Newell et al., 2004]. 
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(b) IMF conditions. Magnetospheric source regions are indicated by color.  

Superimposed black contours lines are plasma convection streamlines based on 

SuperDARN radar measurements of F region plasma drift velocity.  These precipitation 

maps are averages of 11 years’ worth of DMSP data, and do not show the potential large 

variations due to geomagnetic storms or substorms.  Newell et al. [2004] also constructed 

precipitation maps for duskward IMF (BY > 1.0 nT) (not shown), where precipitation 

regions are, in general, shifted 0.5-2 hours MLT dawnward.  Auroral latitudes are 

associated with precipitation from the central plasma sheet (CPS) and boundary plasma 

sheet (BPS), the lowest latitude precipitation regions in Figure 2.24 (colored in blue).  

Average nightside particle energies for southward IMF were highest in these regions, up 

to 4 keV for electrons and up to 10 keV for ions.  Precipitation energy flux peaked in the 

BPS region in the pre-midnight sector.  Auroral electron energies can exceed 1 MeV, 

especially during substorm activity.  Examination of the nightside convection patterns 

reveals that the convection reversals coincide with the poleward boundary of the BPS 

region, i.e. the open-closed field line boundary separating the auroral zone and polar cap.  

With the exception of the lowest latitude streamline around noon, this agreement is also 

apparent on the dayside for southward IMF.  Just poleward of the nightside BPS is the 

subvisual drizzle (Subvis), low energy precipitation (< 1 keV electrons) typically 

observed in the nightside transition from auroral to polar cap latitudes. 

Located on the dayside polar cap is precipitation from the polar cusp region (red), 

the low latitude boundary layer (LLBL - yellow), the open field line portion of the LLBL 

(OPLL - grey), and the plasma mantle (Mant - green).  Poleward of boundary layer and 

auroral precipitation is the polar rain, a steady, low intensity, largely homogeneous 



 

85 

 

precipitation of low energy ions and electrons (10s-100s eV) directly from the solar wind.  

Although weak polar rain signatures are observed throughout the polar cap, Figure 2.24 

shows ionospheric locations corresponding to only the most intense polar rain (P RN) 

with energy flux above ~ 116 10×  eV/cm2/s.  More intense, high energy precipitation is 

occasionally observed in localized regions within the polar cap, typically associated with 

localized intensification of the polar rain [Newell et al., 2009].  These high intensity 

events often produce visual aurora in the lower F and E layers. 

Newell et al. [2009] used 11 years of DMSP particle measurements to examine 

the average characteristics of particle precipitation into the high latitude ionosphere.  

Figure 2.25 is an example from this study, which shows the percentage of observations 

where electron spectra fitting the characteristics of monoenergetic (inverted-V) 

precipitation was observed for low (a) and high (b) solar wind-magnetosphere coupling.  

In general, solar wind-magnetosphere coupling increases with increasingly southward 

IMF and increasing solar wind speeds.  Monoenergetic aurorae are most often observed 

on the dayside, in morning-afternoon regions flanking the polar cusp corresponding to the 

LLBL and mantle boundary layers, and on the nightside in regions corresponding to the 

boundary plasma sheet.  A band of high occurrence in the afternoon-evening sector is 

evident for high solar wind-magnetosphere coupling.  High coupling also corresponds to 

an equatorward shift of regions, where monoenergetic aurora are frequently observed due 

to expansion of the polar cap and equatorward shift of auroral regions associated with 

southward IMF.  Precipitation of electrons with broadband energy spectra (not shown) 

most often occur in the same regions as monoenergetic precipitation, but is less than half 
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Figure 2.25: Probability of observing monoenergetic electron 
precipitation for conditions of a) low and b) high solar wind-
magnetosphere coupling.   Coordinates are magnetic latitude and local 
time [Newell et al., 2009]. 
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as likely to be observed (<10% probability).  Despite the high dayside probability, the 

most intense broadband and monoenergetic precipitation occurs on the nightside, in 

regions mapping to the boundary plasma sheet.  Newell et al. [2009] also investigated 

average characteristics (average energy and number flux) of diffuse, proton, 

monoenergetic and broadband precipitation, which are compared to statistical results of 

this thesis in Chapter 4. 

 

2.5.1d  Boundary Layer Precipitation 

As discussed in Section 2.2, solar wind plasma has direct access to the 

magnetosphere via the polar cusps, points of diverging magnetic field on the dayside 

magnetosphere.  Polar ionosphere regions magnetically mapping to the cusp usually span 

1.5-2.5 hours local time across noon, and 1.0º-1.5º latitude, with the exact location and 

span of the cusp depending heavily on IMF orientation [Newell et al., 2004].  Cusp 

particle populations have compositions and energies comparable to solar wind particles, 

which are characterized by relatively low energy (10s of eV electrons), high kinetic 

energies compared to thermal, and a high density of ions [Newell and Meng, 1992; Woch 

and Lundin, 1992].  Observations have indicated that precipitation of accelerated ions 

near the equatorward edge of the cusp can be energetic (>1 keV) enough to ionize the E 

region ionosphere [e.g. Galand and Richmond, 2001]. Magnetospheric boundary layers in 

the immediate vicinity of the cusp can be described as interfaces or transition layers 

between shocked solar wind plasma of the magnetosheath and the magnetopause.  The 

low latitude boundary layer (LLBL) and mantle boundary layers are located equatorward 
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and poleward of the cusp, respectively, and have magnetic footprints in the polar 

ionosphere extending across noon into the afternoon and morning sectors between 06:30 

and 17:00 MLT [Newell et al., 2004].  The LLBL extends to higher latitudes in the dawn-

dusk sectors flanking the cusp.  The plasma mantle typically consists of lower energy 

particles decelerated in the magnetosheath, and a significantly lower density of particles 

compared to the cusp, while particles characteristic of the LLBL are slightly energized 

compared to those of the cusp [e.g. Newell and Meng, 1994].   High energy particle 

precipitation is a known feature of ionospheric regions mapping to the mantle and LLBL, 

mainly due to disruptions of magnetopause currents and subsequent acceleration of 

energetic particles via field aligned currents into the polar cap [Newell et al., 1991; Echim 

et al., 2008].  A high occurrence of discrete auroral forms associated with this energetic 

precipitation is a well-known known feature of morning-afternoon ionospheric regions 

mapping to the dawn-dusk flanks of the LLBL [e.g. Lorentzen and Moen, 2000].  

Dayside extensions of the boundary plasma sheet (BPS) and central plasma sheet 

(CPS) also potentially influence lower dayside polar cap latitudes, according to maps of 

Newell et al., [2004].  Average energies of precipitating BPS and CPS electrons are 

typically greater than 1 keV, which more resemble auroral precipitation compared to 

electron precipitation on the order of 10s-100s of eV characteristic of boundary layers 

impacting higher latitudes. 
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2.5.1e  Particle Precipitation Modulated by ULF Waves 

Past studies have associated periodic precipitation of energetic electrons in the 

auroral region with Pc5 toroidal mode field line resonances [e.g. Baker et al., 1980; 

Spanswick et al., 2005; Rae et al., 2006].  This association has been based on ground 

magnetometer observation of FLR activity and the simultaneous observation of variations 

in ionospheric parameters with the same periodicity as the FLRs (e.g. auroral emission, 

riometer absorption, doppler velocity).  Figure 2.26 shows an event observed by Rae et 

al., [2006], where FLR activity was identified using measurements from a meridional 

(north-south) chain of ground magnetometers (Figure 2.26a).  Associated periodic auroral 

emission due to modulated particle precipitation was observed using a meridian scanning 

photometer (MSP; Figure 2.28b) co-located with the Rankin Inlet (72.47º N, 333.68º E - 

geomagnetic) magnetometer.  MSPs are photometers that scan the sky in the N-S 

direction, measuring electromagnetic wave intensity at particular wavelengths.  Each N-S 

scan takes about 16 seconds.  As seen in the figure, Pc5 band variations (~3.0 mHz, 5.5 

minutes) in the geographic N-S direction (H-component) due to the FLR are evident in 

magnetometers measurements in the early morning from 12:15-13:15 UT (06:23-07:23 

MLT), which peak in amplitude around Eskimo Point (ESK) and Rankin Inlet (RAN).  

Over this same time period, the Rankin Inlet MSP observed intermittent, poleward 

propagating auroral arcs appearing at intervals closely corresponding to the FLR 

periodicity.  High intensity atomic oxygen emissions at 630 nm (top) and 558 nm 

(bottom) are indicated by red in Figure 2.26b, which are due to ionization of the F region 

ionosphere by <1 keV electron precipitation and the E region ionosphere by >1 keV 
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Figure 2.26: [Rae et al., 2006] a) Ground magnetometer 
measurements of the Churchill line (including Rankin Inlet), and b) 
MSP measurements from Rankin Inlet.  Measurements are from 16 
December 2003. 
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electron precipitation, respectively.  Poleward propagation is indicated by the increase in 

magnetic latitude of high intensity emissions with time.  The intermittent formation of 

auroral arcs was due to “pulsed” electron precipitation modulated by the FLR.  The 

authors pointed out that, based on previous studies, the modulated precipitation was 

likely due to periodic pitch angle scattering of electrons into the atmospheric loss cone.  

They noted, however, that since the period of bounce motion of magnetospheric electrons 

is much lower than the FLR period, the FLR itself was not directly responsible for this 

scattering [Olsen et al., 1980].  They instead suggested that the growth rate of very low 

frequency (VLF) waves was modulated by the compressional Pc5 wave driving the FLR.  

The frequency of VLF waves is more comparable to the electron gyrofrequency, and 

capable of wave-electron interactions that produce pitch angle scattering. 

 Spanswick et al. [2005] statistically compared occurrence of FLRs observed on 

the ground with Pc5 band variations in riometer absorption, an indicator of enhanced 

ionization in the lower E/D region ionosphere due to high energy (>30 keV) electron 

precipitation.  Statistical results indicated that >30 keV precipitation modulated by Pc5 

FLRs are a common occurrence in the early morning (05:00-11:00 MLT) auroral region.  

The authors reported occurrence of riometer pulsations during ~50% of the FLR events 

observed in the early morning, which was interpreted in terms of the availability of >30 

keV electrons in the early morning plasma sheet.  In other words, riometer pulsations 

were only observed if >30 keV electrons were available for precipitation in the vicinity of 

the FLR. 
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2.5.1f  Magnetospheric Substorms 

As discussed in earlier chapters, a small percentage of solar wind particles 

penetrate the magnetosphere and are convected into the magnetotail via the high latitude 

lobes.  Dayside and nightside reconnection drive the global circulation of magnetospheric 

plasma, where an imbalance between the dayside and nightside reconnection rates will 

interrupt this steady circulation.  Under certain IMF, solar wind and geomagnetic 

conditions (most notably a southward IMF), the magnetic reconnection rate on the 

dayside magnetosphere will exceed the reconnection at the tail lobes resulting in an 

increase of magnetic field strength and an accumulation of magnetic energy in the 

magnetotail.  A magnetospheric substorm is the sporadic and explosive release of this 

excess energy into the high latitude ionosphere, where it is ultimately lost to Joule 

heating and generation of auroral phenomena. 

Substorm processes in the magnetotail and ionosphere are closely linked.  For 

example, the diversion of the cross-tail current in the magnetotail is directly associated 

with enhanced ionization and auroral emissions in the ionosphere.  The ionosphere can be 

a good indicator of substorm evolution in the magnetotail and vice-versa.  Most 

descriptions of the substorm process involve four stages: a growth phase, the substorm 

onset, the expansion phase and the recovery.   

During the growth phase, the accumulation of magnetic flux in the tail is associated with 

an expansion and strengthening of the cross-tail current and stretching of magnetic field 

lines, where the magnetic field topology becomes less “dipole-like” and more “tail-like”.  

This can be viewed as increased magnetic tension in the tail, where a common analogy 

relates the stretching of field lines to the stretching of a rubber band.  Onset occurs when 



 

93 

 

energy build-up and thinning of the plasma sheet during the growth phase reaches a 

critical level, at which point the expansion phase begins and the excess magnetotail 

energy is released into the ionosphere via field aligned currents.  Signatures of substorm 

onset include a sudden, explosive auroral brightening in a localized region of the 

nightside auroral ionosphere, dispersionless injection of high energy electrons near the 

geosynchronous orbit [Spanswick et al., 2005], and sudden magnetic field dipolarization 

in a localized region of the magnetotail.   The substorm expansion phase initiated at onset 

is the dissipation of magnetotail energy accumulated during the growth phase along with 

the spatial expansion of substorm processes in the magnetotail and ionosphere.  Duration 

of an expansion phase depends on the size of the substorm, and can vary from 10 minutes 

to over 2 hours. Substorm expansion involves a radial (earthward and tailward) particle 

injection [Spanswick et al., 2009] and dipolarization [Liou et al., 2002; Watson and 

Jayachandran, 2009] in the magnetotail, and a corresponding equatorward, poleward and 

longitudinal expansion of the westward electrojet and auroral arcs in the ionosphere 

[Akasofu, 1964].  As the tail collapses, magnetic energy stored in the tail is converted to 

particle kinetic energy in the plasma sheet, while enhanced electric fields associated with 

the tail reconfiguration also accelerate particles earthward.  

 

2.5.1g    Polar Cap Auroral Forms 

Auroral forms observed in the polar cap are often interpreted as signatures or 

“footprints” of electrodynamic processes in the magnetospheric boundary layers or 

plasma sheet.  Structure and dynamics of auroral forms largely depend on their source 
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region.  Poleward moving auroral forms (PMAFs) are midday auroral intensifications that 

either originate in the auroral region and are convected into the polar cap, or are a result 

of solar wind plasma entering the magnetosphere via boundary layers.  PMAFs are more 

often observed during southward IMF conditions, and are thought to be a consequence of 

periodic intensifications of solar wind plasma entry associated with periodic 

enhancements of reconnection rates equatorward of the cusp [e.g. Fasel, 1995].  

Observations of periodic PMAF occurrence have shown 1-4 min (4.2-16.7 mHz) 

periodicity due to modulation of the reconnection [Thorolfsson, 2000; Taguchi et al., 

2012].   

A northward IMF orientation results in two main scenarios: reconnection and thus 

solar wind plasma entry via boundary layers poleward of the cusp, and precipitation of 

high energy plasma sheet particles due to less dayside reconnection and increased flux of 

closed magnetic field associated with the plasma sheet [Newell et al., 2009].  

Precipitation and aurora under northward conditions can occur throughout the polar cap, 

but often originate from and are most intense adjacent to the auroral oval.  In general, 

these arcs are spatially extended parallel to the Sun-Earth direction and are often called 

sun-aligned arcs.  The formation and subsequent convection of polar cap aurora is known 

to depend heavily on the BY (dawn-dusk) component of the IMF, with a duskward 

(dawnward) IMF typically resulting in the formation of arcs in the afternoon (morning) 

sector, followed by convection towards the afternoon (morning) [e.g. Sandholt et al., 

2003].  Sun-aligned arcs are typically observed under northward IMF conditions.  This is 

contrary to the auroral zone, which is most active for southward IMF.  These auroral 

features are usually less intense but larger scale (> 100 km) than auroral zone features, 
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and are E and F layer enhancements resulting mainly from precipitation of soft (< 1 keV) 

electrons.  Large events will extend across the entire polar cap from noon to midnight, 

while smaller scale arcs moving slowly across the polar cap in the direction of IMF By 

(dawn-dusk orientation) can also occur.  The sun aligned arcs are associated with abrupt 

changes in the direction of convective flow in the polar cap ionosphere.  For northward 

IMF there are significant deviations from the two-cell pattern typical of southward 

conditions, and therefore abrupt changes and complete reversals in flow direction are 

common.  Figure 2.27 [Hunsucker and Hargreaves, 2003] illustrates a situation of abrupt  

  

 

 

 

 

 

 

Figure 2.27: Illustration of ionospheric electric fields, Pedersen 
currents and convective flow associated with a sun-aligned aurora 
across the polar cap [Hunsucker and Hargreaves, 2003]. 
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reversal of the convection pattern, where the electric fields driving convection point 

inwards towards the polar cap aurora on both dusk and dawn sides.  Convection on the 

dusk (dawn) side is sunward (anti-sunward).  E region Pedersen currents directed parallel 

to the electric field also point inwards, meeting at the convection reversal.  To maintain 

continuity, there must be a vertical Birkeland current flowing out of the ionosphere at the 

meeting point of the two Pedersen currents.  This Birkeland current corresponds to a 

downward flow of electrons into the polar cap ionosphere, producing E layer ionization 

and driving the polar cap aurora. 

2.5.2  Polar Cap Patches 

2.5.2a    Tongue of Ionization (TOI) 

A tongue of ionization (TOI) is a large scale (>1000 kms) F region enhancement 

characteristic of the polar cap ionosphere.  TOIs originate in the mid-latitude dayside 

ionosphere where storm enhanced density (SED) regions are formed during geomagnetic 

storm activity.  SED regions often drift poleward from mid-latitudes, driven by poleward 

electric fields characteristic of the storm activity [Kelley et al., 2004].  As the SED region 

reaches auroral latitudes, it is swept into the high latitude convection pattern and into the 

polar cap, forming the TOI.  The TOI can last for several hours, where a continuous flow 

of high density plasma from lower latitudes will feed the enhanced density region in the 

polar cap.  Figure 2.28 [Spencer and Mitchell, 2007] is a reconstruction of a TOI from 

GPS TEC measurements showing its temporal evolution in two hour time intervals.  The  
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reconstruction was done using the Multi-instrument Data Analysis System (MIDAS) 

software package (http://people.bath.ac.uk/eescnm/midas.htm), which applies 

tomographic inversion on TEC data of multiple ground receivers in order to map the TOI.  

Figure 2.28: Two hour interval time sequence of a TOI event as 
reconstructed by MIDAS using GPS TEC measurements.  The black 
arrow indicates local noon [Spencer and Mitchell, 2007]. 
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White arrows are calculated ×E B  drift velocities associated with the high latitude 

convection pattern.  Local noon is indicated by the large black arrows.  A moderate 

density enhancement is seen in the first plot around noon, south of auroral latitudes.  The 

second panel is from two hours later, indicating the formation of a TOI that extends into 

the polar cap from the low latitude dayside.  The TOI is contained within the anti-

sunward convective flow through the polar cap.  An extension of the TOI across the polar 

cap to the nightside auroral region is observed in the third panel.  There is also some 

smaller scale (>100 km) structuring (polar patches – see next section) within the TOI that 

could be associated with fluctuations in the convection electric field [Andersen et al., 

1988].  The fourth panel indicates that a large section of enhanced ionization has 

separated on the nightside, while the main body of the TOI has retreated back to the sub-

auroral dayside. 

 

2.5.2b    Polar Patches 

Polar patches are regions (“islands”) of enhanced electron density (> 100 km) in 

the F layer of the polar cap ionosphere.  Increases in TEC, peak F layer electron density 

(FoF2) and 630 nm airglow emissions (due an increase in F layer recombination) have 

been used to identify polar patches.  Studies involving radio, optical and satellite 

observations have indicated that patches first appear near the dayside cusp region and 

subsequently follow the prevailing convective plasma flow in the polar cap [eg. Buchau 

et al., 1983; Weber et al., 1984].  Nearly three decades of research has uncovered several 

possible processes responsible for polar patch formation.  The majority of these processes 
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involve enhanced ionization moving into the polar cap around noon, with the patch 

formation either prior to or after the polar cap boundary is crossed.     

The popular formation mechanism during much of the 1990s involved the 

“chopping” of an existing TOI into smaller patches of enhanced ionization [Anderson et 

al., 1988].  The chopping is due to variations in polar cap convection due to 

corresponding shifts in IMF By.  Lockwood and Carlson [1992] suggested that patches 

result from short bursts of enhanced reconnection at the dayside magnetopause associated 

with a southward IMF.  These reconnection bursts are often accompanied by intermittent 

equatorward (poleward) movements of the dayside polar cap boundary associated with 

the increased (decreased) reconnection [Cowley and Lockwood, 1992].  As the open-

closed field line boundary moves equatorward, the reconnection region maps to higher 

density regions of the ionosphere due to the increase in solar zenith angle with increasing 

latitude (i.e. the lower latitude ionosphere is exposed to more sunlight thus higher 

photoionization rates).  More sunlit (higher density) plasma is drawn into the polar cap by 

the increased reconnection, which is followed by lower density plasma and the formation 

of high density plasma patches as the polar cap boundary retreats poleward.  This 

mechanism agrees well with reports of increased occurrence and magnitude of electron 

density variations during sudden southward IMF deflections and during the winter season 

(when the solar terminator lies below the quiet, daytime polar cap boundary) [Anderson 

et al., 1988; Rodger and Graham, 1996].  A similar process involves IMF By effects on 

the polar cap convection pattern, where the convection into the polar cap can 

intermittently move to more sunlit (higher density) regions during sudden IMF shifts.  

Valladares [1994] proposed that regions of high density plasma moving into the polar 



 

100 

 

cap could be fractured around the cusp region by high speed plasma flows associated 

with magnetic reconnection.  Increased ion temperatures were observed within the high 

speed flows, which raised the recombination reaction rates in the high density plasma 

resulting in ionospheric density depletions and a patchy F region structure.  Other 

potential processes involved in patch formation include F region enhancement due to low 

energy precipitation in the cusp region [Walker et al., 1999] or in the auroral region of the 

dawnside convection cell [MacDougall and Jayachandran, 2007], where ionospheric 

plasma is exposed to precipitation for long durations due to the corotation effect (Figure 

2.15). 
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Chapter 3: Data and Instrumentation 
 

3.1 GSM Coordinate System 

When discussing solar wind parameters, solar wind-magnetosphere interactions, 

and when referencing location within the solar wind-magnetosphere system, a convenient 

choice of coordinates is the geocentric solar magnetospheric (GSM) system (Figure 3.1).  

This is a right-handed orthogonal coordinate system with origin at the center of the earth.  

The GSM X-axis points towards the sun, the Z-axis points north and is the projection of 

Earth’s northern magnetic pole onto the plane perpendicular to the X-axis, and the Y-axis 

points duskward, perpendicular to the X-Z plane.  Earth’s magnetic dipole axis always 

lies in the X-Z plane, with the angle of the Earth’s magnetic dipole axis relative to the 

GSM Z axis called the dipole tilt angle.  The dipole tilt angle has a diurnal and annual 

variation associated with Earth’s rotation and orbit around the sun.  In addition, the GSM 

Y axis always lies in the magnetic equatorial plane of the earth.   
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The term “southward IMF orientation”, used often in the space physics 

community, refers to an IMF with a negative Z GSM component, while “northward IMF” 

refers to a positive Z component.  Other frequently used terms include “IMF clock angle (

IMFθ )”, which refers to the orientation of the IMF in the GSM Y-Z plane (0º = along the 

positive Z axis, 90º = along the positive Y axis): 

 1tan Y
IMF

Z

B
B

θ −  
=  

 
                                                                  (3.1) 

and “IMF cone angle ( IMFφ )”, which refers to the IMF orientation relative to the GSM X 

axis: 

Figure 3.1: Illustration of GSM coordinate system 
(http://www.nasa.gov/mission_pages/themis/aurora
s/northern_lights_multi.html#.VgKWEMtVhBc) 
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where ( XB , YB , ZB ) are the GSM (X,Y,Z) components of the IMF. 

 

3.2 Instrument Locations 

Figure 3.2a maps geomagnetic latitude/longitude of ground-based instruments and 

magnetic footprints of satellites used in this thesis, while Figures b-c show satellite orbits 

for a 24 hour period in the GSM X-Y and GSM X-Z planes.  The statistical study 

presented in Chapter 4 uses 5 co-located GPS receivers and CADI ionosondes in the 

polar cap (red dots in Figure 3.1a), while the case studies presented in Chapters 5 and 6 

primarily use the co-located GPS receiver and magnetometer in Sanikiluaq (blue dot), 

and magnetometer and particle measurements of the geosynchronous GOES 13 satellite.  

As seen in Figure 3.2a, the northern magnetic footprint of GOES 13 (yellow dot) is in 

close proximity to Sanikiluaq.  Supporting data used in Chapter 6 is from the Fort 

Churchill and Iqaluit magnetometers (green dots), as well as the GOES 15 satellite.  

Geosynchronous GOES 13 and 15 satellites orbit at a geocentric distance of 6.6 RE with 

the same orbital period as the Earth.  In GSM coordinates (Figures 3.1b-c), GOES 

satellites orbit at about 6.6 RE from the center of Earth in the X-Y plane, meandering 

slightly above and below the X-Y plane in the course of a day.  Coordinated universal 

time (UTC) is also indicated along the orbital paths of each satellite.  GPS and CADI data 

is from the Canadian High Arctic Ionospheric Network (CHAIN) [Jayachandran et al. 

 



 

104 

 

 

 

 

 

 

Figure 3.2: a) Map of GPS receivers, CADIs, ground magnetometers, and 
magnetic footprints of GOES satellites. Locations of GOES 13 and 15 satellites in 
the b) X-Y and c) X-Z GSM plane over a 24 hour period.  UTC is indicated along 
orbital paths. 
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2009a], ground magnetometer data is from the Canadian Array for Realtime 

Investigations of Magnetic Activity (CARISMA) [Mann et al., 2008] and Natural 

Resources Canada (NRCan) magnetometer networks, and GOES data is from the 

National Oceanic and Atmospheric Administration Space Weather Prediction Center 

(NOAA SWPC) [Singer et al., 1996]. 

 

3.3 Global Positioning System 

3.3.1    General Background and Signal Structure 

The Global Positioning System (GPS) consists of a 31-satellite constellation, 

ground control stations that process navigation data and monitor satellite health (among 

other tasks), and space and ground based antennas and receivers that provide timing and 

positioning information.  All satellites orbit at an altitude of ~20,200 km, and are 

distributed into six circular orbital planes at a 55° inclination relative to Earth’s 

geographic equator.  Satellites have an orbital period of about 12 sidereal hours, therefore 

complete about 2 orbits every day.  At any given time of day there are usually 8 to 10 

satellites visible to a single ground-based GPS receiver. 

All GPS satellites broadcast navigation messages using two common L-band 

“carrier” frequencies labelled L1 (f1 = 1.575 GHz) and L2 (f2 = 1.228 GHz).  GPS 

satellites launched starting in 2010 also broadcast an L5 (f5 = 1.176 GHz) signal, 

designed for greater reliability and more accurate positioning.  For the purposes of this 

thesis, it is the L1 and L2 signals that provide ionospheric measurements.  A message 
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broadcast from a particular satellite consists of three main components.  One component 

provides the time of week, satellite status and satellite health information, a second 

component gives the precise satellite ephemeris (orbital position), while the third 

component provides data for correcting atmospheric/ionospheric delays and other errors, 

satellite status and rough position of all GPS satellites.  Messages are encoded onto the 

carrier signals using phase modulation of pseudorandom binary sequence (PRN) codes 

that are unique to each satellite.  A coarse/acquisition (C/A) code (1.023 MHz) is 

embedded in the L1 carrier, while an encrypted precise (P) code (10.23 MHz) is 

embedded in both L1 and L2 carriers.  The phase modulation of the carrier can be 

thought of as a sequence of ±1, where +1 is a 180° phase shift of the carrier while a -1 is 

a 0° phase shift.  Messages are reconstructed by ground receivers, which are designed to 

recognize the unique PRN sequence of each satellite. 

The basic GPS positioning technique typically requires five observable satellites: 

three to calculate the receiver’s 3-dimensional position (latitude, longitude and altitude), 

a fourth to estimate the offset between GPS time and the receiver’s internal clock, and a 

fifth to estimate the offset between GPS time and the satellite’s internal clock.  Satellite 

range calculations are highly sensitive to clock offsets due to the high propagation speed 

of GPS signals (the speed of light, c).  Two methods can be used to calculate receiver 

position using the two basic observables of the GPS signal: pseudorange (Ρ) and carrier 

phase (Φ).  The pseudorange is the measured transit time of P or C/A codes from satellite 

to receiver, which can be multiplied by the speed of light to obtain the apparent satellite 

to receiver distance.  This distance is “apparent” since signal delays inevitably occur in 

the atmosphere and ionosphere.  To obtain signal transit time, the receiver measures the 



 

107 

 

time delay between received P or C/A messages and its own internally generated replica 

code.  This requires that the receiver and satellite clocks be perfectly synchronized.  The 

receiver can then calculate its position using calculated satellite to receiver distances, the 

time offset and known satellite positions.  Horizontal positions from pseudorange can be 

calculated to an accuracy of 22 m using the P code and 100 m using the C/A code 

[Komjathy, 1997].  Errors in the calculated position can come from a variety of sources 

including atmospheric and ionospheric signal delays, signal multipath, and satellite clock 

and ephemeris errors.  A variety of models and differential techniques are available, some 

capable of improving the position accuracy to as low as 1 m. 

Carrier phase (Φ) can be found by differencing the square of the satellite carrier 

signal and the square of the replica carrier signal generated by the receiver.  Signals are 

squared to eliminate the phase modulated P and C/A codes.  Since satellite carrier signals 

are Doppler shifted by the motion of the satellite, the differenced signals result in a beat 

pattern.  The phase of this beat pattern is the carrier phase, which is an indicator of the 

phase difference between satellite and replica signals and thus the satellite to receiver 

transit time (again assuming satellite and receiver clocks are synchronized).  This is an 

ambiguous measure of the transit time since only the relative phase difference between 

the signals is known, and not the total number of cycles completed between satellite and 

receiver.  Carrier phase measurements become useful when high accuracy positioning is 

required since the carrier waves are high frequency and provide a continuous stream of 

information.  Pseudorange measurements involve the lower frequency P or C/A codes 

that arrive at the receiver in pulses, or discrete bundles of information.  This results in 

less accurate but unambiguous measures of the transit time. 
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3.3.2    Ionospheric Effects and Calculation of TEC 

Refraction of GPS signals propagating from satellite to receiver is mainly due to 

ionospheric plasma (above 50 km).  Ionospheric effects are difficult to model, especially 

at high latitudes.  Water vapour in the troposphere (< 80 km) makes a smaller 

contribution that is usually accounted for using a general model.  As the propagation 

characteristics of an electromagnetic wave in the ionosphere depend on the wave 

frequency, the L1 and L2 carrier frequencies are chosen at an ideal frequency for minimal 

signal delay and attenuation.  Nonetheless, ionospheric effects are unavoidable and often 

unpredictable, especially in the dynamic auroral and polar cap ionospheres.  Depending 

on the size, structure and movement of a particular ionospheric irregularity, reception 

from one or more satellites can be severely degraded or completely lost, and acquiring or 

reacquiring a signal can be difficult.  This is potentially catastrophic for airline, marine 

and other navigation systems relying on GPS [Lanzerotti, 2001]. 

Dual frequency receivers can help mitigate the effects of ionospheric delay by exploiting 

the dispersive character of the ionosphere.  Since the signal delay is frequency dependent, 

the relative delay between L1 and L2 signals is used as an ionospheric correction factor.  

An ionospheric model is required for less expensive single frequency receivers, which is 

generally less accurate than the dual frequency method and unreliable when dealing with 

localized irregularities that are common at high latitudes. 

The propagation speed of the carrier waves is the phase speed v, the speed at which an 

unmodulated wave would travel through the ionosphere.  The phase speed is related to 

the vacuum speed of light c and the refractive index n by: 
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cv
n

=                                  (3.1)
   

The dispersive ionosphere results in a different propagation speed for modulated C/A and 

P codes called the group velocity vg, which is determined by the phase velocity plus a 

velocity dispersion term [Hecht, 2002]: 

g
dvv v f
df

= +                                                               (3.2) 

The refractive index can be approximated from Sir Edward Appleton’s theoretical 

derivation of the refractive index of the ionosphere [eg. Appleton, 1932], which is the 

basis for investigating characteristics of ionospheric radio propagation.  Appleton’s 

refractive index accounts for effects of the geomagnetic field and electron collisions with 

neutral and ion atmospheric components, the effects of which depend on the frequency of 

a propagating electromagnetic wave.  Since the GPS carrier wave frequencies are much 

higher than electron collision frequencies (up to 105 Hz) and gyrofrequencies (~107 Hz) 

in the ionosphere, magnetic field and collisions have negligible effect on the refractive 

index.  From the Appleton equation, the refractive index at height h in the ionosphere, for 

a wave of angular frequency ω, can be written as: 

 
2

2
2

( )
( ) 1 p h

n h
ω
ω

= −                                                               (3.3) 

where the natural frequency of ionospheric plasma 2
0( ) ( )p e eh N h e mω e= , Ne(h) is the 

ionosphere electron density,  e is the electron charge, me is the electron mass, and εo is 

the vacuum permittivity.  From Equations 3.1-3.3, the phase and group refractive indices 

(n and ng) at height h in the ionosphere are: 
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= − = = +                               (3.4) 

For GPS signals during daytime, the ionosphere results in an ~8000 m/s increase in phase 

speed and ~8000 m/s decrease in group speed, a 0.0027% change from the vacuum speed 

of light.  The cumulative effect of this refraction over the entire ionosphere is significant, 

and can result in satellite to receiver range errors of around 50 m when the satellite is 

overhead and 150 m when at the horizon [Wells et al., 1999].  Ray bending also takes 

place due to the refraction of the ionosphere, but this ray bending only changes the range 

by a small amount compared to the signal delay.  The change in signal propagation time 

due to the ionosphere is: 

                                                 
1nt dl dl

c c
∆ = −∫ ∫                                                                 (3.5) 

where l is the path of the signal through the ionosphere.  This is equivalent to an apparent 

change in distance ΔL: 

   ( 1)L n dl∆ = −∫                                                     (3.6) 

Substituting in n and ng from (3.4), the effects on the carrier (ΔΦ) and modulated P or 

C/A codes (ΔΡ) are: 

                                         
2

40.3
eN dl

f
∆Φ = −∆Ρ = − ∫                                                        (3.7) 

where the integral of electron density is the total electron content (TEC) of the ionosphere 

along the signal path dl: 

                                                  eTEC N dl= ∫                                                                      (3.8) 
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TEC indicates the total number of electrons along the signal path in units of electrons per 

square metre, where 1 TEC unit (TECU) is equivalent to 1016 electrons per square meter.  

TEC measurements are useful in studies of the ionosphere since satellite coverage 

typically provides 8-10 TEC measurements at a given time for a single ground receiver.  

These measurements are available at a high temporal resolution (up to 50 Hz).  With dual 

frequency receivers, TEC can be calculated from both carrier phase and pseudorange by 

combining observations from L1 and L2 signals.  From (3.7): 

                                       

1 2

2 1

9.54( )

9.54( )

TEC

TEC

Φ

Ρ

= ∆Φ −∆Φ

= ∆Ρ −∆Ρ
                                                      (3.9) 

As discussed earlier, carrier phase observations are ambiguous and provide 

continuous, precise measurements, while pseudorange observations are unambiguous but 

provide discrete, less precise measurements.  As a result, TECΦ is much smoother than 

TECΡ but only provides the relative variations in electron content.  TECΡ is noisier but 

gives the actual electron content, presuming all other biases (eg. clock offsets, multipath, 

tropospheric delay) have been accounted for. 

The ambiguity in TECΦ can be accounted for by combining it with TECΡ, a 

process known as phase levelling.  In general, this involves adjusting TECΦ to the level 

of TECΡ by subtracting the average of their difference: 

                                 TEC TEC TEC TECΦ Φ Ρ= − −                                                         (3.10) 

where TEC is the carrier phase levelled total electron content.  An example of TECΦ, 

TECΡ and TEC from a single satellite is shown in Figure 3.2.  Also shown is equivalent 

vertical TEC (vTEC), which is discussed in the next section, and satellite elevation angle, 
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the angle between the receiver’s astronomical horizon and the straight line path between 

satellite and receiver.  TEC measurements follow a U-shaped curve according to the 

satellite trajectory, where the TEC is highest at low elevations and is lowest when the 

satellite is overhead.  Since TEC is an integrated density over the signal path through the 

ionosphere, the longer the signal spends in the ionosphere the higher the TEC will be.  

TEC is highest for lower satellite elevations since the signal must traverse more of the 

ionosphere to reach the receiver. 

 TEC data used in this thesis is mainly the slant TEC.  To better identify and 

visualize TEC variations of interest, TEC is detrended to remove low frequency 

variations due to the satellite motion.  This trend is removed from the TEC using a 3rd 

order Butterworth high-pass frequency filter at 0.37 mHz (45 minutes). 

To reduce the effects of signal multipath in the TEC calculations, a satellite 

elevation cutoff between 10° and 30° is usually applied.  Multipath is when the satellite 

signal follows one or more indirect paths to the receiver through reflection, refraction or 

diffraction by the ionosphere or terrestrial objects, and occurs mainly at low satellite 

elevations.  Elevation cutoffs are indicated by vertical dashed lines in Figure 3.2, where 

data within the cutoff lines is useable and data outside the cutoffs is considered 

unreliable. 
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Figure 3.3: Color-coded examples of phase and code derived TEC, phase levelled 
TEC, vertical TEC and satellite elevation.  A satellite elevation cutoff of 20° is 
indicated by vertical dotted lines. 
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3.3.3    Vertical TEC 

TEC in (3.10) is often called the slant TEC since it is calculated along a GPS ray path that 

traverses the ionosphere on a slanted path with respect to the receiver’s zenith (unless the 

satellite is directly overhead).  It is often useful to calculate an equivalent vertical TEC 

(vTEC) of the ionosphere that does not depend on the relative locations of satellite and 

receiver.  This is shown in Figure 3.3, where it is clear that the vTEC does  

not have the same U-shape due to satellite trajectory as the slant TEC measurements.  

vTEC can be calculated using a thin shell approximation  [Komjathy, 1997], where the 

entire ionosphere is assumed to be concentrated on a thin shell at a fixed height.  The 

point at which the GPS ray path intersects this thin shell is called the ionospheric pierce 

point (IPP).  This method works only if there are no significant horizontal density 

gradients along the satellite ray path through the ionosphere.  The geometry of the thin 

shell approximation is shown in Figure 3.4, which can be used to derive the mapping 

function M(E) that maps the slant TEC to vertical according to the angle χ [Komjathy, 

1997]: 
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where RE is the Earth’s radius, hshell is the ionospheric shell height and Esat is the 

elevation angle between satellite and receiver.  Shell height is usually chosen in the range 

of 250-450 km, around the peak of the F2 layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Geometry of the thin shell approximation used in calculating 
vertical TEC. 



 

116 

 

3.3.4 CHAIN GPS Receivers  

The CHAIN GPS receivers are GPS Ionospheric Scintillation and TEC Monitors 

(GISTMs) model GSV4000B [Van Dierendonck and Arbesser-Rastburg, 2004].  In 

summary, a GISTM consists of a NovAtel OEM4 dual frequency receiver with special 

firmware specifically configured to measure amplitude and phase scintillation derived 

from the L1 frequency GPS signals and ionospheric TEC derived from the L1 and L2 

frequency GPS signals.  This receiver is capable of tracking and reporting scintillation 

and TEC measurements from up to ten GPS satellites in view.  Phase and amplitude data 

are sampled and logged, either in raw form or detrended, at a rate of 50 Hz.  Receivers 

are currently fed by a NovAtel GPS-702 antenna. At most times, 8 to 10 GPS satellites 

are visible to a single ground receiver.  Temporal resolution for TEC data in this thesis is 

1 second. GPS satellites are identified by their PRN number, which refers to each 

satellite’s unique pseudo random noise (PRN) code.  Figure 3.5 

(http://chain.physics.unb.ca/chain/) shows the CHAIN GPS antenna (a) and NovAtel 

receiver (b) installed in Cambridge Bay. 
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 Figure 3.5: CHAIN GPS antenna (a) and Novatel Receiver (b) located in 
Cambridge Bay, NU. 
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 Figure 3.6: CHAIN CADI transmitting and receiving antennas (a) 
and box containing CADI receivers (b) located in Hall Beach, NU. 
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3.4 Canadian Advanced Digital Ionosonde (CADI) 

Canadian Advanced Digital Ionosondes (CADIs) [MacDougall at al., 1995] employ 

vertical sounding using high frequency (HF) radio waves to measure group range and 

bottom-side electron density profile of the ionosphere.  “Bottom-side” refers to altitudes 

below the peak electron density of the ionosphere.  CADIs also use an interferometry 

technique to measure the bulk drift velocity of ionospheric plasma.  Group range and drift 

measurements are used in this thesis. 

 

3.4.1 CHAIN CADI Hardware 

 The CADI antenna array (Figure 3.6a; Hall Beach; 

http://chain.physics.unb.ca/chain/) consists of a transmitting delta antenna and four 

receiving dipole antennas.  Receiving antennas are arranged in a square of surrounding 

the transmitter tower, with two antennas aligned parallel to geographic north (for drift 

velocity calculation).  The CADI, shown in Figure 3.6b (Hall Beach), consists of 4 

receivers, one dedicated to each receiving antenna. 

 

3.4.2  Ionograms 

Every 1 minute, the CADI transmitting antenna broadcasts a sequence of 95 radio pulses 

ranging from 0.1 to 30 MHz, while the receiving antenna measures the returned power of 

each signal after reflection from the ionosphere.  For each frequency, the height of 

reflection can be calculated from the total transit time (from transmit to receive) 
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multiplied by the speed of light.  This height is “virtual” since the signal is delayed due to 

refraction as it propagates in the ionosphere.  A signal at a particular frequency is 

reflected when its group speed approaches zero, at which point the group refractive index 

of the ionosphere for that frequency would be infinite.  Since the refractive index depends 

on the ratio of plasma frequency to wave frequency (Equation 3.3), signals of different 

frequencies will reflect at different altitudes depending on the electron density profile of 

the ionosphere.  As the electron density of a particular ionospheric layer increases with 

height, signals of increasing frequency will propagate to higher altitudes within that layer.  

Beyond a certain frequency (the critical frequency), signals pass straight through the 

layer and are either reflected by an upper layer of higher density or are lost to space.  As a 

result, only the bottomside density profile of the ionosphere can be measured, while the 

topside (above the peak density) is usually calculated using a model.  Combining virtual 

height measurements for each reflected frequency results in a bottomside density profile 

of the ionosphere.  The real height of reflection (hr) for a particular frequency is obtained 

from the integral of the group refractive (ng) index over the signal path: 

rh

v gh n dh= ∫0                              (3.12) 

where hv is the measured virtual height.  

 Reflected signals from CADI broadcasts are recorded in the form of ionograms.  

Figure 3.7 is an example ionogram from the Eureka CADI, at 03:00 UT on 1 November 

2011, which shows the reflected signal power as a function of virtual height and 

transmitted frequency.  Reflection occurs in the F region in this particular case, with the 

typical increase in reflected height with frequency.  At the peak F layer density, 
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frequencies greater than ~9 MHz are no longer reflected and pass straight through the 

ionosphere. 

 

 

 

 

 

 

 

 

Figure 3.7: Ionogram from the Eureka CADI from signal broadcast at 
03:00 UT on 1 November 2011.  Received signal power as a function of 
reflected virtual height and broadcast frequency is indicated by color. 
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3.4.3  Group Range and Drift Velocity 

Studies included in this thesis make use of CADI group range and drift velocity 

measurements.  The group range is the reflected altitude over time for CADI transmission 

at a fixed frequency.  Group range is recorded at 2-4 frequencies in the range of 3-6 

MHz, which varies from station to station.  Group range measurements are available at 30 

second resolution. 

 The CADI also uses Doppler shifts of reflected signals to determine the drift 

velocity of the ionosphere.  Drift velocity measurements are made every 30 seconds using 

a fixed frequency transmission of either 3, 4 or 5 MHz.  One drift measurement requires 

multiple reflections from the area covered by the beam of the CADI transmission (on the 

order of 104 km2 in the F region), directed back towards the CADI receiving antennas.  

Kilometer scale ionization structures with surface normal vectors parallel to the signal 

path provide suitable reflections [Cannon, 1991].  The high latitude ionosphere is 

inherently well structured on kilometer scale sizes, and typically provides sufficient 

reflections for drift velocity measurements.  For one reflection, the N-S and E-W 

receiving antenna pairs each measure the relative phase of the reflected signal, which can 

be combined with the Doppler shift of the reflected signal to calculate its “angle of 

arrival” (AOA).  For multiple reflections, the Doppler shift should be a function of the 

region of the sky that reflection occurred, since structures moving away from the CADI 

will have a negative Doppler shift (decreased reflected frequency) and structures moving 

toward the CADI will have a positive Doppler shift (increased reflected frequency).  

Knowing the height of reflection from the group range and the AOA as a function of the  
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Figure 3.8: Measurements of the Eureka CADI for 24 hours on 1 
November 2011.  4.2 MHz group range (top panel), azimuthal ionospheric 
drift direction, where 0º is geomagnetic north (2nd panel), horizontal 
ionospheric drift speed (3rd panel), and vertical ionospheric drift speed 
(bottom panel).  Drift velocity was calculated from the 4.2 MHz broadcast, 
while the color bar is the power of the reflected 4.2 MHz signal. 
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Doppler shift (from multiple reflections), the three dimensional (horizontal and vertical) 

drift velocity of the ionosphere can be calculated.  This method works assuming the 

ionospheric motion in the region covered by the CADI transmission beam is uniform. 

Figure 3.8 shows 24 hours of 4.2 MHz group range and drift velocity measurements from 

the Eureka CADI on 1 November 2011.  The top panel is the group range, showing 

reflected power of the 4.2 MHz signal as a function of time and ionospheric altitude.  

Reflection occurs in the F region for most of the day, with reflections around 100-120 km 

at 20:30-23:00 UTC indicating enhanced ionization in the E region at that time.  The drift 

azimuth in the second panel is the direction of the bulk drift velocity with respect to 

magnetic north, which cycles through 360º in 24 hours as Eureka rotates through the 

×E B  convection pattern of the F region polar cap (Section 2.4.2).  The horizontal drift 

speed in the third panel indicates a convection speed of 100-1000 m/s through most of the 

day, while the bottom panel shows a vertical drift between -400 and 400 m/s, with 

positive indicating vertically upward motion of the ionosphere. 

 

3.5 GOES Measurements 

 The Geostationary Operational Environmental Satellite (GOES) program is a 

multi-satellite, multi-purpose mission that provides data for weather forecasting, 

meteorological research, near-Earth space research, and solar monitoring.  GOES 

satellites are operated and funded by the National Oceanic and Atmospheric 

Administration (NOAA) and the National Aeronautics and Space Administration 

(NASA).  GOES satellites have a circular orbit at 35,790 km above the surface of the 
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earth.  At this altitude, the GOES orbital period matches the earth’s rotational period, and 

thus satellites remain stationary with respect to the earth’s surface. 

The space environment monitor (SEM) subsystem of GOES satellites consists of 

a solar x-ray (SRX)/extreme ultraviolet (EUV) sensor, two fluxgate magnetometers, and 

an energetic particle sensor (EPS)/high energy proton and alpha detector (HEPAD).  

Studies in this thesis make use of GOES magnetometer and energetic particle 

measurements. 

 

3.5.1  GOES Magnetometer 

 GOES satellites include two boom-mounted triaxial fluxgate magnetometers for 

magnetic field measurements.  Magnetometers are boom mounted at 8.5 meters and 7.7 

meters from the spacecraft to reduce effects of magnetic fields generated or modified by 

the spacecraft.  Data in this thesis uses the outboard magnetometer at 8.5 meters.  Triaxial 

fluxgate sensors consist of 3 ferromagnetic ring core sensors oriented at right angles, 

which allows for magnetic field sampling in 3 dimensions.  Alternating (AC) currents at a 

frequency of 5 kHz are applied to excitation coils looped around each core that 

periodically saturate the ferromagnetic core material, thus periodically reducing its 

magnetic permeability.  A secondary sensing coil looped around the ring core senses a 

periodic induced voltage associated with the time varying magnetic flux density through 

the ring core.  The response of the ring core to the applied current depends on the 

hysteresis curve of the ferromagnetic core, and is complex and non-linear [Geiler et al., 

2006].  It can be shown that the voltage measured by the sensing coils is expressed as the 
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sum of odd harmonics of the driving AC current frequency [Kim and Jun, 1995].  An 

external magnetic field will disrupt the steady magnetic flux variations of the ring core 

and generate even harmonics of the driving frequency in the output voltage. The 

amplitude and phase of these even harmonics are proportional to the magnitude and 

direction (sign of each Cartesian component) of the external field, respectively.  External 

field measurements are recorded by digitizing the induced voltage of all three sensing 

coils.  GOES magnetic field measurements are available at a 2 Hz resolution.   

GOES magnetic field measurements are presented in two right handed, 

orthogonal coordinate systems in this thesis: local spacecraft-centered EPN coordinates, 

and local spacecraft-centered magnetic field-aligned coordinates.  In EPN coordinates, 

the E axis points to the centre of Earth in the GOES orbital plane, P is directed 

northward, perpendicular to the orbital plane, and N points eastward completing the 

orthogonal coordinate system.  Unit vectors ( ˆEe , ˆPe , ˆNe ) are illustrated in Figure 3.9a, 

where ˆEe  and ˆPe  are in the plane of the page, and ˆNe points into the page.  Note that the 

GOES orbital plane is slightly tilted relative to the geographic equatorial plane, and this 

ˆEe does not necessarily point parallel to the equatorial plane. 

Magnetic field-aligned coordinates are useful for distinguishing compressional, 

toroidal and poloidal mode ULF waves [e.g. Sarris et al., 2009].  This is a mean field-

aligned coordinate system, where axes are defined by a 45-minute running average of the 

2 Hz GOES measurements.  The field-aligned axes are represented by unit vectors ||ê , êφ  

and ˆre , where ||ê  is parallel to the 45-minute averaged total magnetic field avgB , êφ  is 
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Figure 3.9: Illustrations of a) Earthward-Poleward-Eastward (EPN) and b) 
mean field-aligned coordinates used for presenting GOES magnetometer 
measurements.  The black oval illustrates the magnetic field line threading 
the GOES satellite. 
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directed perpendicular to ||ê  and a vector sr
  running from the center of Earth to the 

spacecraft, and ˆre  is oriented to complete the right handed, orthogonal coordinate system: 

 || || ||ˆ ˆ ˆ ˆ ˆ ˆ ˆ, ,avg
s r

avg

e e e r e e eφ φ= = × = ×
B
B

                               (3.13) 

Unit vectors are illustrated in Figure 3.9b, where ||ê  and ˆre  are in the plane of the page, 

and êφ  point into the page.  Axes of the field-aligned coordinates rotate according to the 

direction of avgB every 0.5 seconds for 2 Hz resolution measurements. 

Figure 3.10 shows GOES 13 magnetic field measurements for a 24 hour period on 

11 September, 2011, converted into mean field-aligned coordinates defined by Equation 

(3.13).  The top panel shows the parallel magnetic field ||B  (black) and a 45 minute 

running average avgB (red) of the parallel field.  The second panel shows || avgB B− , which 

is essentially (<45 minute) variations of the parallel field.  The third panel shows 

variations in the radial direction (Br), while the bottom panel shows variations in the 

azimuthal direction (Bφ).  The 45 minute running average of the total magnetic field 

effectively acting as a 45 minute (0.37 mHz) high band-pass filter.  This coordinate 

system highlights three modes of ULF magnetic field pulsations often discussed in the 

literature: pulsations parallel to the background magnetic field (compressional mode), 

perpendicular to the background field and in the azimuthal (east-west) direction (toroidal 

mode), and perpendicular to the background field in the radial direction (poloidal mode). 
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Figure 3.10: GOES 13 magnetometer measurements in the mean field-
aligned frame.   
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3.5.2  GOES Energetic Particle Sensor 

 The EPS/HEPAD instrument onboard GOES satellites consists of two energetic 

proton, electron and alpha detectors (EPEADs), magnetospheric proton and electron 

detectors (MAGPD and MAGED), and an HEPAD.  Particles and energy ranges 

observed by each detector are listed in Table 3.1.  Work presented in this thesis makes 

use of the MAGED. 

 

 

Table 3.1.  GOES EPS/HEPAD instrumenta 

 Electrons Protons Alpha particles 

EPEAD >0.6 MeV 0.74-900 MeV 3.8-500 MeV 

MAGPD - 80-800 keV - 

MAGED 30-600 keV - - 

HEPAD - >330 MeV >700 MeV 
aParticles and energy ranges observed by various detectors of the GOES EPS/HEPAD  
instrument. 
 
 

The GOES MAGED uses 9 telescopes to measure the multi-directional flux of 

magnetospheric electrons.  Each telescope uses a solid state detector (SSD), and measures 

electron flux in five different energy channels ranging from 30 to 600 keV.  Figure 3.11 

[Rodrigues et al., 2011] illustrates the orientation of GOES MAGED telescopes with 

respect to geographic coordinates and magnetic field orientation.  A central telescope 

points radially away from the Earth, 4 telescopes are oriented at ±30º and ±75º with 

respect to the central telescope in the North-South direction, and 4 telescopes are oriented 
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at ±30º and ±75º with respect to the central telescope in the East-West direction.  Each 

telescope has a detection cone of 30º.  Multi-directional telescopes allow for 

measurements of electron flux at various pitch angles.  Telescope pitch angles can be 

calculated from GOES magnetometer data by comparing the orientation of the local 

magnetic field with the orientation of the MAGED telescopes.  Figure 3.12 is an example 

of GOES 13 MAGED electron flux for 24 hours on 11 September 2011, where (a) is 

integral flux of > 30 keV electrons from telescopes 1-9, (b) is integral flux for five energy  

channels of the MAGED, as measured by telescope 7, and (c) is pitch angle of telescopes 

1-9, relative to the direction of the magnetic field at GOES 13 (0º pitch angle is parallel 

to the magnetic field).     For GOES 13, telescope 7 is most often closest to 0º pitch angle, 

and provides a good indicator of electron flux within the atmospheric loss cone for the 

northern hemisphere.  GOES MAGED data is available at a 2 second resolution.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.11: Illustration of the GOES MAGED telescopes [Rodriguez et 
al., 2011]. 
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Figure 3.12: a) Integral flux of 30-50 keV electrons for all MAGED 
telescopes; b) Integral flux in all MAGED energy channels for telescope 7; 
c) Pitch angles of all MAGED telescopes. 
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3.6 Ground Magnetometer Measurements 

 Ground magnetometers in Sanikiluaq, NU and Iqaluit, NU are operated by 

Natural Resources Canada (NRCan - http://www.geomag.nrcan.gc.ca/obs/default-

en.php), while the Fort Churchill magnetometer is operated by CARISMA [Mann et al., 

2008].  Ground magnetometers use the triaxial fluxgate sensor, similar to the GOES 

sensor described in Section 3.3.1.  Magnetometers collect geomagnetic field 

measurements at 8 Hz resolution, which is filtered and resampled at 1 Hz.  Magnetometer 

data is presented in the XYZ right-handed, orthogonal coordinate system, where the X 

axis points toward geographic north, Y points toward geographic east, and Z points 

vertically downward.  Coordinates are instrument-centered, with X and Y axes parallel to 

the local horizon of the magnetometer.  Figure 3.13 shows (a) northward, (b) eastward, 

and (c) vertical downward magnetic field as measured by the Sanikiluaq magnetometer, 

for a 24 hour period on 11 September 2011. 
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Figure 3.13: Sanikiluaq (a) Northward, (b) Eastward, and (c) Vertical 
Downward magnetic field on 11 September 2011. 
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Chapter 4:  Characteristics of GPS Total 

Electron Content Variations in the Polar Cap 

Ionosphere 
 

4.1 Introduction 

This Chapter presents statistical characteristics of total electron content (TEC) 

variations in the polar cap ionosphere.  Variations in TEC were observed using high data 

rate Global Positioning System (GPS) receivers of the Canadian High Arctic Ionospheric 

Network (CHAIN).  As discussed in Section 3.2, TEC measurements provide high 

temporal and spatial resolution due to multi-satellite measurements available to each 

receiver on the ground.  Past studies have shown that GPS TEC is an effective tool for 

studying small scale structuring within polar cap irregularities [Jayachandran et al., 

2012] and tracking the horizontal motion of irregularities [Watson et al., 2011; 

Jayachandran et al., 2011].   
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Ionization structures of a wide range of time and spatial scales are a ubiquitous 

feature of the polar cap ionosphere, mainly due to the direct connection of high latitude 

regions to the solar wind and outer magnetosphere.  The dynamic polar cap ionosphere is 

problematic for ground and satellite based communication systems and Global Satellite 

Navigation Systems (GNSS) such as GPS.  Due in large part to past inadequacies in 

observational capabilities at high latitudes, the generation mechanisms, source regions 

and evolution of ionization structures in polar regions are not well understood.   

As discussed in Section 2.4, several coupling processes are known to significantly 

impact the polar cap ionosphere [e.g. Iijima et al., 1978; Tanaka, 1995; Lester et al., 

2006; Newell et al., 2009; and Sheng-Gao et al., 2014].  The materialization and 

evolution of coupling processes is not fully understood.  Electric fields, currents and 

plasma drifts are generated in the polar cap ionosphere due to SW-M-I interactions, 

which are closely linked to instabilities in ionospheric plasma occurring on a wide range 

of time and spatial scales.  Variations in plasma density, turbulence in plasma flows, 

plasma convection and heating, auroral brightening and neutral wind disturbances are all 

ubiquitous features of the polar cap ionosphere.  The polar cap is most often associated 

with “open” geomagnetic field lines that connect directly to the Sun’s interplanetary 

magnetic field (IMF), however solar wind conditions such as solar wind dynamic 

pressure and IMF orientation strongly affect the geometry/topology of the polar cap and 

magnetosphere, and how particular polar cap regions couple to the solar wind and 

magnetospheric boundary regions [Newell et al., 2004].  Different physical processes and 

particle characteristics can be attributed to different magnetospheric boundary regions, 
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which will influence the dynamics and structure of the polar cap ionosphere in different 

ways. 

As discussed in Section 2.5.1d, particle precipitation of plasma mantle, low 

latitude boundary layer (LLBL), and polar cusp origin produce ionization on the dayside 

high latitude ionosphere, while dayside extensions of the boundary plasma sheet (BPS) 

and central plasma sheet (CPS) also potentially influence dayside polar cap latitudes 

according to maps of Newell et al., [2004].  The polar rain is a constant feature all polar 

cap regions.  An example of precipitation maps from Newell et al. [2009] is given in 

Figure 2.26. 

High energy substorm precipitation originating from the magnetospheric plasma 

sheet can also impact polar cap latitudes since the auroral oval expands both equatorward 

and poleward during substorms.  The breadth of the expansion varies from event to event, 

with precipitation and aurora associated with larger substorms typically reaching further 

south and deeper into the polar cap than less intense events.  The nightside oval 

commonly reaches 75° magnetic latitude (MLat), with observations of substorm 

phenomena above 80° MLat are possible but rare.  Watson et al. [2011] showed 

nighttime TEC variations of up to 6 TECu associated with high energy (10s – 100s keV 

electrons) substorm precipitation in the polar cap, at magnetic latitudes up to ~83º MLat.  

Sustained TEC variations with discrete frequencies in the range of ~8-33 mHz were also 

observed, possibly associated with ULF wave modulation of precipitation into the polar 

cap [e.g. Weatherwax et al., 1997].  The magnetospheric substorm process was outlined 

in Section 2.5.1f. 
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Mesoscale (10s-100s of kms) structures in the polar cap consist mainly of polar 

patches and polar cap aurorae, which are ionospheric ionization structures that vary in 

geometry and evolution, and have a broad range of generation mechanisms and source 

regions.  Smaller scale (microscale - less than a few kms) structures are known for the 

rapid phase and amplitude fluctuations (scintillations) they produce in trans-ionospheric 

radio signals, and are beyond the scope and time resolution of data used in this study.  

Larger scale structures (macroscale – e.g. tongues of ionization), comparable to the size 

of the polar cap, are often extensions of mid-latitude storm enhanced densities, and also 

occur on time and spatial scales outside the interest of this study. 

Polar cap patches (Section 2.5.2b) are F region density enhancements/depletions 

(>100 km) most often observed during periods of southward IMF (negative IMF Bz).  

Several studies have reported GPS TEC observations of polar cap patches [e.g. Burston et 

al., 2010; Krankowski et al., 2006], with reported TEC enhancements of up to 10-15 

TECU.  Magnitude, spatial scales, and temporal scales of electron density variations 

associated with patches can be quite random, typically resulting in lower frequency (<2 

mHz) variations in TEC.   

Polar cap auroral forms (Section 2.5.1f) are often interpreted as signatures or 

“footprints” of electrodynamic processes in the magnetospheric boundary layers or 

plasma sheet.  Jayachandran et al. [2009a] presented observations of a polar cap arc, 

which resulted in TEC enhancements of 0.3-2.0 TECU associated with E region 

ionization.  Sun-aligned arcs are observed during northward IMF, and are associated with 

abrupt flow reversals and field aligned currents extending parallel to the Sun-Earth line.   

Jayachandran et al. [2012] introduced observations of quasi-periodic variations in GPS 
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TEC associated with poleward moving sun aligned arcs (PMSAAs).  In that study, 

concurrent all sky images showed multiple morning side features originating adjacent to 

the auroral oval and propagating poleward, while multiple GPS satellites from two 

receivers showed TEC variations of 1-4 TECU in magnitude with discrete frequency 

components in the range of 1.6-22.8 mHz.  These frequencies were associated with 

poleward motion of the arcs as well as smaller scale structuring within the arcs.   

Periodic variations in riometer absorption and optical observations of pulsating 

aurora in the polar regions have been attributed to modulation of particle precipitation by 

magnetospheric ULF waves (Section 2.4.5).  Weatherwax et al. [1997] observed 

significant variations in riometer absorption associated with high energy substorm 

precipitation in the Antarctic polar cap.  Variation frequencies were of 1-4 mHz and most 

likely a result of modulation of the precipitation by Pc5 Alfvén waves.  Similar 

frequencies were simultaneously observed in ground magnetometer data.  Since 

observations from multiple stations showed discrete frequencies of oscillation which 

occurred in a latitudinally narrow region (~1°), the authors speculated this event resulted 

from compressional mode excitation of field line resonance (FLR) on closed field lines 

threading the plasma sheet. 

This study examines six years of low frequency (<100 mHz) variations in GPS-

derived TEC of CHAIN.  TEC variations at these frequencies are due to mesoscale (10s-

100s of kms) ionospheric ionization structures.  Characteristics (e.g. occurrence, 

frequency, amplitude) of TEC variations were examined as a function of magnetic local 

time and latitude, solar activity, season and for various solar wind conditions, in order to 

examine characteristics and source regions of ionization structures associated with TEC 
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variations.  Co-located Canadian Advanced Digital Ionosondes (CADIs) of CHAIN were 

also used to estimate altitudes of ionization structures associated with variations in TEC, 

in order to separately examine the characteristics of structures involving ionization of the 

E region and F region ionosphere. 

 Statistical results indicated that solar activity level, season, solar wind-

magnetosphere coupling rate, and orientation of the interplanetary magnetic field (IMF) 

were the most significant factors governing the occurrence and amplitude of E and F 

region TEC variations.  The exact influence of these factors strongly depended on 

magnetic local time, latitude and altitude of ionization in the ionosphere, with multiple 

occurrence maxima typically observed on the dayside polar cap, and largest amplitude 

TEC variations most often occurring around noon.  High nightside occurrence and 

amplitudes were also observed under certain conditions.  The frequency distribution of 

TEC variations followed an exponential distribution, with a higher occurrence of lower 

frequency variations.  The exact shape of this power law distribution depended strongly 

on latitude and local time, with a greater proportion of higher frequency variations 

observed on the dayside polar cap, in regions corresponding to magnetospheric boundary 

layers.  Unexpected, distinct peaks around 2 and 4 mHz were superposed on the power 

law distribution, which, upon examining frequency distributions for local times and 

latitudes mapping to various magnetospheric regions, originated from polar cap regions 

mapping to the plasma mantle boundary layer and, to a lesser extent, regions deep in the 

polar cap mapping directly to the solar wind. 

 Aside from better understanding of the physics, results from this work will 

contribute to ongoing improvements of satellite and ground based communication 
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capabilities at high latitudes.  Ionospheric irregularities result in in significant position 

errors in GNSSs such as GPS [Lanzerotti, 2001], as well as enhancements or severe 

limitations of high frequency (HF) radio communication capabilities [Zaalov et al., 

2003].  Since the source and mechanism of these irregularities is not well understood, the 

ability to forecast and mitigate effects on navigation and communication signals is 

limited.  Due to increasing infrastructure, air and marine traffic, and exploration of 

natural resources in the Arctic, both Government and industry have significant interest in 

improving navigation and communication capabilities in this region.   Statistical results 

of this study can potentially improve capabilities to forecast occurrence of particular 

plasma irregularities based on solar wind conditions and local time/latitude, thus 

increasing capabilities to predict and correct for subsequent effects on ionospheric radio 

signals. 

 

4.2 Data and Method of Analysis 

Geomagnetic coordinates of the five co-located CHAIN GPS receivers and CADI 

ionosondes used in this study were shown in Figure 3.1 (red dots).  All available GPS 

TEC data for 1 January 2009 to 31 December 2014 from five CHAIN GPS receivers was 

collected and analyzed.  This study is limited to TEC measurements collected from 

satellites at elevation angles greater than 25°, and TEC constituting at least 1 hour of 

continuous measurements with no cycle slips.  Cycle slips occur when sharp ionospheric 

density gradients result in loss of lock between the GPS satellite and ground receiver.  To 

collect frequency statistics of TEC variations, dynamic power spectra of TEC were 
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calculated using the S transform [Stockwell et al., 1996; Mansinha et al., 1997].   To 

eliminate effects of noise in the carrier phase TEC, only TEC variations at frequencies 

less than 100 mHz (10 seconds) are considered in this study.  Detrending of the TEC also 

limits this study to TEC variations greater than 0.37 mHz.  This frequency range 

corresponds to mesoscale (10s-1000s km) structures in the ionosphere.  More than 99.5% 

of observed TEC variations were at frequencies in the range of 0.37-50 mHz. 

The primary purpose of this study is to examine the occurrence, amplitude and 

frequency of TEC variations as a function of magnetic local time (MLT), magnetic 

latitude (MLat), solar activity, season, and solar wind conditions.  To examine the 

characteristics of TEC variations as a function of solar wind-magnetosphere coupling and 

interplanetary magnetic field (IMF) orientation, solar wind data from the OMNI database 

(http://omniweb.gsfc.nasa.gov/) were recorded for each observed TEC variation. 

The calculated TEC is often called slant TEC since GPS signals travel on a 

slanted path with respect to zenith of the ground receiver (unless the satellite is directly 

overhead the receiver).  As a result, the estimated local time and latitude for a particular 

TEC variation depends on the ionospheric altitude from which the disturbance is 

estimated to originate.  This is illustrated in Figure 4.1, which shows magnetic local times 

and latitudes of GPS satellite-to-receiver ray paths at points where they intersect the 

ionosphere at 110 km (left panel) in the E region and 270 km (right panel) in the F 

region.  Altitude adjusted, corrected geomagnetic (AACGM) coordinates are used for 

magnetic latitude and local time.  Each arrow in the figure represents an individual 

satellite-to-receiver ray path, and shows magnetic coordinates for a particular ray path 
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over time as the corresponding GPS satellite moves overhead.  The point at which a 

satellite-to-receiver ray path crosses the ionosphere at a certain altitude is called the 

ionospheric pierce point (IPP) for that ray path.  For 110 km and 270 km, one day (24 

hours) of IPP trajectories are plotted for all five receivers (color coded) and for ray paths 

from all visible satellites above 25° elevation.  Most satellites spend about 1-4 hours 

above 25º elevation for receivers in the polar cap.  Due to the slanted path of the satellite 

signal with respect to receiver zenith, IPPs at lower altitudes in the ionosphere are more 

concentrated around receiver latitude than IPPs for higher altitudes.  This is clearly seen 

in Figure 4.1, where IPP trajectories at 270 km altitude provide more coverage in latitude, 

Figure 4.1: Coordinates (MLT, MLat) of IPP trajectories at 110 km (left 
panel) and 
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while IPP trajectories at 110 km are concentrated around the latitude of the respective 

receiver. 

In this study, Canadian Advanced Digital Ionosondes (CADIs - Section 3.3) were 

used to estimate the altitude in the ionosphere from which variations in TEC originate, as 

well as the horizontal drift velocity of the ionosphere.  CHAIN CADIs employ vertical 

sounding at HF frequencies in the range of 0.1-22.5 MHz to obtain a bottom-side profile 

of the ionosphere.  CADI fixed frequency (group range) measurements are available at 30 

second resolution.  CADIs also measure the bulk drift velocity at 30 second resolution 

using a multi-receiver interferometry technique.  For the purposes of estimating magnetic 

local time and latitude of TEC variations, ionospheric altitudes of TEC variations were 

estimated based on CADI ionosonde group range measurements.  For each TEC 

variation, the lowest altitude at which reflected power was observed in the group range 

was taken as the altitude contributing to the variation in TEC. 

For presenting results in this chapter, TEC variations have been divided into two 

categories: variations in TEC entirely due to ionization in the F region, and variations in 

TEC which involve ionization of the E region.  Note that observation of E region 

ionization in the CADI group range does not discount the possibility of simultaneous F 

region structuring that also results in variations in TEC. 

Figure 4.2 shows an example of TEC variations due to entirely F region 

ionization, as observed by the GPS receiver and CADI located in Pond Inlet.  The top 

panel of Figure 4.2 shows the CADI group range at 5 mHz, which is the altitude and 

power of the reflected 5 mHz signal over time.  Structuring in the F region ionosphere is  
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Figure 4.2: Pond Inlet CADI group range at 5 MHz (top), GPS TEC 
from PRN 18 (middle), and the TEC dynamic power spectrum (bottom).  
MLT and MLat  for the PRN 18 IPP were calculated at 270 km altitude. 
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Figure 4.3: Cambridge Bay CADI group range at 4 MHz (top), GPS 
TEC from PRN 7 (middle), and the TEC dynamic power spectrum 
(bottom).  MLT and MLat  for the PRN 7 IPP were calculated at 110 
km altitude. 
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indicated by the varying height of the reflected signal, which varies from 250-350 km 

over the entire 16:00-19:00 UTC time interval.  Multiple GPS satellites linked to the 

Pond Inlet receiver observed significant TEC variations due to F region disturbances over 

this time interval.  The second panel of Figure 4.2 shows one example of TEC from PRN 

18, where TEC variations with peak-to-peak amplitude of 1-5 TECU were observed from 

16:00 to 19:00 UTC due to the structuring in the F region.  The bottom panel of Figure 

4.2 shows the dynamic power spectrum of TEC from PRN 18, which revealed significant 

frequency components in the range of 0-30 mHz.  Universal time coordinated (UTC), 

magnetic local time on the Pond Inlet CADI, and magnetic local time and latitude of the 

270 km IPP of PRN 18 are indicated on the time axis. 

An example of TEC variations involving E region ionization is shown in Figure 

4.3.  The top panel of Figure 4.3 shows CADI 4 MHz group range over a 3 hour interval 

of disturbed ionosphere above Cambridge Bay.  Starting around 13:20 UTC and observed 

until 16:00 UTC, significant enhanced ionization occurred in the E region ionosphere, as 

indicated by vertical streaks at E region altitudes as low as 110 km.  Coinciding with the 

appearance of enhanced E region ionization was the onset of significant TEC variations 

observed by multiple GPS satellite signals linked to the Cambridge Bay receiver.  

Measurements of PRN 7 are shown in the second panel of Figure 4.3, where variations of 

1-4 TECU were observed during enhanced E ionization.  The TEC dynamic power 

spectrum in the third panel shows discrete spectral components in the range of 1-20 mHz 

from 13:20 to 16:00 UTC. 

There are several factors at play which determine the observed frequency of TEC 

variations.  These factors include the motion, geometry, and lifetime of ionization 
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structures, as well as the horizontal velocity of GPS ray paths due to satellite motion.  

Aside from the motion of GPS ray paths, the degree to which each of these factors will 

impact TEC variations depends largely on the source and generation mechanism of the 

atmospheric ionization, and how these ionization structures evolve.  The motion of GPS 

ray paths through the ionosphere can potentially result in unwanted “Doppler shifts” in 

TEC variations, which result from the relative motion of ionospheric structures and GPS 

ray paths observing these structures.  Since the purpose of this study is to investigate 

characteristics of ionospheric ionization structures, TEC variation frequencies should 

ideally reflect the motion, geometry and lifetime of ionization structures.  An impact on 

observed frequencies due to GPS satellite motion is undesirable. 

If both the horizontal velocity of ionization structures and the velocity of the GPS 

ray path are known, the effect of the Doppler shift in an observed TEC variation due to 

GPS satellite motion can reduced using: 

                                                 21 ipp struct
corr obs

struct

f f
 •

=  + 
 
 

v v

v
                                          (4.1) 

fobs is the frequency of the observed TEC variation, fcorr is the frequency of the TEC 

variation corrected for relative motion of the ionosphere and GPS satellite ray path, vipp is 

the velocity of the satellite IPP, and vstruct is the horizontal drift velocity of the ionization 

structure.  Drift velocities of CADI were used for vstruct.  For the entire statistical study, 

Equation 4.1 resulted in corrections of TEC variation frequencies by up to a factor of 2, 

although 89% of observed events required a correction factor of 1.2 or less.  Application 

of Equation 4.1 did not significantly alter the statistical results presented in this chapter. 
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Figure 4.4 shows the total number of TEC measurements made by GPS satellites 

during the six year study, at a cadence of 1 second.  “Number of observations” is 

represented by color in the color contour plots, and is plotted over 00:00-24:00 magnetic 

local time (MLT) and 74º-90º magnetic latitude (MLat).  “Number of observations” was 

collected in bins of 00:15 MLT and 0.25º MLat.  The left plot shows F region 

observations at 270 km, and the right plot shows E region observations at 110 km.  

Between 75º and 89º MLat, there were more than 106 observations of the F region 

throughout the polar cap.  Latitudes where total number of observations was less than 105 

Figure 4.4: Total number of 1 second TEC measurements from all GPS 
receivers and satellites over the 6 year study, for IPPs at 270 km in the F 
region (left panel) and for IPPs at 110 km in the E region (right panel).  
Data was collected in bins of size 00:15 MLT, 0.25º MLat. 
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are not included in this study.   For F region observations, this includes geomagnetic 

latitudes greater than 89º.  For E region observations, this includes latitudes less than 

75.5º, between 80.0º and 80.5º, and between 85.0º and 86.5º. 

 

4.3 Occurrence and amplitude of TEC variations 

4.3.1 Yearly occurrence and amplitude 

Yearly occurrence and amplitude statistics of TEC variations are shown in Figure 

4.5.  For comparison of occurrence and amplitude to solar activity level, the mean annual 

sunspot number for 2009 to 2014 is plotted in Figure 4.5a.  There were almost no 

sunspots observed during the historically low solar minimum in 2009, while a modest 

increase in number of sunspots from 16 in 2010 to 79 in 2014 reflects the weak 24th solar 

cycle.   

Figure 4.5b plots the yearly occurrence rate of TEC variations greater than 1 

TECU for events arising from F region ionization (top row) and events involving E 

region ionization (bottom row).  For each 00:15 MLT, 0.25º MLat bin, occurrence rate 

was calculated by dividing total number of observations by the number of observations 

that included TEC variations of 1 TECU or greater (peak-to-peak amplitude).  

Occurrence rate is represented by color, where an occurrence of 0.4 indicates that TEC 

variations of at least 1 TECU were observed 40% of the time.  Latitudes at which 

insufficient observations were made for statistical purposes are colored white.  For F  
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Figure 4.5: a) Yearly average sunspot number; b) yearly occurrence of TEC 
variations >1 TECU (occurrence of 0.4 indicates variations were observed 
40% of the time); c) yearly occurrence of TEC variations >1 TECU 
integrated over magnetic local time and latitude; d) yearly average 
amplitudes of TEC variations. 
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region TEC variations, multiple distinct dayside occurrence maxima of 0.32-0.45 were 

consistently observed from year to year.  In 2009, during extremely low solar activity, 

two distinct maxima were observed, one at 0.38 in the morning sector centered at 09:30 

MLT and 80.0º MLat, and a second of 0.35 in the afternoon sector centered at 14:00 

MLT and 78.5º MLat.  Significant TEC variations were observed more than 30% across 

the dayside from 06:00 to 17:00 MLT, at latitudes of 76.0º-83.0º.  Occurrence dropped 

significantly to less than 0.10 at higher latitudes greater than 83.0º, at lower latitudes less 

than 76.0º between 09:00 and 13:00 MLT, and on the nightside polar cap (< 06:00 MLT 

and >18:00 MLT).  Low occurrence was also observed at low latitudes <76º in the 

morning sector.  Note that the terms “dayside” (06:00-18:00 MLT) and “nightside” 

(>06:00 MLT and <18:00 MLT) are used to specify particular local times, and that the 

polar cap at all local times can be entirely sunlit or dark depending on season.  

Occurrence in 2010 was similar to that of 2009, but with a single band of high occurrence 

>0.35 extending across the dayside from 07:30 to 15:00 MLT, rather than the 

“occurrence gap” observed in 2009 around 11:30 MLT.  Afternoon occurrence in 2010 

again peaked at a slightly lower latitude than the morning occurrence.  Occurrence at 

higher latitudes greater than 83.0º and in the nightside polar cap also increased slightly in 

2010.  From 2011-2014, three distinct dayside maxima of 0.32-0.45 were observed, two 

of which were centered at similar locations to the morning-afternoon maxima observed in 

2009, plus a third, lower latitude morning maximum centered at 08:30-09:00 MLT and 

77.5º-78.5º MLat.  The afternoon occurrence maximum was highest in 2012 at 0.43, and 

lowest in 2014 at 0.33.  The high latitude morning maximum was highest in 2014 at 0.45, 

with high occurrence >0.35 extending across noon to 14:30 MLT at similar latitudes.  A 
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fourth peak of 0.37 at 15:30 MLT, 77.5º MLat was also observed in 2014.  The high 

latitude morning maximum was lowest in 2011 and 2012 at 0.35.  The lower latitude 

morning maximum observed in 2011-2014 was highest in 2012 at 0.37 and lowest in 

2013 at 0.32. 

Unlike dayside occurrence at <83.0º, occurrence of significant TEC variations at 

dayside latitudes greater than 83.0º and at local times on the nightside consistently 

increased from year to year with solar activity, with occurrence >0.2 observed through 

the bulk of the polar cap in 2014.  Nightside occurrence decreased with increasing 

latitude, with the lowest occurrence for each year close to the magnetic pole.  Occurrence 

of F region variations integrated across all local times and latitudes is plotted in Figure 

4.5c (blue dots).  Integrated occurrence increased from year to year with solar activity, 

largely due to a yearly increase in occurrence on the nightside and close to the magnetic 

pole. 

As shown in the 2nd row of Figure 4.5b, yearly occurrence of TEC variations 

involving ionization of the E region also peaked on the dayside.  Two dayside maxima 

around 08:30 MLT, 77.0º-78.0º MLat and 14:30 MLT, 77.0º-78.0º MLat were observed 

from 2009 to 2014, while a peak in occurrence of 0.34 around 11:30 MLT, 82.0º MLat 

was observed in 2014.  Similar to F region occurrence, dayside E region occurrence was 

relatively high in 2012 with morning and afternoon occurrence maxima of 0.33 and 0.34, 

respectively.  These morning-afternoon maxima remained relatively constant for 2009-

2011 and 2013-2014, ranging from 0.28 to 0.32.  Also similar to F region occurrence was 

a yearly increase in nightside and higher latitude occurrence of E region variations.  For 

nightside latitudes of 75.0º-85.0º, occurrence increased from 0.00-0.05 in 2009 up to 0.1-
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0.2 in 2014, while occurrence at latitudes >87º increased from 0.0 in 2009 up to 0.1 in 

2014.  The yearly occurrence of E region variations integrated across local time and 

latitude is plotted in Figure 4.5c (green dots).  The integrated occurrence mainly 

increased from year to year with solar activity, with a slight decrease from 2012 to 2013. 

 The annual mean peak-to-peak amplitude of F region (top row) and E region 

(bottom row) TEC variations is plotted in Figure 4.5d for 2009-2014.  On average, the 

amplitude of TEC variations in both E and F regions clearly increased from year to year 

with solar activity, with highest amplitude variations observed on the dayside for all 6 

years.  Examining amplitudes of F region variations in 2009, two dayside amplitude 

maxima of 2.2 TECU and 2.5 TECU were observed at 10:30 MLT, 77.0 MLat and 13:45 

MLT, 77.0 MLat, respectively.  A 1.8 TECU maximum was also observed on the 

nightside at 22:30 MLT, 74.25º MLat, possibly associated with substorm activity.  This 

nightside maximum was also observed in 2010 for F region variations, but was not 

distinguishable in 2011-2014.  For 2010-2014, a single dayside maximum was observed 

close to noon between 11:00 and 13:00 MLT, and between 77.0º and 81.0º MLat.  The 

dayside maximum was 2.9 TECU in 2010, and increased each year up to 5.2 TECU in 

2014.  Referring to occurrence of F region variations in Figure 4.5b, local times of 10:00-

12:00 MLT and latitudes less than 79º were locations of relatively low occurrence 

compared to the surrounding morning-afternoon maxima, while average amplitudes of F 

region variations in these locations were largest, especially in 2012-2014.  In 2014 most 

of the dayside polar cap between 08:00 and 15:00 MLT observed variations, on average, 

greater than 4.0 TECU, while higher latitudes and nightside regions observed variations 

averaging more than 2.5 TECU.  Also in 2014, amplitudes greater than 4.0 TECU at 
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latitudes of 78.0º-82.5º extended in the afternoon to 18:00 MLT.  An early morning 

minimum in amplitude of variations was also observed for all years, with the lowest 

average amplitudes observed at latitudes less than 78.0º between 02:00 and 05:00 MLT.  

Minimum amplitudes ranged from 1.4 TECU in 2009 up to 2.3 TECU in 2014. 

For 2009-2014, the average amplitude of E region variations peaked between 

11:30 MLT and 14:00 MLT, at a latitude of 77.0º.  In 2009, a maximum of 2.8 TECU at 

14:00 MLT and 77.0º MLat was observed, while a smaller maximum of 2.3 TECU was 

observed at 10:00 MLT and 77.0º MLat, similar to F region variations in 2009.  These 

maxima were located slightly closer to noon than the occurrence maxima for 2009 in 

Figure 4.5b.  In 2010-2013, a single dayside maximum was observed at 12:30-01:00 

MLT and 77.0º MLat, which increased each year from 3.6 to 4.4 TECU.  These maxima 

were again slightly closer to noon than the yearly afternoon occurrence maxima for E 

region TEC variations.  In 2014, a single dayside maximum located at 11:30 MLT and 

77.0º MLat was observed, which was centered in local time between the morning-

afternoon occurrence maximum at 77.0º in Figure 4.5b.  Nightside amplitude maxima for 

E region variations were observed each year around 23:30 MLT and 76.5º MLat, with the 

exception of 2012 when low nightside amplitudes were observed.  These nightside 

maxima increased yearly from 2.4 TECU in 2009 to 2.9 TECU in 2014.  Amplitudes near 

the magnetic pole (>87º MLat) also increased from year to year, averaging 1.3 TECU in 

2009 and up to 3.1 TECU in 2014.  Amplitudes of E variations near the magnetic pole 

were typically higher in the morning sector compared to variations that occurred in the 

afternoon. 
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4.3.2 Seasonal occurrence and amplitude 

Figure 4.6 shows the seasonal occurrence (a) and average amplitude (b) of TEC 

variations for all 6 years.  Seasons are classified such that summer and winter are 

centered on summer and winter solstice, while fall and spring are centered on autumnal 

and vernal equinox, respectively. The top row of Figure 4.6a shows seasonal occurrence 

of F region TEC variations >1 TECU.  The three dayside occurrence maxima observed in 

yearly F region occurrence in Figure 4.5a were also evident in the seasonal occurrence: 

two morning-afternoon peaks around 78.0º MLat, and a third pre-noon peak around 81.0º 

MLat.   The low latitude morning maximum was absent in summer.  Dayside occurrence 

for F region variations was highest in winter, with lower latitude maxima of 0.48 and 

0.43 in the morning and afternoon, respectively, and a higher latitude pre-noon maximum 

of 0.46.  Dayside occurrence was also relatively high in the fall months, with lower 

latitude maxima of 0.42 and 0.38 in the morning and afternoon, and a higher latitude 

morning maximum of 0.36.  In the spring, an afternoon occurrence maximum of 0.33 was 

observed, while the higher latitude morning occurrence maximum was higher than in fall 

at 0.41.  The lower latitude morning maximum in spring was significantly smaller at 0.31.  

Summer F region occurrence maxima were smallest at 0.32 in the afternoon and 0.34 at 

higher latitudes in the morning.  As was observed in the yearly occurrence, low dayside 

occurrence of TEC variations was observed from 09:00 to 13:00 MLT and below 76.0º 

MLat in all four seasons.  Despite the highest dayside occurrence in the winter, this was 

also the season with the lowest occurrence of F region variations on the nightside and 

close to the magnetic pole.  At local times after 22:00 MLT and before 03:00 MLT, 
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Figure 4.6: a) Seasonal occurrence of TEC variations >1 TECU due to F 
region (top row) and E region (bottom row) ionization; b) average seasonal 
amplitude of TEC variations due to F region (top row) and E region (bottom 
row) ionization. 
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winter occurrence was below 0.12.  Highest nightside occurrence was in the spring, 

greater than 0.20 for latitudes below 78.0º, while nightside occurrence during fall and 

summer was in the range of 0.15-0.20.  Occurrence below 78.0º was lowest at local times 

of 21:00-22:30 MLT for all four seasons, while occurrence for higher latitudes 

approaching the magnetic pole ranged from 0.05-0.15 for all four seasons, and was 

highest in spring. 

Dayside seasonal occurrence of TEC variations involving E ionization showed 

three dayside maxima at similar latitudes and local times as F region occurrence. The low 

latitude morning maximum at 08:00 MLT, 78.0º MLat was highest in the winter at 0.39, 

and lowest in the summer at 0.22.  Corresponding fall and spring maxima were 0.33 and 

0.34, respectively.   The afternoon maximum around 14:30 MLT, 77.5º MLat was similar 

for all seasons, ranging from 0.31 in fall to 0.34 in summer.  The high latitude morning 

maximum at 09:30 MLT, 82.0º MLat was 0.33 in summer and spring, however this 

maximum was not observed in winter and fall.  Nightside fall occurrence at lower 

latitudes <79.0º MLat was greater than 0.15 at all local times, while nightside occurrence 

in winter peaked around midnight at 0.17.  Occurrence in these regions was slightly lower 

during summer and spring.  Occurrence at higher latitudes approaching the magnetic pole 

was in the range of 0.02-0.08 for all seasons. 

The seasonal average amplitudes of TEC variations are shown in Figure 4.6b for 

F region (top row) and E region (bottom row) variations.  For all seasons, highest 

amplitudes F region variations were observed across noon on the dayside, around 74.5-

75.5º MLat.  The dayside maximum was highest in winter at 5.4 TECU, centered slightly 

prenoon at 11:15 MLT and 75.0º MLat.  Fall amplitudes peaked at 4.3 TECU at 11:45 
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MLT, 75.0º MLat, while spring amplitudes had a dayside maximum of 3.2 TECU at 

12:30 MLT, 75.0 MLat.  TEC variations in the summer had the smallest amplitudes on 

average, with a dayside maximum of 2.6 TECU at 12:30 MLT, 75.0º MLat.  Amplitude 

of F region variations were highest in winter throughout the polar cap, with amplitudes 

greater than 4.0 TECU observed at latitudes extending to the magnetic pole, and into the 

afternoon at 17:00 MLT between 79.0º and 85.0º MLat.  Nightside winter amplitudes 

were greater than 2.5 TECU in most regions, while morning and evening minima of 1.6 

TECU and 1.8 TECU were observed at 04:00 MLT and 19:30 MLT, respectively, at a 

latitude of 74.0º.    Average amplitudes of F region variations in the fall were also 

relatively high, greater than 2.0 TECU throughout most of the polar cap.  Fall morning-

evening minima of 0.9 TECU and 1.6 TECU were centered at 04:30 MLT, 74.0º MLat 

and 19:15 MLT, 74.0º MLat, respectively.  Spring F region variations averaged 1.0-2.0 

TECU at local times less then 09:00 MLT and greater than 15:00 MLT, with an early 

morning minimum of 0.8 TECU at 05:00 MLT, 74.25º MLat, and an evening minimum 

of 1.4 TECU at 18:30 MLT, 74.5º MLat.  F region TEC variations observed in the 

summer were lowest amplitude on average, from 2.0 to 2.5 TECU between 09:00 and 

15:00 MLT on the dayside, and less than 1.5 TECU at all other local times.  An early 

morning summer minimum of 0.7 TECU was observed at 04:30 MLT, 74.0º MLat, while 

an evening minimum of 1.3 TECU was observed at 18:30 MLT, 74.5º MLat.  Similar to 

yearly variations in Figure 4.5, highest seasonal F region occurrence was observed 

towards the dawn-dusk flanks of the polar cap, while the highest amplitudes on average 

were observed across noon. 
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Average amplitude of E region variations was also highest in winter months, with 

a dayside maximum of 4.3 TECU at 13:00 MLT, 76.0º MLat, about 2 hours later than the 

F region winter amplitude maximum.  A nightside winter maximum of 2.5 TECU was 

also observed, centered at 23:30 MLT, 76.0 MLat.  Average amplitudes of winter dayside 

E region variations were mostly greater than 2.5 TECU, while variations on the nightside 

and around the magnetic pole ranged from 1.6 to 2.5 TECU.  Winter amplitudes less than 

2.0 TECU were observed at latitudes less than 86.0º between 03:00 and 05:00 MLT, with 

an evening minimum of 1.8 TECU at 19:30 MLT, 74.25º MLat.  A dayside maximum of 

3.5 TECU for fall variations was observed at 13:00 MLT, 76.0º MLat, while a nightside 

maximum of 2.4 TECU was observed at 23:30 MLT, 76.0 MLat, similar to that of winter.  

Low fall amplitudes less than 1.5 TECU were observed by the Eureka receiver around the 

magnetic pole, while average amplitudes less than 2.0 TECU were observed between 

02:30 and 05:30 MLT.  An evening minimum of 1.6 TECU at 19:00 MLT, 76.0º MLat 

was also observed in the fall.  Spring amplitudes peaked at 2.5 TECU at 12:30 MLT, 

76.5º MLat, with amplitudes of 1.5 – 2.5 TECU observed through most of the dayside.  

Spring E region variations around the magnetic pole ranged from 2.2 TECU in the 

morning to 1.1 TECU in the afternoon/night, while variations at other nightside latitudes 

ranged from 1.2-2.3 TECU.  A low latitude nightside peak for amplitudes of E region 

variations was not apparent in spring.  Similar to F region TEC variations, average 

amplitudes of E region variations were smallest in summer, peaking at 2.4 TECU at 

13:00 MLT, 76.5º MLat on the dayside.  Dayside summer amplitudes ranged from 1.2-

2.4 TECU, with average amplitudes near the magnetic pole of 2.0 TECU in the morning-
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noon sector and 1.1 TECU in the afternoon-evening.  Average nightside amplitudes 

ranged from 0.9-1.6 TECU, with no obvious low latitude, nightside peak. 

 

4.3.3 Occurrence and amplitude with variable solar wind-

magnetosphere coupling rate 

This section summarizes statistics of TEC variations for variable solar wind-

magnetosphere coupling rate ( d dtΦ ).  The empirical function of Newell et al. [2007] 

was used for coupling rate: 

              ( )
2 84 32 2 13 3sin tan

2
y

sw y z
z

Bdrate v B B
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φ φ −  Φ  = = + =   
   

             (4.2) 

 

 where vsw is the solar wind speed (units of km/s) and Bx, By, and Bz are IMF components 

in GSM coordinates (units of nT).  This coupling rate quantifies the flux of newly opened 

geomagnetic field lines at the magnetopause, which Newell et al. [2007] found to be a 

good indicator of the overall level of magnetospheric activity and a number of 

geomagnetic indices.  Higher coupling rates correspond to higher rates of reconnection 

between the IMF and geomagnetic field, and subsequently higher rates of solar wind 

energy transfer into the magnetosphere. In Newell et al. [2007], two of the quantities used 

for quantifying the overall level of geomagnetic activity were related to the polar cap: 

the“SuperDARN/OVATION Polar Cap Index ( PCΦ )”, which quantifies the total 

magnetic flux in the polar cap, and thus the size of the polar cap; and the equatorward  
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boundary of the polar cusp ( cΛ ), which characterizes the location and extent of magnetic 

reconnection on the dayside.  Figure 4.7 shows the percentage of solar wind 

measurements that resulted in various coupling rates for 2009-2014, with the histogram 

divided into bins of 1000. About ~60% of observed coupling rates were less than 3000.   

Figure 4.8a shows occurrence of F region TEC variations as a function of solar 

wind-magnetosphere coupling rate.  For low coupling rates <1000, which were observed 

~28% of the time, morning-afternoon occurrence maxima of 0.30 and 0.28 were observed 

at 08:15 MLT, 81.0º MLat and 14:30 MLT, 79.0º MLat, respectively.  For increasing 

coupling rate, the morning maximum around 81.0º MLat increased and moved closed to 

Figure 4.7: Histogram of solar wind-magnetosphere 
coupling rates observed for 2009-2014 (from the OMNI 
database). 
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noon, and was located around 11:00-11:30 MLT for rates >2000.  Occurrence at this 

maximum ranged from 0.31-0.35 for rates >1000.  Similar to the morning maximum, the 

afternoon occurrence maximum increased and moved closer to noon with increasing 

coupling rate, and also shifted to lower latitudes.  For increasing rate from 1000 to 

>10000, this maximum increased from 0.28 to 0.46, and shifted from 14:30 MLT, 78.5º 

MLat to 12:45 MLT, 77.5º MLat.  The lower latitude morning maximum around 76.0-

78.0º MLat observed in yearly and seasonal F region occurrence was evident for coupling 

rates >3000.  This maximum also increased, shifted closer to local noon, and shifted to 

lower latitudes with increasing coupling rate.  For rates of 3000-4000, this morning 

maximum peaked at 0.28 at 08:30 MLT, 78.0º MLat, while a peak of 0.44 at 11:30 MLT, 

77.0º MLat was observed for rates >10000. 

Occurrence of F region variations on the nightside and at latitudes near the magnetic pole 

also increased with coupling rate.  Nightside occurrence of was mainly less than 0.10 for 

rates below 1000, while nightside occurrence at latitudes <82.0º was around 0.15-0.25 for 

rates >10000.  Occurrence close to the magnetic pole was around 0.1-0.2 for highest 

coupling rates.  Figure 4.8b shows the occurrence of F region variations for variable 

coupling rate, integrated over all local times and latitudes >74.0º MLat.  A clear increase 

in integrated occurrence with coupling rate was observed, reflecting the increased 

occurrence rate throughout the polar cap. 

Figure 4.9a shows the occurrence of E region TEC variations with variable 

coupling rate.  Three distinct dayside maxima were consistently observed for coupling 

rates <6000, while occurrence for higher coupling was somewhat less structured.  Unlike 
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Figure 4.8: a) Occurrence of F region TEC variations >1 TECU with variable 
solar wind-magnetosphere coupling rate; b) Occurrence of F region TEC 
variations integrated over magnetic local time and latitude. 
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pre and post noon occurrence maxima for F region variations, dayside occurrence peaks 

for E region variations at 77.0º-78.0º MLat did not shift towards noon with increased 

coupling rate.  A morning maximum of 0.16 was observed at 08:00 MLT, 77.5º MLat for 

low coupling rates <1000, and increased to 0.36 for highest coupling rates >10000.  This 

maximum also shifted to later local times for higher coupling rates, peaking at 07:00 

MLT for rates >9000.  An afternoon maximum of 0.14 was observed at 15:30 MLT, 

77.5º MLat for coupling rates <1000.  For rates of 1000-8000, this maximum was 

centered at 14:30 MLT, 77.5º MLat, and increased from 0.23 to 0.33.  Afternoon 

occurrence was highest for rates of 6000-7000, peaking at 0.37.  For rates >8000, two 

distinct afternoon maxima of 0.29-0.34 were observed around 77.5º MLat, centered at 

local times of 12:15 MLT and 14:30 MLT for coupling rates of 8000-10000, and 13:15 

MLT and 16:00 MLT for rates >10000.  A higher latitude morning maximum was also 

observed for E region occurrence at 78.0º-78.5º MLat, which shifted from 09:15 MLT at 

lowest rates to around 12:00 MLT for rates >10000.  This shift towards noon was also 

observed in F region occurrence at this latitude.  The higher latitude morning maximum 

for E region variations showed no systematic increase with coupling rate, ranging from 

0.26 to 0.31 for all coupling rates. 

Nightside occurrence of E region variations at latitudes less than 83.0º MLat increased 

with coupling rate, with nightside occurrence of 0.02-0.08 for rates <1000 and 0.04-0.20 

for rates >10000.  For 03:00-06:00 MLT and <78.0º MLat in the early morning, 

occurrence of up to 0.31 was observed at rates >10000.  Occurrence at latitudes >83.0º 

MLat near the magnetic pole was relatively constant, ranging from 0.00 to 0.05 for all 
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Figure 4.9: a) Occurrence of E region TEC variations >1 TECU with variable 
solar wind-magnetosphere coupling rate; b) Occurrence of E region TEC 
variations integrated over magnetic local time and latitude. 
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coupling rates.  Figure 4.9b plots the integrated occurrence of E region TEC variations 

for variable coupling rate.  Similar to F region variations, integrated occurrence for E 

region variations clearly increased with coupling rate, reflecting the increased occurrence 

of E region ionization in the polar cap with increased solar wind-magnetosphere 

coupling. 

Figure 4.10 shows average peak-to-peak amplitude of F region TEC variations with 

variable solar wind-magnetosphere coupling rate.  Average amplitudes were clearly 

proportional to coupling rate throughout the polar cap.  For lowest rates <1000, a dayside 

amplitude maximum of 3.3 TECU was centered at 13:00 MLT, 77.5º MLat, similar to the 

post-noon amplitude peaks observed in 2009, 2010, and summer months.  A small peak 

in average amplitude of 2.3 TECU was observed around 24:00 MLT, 74.0º MLat, with 

amplitude minima of 1.9 and 2.1 TECU in the early morning (04:00 MLT, 74.0º MLat) 

and evening (19:00 MLT, 75.0º MLat), respectively.  Average amplitudes throughout the 

polar cap steadily increased with coupling rate, with dayside maxima around noon and 

77.0º-77.5º MLat increasing from 3.4 TECU at rates of 1000-2000 to 5.5 TECU at very 

high rates >10000.  For rates >6000, the dayside maximum shifted to the pre-noon sector 

around 11:15-11:45 MLT.  The early morning minimum around 03:00-05:00 MLT 

increased from 1.8 TECU at rates of 1000-2000 to 2.3 TECU at rates > 10000, while the 

evening amplitude minimum increased from 2.0 to 3.1 TECU for these same rates.  

Average amplitudes at lower latitudes around midnight also increased from 2.4 TECU for 

rates of 1000-2000, up to 3.8 TECU for rates >10000,  with maximum nightside 

amplitudes centered at 22:00 MLT and 78.5º MLat for highest coupling rates.  Average  
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Figure 4.10: Average amplitudes of F region TEC variations for variable solar 
wind-magnetosphere coupling rate. 
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amplitudes close to the magnetic pole (>86.0º MLat) increased from 2.1-2.4 TECU for 

lowest coupling rates, up to 3.3-4.2 TECU for highest coupling rates. 

Figure 4.11 shows average amplitudes of E region TEC variations with variable coupling 

rate.  Variations involving E ionization were, on average, smaller than variations for F 

region ionization, but showed a similar increase in amplitude with increasing coupling 

rate throughout the polar cap.  For coupling rates of <1000 up to 6000, the dayside 

maximum for average amplitude was observed post-noon around 12:30-13:00 MLT, 

76.0º MLat, and increased from 2.9 TECU to 3.8 TECU.  For higher coupling rates, this 

maximum was observed pre-noon around 11:00-12:00 MLT, 76.0º MLat, and increased 

from 3.9 to 4.8 TECU with increasing coupling rate from 6000 to >10000.  High 

amplitudes of E region TEC variations were also observed on the nightside, where peak 

amplitudes around 24:00 MLT, 76.0º MLat increased from 2.5 TECU to 3.3 TECU with 

increasing coupling rates from <1000 to 10000.  For rates >10000, amplitudes increased 

significantly in the pre-midnight region, peaking at 3.7 TECU at 21:00 MLT, 76.0º MLat.  

Similar to F region variations, lowest amplitude E region variations were mainly 

observed in the early morning around 03:00-06:00 MLT and in the evening around 

18:00-21:00 MLT (for rates <10000).  The early morning minimum at 76.0-80.0º MLat 

increased from 2.0 TECU at rates <1000 to 2.5 TECU at rates >10000, while the evening 

amplitude minimum increased from 2.0 to 3.4 TECU for these same rates.  Average 

amplitudes close to the magnetic pole (>86.0º MLat) increased from 1.8-2.4 TECU for 

lowest coupling rates up to 2.4-3.3 TECU for highest coupling rates. 
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Figure 4.11: Average amplitudes of E region TEC variations for variable 
solar wind-magnetosphere coupling rate. 
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4.3.4 Occurrence with variable IMF BY 

 Figure 4.12 plots the percentage of solar wind measurements that resulted in 

various IMF BY (dawn-dusk component) values for 2009-2014, in bins of 2 nT.  Figure 

4.13 shows the occurrence of TEC variations >1 TECU with variable IMF BY, for both F 

region (4.13a) and E region (4.13b) variations.  Several features in the occurrence of F 

region variations showed a strong dependence on IMF BY.  In general, occurrence 

throughout the polar cap was highest for extreme (<-6 nT or >6 nT) IMF BY orientations, 

with the highest dayside occurrence observed for a duskward oriented IMF (BY >6 nT).  

Lowest occurrence throughout the polar cap was observed during periods of more neutral 

IMF BY (between -2 nT and 2 nT).  Dayside occurrence maxima of 0.33 and 0.32 were  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12: Histogram of IMF BY observed for 2009-2014. 
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observed at 09:00 MLT, 78.0º MLat and 13:15 MLT, 76.5º MLat for IMF BY <-6 nT 

(pointing dawnward), while maxima of 0.42 and 0.41 were observed at 09:30 MLT, 78.5º 

MLat and 13:30 MLT, 78.0º MLat for IMF BY >6 nT (pointing duskward).  Occurrence 

of up to 0.15-0.25 was observed through much of the nightside and near the magnetic 

pole for extreme IMF BY, while occurrence in the same region mostly ranged from 0.05-

0.15 for more neutral IMF BY.  As seen in Figure 4.12, ~75% of TEC measurements 

were made when IMF BY was between -4 nT and 4 nT.  For IMF BY between -6 nT and 0 

nT 

(dawnward), TEC variations had an afternoon proclivity, with an occurrence maximum 

around 13:00 MLT-14:00 MLT and 77.5º-78.0º MLat increasing from 0.30 to 0.35 with 

increasingly negative IMF BY.  The morning maximum around 09:30 - 10:00 MLT and 

78.0º-79.0º MLat ranged from 0.24-0.33 for -6 to 0 nT IMF BY.  For IMF BY between 0 

nT and 6 nT (duskward), a proclivity towards morning TEC variations was observed.  A 

morning occurrence maximum of 0.30-0.37 was observed for increasingly positive IMF 

BY, while the afternoon maximum increased from 0.23 to 0.34 for the same increasingly 

duskward orientation.  Occurrence through the afternoon and evening was highest for 

dawnward IMF, with an occurrence minimum of 0.04-0.10 around 02:00-03:00 MLT in 

the early morning for IMF BY <-2 nT.  Morning occurrence was highest for duskward 

IMF orientation, with an evening occurrence minimum of 0.04-0.06 at 19:30-20:00 MLT 

for IMF BY >2 nT. 

 Similar to occurrence of F region variations, occurrence of E region variations 

(Figure 4.13b) was highest throughout the polar cap when IMF BY was strongly 

dawnward (<6 nT) or duskward (>6 nT).  For BY <-6 nT, E region occurrence peaked in 
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the morning at 0.35 around 08:30 MLT, 78.0º MLat, and at 0.23 around 09:00 MLT, 

82.0º MLat. An afternoon maximum of 0.28 around 13:30 MLT, 77.5º MLat was also 

observed for strongly dawnward IMF.  Dayside occurrence was highest for BY >6 nT, 

with maxima of 0.34 at 09:00 MLT, 77.5º MLat, 0.30 at 14:30 MLT, 78.5º MLat, and 

0.31 at 10:00 MLT, 78.0º MLat.  Decreasing occurrence maxima were observed at 

similar locations for less extreme IMF BY orientations, with morning maxima of 0.22-

0.24 and 0.17-0.18 observed at 78.0º MLat and 82.0º MLat, respectively, for BY between 

-2 and 2 nT.  Nightside occurrence of E region variations at latitudes <79.0º MLat was 

significantly higher for strongly duskward or dawnward IMF, with occurrence of 0.15-

0.20 observed at nightside local times for BY <-6 nT and BY >6 nT, and occurrence of 

0.05-0.10 for IMF BY close to zero.  Occurrence for latitudes >86.0º MLat near the 

magnetic pole was highest for IMF BY >4 nT, ranging from 0.04 to 0.14, while 

occurrence at the same latitudes was less than 0.05 for IMF BY <4 nT.  For IMF BY of -6 

nT to 0 nT, the afternoon E region occurrence maximum around 78.0º MLat was higher 

than that of the morning, similar to F region occurrence in Figure 4.13a.  The afternoon  

maximum increased from 0.23 to 0.31 for more dawnward IMF BY, while the morning 

maximum increased from 0.22 to 0.29.  For increasingly duskward IMF BY from 0 nT to 

6 nT, the morning maximum increased from 0.23 to 0.32, while the afternoon maximum 

increased from 0.20 to 0.25.  The proclivity of post-noon (pre-noon) E region TEC 

variations for dawnward (duskward) oriented IMF was not as pronounced as that of F 

region variations.  Also not observed in E region occurrence was the systematic increase 

in afternoon-evening (morning) occurrence for increasingly dawnward (duskward) IMF, 

as well as the evening (morning) occurrence minimum for dawnward (duskward) IMF. 
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Figure 4.13: Occurrence of a) F region and b) E region TEC variations >1 
TECU with variable IMF BY (GSM coordinates).  Negative BY is directed 
towards dawn, while positive BY is directed towards dusk. 
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4.3.5 Occurrence with variable IMF BZ 

 Occurrence of TEC variations also had a strong dependence on the BZ (north-

south) component of the IMF.  Figure 4.14 plots the percentage of TEC measurements 

made for different orientations of IMF Bz, for the 6 year statistical study.  Approximately 

59% of TEC measurements were made for IMF BZ between -2 nT and 2 nT, and 87% for 

BZ between -4 nT and 4 nT.  Figure 4.15 plots the occurrence of F region (a) and E region 

(b) TEC variations > 1 TECU for variable IMF BZ.  For southward IMF (Bz < 0 nT), 

morning-afternoon maxima close to noon were observed in dayside occurrence of F 

region TEC variations.  These maxima shifted to lower latitudes with increasingly 

southward IMF orientation.  For IMF BZ between -2 nT and 0 nT, morning-afternoon 

maxima of 0.31 and 0.32 were observed at 10:30 MLT, 79.0º MLat and 13:00 MLT, 

78.0º MLat, respectively.  Dayside occurrence was highest for BZ between -4 nT and -2  

  

 

 

 

 

 

 

 

 

 

 
Figure 4.14: Histogram of IMF BZ observed for 2009-2014. 
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nT, with maxima of 0.35 and 0.38 at 10:30 MLT, 78.0º MLat and 13:30 MLT, 77.0º 

MLat.  For strongly southward IMF BZ (<-6 nT), the morning maximum of 0.31 was 

observed at 11:00 MLT, 76.0 MLat, while the afternoon maximum of 0.34 was observed 

at 13:30 MLT, 75.5º MLat.  Occurrence of F region variations on the nightside and near 

the magnetic pole also increased with increasingly southward IMF. Occurrence less than 

0.10 was observed on the nightside and dayside latitudes > 84.0º MLat for BZ between -2 

nT and 0 nT, while nightside and high latitude occurrence of 0.10-0.23 was observed for 

BY <-6 nT.  For northward IMF (BZ > 0 nT), morning-afternoon occurrence peaked 

further from noon and at higher latitudes than for southward IMF, with increasing 

dayside occurrence maxima for increasingly northward IMF.  For BZ between 0 nT and 2 

nT, morning-afternoon maxima of 0.30 and 0.29 were observed at 09:00 MLT, 79.0º 

MLat and 14:00 MLT, 78.0º MLat, respectively.  For BZ >2 nT, morning and afternoon 

occurrence peaked at slightly later local times of 08:00 MLT and 15:30 MLT, with an 

increase in morning maximum from 0.32 to 0.42 for increasing BZ, and an increase in 

afternoon maximum from 0.30 to 0.35.  Increased nightside and high latitude (>84º 

MLat) F region occurrence was observed for increasing northward IMF, with occurrence 

of less than 0.12 for BZ between 0 and 2 nT, and occurrence of 0.11-0.25 for IMF BZ >6 

nT.  Low dayside occurrence of <0.10 was also observed at low latitudes between 09:00 

MLT and 01:00 MLT, for IMF BZ >-2 nT. 

 Occurrence of E region variations with variable IMF BZ is shown in Figure 4.15b.  

Similar to F region occurrence, morning-afternoon maxima of 0.25 and 0.27 for highly 

southward IMF (BZ <-6 nT) were located close to noon at 11:00 MLT, 77.5º MLat and 

13:30 MLT, 77.5º MLat, respectively.  For BZ between -6 and -4 nT, a single high 



 

177 

 

occurrence band of 0.25-0.26 stretched from 08:00 MLT to 15:00 MLT at latitudes of 

77.0º-78.0º MLat, while for BZ >-4 nT, dayside occurrence maxima shifted away from 

noon.  Relatively high occurrence was observed for IMF BZ between -4 and -2 nT, with 

morning-afternoon maxima of 0.31 and 0.32 at 08:30 MLT, 77.5º MLat and 14:00 MLT, 

77.5º MLat, while occurrence maxima of 0.25 and 0.26 were observed at 08:30 MLT, 

78.0º MLat and 14:30 MLT, 77.5º MLat for BZ between -2 and 0 nT.  Nightside 

occurrence of E region TEC variations at latitudes <78.5º MLat increased significantly 

for increasingly southward IMF, from less than 0.12 for BZ between -2 and 0 nT, up to 

0.14-0.21 for BZ <-6 nT.  Occurrence at higher latitudes >81.0º MLat on the nightside 

and dayside latitudes >87.0º MLat also increased slightly from 0.02-0.05 to 0.04-0.13 for 

increasingly southward IMF BZ.  For northward IMF (BZ >0 nT), an afternoon 

occurrence maximum at 14:30 MLT, 78.0º MLat increased slightly from 0.22 to 0.25 for 

increasingly northward BZ, while the morning maximum at 78.0º MLat increased 

significantly from 0.22 for BZ of 0 to -2 nT, up to 0.31 for BZ >6 nT.  This morning 

maximum also shifted away from noon from 08:30 MLT to 07:30 MLT for increasing 

IMF BZ.  A higher latitude morning maximum at 09:00-09:30 MLT, 82.0º MLat also 

increased significantly from 0.16 to 0.31 with increasingly northward IMF.  Nightside 

occurrence of E region TEC variations was highest during periods of BZ >6 nT, ranging 

from 0.16 to 0.22 at latitudes <78.5º MLat.  Occurrence at similar nightside latitudes 

decreased to 0.05-0.11 for BZ of 0-2 nT.  At higher nightside latitudes >81.5º MLat and 

dayside latitudes >87.0º MLat, E region occurrence increased from 0.02-0.06 for BZ of 0-

2 nT up to 0.04-0.19 for BZ >6 nT. 
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Figure 4.15: Occurrence of a) F region and b) E region TEC variations >1 
TECU with variable IMF BZ (GSM coordinates).  Negative BZ is directed 
southward, while positive BZ is directed northward. 
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4.3.6 Occurrence with variable IMF BX 

 Occurrence of TEC also showed some dependence on the BX (Sunward-

Earthward) IMF component.  Figure 4.16 shows the percentage of TEC observations 

made for varying IMF BX from 2009 to 2014, with 82% of observations made during 

periods of BX between -4 and 4 nT.  Figure 4.17 shows occurrence of TEC variations due 

to F region (a) and E region (b) ionization with variable IMF BX.  Occurrence of F region 

variations was highest throughout the polar cap during periods of highly Earthward (BX 

<-6 nT) IMF orientation, with morning occurrence of 0.32-0.34 at 07:00-09:00 MLT and 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: Histogram of IMF BX observed for 2009-2014. 
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78.5º MLat, and an afternoon maximum of 0.34 at 13:30 MLT, 78.0º MLat.  For IMF BX 

ranging from -6 to 6 nT, morning-afternoon occurrence peaks were observed at 09:00-

09:30 MLT, 78.5º MLat and 

13:30-14:00 MLT, 77.5º-78.0º MLat, respectively.  Morning maxima ranged from 0.29 to 

0.33, while afternoon maxima ranged from 0.28 to 0.32, with slightly higher dayside 

occurrence for more positive or negative IMF BX.  Dayside occurrence for highly 

Sunward IMF (BX > 6 nT) was relatively uniform, ranging from 0.25 to 0.30 for latitudes 

<82.0º MLat.  Nightside occurrence was highest at post-midnight local times for BX < 0 

nT, with occurrence between 00:00 and 05:00 MLT decreasing from 0.15-0.25 for BX <-

6 nT to 0.05-0.13 for BX of -2 to 0 nT.  Lower occurrence of 0.09-0.16 was observed for 

pre-midnight local times of 19:00-00:00 MLT for BX <-6 nT and 0.04-0.12 for BX 

between -2 and 0 nT.  For Sunward IMF (BX > 0 nT), nightside occurrence was highest 

for pre-midnight local times, ranging from 0.04-0.11 for BX of 0-2 nT up to 0.09-0.23 for 

BX >6 nT.  Occurrence at post-midnight local times was lower for Sunward IMF, ranging 

from 0.04-0.12 for BX of 0-2 nT up to 0.08-0.17 for BX >6 nT.  F region TEC variations 

had a relatively low occurrence of 0.04-0.14 at high latitudes >82.0º near the magnetic 

pole for most values of IMF BX, with slightly higher occurrence for BX <-6 nT (0.10 to 

0.18) and BX >6 nT (0.09-0.17). 

 In dayside occurrence of E region TEC variations (Figure 4.17b), morning-

afternoon maxima in the range of 0.24-0.29 were observed around 07:30-08:30 MLT, 

78.0º MLat and 14:00-14:30 MLT, 77.5º-78.0º MLat, respectively, for most IMF BX 

values.  For highly earthward IMF (BX <-6 nT), multiple morning maxima of 0.25-0.28 

were observed around 77.5º-78.0º MLat, stretching from 04:00 to 10:00 MLT.  Higher  
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Figure 4.17: Occurrence of a) F region and b) E region TEC variations >1 
TECU with variable IMF BX (GSM coordinates).  Negative BX is directed 
earthward, while positive BX is directed towards sunward. 
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latitude morning maxima of 0.20-0.25 at 08:45-10:00 MLT, 77.5º-78.0º MLat were 

observed for all BX values, with a second maximum of 0.23 at 12:00 MLT, 78.0º MLat 

observed for BX <-6 nT.  Similar to F region variations, occurrence of nightside E region 

TEC variations was highest for highly negative or positive IMF BX.  Nightside 

occurrence at latitudes <78.0º MLat ranged from 0.15 to 0.25 for BX <-6 nT and BX >6 

nT, while nightside occurrence at similar latitudes decreased for more neutral IMF BX, 

ranging from 0.06-0.12 for BX of -2 to 2 nT.  Nightside E region occurrence at latitudes 

>78.0º MLat and dayside occurrence near the magnetic pole (>87.0º MLat) was also 

highest for BX <-6 nT and BX >6 nT, ranging from 0.04 to 0.15.  Occurrence at the same 

latitudes and local times was slightly lower for more neutral IMF BX >-6 nT and <6 nT, 

ranging from 0.03 to 0.11. 

 

4.4 Frequency statistics of TEC variations 

Figure 4.18 shows histograms for TEC variation frequency for all F region (top) 

and E region (bottom) TEC variations observed from 2009 to 2014.  Plots show the 

number of observed events as a function of frequency from 0-20 mHz, using frequency 

bins of 0.125 mHz.  As indicated in each histogram, 1,954,186 events involving F region 

ionization were observed, while 1,188,969 events involving ionization of the E region 

were observed.  Not shown are occurrence distributions for frequencies greater than 20 

mHz.  Occurrence decreased significantly with increasing frequency, with 121,369 F 

region events and 101,144 E region events observed at frequencies from 20 to 100 mHz.  

An exponential fit was applied to each distribution (red-dashed line) using a non-linear  
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Figure 4.18: Histograms (solid black lines) of spectral frequencies of all F 
region (top) and E region (bottom) TEC variations observed during 2009-
2014, in bins of 0.125 mHz.  Total number of observed events is indicated in 
each panel. Red dashed lines are exponential best fits, equations for which are 
also shown in each panel. 
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least squares method, with the corresponding exponential equation also shown in each 

panel.  Note the cutoff frequency of 0.37 mHz due to detrending.  Distributions for TEC 

variations due to both F and E region ionization peaked at 0.9-1.0 mHz, with generally 

decreasing number of observed events with increasing frequency.  Distinct peaks were 

also evident at 1.9-2.0 mHz and 3.9-4.0 mHz in the distribution for F region variations, 

and at 2.0-2.1 mHz and 3.9-4.0 mHz in the distribution for E region variations.  In the 

exponential fits, a less negative exponent indicates a greater proportion of TEC variations 

observed at higher frequencies.  Exponential fits for F and E region TEC variations 

resulted in exponents of -0.43 and -0.34, respectively, indicating that a greater proportion 

of higher frequencies were observed for TEC variations involving E region ionization. 

In Figure 4.19, frequency distributions are plotted based on magnetic footprints of 

magnetospheric and solar wind source regions.  Local times and latitudes of 

magnetospheric source regions were determined from maps of particle precipitation 

regions of Newell et al. [2004], which depend on the orientation of the IMF in the Y-Z 

GSM plane.  The distribution for TEC variations at polar cap locations corresponding to 

“open” field lines on the dayside (06:00-18:00 MLT) is shown in the top panel of Figure 

4.19, followed by, from top to bottom, distributions for “open” field lines on the nightside 

(<06:00 MLT, >18:00 MLT), locations mapping to the mantle boundary layer of the 

magnetosphere (dayside and poleward of the cusp), locations mapping to the low latitude 

boundary layer (LLBL) of the magnetosphere (dayside, equatorward of, and flanking the 

cusp), and locations at the magnetic footprint of the polar cusp (bottom panel).  “Open” 

field lines indicate open polar cap regions that magnetically map directly to the solar  
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Figure 4.19: Histograms (solid black lines) of spectral frequencies 
of TEC variations observed in regions mapping directly to the solar 
wind and various magnetospheric boundary layers.  Source regions 
are based on particle precipitation maps of Newell et al. [2004].  
Red dashed lines are exponential best fits, equations for which are 
also shown in each panel. 
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wind.  Total number of observed events and exponential fits are also shown in each 

panel.  Distributions for all source regions peaked around 0.9-1.0 mHz, with a generally 

decreasing number of observed events with increasing frequency.  Discrete peaks around 

2.0-2.1 mHz and 3.9-4.0 mHz were most prominent in the distribution for latitudes and 

local times corresponding to the plasma mantle, with the number of events observed at 

2.0-2.1 mHz comparable to the 0.9-1.0 mHz peak.  Distinct ~2 and ~4 mHz peaks were 

also evident in the distribution for dayside polar cap regions mapping to the solar wind, 

while less pronounced peaks at these frequencies were observed for nightside polar cap 

regions connected directly to the solar wind.  Distinct peaks at ~2 and ~4 mHz were less 

obvious in the distribution for regions mapping to the LLBL.  A distinct peak at 2.0-2.1 

mHz was also observed in the distribution for regions mapping to the polar cusp, 

however this distribution was less clear due to relatively low number of events observed 

(18,685).   

Examination of exponential fits indicates that a greater proportion of higher 

frequency TEC variations were observed in ionospheric regions mapping to the plasma 

mantle, LLBL and polar cusp, compared to open polar cap regions mapping directly to 

the solar wind.  Higher frequencies were least likely to be observed in nightside regions 

of the polar cap.  For mantle, LLBL and cusp regions, ~22% of observed TEC variations 

were less than 2.0 mHz, while 39% and 44% of TEC variations observed in the dayside 

and nightside “open” polar cap, respectively, were less than 2.0 mHz.  For mantle, LLBL 

and cusp regions, 44-48% of observed TEC variations were less than 4.0 mHz, 74-78% 

were less than 10.0 mHz, and 91-94% were less than 20.0 mHz.  For dayside “open” field 

lines, 68% of TEC variations were less than 4.0 mHz, 92% were less than 10.0 mHz, and 
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98% were less than 20.0 mHz.  For nightside “open” field lines, 73% of TEC variations 

were less than 4.0 mHz, 93% were less than 10.0 mHz, and 98% were less than 20.0 

mHz. 

Exponential fits for Mantle, LLBL and cusp regions resulted in exponents ranging 

from -0.20 to -0.22, while exponential fits for dayside and nightside “open” polar cap 

field lines resulted in exponents of -0.41 and -0.52, respectively.  Figure 4.20 shows the 

distribution in magnetic latitude and local time for exponents of exponential fits.  For this 

figure, exponential fits were applied to frequency distributions in bins of 00:30 MLT, 0.5º 

MLat.  Exponents of up to -0.15 in the range of 08:00-15:00 MLT and 77.0-81.0º MLat  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.20: Exponents of exponential distributions fitted to 
histograms of TEC variation spectral frequencies, as a function of 
local time and latitude (bins of 0:30 MLT, 0.5º MLat). 
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indicate that higher frequency TEC variations were more often observed across the 

dayside.  As presented in the previous section, occurrence of both F and E region TEC 

variations tended to be highest in these regions.  Figure 4.20 also indicates that higher 

frequency TEC variations occurred more often in the morning sector, where exponents <-

0.24 spanned a broader range of latitudes (74.0º-83.0º MLat) than similar exponents of 

afternoon distributions.  Higher frequency TEC variations were least likely to be 

observed close to the magnetic pole at latitudes >87.0º MLat, and on the nightside (after 

21:00 MLT and before 03:00 MLT) at latitudes >78.0º MLat. 

 

4.5 Discussion 

4.5.1 Occurrence of TEC variations 

 One feature of interest in both F and E region TEC variations was a high dayside 

occurrence in the morning (07:00-10:00 MLT) and afternoon (13:00-15:00 MLT) sectors 

at 76.0º-80.0º MLat, which flanked a region of lower occurrence across noon.  According 

to Newell et al. [2004], these locations magnetically map to the post-noon and pre-noon 

regions of the LLBL (flanking the polar cusp around noon), dayside extensions of the 

boundary plasma sheet, and lower latitudes of the mantle.  Morning-afternoon occurrence 

of TEC variations in these latitudes showed a strong dependence on solar wind-

magnetosphere coupling rate (Figures 4.8 & 4.9) and the magnitude and orientation of the 

IMF in the Y-Z plane (Figures 4.13 & 4.15).  A significant increase in occurrence was 

observed with increasing coupling rate for both E and F region variations in the morning 
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and afternoon sectors, with the occurrence maxima shifting closer to noon and to lower 

latitudes as coupling rate increased.  This shift in peak occurrence was reflected in the F 

region occurrence with variable IMF BZ, where the morning-afternoon maxima were 

around 08:00 MLT, 79.0º MLat and 15:00 MLT, 78.0º MLat for northward IMF, 

compared to 11:00 MLT, 77.0º MLat and 13:30 MLT, 76.0º MLat for southward IMF.  

Note that statistics for E region variations was limited in latitude, and the same latitudinal 

shift in E region occurrence maxima cannot be observed.  According to equation (4.2), 

coupling rate increases with solar wind speed, IMF magnitude in the Y-Z plane, and a 

more southward IMF, with lowest coupling for an entirely earthward/sunward (BX) 

oriented IMF or directly northward oriented IMF.  For the most part, afternoon F region 

occurrence maxima for northward and southward IMF conditions was comparable, 

indicating that the significant increase in afternoon occurrence with coupling rate was 

largely due to increasing solar wind speed, whereas IMF BZ primarily controlled the 

exact local time and latitude of maximum occurrence.  The exception was for BZ between 

-2 and -4 nT, where afternoon occurrence was quite high.  IMF BZ also controlled the 

location of the morning maximum for F region occurrence, however significantly higher 

morning occurrence was observed for BZ >4 nT compared to more neutral and southward 

IMF.  E region variations had a somewhat higher occurrence in the morning and 

afternoon for southward IMF, indicating increased morning-afternoon occurrence of 

higher energy precipitation under southward conditions.  Similar to F region variations, a 

high occurrence of E region TEC variations was observed for BZ >4 nT.  Results of 

Newell et al. [2009], which statistically examined high latitude precipitation 

characteristics using low Earth orbiting (LEO) DMSP satellites over a 10 year period, 
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showed similar morning-afternoon maxima in both occurrence and number flux of high 

energy electron precipitation.  These events involved electrons accelerated along field 

lines (to mainly 80 eV – 10s of keV) by either dispersive Alfven waves (DAWs) 

(broadband electron energy spectrum) or quasi-static electric fields (monoenergetic 

electron energy spectrum), which produce discrete aurora in the E or F region ionosphere.  

For low solar wind-magnetosphere coupling rates, the authors found that dayside 

probability and number flux for both monoenergetic and broadband aurora peaked around 

79.0º-82.0º MLat in the morning (07:00-11:00 MLT) and afternoon (13:00-16:00 MLT).  

For higher coupling rates, peaks in probability and number flux increased and shifted to 

lower latitudes of 75.0º-80.0º MLat and away from noon.  This shift in latitude was 

attributed to higher reconnection rates for southward IMF, and thus an equatorward shift 

of the auroral oval and widening of the polar cap.  This shift in local time and latitude is 

similar to the local time and latitudinal shift with increased coupling rate observed for 

occurrence of TEC variations.  From Newell et al. [2009], higher coupling rates also 

resulted in increased number flux of high energy precipitating electrons across noon, 

consistent with the high occurrence of TEC variations across noon for highest merging 

rates (>7000).  These consistencies indicate that the high morning and afternoon 

occurrence of TEC variations is largely a result of precipitation of accelerated electrons 

of LLBL, mantle or plasma sheet origin.  A multi-event study by Liou et al., [1999], 

using concurrent ultraviolet imager (UVI) data of the polar spacecraft and particle 

measurements of DMSP spacecraft, indicated that discrete aurora due to energetic 

electron precipitation in the 13:00-16:00 MLT sector originated mainly from the plasma 

sheet.  Note that in Newell et al. [2009], the reported maximum probability of observing 
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broadband and monoenergetic electron precipitation was around 0.10 and 0.20, 

respectively, whereas maximum occurrence of E and F region TEC variations was around 

0.35 and 0.45, respectively.  Higher occurrence of TEC variations may be due to TEC 

variations arising from electron precipitation spectra not meeting the broadband or 

monoenergetic criteria of Newell et al. [2009], which they classified as “diffuse”, or TEC 

variations due to precipitating ions.  Statistics of Newell et al. [2009] also spanned eleven 

years (1988-1998), covering two solar minimums, while the statistics presented here 

spanned only six years (2009-2014).  Other sources such as polar cap patches may also 

contribute to variations in TEC in dayside regions mapping to magnetospheric boundary 

layers. 

Morning-afternoon asymmetries were evident in high energy electron 

precipitation statistics of Newell et al. [2009], which may contribute to the morning-

afternoon asymmetries in TEC variation occurrence at 76.0º-80.0º MLat.  For low 

coupling rates, the authors reported significantly higher occurrence and number flux of 

broadband electron precipitation in the morning compared to the afternoon, which may 

contribute to the noticeably higher morning occurrence of E and F region TEC variations 

for IMF BZ >4 nT.  Similarly, for high coupling rates, the authors reported a higher 

occurrence of monoenergetic electron precipitation in the afternoon compared to the 

morning, which may contribute to the higher afternoon occurrence of F region TEC 

variations for southward IMF. 

As seen in Figure 4.13, morning-afternoon E and F region TEC variations around 

76.0º-80.0º MLat also tended to occur more often for dawnward (BY <-2 nT) or 

duskward (BY <2 nT) IMF, compared to IMF BY close to zero.  Increased occurrence 
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with higher magnitude IMF BY may reflect the increased occurrence with increasing 

solar wind-magnetosphere coupling rate, since coupling rate increases with IMF 

magnitude in the Y-Z plane (equation 4.2).  Polarity of IMF BY also resulted in a 

morning-afternoon occurrence asymmetry for both E and F region TEC variations.  With 

the exception of highly dawnward IMF (BY <-6 nT), a dawnward IMF (BY <0 nT) 

resulted in higher afternoon occurrence compared to morning, while a duskward IMF (BY 

>0 nT) resulted in higher morning occurrence compared to afternoon.  It is well known 

that the location of dayside merging of IMF and geomagnetic field lines, as well as the 

orientation of the ×E B convection pattern in the polar cap, both heavily depend on IMF 

BY polarity.  A duskward (dawnward) IMF By typically corresponds to a post-noon (pre-

noon) merging site, while magnetic tension pulls newly connected field lines and 

convective ionospheric plasma flow dawnward (duskward) [e.g. Cowley et al., 1991; 

Jayachandran and MacDougall, 1999; Siscoe et al.,2000].  The occurrence asymmetry 

for F region TEC variations is not surprising, since F region structures such as auroral 

forms and polar patches will convect duskward (dawnward) for a dawnward (duskward) 

IMF BY polarity after formation on the dayside, travelling with the prevailing polar cap 

convection flow [Sandholt et al., 2003; Zhang et al., 2011].  This occurrence asymmetry 

for F region TEC variations is evident throughout the polar cap in Figure 4.13, indicating 

that a significant portion of TEC variations observed in this study were due to F region 

structures whose motion followed the prevailing polar cap convection.  The IMF BY 

control over morning-afternoon occurrence asymmetry for E region variations around 

77.0º-81.0º MLat (Figure 4.13b) was less expected, since the motion of E region plasma 

in the polar cap is not dominated by the ×E B convection.  Precipitation maps of Newell 
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et al. [2004] indicate that the plasma mantle and LLBL have a broader coverage in local 

time and latitude in the afternoon (morning) for dawnward (duskward) IMF BY, in 

addition to the dawnward (duskward) shift of the polar cusp.  This may contribute to the 

high occurrence of afternoon (morning) TEC variations involving E region ionization for 

dawnward (duskward) IMF BY, assuming that E ionization structures originate from 

magnetospheric boundary layer precipitation.  In addition, and as discussed in Section 

4.2, events classified as involving E region ionization can also involve F region 

ionization, and thus convection of F region structures my also impact the occurrence 

distribution in Figure 4.13b.  Unlike F region variations in Figure 4.13a, it appeared that 

the asymmetry for E region TEC variations due to IMF BY was confined to the dayside 

morning-afternoon occurrence maxima, and was not observed throughout the polar cap.  

This is difficult to confirm with the latitudinal gaps in E region statistics.  Similar to the 

effect observed in F region variations for highly dawnward (BY <-4 nT) or duskward (BY 

> 4nT) IMF, occurrence of E region TEC variations increased through most of the polar 

cap for high magnitude IMF BY, especially for nightside latitudes <78.0º MLat. 

In addition to dayside occurrence maxima at 76.0-80.0º MLat, a high occurrence 

of E and F region TEC variations was also observed around 80.0º-82.0º MLat in the 

morning and across noon (08:00-13:00 MLT).  Occurrence at these higher dayside 

latitudes increased slightly with increasing coupling rate (Figures 4.8 & 4.9), with an F 

region occurrence of 0.28 for lowest rates and 0.34 for highest merging rates.  Unlike the 

lower latitude morning-afternoon occurrence maxima, occurrence of variations at 80º-82º 

MLat was relatively steady for all solar wind conditions and from year to year (Figure 

4.5b), and had less dependence on IMF orientation.  One notable exception was a 
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significant increase in pre-noon TEC variation occurrence around 70.0º-82.0º MLat, for 

both F and E ionization, during periods of highly northward (BZ >4 nT) or highly 

duskward (BY >4 nT) IMF.   According to Newell et al. [2004], these dayside latitudes of 

80º-82º map to the mantle boundary layer, which has a broader extent in latitude in the 

morning compared to the afternoon, and significantly expands in latitude for northward 

and duskward IMF.  In addition, Newell et al. [2009] showed a statistically high number 

flux for precipitating ions and electron precipitation resulting in diffuse aurora around 

09:00-13:00 MLT and 80.0º-84.0º MLat for low coupling rates, and 77.0º-81.0º for high 

coupling rates, which they attributed to mainly cusp precipitation.  Other than a 

latitudinal shift, number flux for these precipitation types was less dependent on coupling 

rate, and was even slightly lower for higher coupling rates.  It seems possible that the 

high occurrence of TEC variations at 80º-82º MLat on the dayside was due to a relatively 

steady precipitation of electrons and ions associated with the polar cusp. Polar cap 

patches also typically form around the cusp region, and also likely contributed to the 

occurrence of F region variations at cusp latitudes.  Numerous generation mechanisms 

are thought to result in polar patches, including precipitation of cusp particles [e.g. 

Walker et al., 1999]. 

Occurrence of F and E region TEC variations tended to increase throughout the 

polar cap with increasing solar activity (Figure 4.5b-c), increasing solar wind-

magnetosphere coupling rates (Figure 4.8 & 4.9), and increasing magnitudes of BY, BZ, 

and BX components of the IMF (Figures 4.12, 4.14 and 4.16).  Note that an increase in 

magnitude of IMF BY or BZ  corresponds to an increase in the solar wind- magnetosphere 

coupling rate (Equation 4.2).  Lowest occurrence was consistently observed at latitudes 
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close to the magnetic pole, with very few E region variations (<0.05 occurrence) 

observed at latitudes >86.0º MLat for almost all solar wind conditions.  E region 

occurrence of up to 0.15 near the magnetic pole was observed for extremely northward 

IMF (BZ >6 nT), extremely duskward IMF (BY >6 nT), and extremely earthward IMF 

(BX <-6 nT).  F region occurrence near the magnetic pole increased significantly to 0.15-

0.25 in years 2013 and 2014, with comparable occurrences observed for high coupling 

rates (>10000), extremely southward (<-6 nT) or northward (>6 nT) IMF BZ, highly 

dawnward (<-4 nT) or duskward (>4 nT) IMF BY, and extremely earthward IMF (BX <-6 

nT).  Note that IMF BZ tends to reach extreme values more often during more active 

periods of the solar cycle [Hapgood et al., 1991].  Nightside occurrence of F and E region 

variations decreased with increasing latitude, which may be indicative of auroral activity 

expanding poleward from lower latitudes into the nightside polar cap.  Significant TEC 

variations due to high energy particle precipitation (>10 keV electrons) in the nightside 

polar cap have previously been reported by Watson et al. [2011].  At latitudes <78.0º 

MLat, nightside occurrences of up to 0.3 for both E and F region variations were 

observed during periods of high coupling rates.  Increased occurrence of F region 

variations in all regions of the polar cap with increasing coupling rate and solar activity 

was likely also indicative of increased occurrence of polar patches, since patch activity is 

commonly observed throughout the polar cap.   

In addition to a strong dependence on solar activity and solar wind conditions, 

occurrence of F and E region TEC variations showed significant seasonal dependence 

(Figure 4.6).  In general, dayside occurrence of F region TEC variations >1 TECU was 

highest in winter, where occurrence greater than 0.4 was observed over a broad range of 
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local times and latitudes (Figure 4.6a).  Summer occurrence on the dayside was 

significantly lower, peaking around 0.35 at localized regions in the morning and 

afternoon.  A striking seasonal feature on the dayside was the occurrence of TEC 

variations at lower latitudes (76.0º-80.0º MLat) in the morning, which occurred 

significantly more often in winter and fall (F region occurrence of 0.39-0.45) than in 

summer and spring (F region occurrence of 0.26-0.31).  In contrast to dayside occurrence, 

occurrence of F region variations near the polar cap and on the nightside was highest 

closer to equinox (fall and spring) and lowest in the winter.  Largely due to seasonal 

variation in magnetic dipole tilt and ionospheric conductivity, past studies have shown a 

seasonal favourability for certain generation mechanisms of ionization structures in the 

polar cap.  For example, Newell et al. [1996] showed that discrete aurora resulting from 

field-aligned accelerated electrons occur more often in the winter ionosphere and less in 

the summer, mainly due to the efficiency of the ionospheric feedback mechanism when 

ionospheric conductivity is low.  This high winter occurrence of discrete aurora may 

contribute to the observed high winter and low summer occurrence of TEC variations in 

regions mapping to magnetospheric boundary layers and dayside extension of the plasma 

sheet.  On the other hand, Frey et al. [2004b] discussed observations of dayside aurora 

generated by a specific mechanism favorable to the highly conductive, summer polar 

ionosphere, with occurrence highest in the post-noon region.  This so-called high latitude 

dayside aurora (HiLDA) may contribute to the morning-afternoon occurrence asymmetry 

for summer TEC variations observed at 76.0º-80.0º MLat.  The well-known semiannual 

variation [Russell and McPherron, 1973; Weigel, 2007] is an average increase in overall 

geomagnetic activity, including auroral activity around the spring and fall equinox, which 
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may reflect the increased occurrence in nightside regions of the polar cap around 

equinox.  Several studies have reported that winter is the favorable season for polar patch 

formation, largely due to increased recombination rates of ionospheric plasma in the 

summer and decreased rates of plasma entry into the polar cap from lower latitudes [e.g. 

Dandekar, 2002; Wood and Pryse, 2010].  Some reports have indicated that patches still 

occur frequently in summer months, but are significantly less intense due to the higher 

background plasma density of the sunlit polar cap [e.g. Sojka et al., 2012].  Seasonal 

occurrence for F region TEC variations gives no indication of a winter preference for 

occurrence of polar patches, and it is difficult to resolve whether high nightside spring 

and fall occurrence is due to polar patches or other precipitation sources.  The consistent 

low occurrence around the magnetic pole for seasonal F region TEC variations seems to 

indicate that the high equinox occurrence on the nightside was due to auroral 

precipitation, since polar patches are observed throughout the polar cap and not confined 

to the nightside. 

Comparing F and E region seasonal occurrence rate can also provide clues 

regarding the source of variations in particular regions.  For example, high morning 

occurrence of both E and F region variations around 78.0º MLat in the winter indicates a 

high occurrence of energetic particle precipitation in this region compared to other 

seasons.  This indicates that a mechanism which produces high energy particle 

precipitation and operates favorably in winter resulted in high occurrence at these 

morning latitudes, such as the ionospheric feedback mechanism [Newell et al., 1996].  At 

80.0º-82.0º MLat in the morning sector, relatively high occurrence of F region variations 

was observed in all seasons, excluding a significant increase in winter, while E region 
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occurrence in the region was lowest in winter, while peaking in summer and spring.  A 

combination of effects likely resulted in this observed occurrence trend, including a 

relatively steady cusp precipitation producing F region variations, production of polar 

patches, and an unknown mechanism generating high energy particle precipitation that 

operates favorably in summer and spring.  Newell and Meng [1988] observed that energy 

flux of precipitating ions and electrons of cusp origin was 50-60% higher in the summer 

hemisphere compared to the winter hemisphere, which may have contributed to the 

increased occurrence of E region TEC variations close to cusp latitudes in the summer.  

In the afternoon around 78.0º MLat, both F and E region occurrence were relatively 

constant for each season, which suggests a high occurrence of energetic particle 

precipitation in this region independent of season. 

 

4.5.2 Average amplitude of TEC variations 

Average amplitudes of TEC variations were highest around noon on the dayside, 

lowest on the nightside, particularly in the early morning (03:00-06:00 MLT) and 

depended heavily on solar activity (Figure 4.5d), season (Figure 4.6), and solar wind-

magnetosphere coupling rate (Figures 4.10 & 4.11).  Keep in mind that TEC is an 

integrated measurement, and the bulk of the TEC contribution is from the F region since 

the GPS ray path traverses significantly more F region ionosphere than E region 

ionosphere.  TEC variations due to F region ionization also tend to be larger amplitude 

than variations arising from E region ionization, since ionization structures in the F 

region typically span a greater range of altitudes.  Also recall that a particular TEC 
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variation from a particular satellite ray path can result from a combination of both E and 

F region ionization, therefore the F region ionization will have likely made a significant 

contribution to the average amplitudes of E region TEC variations presented in this 

chapter. 

Increasing TEC amplitudes with increasing solar activity and coupling rate likely 

reflected an increased intensity of energetic particle precipitation, increased density of 

polar patches relative to the ionospheric background density, and, in general, a more 

dynamic and turbulent polar cap with increased magnetospheric influx of solar wind 

energy.  Highest amplitude E and F region TEC variations were, on average, observed at 

11:00-13:00 MLT and 74.0-78.0º MLat, which was also a region of low occurrence of 

TEC variations relative to the morning-afternoon occurrence maxima observed at similar 

latitudes.  As seen in Figure 4.5d, the average amplitudes of TEC variations in 2009 were 

relatively low, with pre-noon, post-noon, and midnight maxima of 1.9-2.7 TECU for both 

F and E region variations.  Average amplitudes for afternoon and nightside events 

involving E region ionization were higher than those involving only F region ionization 

in 2009, indicating that the most intense events in these regions were a result of high 

energy particle precipitation.  Highest average amplitudes in 2009 were observed 

equatorward of occurrence maxima observed in Figure 4.5d, indicating that the most 

intense morning-afternoon particle precipitation originated equatorward of regions with 

the highest occurrence of precipitation events.  Highest intensity precipitation was 

possibly of plasma sheet or LLBL origin.  Average amplitudes around noon in 2009 were 

significantly lower than in subsequent years. 
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For 2010-2014, highest amplitude F region variations were observed around noon, 

with a significant increase in average amplitude across the dayside with increasing solar 

activity. Occurrence statistics indicated that the largest amplitude F region variations 

below 78.0º MLat and around noon occurred relatively infrequently, with a 0.05-0.25 

occurrence rate.  High noon amplitudes indicate that the most intense TEC variations 

occurred in regions corresponding to the polar cusp, or the LLBL equatorward of the 

cusp (according to precipitation maps of Newell et al., [2004]).  These high intensity TEC 

variations may have resulted from precipitation of cusp/LLBL particles that increased in 

intensity with solar activity and coupling rate, or possibly polar patches coupled with 

increased patch-to-background density with increasing solar activity and coupling rate.  

Average amplitude of E region TEC variations also increased around noon with 

increasing solar activity (Figure 4.5d) and coupling rate (Figure 4.11), indicating that 

high intensity, high energy precipitation was responsible for at least some of the large 

amplitude variations observed in this region.  Increased TEC variation amplitudes with 

coupling rate around noon may be an indicator of more intense cusp precipitation, which, 

according to Newell et al. [2009], occurs mainly at 10:30-12:30 MLT and 75.0º-82.0º 

MLat during periods of high coupling rates.  In addition, average F region amplitude 

distributions around noon occasionally resembled a statistical “double cusp” pattern 

[Wing et al, 2001; Newell et al., 2009], which results from reconnection both 

equatorward and poleward of the cusp, mainly during periods of high solar wind-

magnetosphere coupling.  This was most obvious in Figure 4.5d for years 2012 and 2013, 

and in Figure 4.10, for coupling rates of 3000-7000. 
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For 2010-2013, highest amplitude E region variations were observed in post-noon 

and midnight regions, with increasing amplitudes indicating increased particle 

precipitation intensity with solar activity.  An exception to this trend was around 

midnight in 2012, where average amplitudes were lower than other years.  Note that 2012 

occurrence of E region variations was relatively high around midnight, and thus a larger 

number of less intense nightside events may have occurred in 2012.  In 2014, a 

significant increase in high intensity events impacting the dayside E region were 

observed, with average amplitudes peaking around noon. Similar amplitude distributions 

were observed for variable coupling rate in Figure 4.11, with high post-noon amplitudes 

observed for lower coupling rates (<5000), and increased pre-noon and noon amplitudes 

for higher coupling rates (>5000).  These distributions indicate increased precipitation 

intensity in the post-noon sector with increased solar activity and coupling rate, and 

intense precipitation around noon and pre-noon in 2014 and for high coupling rates 

>6000.  E region ionization near the equatorward edge of the cusp due to precipitation of 

accelerated ions (2-5 keV) was observed by Nilsson et al., [1998], although it is unclear 

whether increased coupling rates would intensify this precipitation.  Increased midnight 

amplitudes at low latitudes with increased coupling rate (Figure 4.11) were likely an 

indicator of increased auroral activity and poleward expansion of the auroral oval.  For 

highest coupling rates (>10000), E region and F region amplitudes were significantly 

larger around 20:00-23:00 MLT, which is possibly a result of intense substorm activity.  

Substorm onsets are most often observed in the pre-midnight sector [e.g. Frey et al, 

2004a]. 



 

202 

 

Polar cap patches, which often result in large amplitude TEC variations up to 10-

15 TECU, would seemingly make a significant contribution to the average amplitudes of 

F region variations, especially since the occurrence rate and intensity of polar patches 

increases with solar activity [Buchau et al., 1983; Dandekar, 2002].  The tendency for 

patches to form under southward IMF conditions is consistent with the increase in 

average amplitude of F region TEC variations with increased solar wind-magnetosphere 

coupling rate throughout the polar cap.  It is unclear whether the lifetime of polar patches, 

or in other words the dissipation of polar patches as they convect across the polar cap, 

could impact the decreasing average amplitude of TEC variations away from noon on the 

dayside.  Previous reports have indicated that polar patches can have long enough 

lifetimes to completely traverse the entire polar cap and enter the nightside auroral region 

[e.g. Pedersen et al., 2000]. 

A notable feature in the average amplitude of F region TEC variations was an 

extension of high average amplitudes well into the afternoon around 78.0º-82.0º, which 

most obvious in the amplitude distributions for years 2010-2014 in Figure 4.5d and for 

coupling rates >3000 in Figure 4.10.  One possible explanation is a statistically high 

number flux of precipitating electrons with monoenergetic energy spectra around these 

latitudes in the post noon sector, as reported by Newell et al. [2009].   

Lowest F region amplitudes were typically observed in the early morning around 

02:00-06:00 MLT, which were relatively low (<2.5 TECU) even for high coupling rates 

in Figure 4.10.  Low morning amplitudes may also be related to the statistical morning-

afternoon asymmetry in number flux of monoenergetic electron precipitation, or possibly 

the pre-midnight proclivity of substorm onsets. 
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In addition to a significant dependence of TEC variations amplitudes on solar 

activity and solar wind-magnetosphere coupling rate, amplitudes also showed significant 

seasonal dependence (Figure 4.6b).  Statistics of Newell et al. [2013] showed that 

coupling rate has a significant seasonal dependence resulting from a combination of the 

Russell-McPherron effect [Russell and McPherron, 1973] and the elliptical orbit of the 

earth.  The Russell-McPherron effect describes, on average, a larger magnitude BZ 

(north-south) IMF component around spring and fall equinoxes due to the earth’s 

magnetic dipole tilt relative to the Earth-Sun line, while the elliptical orbit of Earth 

results in a larger IMF magnitude when Earth is closer to the sun.  These combined 

effects result in highest solar wind-magnetosphere coupling rates in November and 

lowest in summer (June-July), which, when considering the large effect of coupling rate 

on TEC amplitude, is consistent with the large TEC amplitudes observed in winter and 

fall, and low amplitudes observed in summer.  Newell et al., [2013] also presented 

statistics showing that substorm occurrence was significantly lower in summer than other 

seasons, which may contribute to the relatively low midnight amplitudes observed in 

summer E region TEC variations. 

The relative intensity of polar patches compared to the background plasma 

density of the polar cap ionosphere will also impact TEC variation amplitudes.  Low 

summer amplitudes of F region variations throughout the polar cap may reflect previous 

reports of low polar patch density relative to the background ionosphere during summer 

months, mainly a result of persistent solar photoionization (higher background density) 

and higher recombination rates of polar patch ions relative to background plasma [e.g. 

Wood and Pryse, 2010].  Similarly, high winter amplitudes in F region variations 



 

204 

 

throughout the polar cap, including near the magnetic pole, is consistent with high patch-

to-background density ratio typical of the dark polar cap ionosphere.  F region amplitudes 

in the fall were also relatively high, while spring amplitudes were slightly smaller than 

fall amplitudes but larger than summer amplitudes. 

 

4.5.3 Spectral frequency of TEC variations 

 Frequencies of TEC variations reflect the geometry, motion and lifetime of 

ionization structures in the ionosphere.  The most interesting features in the distribution 

of TEC frequencies (Figures 4.18 & 4.19) are the distinct peaks observed around 2.0 

mHz and 4.0 mHz.  A critical issue regarding these peaks is whether they were a product 

of the data collection/analysis (e.g. detrending of TEC, motion of GPS satellites), or 

resulted from a real physical process involved in the structuring of the polar cap 

ionosphere.  In the data collection and analysis for this study, only events involving at 

least one hour of continuous TEC measurements with no cycle slips were included, and it 

was verified that side effects of the detrending process (e.g. filtering edge effects) did not 

influence statistical results.  To investigate the possibility of a real physical process 

producing TEC variations at preferential frequencies, frequency distributions for varying 

solar wind conditions (not shown) and for variations involving F and E region ionization 

(Figure 4.18) were examined.  These investigations revealed no significant dependence of 

occurrence of frequencies around 2.0 and 4.0 mHz on ionospheric altitude or solar wind 

conditions.  As shown in Figure 4.19, discrete 2.0 and 4.0 mHz frequencies had a high 

occurrence in ionospheric regions mapping to the mantle boundary layer and, to a lesser 
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extent, regions mapping to the open polar cap on the dayside (>06:00 MLT and <18:00 

MLT).  Distinct, but significantly less prominent peaks around these frequencies were 

also observed in the distribution for regions mapping to the nightside polar cap.  The 

frequency distribution for the LLBL, on the other hand, showed very little modulation of 

TEC variations at 2.0 and 4.0 mHz, indicating that these preferential frequencies occurred 

in regions mainly poleward of the LLBL.  If these preferential frequencies were to arise 

from the data collection and analysis process, one would expect to consistently observe 

these distinct frequencies independent of local time and latitude.  These distributions 

indicate that some process occurring in the mantle, or in ionospheric regions mapping to 

the mantle, was modulating the structure or motion of the ionosphere in such a way that 

resulted in TEC variations around 2.0 and 4.0 mHz.  Less prominent peaks for open polar 

cap regions indicates that this modulation process, or structures resulting from this 

process, dissipated at higher latitudes poleward of the plasma mantle and in the nightside 

polar cap. 

 As observed in Figure 4.20, higher frequency TEC variations were more often 

observed on the dayside polar cap, in regions mapping to magnetospheric boundary 

layers.  Frequency distributions with the greatest proportion of higher frequency 

variations (exponents <-0.24) were observed in regions corresponding to the mantle, 

LLBL, and dayside extension of the plasma sheet boundary layer [Newell et al., 2004], 

and mainly in regions with a statistically high occurrence of discrete aurora and number 

flux of high energy precipitating electrons with broadband energy spectra [Newell et al., 

2009].  A high occurrence of higher frequency TEC variations indicates a higher 

occurrence of small scale structuring and, in general, a more dynamic ionosphere.  This 
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smaller scale structuring is likely, in part, due to spatially and temporally inhomogeneous 

particle precipitation flux characteristic of the magnetospheric boundary layers. 
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Chapter 5: Variations in GPS TEC associated 

with Pc4-5 pulsations in the early morning 

auroral ionosphere 
 

5.1 Introduction 

This chapter presents two observational case studies where ionospheric total 

electron content (TEC) had a significant response to ultra low frequency (ULF) magnetic 

field pulsations.  Classification of ULF waves and a basic introduction to ULF wave 

theory were provided in Section 2.4.5, while magnetosphere-ionosphere coupling via 

ULF waves was discussed in Section 2.5.1e.  TEC variations were observed by the 

Sanikiluaq, Nunavut (56.54ºN, 280.77ºE) GPS receiver of CHAIN, which is located in 

the auroral region.  ULF magnetic field variations were observed by the co-located 

Sanikiluaq magnetometer and the GOES 13 satellite magnetometer at geosynchronous 

orbit, which has a magnetic footprint in close proximity to Sanikiluaq.  The co-located 
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Sanikiluaq GPS receiver and magnetometer, combined with the close proximity of the 

GOES 13 footprint, allows for simultaneous ground-ionosphere-magnetosphere 

observation of ULF activity.  This is a new and unique perspective for observing ULF 

activity and the associated ionospheric response. 

Over several decades, a variety of measurement techniques have been used to 

observe variations in ionospheric plasma density and drift velocity associated with ULF 

magnetic field waves, which include coherent and incoherent scatter radar, riometers, 

high frequency (HF) Doppler sounders, ionosondes, photometers, and all-sky imagers 

(ASIs) [e.g. Liu and Berkey, (1993); Rae et al., (2007)].  Only a small number of studies 

have reported observations of TEC variations associated with ULF waves.  During the 

recovery phase of a large geomagnetic storm, Pilipenko et al. [2014a] observed small 

amplitude, daytime GPS TEC variations in the auroral region, which were associated 

with intense Pc5 band magnetic field variations observed on the ground.  Peak-to-peak 

amplitudes of TEC variations were up to 2.5% of the total background TEC.  They 

suggested a number of plausible mechanisms by which Pc5 ULF waves could modulate 

the TEC, including a periodic vertical shifting of ionospheric plasma by an incident 

Alfven mode, heating of ionospheric plasma due to ULF wave-induced motion through 

atmospheric neutrals, and transport of plasma in/out of the ionosphere by an oscillating 

field aligned current associated with an Alfven wave.  They also considered periodic 

ionization in the ionosphere due to ULF wave modulated precipitation of energetic 

particles, however dismissed the possibility of higher energy (>10 keV) electron 

precipitation due to a lack of response in riometer absorption, and did not consider lower 

energy precipitation due to lack of observations.   



 

209 

 

Mid-latitude observations of ionospheric TEC variation associated with ULF 

waves were made by Davies and Hartman [1976] and Okuzawa and Davies [1981], while 

Skone [2009] presented observations of small amplitude TEC variations associated with 

Pc3 band resonant oscillations in the dayside magnetosphere.  Physical mechanisms of 

ULF wave modulation of TEC at mid-latitudes were discussed by Poole and Sutcliffe 

[1987] and Liu and Berkey [1994].  Ionospheric density variations associated with Pc5 

waves in the auroral region have been attributed to energetic particle precipitation 

modulated by the ULF wave [e.g. Buchert et al., 1999; Spanswick et al., 2005], frictional 

ion heating due to ULF wave-driven ion motion through atmospheric neutral particles 

[e.g. Lathuillere et al., 1986], flow bursts in the high latitude convection pattern due to 

Pc5 activity and associated pulsed dayside reconnection around the polar cusp region 

[Prikryl et al., 1998], ionospheric electron drift oscillations due to the ULF wave electric 

field [Walker et al., 1979], and electron feeding/depletion of the ionosphere by wave-

associated field aligned currents (FACs) [Pilipenko et al., 2014b]. 

This study expands on the existing observational picture of ULF wave-associated 

TEC variations, showing that the TEC can have a significant response to moderate 

amplitude, toroidal mode Pc5 ULF waves and small amplitude Pc4 ULF waves in the 

early morning auroral region.  As discussed in Section 2.4, ULF magnetic field 

fluctuations are one the modes of energy and momentum transfer within the solar wind-

magnetosphere-ionosphere (SW-M-I) system [e.g. Kilvelson, 2013].  Coupling via ULF 

waves is typically strongest at auroral and polar cap latitudes, which contributes to the 

complex structural behavior and electrodynamics of the high latitude ionosphere.  

Morning sector ULF waves in the Pc5 frequency range are commonly observed at 
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geosynchronous orbit [e.g. Kokubun et al., 1989] and at auroral latitudes on the ground 

[e.g. Baker et al., 2003], and are often attributed to field line resonance (FLR) activity 

[Spanswick et al., 2005].  ULF waves at Pc4 frequencies characteristic of morning-side 

auroral latitudes are often termed “giant pulsations (Pgs)” [e.g. Rostoker et al., 1979; 

Chisham et al., 1997], and are mainly observed during periods of low geomagnetic 

activity.  Giant pulsations manifest as highly regular, sinusoidal waveforms in ground and 

satellite magnetometer measurements, typically lasting for several hours.  Previous 

observational studies have attributed Pg activity to fundamental [Takahashi et al. 2011] 

and second order [Chisham and Orr, 1991] harmonics of the Alfven standing mode. 

In the first event presented in this chapter, TEC variations associated with a 

narrowband, toroidal mode Pc5 waves were observed over a period of 3.5 hours in the 

morning sector.  Large amplitudes of TEC variations indicated that they were most likely 

a result of energetic particle precipitation modulated by the ULF wave activity.  The 

second event involved small amplitude TEC variations associated with Pc4 ULF waves 

over a period of 2.5 hours in the morning sector, and is the first clear evidence of a TEC 

response to these so-called “giant pulsations”.  This report expands on the existing 

observational picture of TEC variations associated with ULF waves, showing that 

ionospheric TEC can have a significant response to low-to-moderate intensity Pc4-5 ULF 

activity in the early morning auroral region.  These observations demonstrate the 

potential applicability of high temporal and spatial resolution GPS TEC measurements to 

the study of ULF waves and the associated ionospheric response. 
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5.2 Data and Method of Analysis 

This study makes use of concurrent ground and satellite-based geomagnetic field 

measurements and ground-based ionospheric measurements to examine Pc4-5 ULF 

activity and associated variations in ionospheric electron content.  Ionospheric TEC 

measurements are from the Sanikiluaq GPS receiver of CHAIN, and are at 1 Hz 

resolution.  TEC measurements presented in this study were detrended using a high 

bandpass (>0.37 mHz), third order Butterworth filter in order to remove long period 

variations due to satellite motion.  A satellite elevation cutoff of 25º was also applied to 

reduce effects of signal multipath.  Satellite magnetic field measurements are from the 

fluxgate magnetometer onboard the GOES 13 spacecraft, which is located on a 

geosynchronous orbit at 285.4º east geographic longitude.  GOES magnetic field 

measurements are available at a 2 Hz resolution, and are presented in a field-aligned 

coordinate system (Figure 3.8).  Geosynchronous electron observations were from the 

Magnetospheric Electron Detector (MAGED) of the GOES 13 Space Environment 

Monitor (SEM), available at 1 Hz resolution.  Ground-based magnetic field 

measurements are from the fluxgate magnetometer in Sanikiluaq.  Ground magnetic field 

is sampled at 1 Hz resolution.  According to the Tsyganenko 96 (T96) [Tsyganenko and 

Stern, 1996] geomagnetic field model, the north magnetic footprint of GOES 13 is 

located within 2º longitude and 3º latitude of Sanikiluaq for the time periods of this study.  

Coordinates of the Sanikiluaq receiver, magnetometer, and GOES 13 footprint were 

shown in Figure 3.1a.  GSM coordinates of the GOES 13 orbit were shown in Figure 

3.1b-c.   
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 For the event involving narrowband Pc5 magnetic field variations and associated 

TEC variations, frequencies of magnetic field and TEC variations were compared with 

calculated natural eigenfrequencies of the Alfvén standing mode, using modeled field 

lines mapping to the region around Sanikiluaq.  According to Rankin et al. [2006], 

electric field perturbations δEtor and δEpol associated with toroidal and poloidal FLRs can 

be expressed using a pair of non-coupled, ordinary differential equations (ODEs):   
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where s is the distance along the field line from the northern hemisphere, B(s) is the total 

magnetic field at s, r(s) is the distance from the magnetic equator at s, ω is the angular 

resonance frequency, and VA(s) is the Alfvén speed at s.  These equations are valid for 

arbitrary magnetic field topology.  Figure 5.1 illustrates the coordinates (s, r(s)) for 

equations (5.1-5.2).  For a given magnetic field line defined by B(s) and r(s), and 

knowing the mass density ρ(s) of plasma along that field line, eigenvalues of unique 

solutions of Equation 5.1 or 5.2 will represent natural toroidal or poloidal mode 

eigenfrequencies of that magnetic field line. 
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The top panel of Figure 5.2 shows magnetospheric field lines of the Tsyganenko 

96 (T96) [Tsyganenko and Stern, 1996] geomagnetic field model at 12:00 UTC on 17 

January, 2011, which was a period of quiet geomagnetic activity.  T96 is a semi-

empirical model for the Earth’s magnetosphere, which uses solar wind input parameters 

from various satellite measurements.  T96 field lines in the X-Z plane of the GSM 

coordinate system are plotted in Figure 5.2 (top panel), where color represents the field 

strength at the center of the plasma sheet (indicated by an “x”).  A field line stretching to, 

for example, XGSM=-20 Earth Radii (RE), has a much weaker magnetic field than more 

dipolar field lines closer to Earth.  Also note that magnetic field magnitude along a 

 

Figure 5.1: Coordinate system for modeling field line resonance.  s is 
distance along the field line from the Earth’s surface in the northern 
hemisphere, while r(s) is the distance from the magnetic equator at point s. 
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Figure 5.2: Top - T96 magentic field lines in GSM coordinates, where 
color represents field magnitude at point x.  Middle  –  plasma sheet 
density and calculated Alfvén speed at point x.  Bottom – Calculated 
toroidal FLR harmonics. 
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particular field line is lowest at the point of field reversal near the center of the plasma 

sheet, and increases along that field line with decreasing distance to Earth (on the order of 

105 nT on the Earth’s surface).  The geosynchronous orbit in the X-Z plane is indicated 

by an “O” in the figure.  Magnetic field and particle measurements of geosynchronous 

satellites are an important component of this thesis.  The second panel of Figure 5.2 plots 

plasma mass density (ρ) and Alfvén speed ( 2
0AV B µ ρ= ) at points marked by “x” in 

the top panel, where plasma sheet density was retrieved from the empirical model of 

Carpenter and Anderson [1992], and plasmasphere density is from in-situ ISEE-1 

spacecraft measurements presented by Escoubet et al. [1997].  As seen in the Figure, 

plasma sheet density increases gradually with decreasing distance to Earth up to ~5 RE, 

while Alfvén speed increases closer to Earth due to increasing magnetic field strength.  

The 2-3 order of magnitude increase in mass density around 4-5 RE is associated with the 

plasmapause (Section 2.2), and results in a large decrease in Alfvén speed.  Alfvén speed 

again increases within the plasmasphere due to increasing B.  The third panel of Figure 

5.2 plots toroidal mode eigenfrequencies of T96 field lines plotted in the top panel, 

calculated using Equation 5.1.  In application of (5.1), the Alfvén speed distribution along 

a field line VA(s) requires the mass density distribution of plasma ρ(s) along that field 

line, which was assumed to follow a power law in the form of 

( )maxeq R R aρ ρ=        (5.3) 

where ρeq is the equatorial mass density, R is the geocentric radius, and Rmax is the 

maximum geocentric radius along a field line.  Following Denton et al. [2006] and 

Rankin et al. [2006], a power law coefficient of α=1 was used.  Frequencies of the first 



 

216 

 

four eigenmodes for toroidal oscillations are plotted in Figure 5.2.  Oscillation 

frequencies are determined by primarily the magnetic field strength B(s), integrated 

length of magnetic field lines, and the plasma mass density ρ(s), and closely resemble the 

radial distribution of the Alfvén velocity.  In the stretched topology of the magnetotail at 

large radial distances from Earth, field line resonance frequencies are small (fundamental 

harmonic <1 mHz), while resonance frequencies of more dipolar field lines closer to 

Earth tend to be larger (fundamental frequency >10 mHz close to 5 RE).  There is a sharp 

increase in ρ(s) across the plasmapause, which results in greater inertia (increased mass 

of plasma) and lower oscillation rate of frozen-in field lines.  Resonance frequencies 

again increase with increasing field strength and decreasing length of field lines within 

the plasmasphere.  The vertical dotted line in the figure indicates the geosynchronous 

orbit at a radial distance of 6.6 RE.  Note that the radial distribution of resonance 

frequencies varies strongly with geomagnetic activity level and solar wind condition due 

to the highly variable plasma distribution in the plasma sheet and highly variable field 

line topology of the magnetotail.  Resonance frequencies will also vary with local time 

largely due to the more dipolar topology away from local midnight.  Natural frequencies 

for field lines threading the GOES 13 satellite were calculated using T96 field line traces 

from GOES to north and south ionospheres, while frequencies for ground magnetic field 

were calculated using traces from Sanikiluaq to the southern ionosphere.   
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5.3. Observations and Analysis 

5.3.1 Pc5 event – 12 September 2011 

The event of interest occurred during the interval 07:30 to 12:00 UTC on 12 

September 2011, which corresponds to 02:30 to 06:58 magnetic local time (MLT) in 

Sanikiluaq.  This event occurred during a period of low to moderate geomagnetic activity 

(DST=-20 to -35), high auroral activity (AU=40 to 300; AL=0 to -900), relatively high 

but steady solar wind flow speed (~600 km/s), steady solar wind dynamic pressure (3-4 

nP), and mainly northward interplanetary magnetic field (IMF).  The SuperMAG 

substorm database (http://supermag.uib.no/substorms/) indicates the occurrence of 

multiple substorm onsets prior to and during the event of interest.  The Natural Oceanic 

and Atmospheric Administration (NOAA) natural hazards database 

(https://www.ngdc.noaa.gov/hazard/hazards.shtml) showed no occurrence of significant 

natural hazards (tsunamis, earthquakes, volcanoes) capable of exciting TEC perturbations 

on this day, while the Nuclear Explosion DataBase (NEDB) of the Defense Threat 

Reduction Agency (DTRA; http://www.rdss.info/index.html) showed no occurrence of 

nuclear explosions. 

For 07:30-12:00 UTC, Figure 5.3 shows geomagnetic coordinates of Sanikiluaq, 

the GOES 13 magnetic footprint, and ionospheric pierce points (IPPs) at 120 km altitude 

for 6 GPS satellites visible to the Sanikiluaq receiver (at greater than 25º elevation).  The 

mapped IPPs indicate the location where GPS satellite-to-receiver ray paths intersect the 

ionosphere at a particular altitude, which in this case was chosen to be 120 km (E region).  

Note that IPP coordinates will vary for different IPP altitudes.  IPP coordinates are 
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indicated in one hour UTC intervals in the figure.  Over the time period of Pc5 

observations, the GOES 13 footprint moved from ~245 km south to ~100 km southeast of 

Sanikiluaq.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Geomagnetic coordinates of Sanikiluaq, the GOES 13 
northern magnetic footprint, and ionospheric pierce points (IPPs) of 
GPS satellite-to-receiver ray paths at 120 km altitude for 07:30 to 
12:00 UTC on 12 September 2011.  UTC is indicated every 60 
minutes on each IPP trace. 
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Figure 5.4 contains GOES 13 magnetometer measurements (ΔB) in field-aligned 

coordinates (a), GOES 13 electron flux measurements within the atmospheric loss cone 

for three energy channels ranging from 30 to 200 keV, as well as pitch angle of telescope 

7 of the GOES 13 MAGED (b), Sanikiluaq magnetometer measurements (ΔB) in the 

geographic north (X), east (Y), and vertically downward (Z) frame (c), and Sanikiluaq 

GPS detrended TEC measurements (ΔTEC) from six GPS satellites (d).  A DC offset has 

been added to TEC and magnetic field measurements in order to make the variations 

more clear.  For consistency with GOES magnetic field and TEC measurements, a high  

bandpass (0.37 mHz), 3rd order Butterworth filter was also applied to Sanikiluaq  

 magnetometer in order to remove long period (>45 minute) variations.  In TEC 

measurements, one TEC unit (TECU) is equivalent to 1016 electrons per square meter.  

GPS satellites are identified by their PRN number, which refers to each satellite’s unique 

pseudo random noise (PRN) code.  Figure 5.5 is the same format as Figure 5.4, but with a 

1.67 - 6.67 mHz Pc5 bandpass filter applied to each measurement.  Variations in electron 

flux (ΔFlux) are plotted in Figure 5.5c, with a DC shift applied. 

As seen in Figures 5.4a and 5.5a, low frequency Pc5 variations of up to ~10 nT 

appeared in the azimuthal component of GOES magnetic field from 08:00 to 11:32 UTC.  

Pulsation amplitude appeared to have an intermittent or “bursty” character, increasing 

and decreasing on time scales of 15-30 minutes.  Smaller amplitude variations (<5 nT) 

were also visible in radial and parallel components over this time period.  Similar 

frequency variations in GOES 13 30-50 keV and 50-100 keV electron flux were observed 

from 10:00 to 11:32 UTC and 11:10 to 11:35 UTC (Figures 5.4b and 5.5b).  No 
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Figure 5.4: a) GOES 13 magnetic field variations (ΔB) in field-aligned 
coordinates, b) GOES 13 MAGED electron flux and pitch angle of telescope 7, c) 
high band-pass filtered (>0.37 mHz) Sanikiluaq magnetic field variations (ΔB) in 
geographic XYZ coordinates, and d) high band-pass filtered (>0.37 mHz) GPS 
TEC variations (ΔTEC) observed by the Sanikiluaq receiver.  Average total 
magnetic field and vertical TEC from 7:30 to 12:00 UTC is also indicated in 
respective panels.  A DC shift was applied to magnetic field and TEC 
measurements for visualization purposes. 
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Figure 5.5: Same format as Figure 5.4, with a Pc5 (1.67-6.67 mHz) 
third order Butterworth bandpass filter applied.  Electron flux variations 
(ΔFlux) are shown in (b). 
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obvious Pc5 band flux variations were observed early on in the event from 08:00 to 10:00 

UTC, or at any time for electron flux at energies >100 keV.  Prior to apparent ULF wave 

modulation of the electron flux starting at 10:00 UTC, close to an order of magnitude flux 

enhancement of the 30-100 keV electron population was observed starting at 09:30 UTC. 

As seen in Figures 5.4c and 5.5c, Pc5 variations of up to ~100 nT appeared in 

Sanikiluaq magnetic field measurements around 08:00 UT, concurrent with the onset of 

GOES 13 magnetic field variations.  Significant variations were observed in all three 

components throughout the event, and diminished just after 11:30 UT.  Similar to GOES 

13 observations, intermittent, 15-30 minute bursts of increased Pc5 amplitudes were 

evident in the ground magnetic field.  Evident in Figure 5.5c was an apparent increase in 

frequency of Sanikiluaq Pc5 variations over time, with a significantly lower frequency 

early on in the event compared to the frequency of GOES 13 variations.  This observation 

will be discussed later in this section. 

Figures 5.4d and 5.5d show continuous Pc5 band TEC variations of up to ~2 

TECU during Pc5 magnetic field activity observed by GOES 13 and Sanikiluaq 

magnetometers.  Periods of no data are due to low satellite elevation (<25º).  Pc5 band 

TEC variations of up to ~1 TECU were observed by multiple satellites from 07:30 to 

9:20 UTC, followed by a period of larger amplitude (up to 2.5 TECU) variations 

observed by PRNs 12, 14 25 and 31 from 09:20 to 10:00 UTC.  As seen in Figure 5.3, 

these satellites were tracking west, relative to the more eastern PRNs 20 and 32.  

Variations diminished to <0.5 TECU from 10:00 to 10:30 UT, followed by a second 

period of larger amplitude variations (up to 2.0 TECU) from 10:30 UT to 11:40 UT.  The 

estimated background TEC above Sanikiluaq during the event was in the range of 5-7 
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TECU, and thus magnitudes of TEC variations were a significant fraction of the 

background electron content.  Note that broadband TEC variations associated with 

nighttime auroral activity occurred prior to the event shown here, while little to no TEC 

variations were observed after 12:00 UTC. 

Close inspection of TEC measurements of each satellite indicates that Pc5 band 

TEC variations were occasionally well correlated with Pc5 magnetic field variations 

observed on the ground and by GOES 13.  Figure 5.6 shows the result of cross correlation 

analysis for 09:22-09:34 UTC, which highlights a time interval where magnetic field and 

TEC Pc5 variations observed by multiple satellites were clearly linked.  Figure 5.6a 

shows cross correlation of PRN 14 TEC (09:22-09:34 UTC) with 12 minute intervals of 

GOES 13 Bϕ , Sanikiluaq XB , and PRN 31 TEC.  For each cross correlation, the relative 

time delay at which the highest correlation was found is indicated by an asterisk.  A 

positive time delay indicates that features were first observed by PRN 14 TEC.  

Correlation coefficients of 0.71, 0.87 and 0.90, at time delays of 242s, -94s, and -27s, 

resulted from cross correlation of PRN 14 TEC with GOES 13 Bϕ , Sanikiluaq XB  and 

PRN 31 TEC, respectively.  Figure 5.4b shows PRN 14 TEC measurements from 09:22 

to 09:34 UTC, along with time shifted (according to cross correlations) GOES 13 Bϕ , 

Sanikiluaq XB , and PRN 31 TEC measurements.  Measurements were bandpass filtered 

and DC shifted using the same procedure applied in Figure 5.2.  Similar variations in the 

Pc5 band are evident in all four time series.  The phase delay between Pc5 variations in 

each time series reflects the possible propagation of Pc5 ULF wave activity and 
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Figure 5.6: a) Cross correlation of PRN 14 TEC from 09:22 to 09:34 UTC on 12 
September 2011, with a sliding 12 minute window of GOES 13 Bϕ , Sanikiluaq 

XB , and PRN 31 TEC.  Peak correlations are indicated by asterisks, with peak 
correlations and corresponding temporal delays listed in the legend.  A positive 
delay indicates that features were first observed by PRN 14 TEC; b) Detrended 
PRN 14 and 31 ΔTEC, and bandpass filtered GOES 13 Bϕ∆ and Sanikiluaq XB∆ , 
time shifted according to cross correlation in a).  A DC shift was applied to 
magnetic field and TEC measurements for visualization purposes. 
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associated TEC variations in the ionosphere, in addition to any ionospheric rotation of the 

wave polarization [Hughes and Southwood, 1976]. 

Note that while the time interval shown in Figure 5.6 showed good correlation, 

similar correlation analysis using different time intervals and TEC from different 

satellites often resulted in low correlation, and thus attempting to link TEC variations to 

magnetic field variations is not straightforward.  Occasional good correlation between 

Pc5 band TEC and magnetic field variations indicates that the TEC had an intermittent or 

possibly localized response to the relatively steady Pc5 magnetic field activity observed 

by the GOES 13 satellite and on the ground in Sanikiluaq.  Correlation of measurements 

and potential association of TEC variations with magnetic field variations is further 

discussed near the end of this section. 

Figure 5.7 shows dynamic power spectra (0 - 20 mHz) for GOES 13 azimuthal (

Bϕ ) magnetic field (a), GOES 13 30-50 keV electron flux of telescope 7 (b), Sanikiluaq 

northward (X) magnetic field (c), and Sanikiluaq GPS TEC measurements (d-i).  

Dynamic power spectra were calculated using the S-Transform [Stockwell et al., 

1996].  Dynamic power spectra of radial and parallel components of GOES 13 magnetic 

field measurements show similar but significantly weaker frequency components 

compared to the azimuthal magnetic field.  Not shown are the GOES 13 50-100 keV 

electron flux spectrum, which is similar to the 30-50 keV flux spectrum, and the spectra 

for eastward (Y) and vertical (Z) components of Sanikiluaq magnetic field, which are 

similar to the northward (X) magnetic field dynamic power spectrum.  The dotted white 

lines in magnetic field and TEC spectra of Figure 5.7 are fundamental field line 

eigenfrequencies, calculated using the T96 magnetic field model and the shear Alfvén 
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wave model of Rankin et al. [2006].  Figures 5.7a plots the fundamental eigenfrequency 

for the field line threading the GOES 13 satellite, while Figure 5.7c plots the 

eigenfrequency for the field line mapping to Sanikiluaq.  Depending on GPS satellite 

elevation, a GPS signal will cover a range of latitudes as it propagates through the 

ionosphere, and thus may encounter ionospheric variations at range of frequencies 

associated with the natural eigenfrequencies of a latitudinal range of field lines.  The 

dotted white lines in the TEC spectra represent a range of frequencies associated with the 

latitudinal variation of natural eigenfrequencies, which were selected based on the 

latitudinal range of IPPs shown in Figure 5.3.  The upper line is the calculated frequency 

for 65º magnetic latitude and the lower line is the calculated frequency for 69º magnetic 

latitude, each calculated for local time at Sanikiluaq.  These are the maximum and 

minimum latitudes covered by PRN IPPs in Figure 5.3. 

For GOES 13 observations, the majority of Pc5 spectral power was observed in a 

narrow band of frequencies in the azimuthal component.  As shown in Figure 5.7a, peak 

frequency of narrowband azimuthal variations gradually increased from 4.7 mHz to 6.8 

mHz as the event progressed.  Calculated fundamental mode eigenfrequencies for field 

lines threading the GOES 13 satellite ranged from 5.5 to 7.1 mHz during observed Pc5 

pulsations, which were in good agreement with observed frequencies.  In addition, a 

narrow band of frequencies that increased from 23.0 to 26.0 mHz as the event progressed 

(not shown) were observed in GOES 13 azimuthal variations.  These frequencies agreed 

well with the calculated third harmonic for azimuthal variations of T96 field lines 

threading GOES, suggesting that magnetic field variations observed by GOES 13 were 
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Figure 5.7: Dynamic power spectra of a) GOES 13 azimuthal ( Bϕ ) magnetic 
field, b) GOES 13 30-50 keV electron flux measurements of telescope 7, c) 
Sanikiluaq Poleward (X) magnetic field, and d-i) Sanikiluaq GPS TEC.  
Dotted white lines in magnetic field and TEC spectra are calculated 
fundamental mode eigenfrequencies, as described in the text. 
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potentially due to fundamental and third order resonance harmonics of the toroidal 

Alfvén mode.  As shown in Figure 5.7b, the dynamic power spectrum for 30-50 keV 

electron flux indicated no variations related to Pc5 magnetic field activity from 08:00 to 

10:00 UTC.  Significant flux variations at 5.8 mHz were observed from 10:00 to 10:40 

UTC, indicating potential Pc5 wave modulation of 30-50 keV and 50-100 keV (not 

shown) electron flux during this interval. 

Significant, narrowband Pc5 spectral power was observed in all three ground 

magnetic field components, dominated by frequencies that increased over time.  As 

shown in Figure 5.7c, peak frequency at event onset was ~1.9 mHz, which gradually 

increased up to ~5.9 mHz as the event progressed.  Calculated fundamental mode 

eigenfrequencies for T96 field lines mapping to Sanikiluaq ranged from 1.1 to 5.8 mHz 

during observed Pc5 pulsations, which closely matched observed frequencies on the 

ground.  There was a notable difference in the frequencies observed by Sanikiluaq and 

GOES 13 magnetometers early on in the event between 08:00 and 10:00 UTC.  At the 

onset of wave activity, the dominant frequency observed on the ground was 1.9 mHz, 

compared to the 4.7 mHz frequency observed at GOES.  A similar discrepancy can also 

be seen in eigenfrequencies calculated from the T96 magnetic field model.  At 08:00 

UTC, the T96 field line mapped from Sanikiluaq extended to 10.1 RE in the magnetic 

equatorial plane, while the T96 field line threading GOES 13 had a more dipolar 

topology, and extended to only 7.1 RE.  In resonant oscillations, field lines tend to 

oscillate at their own natural frequency.  The observed difference in ground and GOES 

frequencies early on in the event was possibly a result of the more stretched topology of 

the magnetic field mapping to Sanikiluaq compared to the magnetic field threading 
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GOES 13.  As the event progressed, Sanikiluaq and GOES 13 rotated towards dawn, 

which corresponded to an increase in observed frequencies and an increase in calculated 

eigenfrequencies.  From 10:00 to 11:30 UTC, peak frequencies observed at GOES 13 and 

Sanikiluaq were similar (4.9-5.9 mHz in Sanikiluaq compared to 5.1-6.8 mHz at GOES).  

Calculated eigenfrequencies for Sanikiluaq and GOES 13 were also similar over this time 

interval. This was mainly due to the dipolarization of the Sanikiluaq T96 field, which 

became topologically comparable to the T96 field line threading GOES 13 as Sanikiluaq 

approached dawn. 

Figure 5.7d-i shows significant Pc5 band spectral power in TEC measurements of 

each GPS satellite during observed Pc5 magnetic field variations.  Frequencies of TEC 

variations occasionally closely matched frequencies of Pc5 magnetic field variations 

observed in Sanikiluaq and by GOES 13.  The dynamic power spectrum of PRN 14 

(Figure 5.7e) is the best evidence of a close correspondence in time-frequency space.  

This spectrum shows dominant, narrowband frequencies closely matching frequencies of 

narrowband Pc5 magnetic field variations observed in Sanikiluaq from 08:00 to 09:45 

UTC and from 10:15 to 10:35 UTC.  Similar to magnetic field variations, these PRN 14 

TEC variations exhibited a “bursty” behaviour, occurring in pulses of high amplitudes 

every 15-25 minutes.  Referring to Figure 5.3, PRN 14 was located directly overhead 

Sanikiluaq around 08:00 UTC, moving to lower elevations to the south-east of Sanikiluaq 

as the event progressed.  As seen in Figure 5.7e, the dynamic power spectrum of PRN 14 

TEC became more broadband as PRN 14 moved to lower elevations from 08:00 to 11:05 

UTC.  In addition, PRN 14 frequencies for 08:00-10:35 UTC agreed well with calculated 

eigenfrequencies of magnetic field lines mapping to the region.  PRN 31 was also located 
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directly overhead Sanikiluaq for a portion of the event.  From 08:12 to 09:45 UTC, when 

PRN 31 was at lower elevations to the south-west of Sanikiluaq, significant spectral 

components covering a broad range of Pc5 frequencies were observed (Figure 5.7h).  

From 10:30 to 11:25 UTC, when PRN 31 was close to zenith of Sanikiluaq, PRN 31 TEC 

variations were dominated by a narrow band of frequencies closely matching those of 

Sanikiluaq and GOES 13 Pc5 magnetic field variations.  Dynamic power spectra for 

PRNs 12, 20, 25 and 32, which were tracking at lower elevations during the event, 

showed more broadband TEC variations at Pc5 frequencies. 

Figure 5.8 shows the coherence of dynamic power (S-Transform coherence) and 

relative spectral phase for three pairs of measurements for 08:15-11:00 UTC: PRN 14 

TEC and GOES 13 Bϕ  (a), PRN 14 TEC and Sanikiluaq YB  (b), and PRN 14 TEC and 

PRN 31 TEC (c).  Color contours show coherence of dynamic power spectra shown in 

Figure 5.7, for each pair of measurements, while arrows indicate relative phase of 

variations in time-frequency space, for regions of high coherence (>0.5).  As indicated in 

the figure, arrows pointing right indicate variations that are in phase, while arrows 

pointing up indicate 90º out of phase (PRN 14 TEC ahead in phase by 90º).  This 

coherency analysis of dynamic power spectra follows the cross-wavelet analysis of 

Grinsted et al. [2004], who described the coherence of dynamic power spectra as “a 

localized correlation coefficient in time-frequency space”.  Cross-wavelet analysis of 

TEC and magnetic field spectra was also carried out by Pilipenko et al. [2014a] and 

Watson et al. [2015].  Figure 5.8a-b shows intermittent periods of high spectral coherence 

between PRN 14 TEC and magnetic field variations observed on the ground and at GOES 
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Figure 5.8: Coherence of dynamic power spectra of a) PRN 14 TEC and 
GOES 13 Bϕ , b) PRN 14 TEC and Sanikiluaq YB , and c) PRN 14 TEC and 
PRN 31 TEC.  Relative spectral phase is indicated by arrows in regions of 
high coherence (>0.5), where right indicates in-phase and up indicates 90º out 
of phase (with phase of PRN 14 TEC leading). 
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13, while Figure 5.8c shows high coherence between PRN 14 and PRN 31 TEC between 

09:00 and 09:45 UTC.  High coherence and “phase-locked” variations indicate a potential 

link between Pc5 TEC and magnetic field variations.  Occasional high coherence 

between TEC and magnetic field variations, and between TEC variations of different 

GPS satellites, again indicates that the TEC response to Pc5 activity is intermittent and/or 

localized. 

Another factor to consider when comparing variations observed in GPS-derived 

TEC to magnetic field variations is the nature of the GPS TEC measurements.  Since 

TEC is the integrated electron density along a satellite-to-receiver ray path, variations in 

TEC reflect the electron density variations along that entire ray path.  TEC variations will 

be inherently more complex since the cumulative variations over a range of altitudes 

covering the D, E and F region ionosphere are observed, in addition to the cumulative 

effect from a range of latitudes due to the slanted GPS ray path.  This cumulative effect 

will increase with decreasing satellite elevation since the GPS signal travels through 

significantly more ionosphere.  In addition, if variations reflecting the natural 

eigenfrequencies of particular magnetic field lines are observed, GPS signals for lower 

elevation satellites will travel through a greater range of latitudes.  Increasingly 

broadband Pc5 TEC variations for lower satellite elevations in Figure 5.7d-I may reflect 

the observation of multiple field line eigenfrequencies associated with the latitudinal 

range of the GPS signal through the ionosphere.  

The large peak-to-peak amplitudes of TEC variations (0.5-2.5 TECU) observed 

by multiple GPS satellites was a substantial percentage of the estimated background TEC 

above Sanikiluaq at this time (5-7 TECU).  The fractional magnitude of TEC 
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disturbances compared to the background electron content for this event ranged from 7% 

to 50%.  Pilipenko et al. [2014a] found that “intense” daytime Pc5 variations of ~400 nT 

observed on the ground resulted in Pc5 band TEC variations of up to 1 TECU.  They 

estimated that the fractional TEC variation compared to the background electron content 

was at most 2.5%.  Observations presented in this section showed significantly less 

intense magnetic field variations (up to 100 nT on the ground), however a much larger 

response in TEC.  Using theoretical considerations, Pilipenko et al. [2014a] outlined a 

number of mechanisms that could produce fractional TEC variations of ~1.0%, much 

smaller than the 7-50% fractional variations observed here.  The only possible 

mechanism to explain the relatively large amplitude variations in TEC presented here is 

the modulated precipitation of energetic particles. 

Modulated precipitation of energetic particles by Pc5 ULF activity in the auroral 

region has been well documented.  Lester et al., [2000] presented a case of early morning 

Pc5 ground magnetic field variations in the auroral region, along with simultaneous 

variations in ionospheric temperature, conductivity, and electron density measurements 

of the EISCAT UHF radar.  Three separate intervals were presented over the event, two 

of which showed only E and D region electron density variations that were attributed to 

electron precipitation with energies greater than 20 keV, and the other which showed 

only F region density variations attributed to less than 20 keV electron precipitation.  In 

another case study, Rae et al. [2007] presented simultaneous ground magnetometer, 

riometer and meridian scanning photometer (MSP) observations of Pc5 field line 

resonance (FLR) activity in the dawn sector of the auroral region.  Discrete, Pc5 band 

magnetic field variations were accompanied by similar frequency riometer pulsations and 
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optical signatures of periodic poleward propagating auroral arcs, indicating modulated 

high energy and lower energy (< 10 keV) particle precipitation associated with the FLR. 

A few past studies have examined the magnitude of the TEC enhancement based 

on the energy and flux of precipitating energetic particles.  An observational survey of 

multiple high latitude precipitation events by Watson et al. [2011; Figure 5.12] indicated 

that events involving precipitation of only >30 keV electrons resulted in TEC 

enhancements of at most 2 TECU, while events involving lower energy precipitation <30 

keV resulted in a wide range of TEC enhancements up to 12 TECU.  Rodger et al. [2012] 

predicted that electron precipitation during substorms could result in TEC enhancements 

of up to 4.8 TECU, however only one-third to one-half of the TEC enhancements were 

predicted to arise from electron precipitation of >30 keV.  These previous results suggest 

that the 0.5-2.5 TECU variations presented in this section were at least in part due to 

precipitation of lower energy <30 keV electrons. 

 

5.3.2 Pc4 event – 15 September 2011 

Pc4 band GPS TEC variations associated with Pc4 magnetic field variations were 

observed in the early morning during 07:00 - 09:30 UTC (02:02 – 04:31 MLT) on 15 

September 2011.  This event was observed during a period of low geomagnetic activity 

(DST=-20) and during recovery from a period of low to moderate auroral activity 

(AU=100, AL=-250).  Solar wind flow speed (FS) and dynamic pressure (DP) were 

steady during the event (FS=450-470 km/s, DP=1.0-1.5 nP), while the interplanetary 

magnetic field (IMF) was highly variable until 07:30 UTC, followed by a steady 
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northward orientation.  The NOAA natural hazards database showed no occurrence of 

significant natural hazards (tsunamis, earthquakes, volcanoes) capable of exciting TEC 

perturbations on this day, while the DTRA NEDB showed no occurrence of nuclear 

explosions.  Characteristics of observed Pc4 variations were consistent with past 

descriptions of “Giant pulsations (Pgs)”, namely the early morning occurrence in the 

auroral region and highly regular, sinusoidal waveform [e.g. Chisham et al., 1997]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: Geomagnetic coordinates of Sanikiluaq, the GOES 13 northern 
magnetic footprint, and ionospheric pierce points (IPPs) of GPS satellite-to-
receiver ray paths at 120 km altitude for 07:00 to 09:30 UTC on 15 
September 2011.  UTC is indicated every 60 minutes on each IPP trace.  
Solid black IPP traces indicate where ULF-related TEC variations were 
observed. 
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Figure 5.9 shows magnetic coordinates of Sanikiluaq, the GOES 13 footprint, and 

IPPs at 120 km for five GPS satellites over the duration of this Pc4 event.  For IPP 

coordinates, solid black lines indicate periods where GPS satellites observed 

monochromatic Pc4 band TEC variations closely matching frequencies of Pc4 magnetic 

field variations.  Periods where no clear Pc4 band TEC variations could be linked to Pc4 

magnetic field variations are indicated by dotted lines.  Figure 5.10 shows GOES 13 

magnetic field measurements in field-aligned coordinates (a), GOES 13 electron flux 

measurements within the atmospheric loss cone for three energy channels ranging from 

30 to 200 keV, as well as pitch angle of telescope 7 of the GOES 13 MAGED (b), 

Sanikiluaq magnetometer measurements in geographic XYZ coordinates (c), and 

Sanikiluaq GPS detrended TEC measurements from five GPS satellites (d).  A DC offset 

has been added to TEC and magnetic field measurements in order to make the variations 

more clear.  Figure 5.11 shows data in the same format as Figure 5.10, with a Pc4 (6.67-

22.00 mHz) bandpass filter applied.  Variations in electron flux (ΔFlux) are plotted in 

Figure 5.11b, with a DC shift applied to the measurements.  Similar to Figure 5.9, periods 

where Pc4 band TEC variations were linked to Pc4 magnetic field variations at GOES 13 

and on the ground are highlighted in black in Figures 5.10d and 5.11d.  Starting around 

07:12 UTC, Pc4 variations of up to 2 nT were observed by GOES 13 in all three field-

aligned coordinates.  Pulsations of about 1 minute periodicity continued until 09:15 UTC, 

with diminishing amplitudes as the event progressed.  Field aligned ( ||B ) variations 

diminished significantly around 08:05 UTC.  Also evident in Figure 5.10a were longer 

period (10-25 minute) variations in the GOES 13 magnetic field, while periodic (10-25 
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minute) “pulses” of high Pc4 amplitude was evident in Pc4 filtered Bϕ  and rB  of Figure 

5.11a. 

As shown in Figures 5.10b and 5.11c, significant Pc4 band variations in 30-50 

keV and 50-100 keV electron flux were also observed by GOES 13 from 07:30 to 09:00 

UTC.  No significant flux variations were observed for electrons >100 keV.  Amplitudes 

of flux variations also displayed a periodic character, appearing as “pulses” of 10-15 

minute periodicity.  These pulses of high amplitude flux variations occurred 

simultaneously with pulses of high amplitude radial ( rB ) magnetic field variations. 

As shown in Figures 5.10c and 5.11c, Pc4 variations of up to 6 nT were observed by the 

Sanikiluaq magnetometer starting at 07:15 UTC, concurrent with the onset of Pc4 

variations at GOES 13.  Variations were observed in all three magnetic field components, 

and continued until 09:15 UTC in eastward (Y) and downward (Z) directions, while 

diminishing around 08:45 UTC in the poleward (X) direction.  Amplitudes of poleward 

Pc4 variations diminished as the event progressed, while amplitudes in the downward and 

eastward direction mainly increased until ~08:40 UTC.  Similar to GOES 13 magnetic 

field and electron flux Pc4 variations, amplitudes of ground Pc4 variations demonstrated 

a periodic, “bursty” behavior, mainly in the downward (Z) and eastward (Y) directions.  

Comparison of Pc4-filtered GOES 13 radial ( rB ) magnetic field, electron flux, and 

Sanikiluaq downward and eastward magnetic field in Figure 5.9a-c reveals a 

simultaneous occurrence of high amplitude pulses.  Simultaneous occurrence of high 

amplitude Pc4 pulses in geosynchronous electron flux and ground magnetic field 
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Figure 5.10: a) GOES 13 magnetic field variations (ΔB) in field-aligned 
coordinates, b) GOES 13 MAGED electron flux and pitch angle of 
telescope 7, c) high band-pass filtered (>0.37 mHz) Sanikiluaq magnetic 
field variations (ΔB) in geographic XYZ coordinates, and d) high band-pass 
filtered (>0.37 mHz) GPS TEC variations (ΔTEC) observed by the 
Sanikiluaq receiver.  A DC shift was applied to magnetic field and TEC 
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Figure 5.11: Same format as Figure 5.10, with a Pc4 (6.67-22.00 mHz) 
third order Butterworth bandpass filter applied.  Electron flux variations 
(ΔFlux) are shown in (b). 
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indicates a possible modulation of ionospheric Hall currents and conductivity by Pc4 

wave-modulated precipitation of 30-100 keV electrons. 

As shown in Figures 5.10d and 5.11d, Pc4 band GPS TEC variations of up to 0.35 

TECU were observed by multiple GPS satellites, concurrent with Pc4 activity observed 

by GOES 13 and Sanikiluaq magnetometers.  Occurrence of monochromatic Pc4 TEC 

variations that closely matched frequencies of Pc4 magnetic activity was highly localized, 

varying significantly from satellite to satellite.  Referring to IPP coordinates in Figure 

5.9, Pc4 TEC variations were observed primarily at latitudes close to and north of 

Sanikiluaq.  PRN 12, the easternmost satellite, observed Pc4 band TEC variations almost 

continuously after 07:20 UTC, with the exception of a relatively quiet interval from 08:40 

to 08:58 UTC.  High amplitude “pulses” of 5-10 minute duration were evident in filtered 

PRN 12 TEC from 07:20 to 08:40 UTC.  Pulses from 07:40-08:20 UTC occurred 

simultaneously with similar pulses observed in GOES 13 rB , GOES 13 30-100 keV 

electron flux, and Sanikiluaq YB  and ZB  over this same time period.  After Pc4 ULF 

activity at GOES 13 diminished at 09:15 UTC, ongoing Pc4 variations were observed by 

PRN 12 until 09:30 UTC, as the satellite tracked to the north-east of Sanikiluaq.  PRN 32, 

located to the north-west of Sanikiluaq, also observed significant Pc4 TEC variations for 

a large portion of the interval 08:10-09:22 UTC.  PRN 14, which provided TEC 

measurements for the entire event, observed clear Pc4 signatures only during 07:55-08:12 

UTC, as it tracked directly overhead Sanikiluaq.  PRN 22 observed clear, monochromatic 

variations from 07:28 until 08:11 UTC, with no clear variations observed as the satellite 
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progressed to more southern latitudes.  PRN 31, located to the south-west of Sanikiluaq, 

observed no clear Pc4 TEC variations related to Pc4 magnetic field activity. 

During intervals where clear, monochromatic Pc4 band variations in TEC were observed 

in this event, there was typically good correlation between TEC and magnetic field 

measured by GOES 13 and Sanikiluaq magnetometers.  Figure 5.12 shows the result of 

cross correlation analysis for 07:55-08:03 UTC, which highlights a time interval where 

magnetic field and TEC Pc4 variations observed by multiple satellites were clearly 

linked.  Figure 5.12a shows cross correlation of PRN 12 TEC (07:55-08:03 UTC) with 8 

minute intervals of GOES 13 rB , Sanikiluaq YB , and PRN 22 TEC.  A positive time 

delay indicates that features were first observed by PRN 12 TEC.  Correlation 

coefficients of 0.76, -0.78 and 0.64, at time delays of 16s, 33s, and 13s, resulted from 

cross correlation of PRN 12 TEC with GOES 13 rB , Sanikiluaq YB  and PRN 31 TEC, 

respectively.  Anticorrelation between PRN 12 TEC and Sanikiluaq YB indicates that an 

increase (decrease) in TEC corresponds to a decrease (increase) in eastward (Y) magnetic 

field on the ground.  Figure 5.12b shows PRN 12 TEC measurements from 07:55 to  

 08:03 UTC, along with time shifted (according to cross correlations) GOES 13 rB , 

Sanikiluaq YB , and PRN 22 TEC measurements.  Similar variations in the Pc4 band are 

evident in all four time series.  The phase delay between Pc4 variations in each time 

series again reflects the possible propagation of Pc4 ULF wave activity and associated 

TEC variations in the ionosphere, and possibly rotation of the wave polarization by the 

ionosphere [Hughes and Southwood, 1976]. 
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Figure 5.12: a) Cross correlation of PRN 12 TEC from 07:55 to 08:03 UTC on 15 
September 2011, with a sliding 12 minute window of GOES 13 rB , Sanikiluaq YB
, and PRN 22 TEC.  Peak correlations are indicated by asterisks, with peak 
correlations and corresponding temporal delays listed in the legend.  A positive 
delay indicates that features were first observed by PRN 12 TEC; b) Detrended 
PRN 12 and 22 ΔTEC, and bandpass filtered GOES 13 rB∆ and Sanikiluaq YB∆ , 
time shifted according to cross correlation in a).  A DC shift was applied to 
magnetic field and TEC measurements for visualization purposes. 
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Figure 5.13 shows 0-30 mHz dynamic power spectra of, GOES 13 azimuthal ( Bϕ

) magnetic field (a), GOES 13 30-50 keV electron flux of telescope 7 (b), Sanikiluaq 

eastward (Y) magnetic field (c), and Sanikiluaq GPS TEC (d-h) for multi-satellite 

measurements shown in Figures 5.10d and 5.11d.  As seen in Figure 5.13a-c, magnetic 

field and electron flux variations were dominated by a narrow band of frequencies in the 

range of 9.0-11.0 mHz.  Dominant frequencies around 11.0 mHz were observed early on 

in the event starting at 07:15 UTC (07:30 UTC for electron flux), and gradually 

decreased to 9.0 mHz until 08:15 UTC.  A small increase to ~9.5 mHz was observed 

from 08:15 to 09:15 UTC in all three dynamic power spectra.  GOES 13 radial ( rB ) and 

parallel variations ( ||B ), GOES 13 50-100 keV electron flux, and Sanikiluaq poleward (X) 

and downward (Z) magnetic field variations were dominated by the same narrow band of 

frequencies.  A notable feature in the dynamic power spectrum for GOES 13 azimuthal 

variations (Figure 5.13a) was a narrowband frequency component of ~21 mHz observed 

from 07:25 to 07:53 UTC, which indicates a possible higher harmonic associated with 

resonant variations of magnetic field lines.  In Figure 5.13d-h, localized, narrowband  

 frequency components closely matching magnetic field and electron flux frequencies are 

evident in TEC dynamic power spectra.  TEC variations from PRN 12 (Figure 5.13d), 

which were relatively continuous in the Pc4 band, are the best evidence of high 

coherence between magnetic field and TEC variations.  From 07:20 to 08:30 UTC, the 

PRN 12 TEC spectrum shows a narrow band of dominant Pc4 frequencies that gradually 

decreased from 11.0 mHz to 8.5 mHz.  These dominant frequencies are almost identical  
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Figure 5.13: Dynamic power spectra of a) GOES 13 azimuthal ( Bϕ ) magnetic 
field variations, b) GOES 13 30-50 keV electron flux measurements of telescope 
7, c) Sanikiluaq eastward (Y) magnetic field variations, and d-h) Sanikiluaq GPS 
TEC variations. 
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to magnetic field and electron flux frequencies observed over this same time interval.  

The periodic, pulsating behavior of Pc4 band TEC variations is evident in the PRN 12 

spectrum over this interval, with pulses of high spectral power occurring every 5 to 15 

minutes.  Later in the event, from 08:58 to 09:15 UTC, PRN 12 TEC variations at ~9.5 

mHz again matched dominant frequencies of simultaneous magnetic field and electron 

flux variations.  Narrow bands of frequencies closely matching dominant frequencies of 

magnetic field and electron flux variations are also evident from 07:57 to 08:12 UTC in 

the PRN 14 TEC spectrum (9.0 mHz), from 07:27 to 08:12 UTC in the PRN 22 TEC 

spectrum (decreasing from 12.5 to 9.5 mHz), from 08:10 to 08:48 UTC in the PRN 32 

spectrum (decreasing from 10.5 to 9.5 mHz), and from 09:02 to 09:22 UTC in the PRN 

32 spectrum (9.5 mHz).  No clear Pc4 frequency components related to Pc4 magnetic 

field variations were observed in the PRN 31 TEC dynamic power spectrum.  Aside from 

the narrowband of Pc4 TEC variations linked to Pc4 ULF activity, TEC dynamic power 

spectra also showed significant higher and lower frequencies components throughout the 

event, possibly reflecting the integrated nature of the TEC measurement discussed in the 

previous section, as well as the dynamic and turbulent behavior typical of the auroral 

ionosphere. 

Figure 5.14 shows the coherence of dynamic power (S-Transform coherence) and 

relative spectral phase for three pairs of measurements for 07:20-09:00 UTC: PRN 12 

TEC and GOES 13 Bϕ  (a), PRN 12 TEC and Sanikiluaq YB  (b), and PRN 12 TEC and 

PRN 22 TEC (c).  Color contours show coherence of dynamic power spectra shown in 

Figure 5.13 for each pair of measurements, while arrows indicate relative phase of 

variations in time-frequency space for regions of high coherence (>0.5).  As indicated in  
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Figure 5.14: Coherence of dynamic power spectra of a) PRN 12 TEC and 
GOES 13 Bϕ , b) PRN 12 TEC and Sanikiluaq YB , and c) PRN 12 TEC and 
PRN 22 TEC.  Relative spectral phase is indicated by arrows in regions of high 
coherence (>0.5), where right indicates in-phase and up indicates 90º out of 
phase (with phase of PRN 12 TEC leading).  
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the figure, arrows pointing right indicate variations that are in phase, while arrows 

pointing up indicate 90º out of phase (PRN 12 TEC ahead in phase by 90º).  Figure 5.14a 

shows intermittent periods of high spectral coherence between PRN 12 TEC and GOES 

13 Bϕ  at Pc4 frequencies, from 07:20 to 08:35 UTC.  Intermittent coherence reflects the 

pulsating behavior of Pc4 TEC variations and relatively steady Pc4 ULF waves at GOES 

13.  Figure 5.14b also shows intermittent high coherence at Pc4 frequencies between 

PRN 12 TEC and Sanikiluaq YB , from 07:20 to 08:00 UTC.  Figure 5.14c shows a single 

interval of high coherence between PRN 12 and PRN 22 TEC at ~9.5 mHz, from 07:55 to 

08:03 UTC. High coherence and “phase-locked” variations indicate a potential link 

between Pc4 TEC and magnetic field variations.  Intermittent high coherence between 

Pc4 band TEC and magnetic field variations, and between TEC variations of different 

GPS satellites, again indicates that the TEC response to Pc4 activity is intermittent and/or 

localized. 

Peak-to-peak amplitudes of TEC variations associated with Pc4 waves were in the 

range of 0.05-0.35 TECU, which corresponds to a fractional disturbance ( TEC/ TEC)∆  

of 1%-7% relative to the 3-5 TECU estimated background TEC above Sanikiluaq during  

this event.  Amplitudes of Pc4 band TEC variations were significantly less than the TEC 

variations associated with Pc5 waves presented in the previous section.  Theoretical 

estimates of Pilipenko et al. [2014a] again suggest that the observed TEC response to Pc4 

waves was due to wave modulated precipitation of energetic particles.  Hillebrand et al., 

[1982] observed modulation of 30-50 keV electron flux by giant pulsations, which they 

suggested would produce periodic ionization of the D and E region ionosphere.  Chisham 
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et al. [1992] also discussed Pg modulation of energetic particle precipitation by 

replenishment of the atmospheric loss cone through pitch angle diffusion.  In addition, 

statistics of Watson et al. [2011; Figure 12] suggest that precipitation of >30 keV 

electrons are more than capable of producing TEC variations of 0.05-0.35 TECU. 
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Chapter 6: Large amplitude GPS TEC 

variations associated with Compressional 

Pc5-6 magnetic field variations 

 

6.1 Introduction 

This chapter presents observations of large amplitude variations in GPS TEC at 

Pc5-6 (<6.67 mHz) frequencies, using the Sanikiluaq GPS receiver of CHAIN.  TEC 

variations with peak-to-peak amplitudes of 2-7 TEC units (TECU) were observed over a 

2.5 hour period in the post-noon sector on 09 September 2011, during a period of high 

auroral activity within a moderate geomagnetic storm.  Over this same time period, 

compressional Pc5-6 magnetic field variations were observed by the geosynchronous 

GOES 13 magnetometer and the ground-based Sanikiluaq magnetometer.  Cross 

correlation analysis indicates that magnetic field and TEC variations were possibly 



 

250 

 

linked.  GOES 13 particle observations also revealed modulated high energy (30-600 

keV) electron flux at Pc5 frequencies.  To examine the global characteristics of magnetic 

field and particle activity, this chapter includes magnetic field and particle measurements 

of the GOES 15 (270.8º E) satellite and magnetic field measurements of Fort Churchill 

(58.80º N, 265.79ºE) [Mann et al., 2008] and Iqaluit (63.73º N, 291.46º E) 

magnetometers on the ground.  Geomagnetic coordinates of the Sanikiluaq magnetometer 

and GPS receiver, Fort Churchill and Iqaluit magnetometers, as well as northern 

geomagnetic footprints of GOES 13 and 15 satellites were shown in Figure 3.1. 

Using a triangulation technique involving TEC measurements of multiple GPS 

satellites, the propagation velocity of TEC variations in the ionosphere was also 

calculated.  This calculation revealed two distinct events: lower frequency (~0.9 mHz) 

TEC variations that propagated westward, consistent with both the westward propagation 

of compressional Pc5 waves observed by GOES 13 and 15 satellites, and higher 

frequency (~3.3 mHz) TEC variations that propagated southward.  This is the first report 

of variations in ionospheric TEC linked to satellite observations of compressional Pc5-6 

ULF waves.  

  Pc5-6 pulsation events are typically a mix of compressional (fast) mode and 

Alfven (transverse) modes.  Statistics presented by Takahashi et al. [1985] indicated a 

high occurrence of compressional Pc5 pulsations at the dayside geosynchronous orbit 

during moderate geomagnetic activity.  Occurrence and intensity of Pc5-6 activity is 

known to increase with solar wind speed [e.g. Mathie and Mann, 2001], which is thought 

to be a result of increased generation of magnetopause instabilities such as the Kelvin-

Helmholtz instability (KHI).  It is also well known that sudden changes (impulses) in 
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solar wind dynamic pressure can excite both fast and Alfven Pc5-6 ULF waves modes in 

the magnetosphere, including at geosynchronous orbit [e.g. Kepko et al., 2002; Zhang et 

al., 2010].  Mechanisms internal to the magnetosphere are also known to drive Pc5-6 

pulsations, such as excitation by non-Maxwellian distributions of energetic protons [e.g. 

Pilipenko, 1990].  Pulsations resulting from internal sources typically have a small 

azimuthal scale (m>30), and are thus invisible to ground magnetometers due to 

ionospheric attenuation [Hughes and Southwood, 1976]. 

Compressional Pc5-6 pulsations moving with the sunward convection are a 

common feature of the auroral region, with occurrence peaks in the morning and 

afternoon sectors [Viavads et al., 2001].  Compressional pulsations in the afternoon-dusk 

sector are often related to substorm activity (i.e. injections), and tend to drift westward 

[e.g. Anderson, 1993].  Kelvin-Helmholtz instabilities at the dayside magnetopause due 

to high solar wind streams, as well as solar wind pressure pulses, are also known to 

generate Pc5-6 compressional pulsations near geosynchronous orbit in the afternoon [e.g. 

Junginger and Baumjohann, 1988, Sanny et al., 2007].  In addition, Motoba et al. [2013] 

presented a case study of modulation of high energy (>40 keV) electron precipitation by 

monochromatic compressional Pc5 waves in the morning sector, where they observed 

monochromatic variations in riometer absorption and ground magnetic field due to 

ionization of the lower ionosphere by the high energy precipitating electrons. 

Observational studies involving simultaneous satellite and ground observations of 

Pc5-6 ULF waves have reported significant modification of ULF wave properties by 

currents in the ionosphere and on the ground [e.g. Sarris et al., 2007].  ULF waves with 

small azimuthal scale length (large m-number) are often completely invisible to ground 
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magnetometers due to ionospheric screening, and thus ionospheric observations of ULF 

activity are highly valuable. 

The Natural Oceanic and Atmospheric Administration (NOAA) natural hazards 

database (https://www.ngdc.noaa.gov/hazard/hazards.shtml) showed no occurrence of 

significant natural hazards (tsunamis, earthquakes, volcanoes) capable of exciting TEC 

perturbations on this day, while the Nuclear Explosion DataBase (NEDB) of the Defense 

Threat Reduction Agency (DTRA; http://www.rdss.info/index.html) showed no 

occurrence of nuclear explosions.   

 

6.2. Observations 

Figure 6.1 shows solar wind conditions and geomagnetic indices for 11:00-21:00 

UTC.  Figure 6.1a-f shows WIND satellite measurements of the interplanetary magnetic 

field in geocentric solar magnetospheric (GSM) coordinates, solar wind flow speed, 

proton density and dynamic pressure.  Measurements are time shifted accounting for 

estimated solar wind propagation time from the WIND satellite to the Earth’s 

magnetopause, using the “total magnetic field” method of Ridley [2000].  Figure 6.1g-i 

shows AU and AL auroral electrojet indices, and the geomagnetic DST index, all from 

the OMNI database (http://omniweb.gsfc.nasa.gov/).  The shaded time interval of 17:00-

19:30 UTC indicates the time period of interest, when large amplitude TEC variations 

were observed above Sanikiluaq.  As seen in the WIND solar wind density and dynamic 

pressure measurements, a pressure pulse arrived at the Earth’s magnetosphere just after 

12:00 UTC.  This pulse was associated with one of a series of M and X-class solar flares  



 

253 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1:  a-c) IMF measurements in GSM coordinates, d) solar wind flow 
speed  e) solar wind proton density, f) solar wind dynamic pressure, g-h) auroral 
electrojet indices AU and AL, and i) the Kyoto hourly DST index.  Solar wind 
measurements are from the WIND satellite, and are adjusted for propagation time 
from WIND to the Earth’s magnetopause.  Geomagnetic indices are from the 
OMNI database.  The shaded area indicates the time period where large amplitude 
TEC variations were observed. 
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and coronal mass ejections beginning on 06 September 2011.  Observed after the initial 

pressure pulse were fluctuations in the IMF, an increase in solar wind flow speed, and an 

increase in geomagnetic activity as indicated by the decreasing DST index.  DST reached 

a minimum of -72 nT at 17:30 UTC, which indicates a moderate size geomagnetic storm.  

The Kp index (not shown) rose to a maximum of 6 during the time interval of interest.  

An increase in AU and decrease in AL from 15:30 to 20:00 UTC indicates enhanced 

eastward and westward auroral electrojet currents during this period.  The SuperMAG 

substorm database (http://supermag.uib.no/substorms/) shows a series of substorm onsets 

between 13:58 and 18:18 UTC on this day, which led to significant auroral activity as 

indicated by the auroral electrojet indices.  Contributing to this substorm and auroral 

activity was a southward IMF from 15:10 to 18:34 UTC.  Over the 17:00-19:30 UTC 

period of observed TEC variations, the IMF was oriented towards dusk as indicated by 

the positive IMF YB  , and mainly sunward as indicated by the positive IMF XB .  The 

IMF XB  IMF component shifted Earthward at 18:30 UTC, coincident with a Northward 

IMF shift.  At 17:00 UTC, the steadily increasing solar wind speed had reached 500 km/s, 

followed by a slight decrease until 17:56 UTC, a more rapid increase up to ~600 km/s 

until 18:51 UTC, and a steady decrease to 550 km/s at 21:00 UTC.  WIND observed two 

smaller solar wind pressure pulses after the initial large impulse.  A sharp ~2 nP pressure 

increase can be seen at 16:28 UTC, mainly due to an increase in solar wind density.  This 

enhanced pressure was sustained until 17:55 UTC.  A second sudden pressure increase of 

~3.5 nP was observed around 18:34 UTC, mainly due to an increase in solar wind speed.  

This enhanced pressure diminished until 19:00 UTC.  Note that the solar wind 
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propagation time from WIND to Earth’s magnetopause is an estimate, and thus the timing 

of these solar features are also estimates.  According to statistics of Ridley [2000], the 

estimated solar wind propagation time from WIND to the Earth’s magnetopause had an 

average uncertainty of 16 minutes.  This estimate is further discussed in Section 6.4 of 

this chapter. 

   Shown in Figure 6.2 are GOES 13 magnetic field (a-c) and electron flux (d), 

Sanikiluaq magnetic field (e-g), and Sanikiluaq GPS TEC (h-i) for 11:00-21:00 UTC.  

Magnetic local time (MLT) of GOES 13 and Sanikiluaq is indicated on the time axis.  

The shaded time interval of 17:00-19:30 UTC indicates where large amplitude TEC 

variations were observed by the Sanikiluaq GPS receiver.  Figure 6.2a-c shows GOES 13 

magnetic field in local spacecraft-centered EPN coordinates, where the E axis points to 

the centre of Earth in the GOES 13 orbital plane, P is directed northward, perpendicular 

to the orbital plane, and N points eastward completing the orthogonal coordinate system.  

Significant Pc5-6 variations were observed by GOES 13 in the post-noon sector starting 

at 17:20 UTC (12:22 MLT).  These variations were observed in all three components 

until 19:30 UTC (14:35 MLT).  From 17:20 to 18:50 UTC, both amplitude and 

oscillation frequency of magnetic field pulsations appeared to increase, which is most 

evident in the Earthward component.  There was also a significant change in magnetic 

field topology during this time as indicated by the ~40 nT increase in the Earthward 

component and ~40 nT decrease in the Poleward component. 

Figure 6.2d shows electron flux measurements of the GOES 13 MAGED instrument, for 

five different energy channels ranging from 30 to 600 keV.  Energy ranges for each flux 

measurement are listed in the figure.  These are flux measurements 
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from telescope 7 of the MAGED, which pointed approximately northward (geographic), 

within the atmospheric loss cone.  The dotted line indicates the pitch angle at which 

telescope 7 was centered.  An increase in 30-50 keV electron flux was observed at 16:20 

UTC, followed at 16:40 UTC by a simultaneous flux increase across all energy channels 

indicating injection of high energy electrons at geosynchronous orbit.  The dispersionless 

nature of this injection and simultaneous observation at GOES 15 (not shown) indicates a 

global injection process.  From 17:45 to 18:40 UTC, during Pc5-6 activity observed by 

GOES 13, 100-600 keV flux increased by 1-2 orders of magnitude while 30-100 keV flux 

decreased by almost 1 order of magnitude.  After 18:40 UTC, flux across all channels 

continued to increase and appeared to stabilize after 19:30 UTC. 

Sanikiluaq magnetic field measurements in the geographic north (X), east (Y), 

and vertically downward (Z) coordinate frame are shown in Figure 6.2e-g.  As Sanikiluaq 

moved into the afternoon sector around 17:00 UTC, an Eastward electrojet was observed 

as indicated by the increasing poleward (X) magnetic field.  The enhanced downward (Z) 

field component observed until 18:45 UTC, coupled with the poleward increase over the 

same time period, is consistent with an enhanced eastward electrojet centered poleward 

of Sanikiluaq.  In addition, the Iqaluit magnetometer (Figure 3.1) observed a decrease in 

the downward magnetic field (not shown) suggesting the electrojet current was centered 

somewhere between Sanikiluaq and Iqaluit.  Chen et al. [2003] predicted an enhanced 

eastward current, centered at about 70º magnetic latitude in the post noon sector, for 

similar levels of auroral activity.  Beginning around 17:20 UTC, coincident with 

appearance of Pc5-6 activity in GOES 13 measurements, significant Pc5-6 variations 
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Figure 6.2:  a-c) GOES 13 magnetometer measurements in spacecraft centered ENP 
coordinates, d) GOES 13 MAGED electron flux measurements and pitch angle of 
telescope 7, e-g) Sanikiluaq magnetometer measurements in geographic XYZ 
coordinates, h) Sanikiluaq detrended GPS TEC measurements from satellites greater 
than 25º elevation, and i) Sanikiluaq Vertical TEC, averaged over all visible 
satellites for a typical quiet day (dotted line), and for 09 September 2011 (solid line).  
A DC shift was applied to TEC measurements in (h) for visualization purposes 
(quantified in each PRN label).   The shaded area indicates the time period where 
large amplitude TEC variations were observed. 
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of up to 50 nT appeared in mainly the Eastward (Y) and Downward (Z) magnetic field in 

Sanikiluaq.  From 18:35-19:10 UTC, 100 nT Pc5 variations were observed in mainly the 

Eastward field, coincident with the highest amplitude Pc5 variations observed by GOES 

13.  Over this same time period, the Sanikiluaq poleward (X) magnetic field peaked and 

began to decrease, while the vertical (Z) magnetic field decreased sharply and then 

stabilized.  After 19:30 UTC, magnetic field fluctuations diminished and the Sanikiluaq 

magnetic field returned to quiet levels. 

Sanikiluaq GPS TEC measurements from multiple satellites are shown in Figure 

6.2h.  These are detrended TEC measurements (ΔTEC), which show variations in TEC at 

frequencies greater than 0.37 mHz.  TEC was detrended using a high bandpass, third 

order Butterworth filter.  A DC shift was also applied to TEC for visualization purposes.  

A satellite elevation cutoff of 25º was applied to reduce effects of signal multipath.  On 

the y axis scale, one TEC unit (TECU) is equivalent to 1016 electrons per square meter.  

GPS satellites are identified by their PRN number, which refers to each satellite’s unique 

pseudo random noise (PRN) code.  From 11:00 to 17:00 UTC, TEC remained relatively 

quiet with only small amplitude (< 1 TECU) variations observed.  From 17:00 to 19:30 

UTC, large amplitude, Pc5-6 band TEC variations of up to 7 TECU were observed by 

multiple GPS satellites.  Higher frequency variations associated with small scale 

structures typical of auroral disturbances were also observed over this time interval.  

Occurrence and characteristics of Pc5-6 band TEC fluctuations varied from satellite to 

satellite, suggesting that ionospheric disturbances were localized.  Ionospheric pierce 

points (IPPs) of GPS satellite-to-receiver ray paths are shown in Figure 6.3 for 17:00-

19:30.  An IPP is the location at which a GPS satellite-to-receiver signal intersects the 
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ionosphere at a particular altitude, which was chosen to be 270 km for this figure.  IPP 

positions are labeled with UTC every 60 minutes.  Also shown are coordinates of 

Sanikiluaq and the GOES 13 northern magnetic footprint (bold arrow) for 17:00-19:30 

UTC.  In Figure 6.2, PRN 19 was the first to observe large amplitude TEC variations  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3:  Ionospheric pierce points (IPPs) of GPS satellite-to-Sanikiluaq receiver 
ray paths at 270 km altitude, for 17:00-19:30 UTC.  UTC is indicated every 60 
minutes on each IPP trace.  Also shown are coordinates of the Sanikiluaq GPS 
receiver and magnetometer, and the northern magnetic footprint of GOES 13 (bold 
arrow) over the same time period. 
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starting around 17:00 UTC (~12:00 MLT).  As seen in Figure 6.3, the IPP of PRN 19 was 

located to the north-east of Sanikiluaq at this time, indicating that either ionospheric 

disturbances resulting in TEC variations were approaching from the north-east, or that 

Sanikiluaq was rotating into a more disturbed region of the ionosphere.  PRN 19 

continued to observe significant TEC variations of up to 7 TECU until it dropped below 

the 25º elevation cutoff at 18:19 UTC.  Beginning at ~17:35 UTC, just after significant 

Pc5-6 activity first appeared in GOES 13 measurements, PRNs 11, 24 and 19 observed 

large amplitude Pc5-6 band variations in TEC of up to 6 TECU.  Significant TEC 

variations were observed until ~ 19:15 UTC (~14:35 MLT) by PRNs 11 and 24.  PRN 28 

observed TEC variations until ~18:57, at which point data became unreliable due to cycle 

slips.  TEC observed by PRNs 7 and 8 remained relatively quiet over this time period, 

although variations of up to 3 TECU were observed by PRN 7 before it dropped below 

25º elevation at 18:03 UTC.  As seen in Figure 6.3, PRNs 7 and 8 were the southern-most 

satellites, again indicating that auroral activity and Pc5-6 band TEC variations 

approached from the north. 

Figure 6.2i shows estimated vertical TEC above the Sanikiluaq receiver for 09 

September 2011 (solid line), and for a typical quiet day in September (dashed line).  The 

quiet day vertical TEC is an average of 10 selected quiet days with no significant TEC 

fluctuations or auroral activity.  Vertical TEC was averaged over TEC from all satellites, 

which filtered out most variations in the Pc5 band.  The electron content for 09 Sept. 

2011 increased significantly above the typical quiet day TEC starting around time of 

magnetospheric compression.  At 17:00 UTC, the vertical TEC reached 28 TECU, more 

than double the 12 TECU observed on a typical quiet day.  The high electron content was 
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sustained until ~18:30 UTC and then decreased dramatically to ~14 TECU by 19:05 

UTC.  This drop in background TEC coincided with the peak in GOES 13 and Sanikiluaq 

Pc5-6 activity.  The vertical TEC approached quiet day levels around 20:15 UTC, after 

Pc5-6 magnetic field variations, TEC variations, and auroral activity had subsided.  

Observed TEC variations had peak-to-peak amplitudes of up to 40% of the background 

TEC for this event. 

Figure 6.4 plots solar wind dynamic pressure, GOES 13 and Sanikiluaq magnetic field 

measurements, GOES 13 electron flux and Sanikiluaq TEC for 17:00-19:30 UTC.  Figure 

6.4a shows solar wind dynamic pressure measured by the WIND satellite, accounting for 

the solar wind propagation time from WIND to Earth’s magnetopause.  Solar wind 

pressure was included here to investigate the possibility of solar wind driven Pc5-6 

activity.  Figure 6.4b plots GOES 13 magnetic field measurements in a field-aligned 

coordinate system (Figure 3.8).  Integral electron flux for 30-50 keV and 50-100 keV 

observed by telescope 7 of the GOES 13 MAGED are shown in Figure 6.4c, along with 

the pitch angle at which telescope 7 was centered.  Sanikiluaq magnetometer 

measurements in XYZ coordinates are shown in the Figure 6.4d, with a 0.37 mHz high 

band-pass Butterworth filter applied to each.  Figure 6.4e shows detrended Sanikiluaq 

TEC for PRNs 11, 19, 24 and 28. 

In GOES 13 magnetic field measurements, the bulk of Pc5-6 activity was 

observed in the parallel magnetic field.  Compressional variations of up to 25 nT (peak-

to-peak) were observed from 17:15 UTC (12:35 MLT) to 18:35 UTC (13:40 MLT), with 

periods of mainly 10-15 minutes.  From 18:35 to 18:55 UTC (14:02 MLT), 
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Figure 6.4:  a) Solar wind dynamic pressure, b) GOES 13 magnetic field in field aligned 
coordinates, c) GOES 13 MAGED electron flux and pitch angle of telescope 7, d) high 
band-pass filtered (>0.37 mHz) Sanikiluaq magnetometer measurements in geographic 
XYZ coordinates, and e) high band-pass filtered (>0.37 mHz) GPS TEC measurements 
of the Sanikiluaq receiver (bottom panel).  A DC shift was applied to magnetic field and 
TEC measurements for visualization purposes (quantified in figure).  Average total 
magnetic field and vertical TEC from 17:00 to 19:30 UTC is also indicated in respective 
panels. 
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compressional variations of up to 40 nT and periods of ~4-5 minutes were observed.  

Weaker Pc5-6 activity was observed from 18:55-19:30 UTC.  Up to 20 nT variations 

with similar frequency characteristics were also observed in the azimuthal and radial 

directions during this time period.  In the solar wind dynamic pressure, there were no 

obvious low frequency variations that may have been a driving force for the observed 

Pc5-6 pulsations at GOES 13.  Notable in the solar wind pressure was a sharp increase of 

~3 nP around 18:34 UTC, which also coincided with a sudden northward shift of the 

IMF.  The timing of this sudden pressure impulse indicates that it may have been a driver 

of the larger amplitude (~40 nT) compressional variations observed by GOES 13 from 

18:35 to 18:55 UTC. 

GOES 13 MAGED flux is plotted in Figure 6.4c to highlight the fluctuations in 

electron flux observed from 18:35 to 18:53 UTC, which coincided with the large 

amplitude Pc5 magnetic field variations observed by GOES 13.  These flux variations 

had periods of 4-5 minutes, similar to the period of compressional field variations, and 

were observed across all energy channels up to 600 keV (Figure 6.3d).  Amplitudes of 

flux variations were up to 70% of the total electron flux.  No clear variations in 30-600 

keV electron flux related to the lower frequency Pc5-6 activity from 17:15 to 18:35 UTC 

were observed. 

As shown in Figure 6.4d, Sanikiluaq Pc5-6 magnetic field variations of up to 70 

nT were observed in all three field components from 17:00-18:35 UTC, with a periodicity 

of about 10-15 minutes.  From 18:35-19:05 UTC, higher amplitude Pc5 variations of up 

to 120 nT were observed in the Eastward (Y) magnetic field, with a period of 3-4 

minutes.  Similar periodicities but smaller amplitudes were also observed in the poleward 
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(X) and downward (Z) directions.  Sanikiluaq Pc5-6 variations diminished and tapered 

off from 19:05 to 19:30 UTC. 

Large amplitude, Pc5-6 band TEC variations were observed by PRNs 11, 24, 28 

and 19 from 17:00 to 19:30 UTC (Figure 6.4e).  PRN 19, located to the northeast of 

Sanikiluaq early on in the event (Figure 6.3), observed Pc5-6 variations of up to 7 TECU 

from 17:00 to 18:19 UTC.  This was in addition to superposed higher frequency (>50 

mHz) variations typical of ionospheric turbulence in the auroral region.  After 18:19 

UTC, PRN 19 dropped below the horizon to the northeast of Sanikiluaq.  Significant Pc5-

6 band TEC variations were observed by PRNs 11, 24 and 28 starting around 17:40 UTC, 

when IPPs for PRNs 11 and 24 were southeast of Sanikiluaq and moving northward, and 

PRN 28 was west of Sanikiluaq and moving eastward.  From 17:40 to 18:35 UTC, Pc5-6 

band TEC variations of up to 6 TECU were observed by all three satellites, with 

periodicities of mainly 10-15 minutes.  After 18:35 UTC, higher frequency TEC 

variations with periods of 4-6 minutes appeared.  PRNs 11 and 24 observed these higher 

frequency variations until ~19:15 UTC, at which point their IPPs were north-east of 

Sanikiluaq.  PRN 28 also observed higher frequency variations until 18:57 UTC, at which 

point the data became unreliable due to cycle slips caused by loss of lock of the satellite 

signal by the Sanikiluaq receiver. 

Figures 6.5 and 6.6 show the results of cross correlation analysis for two separate 

time intervals, which was used test the potential link between TEC and magnetic field 

variations.  Figure 6.5a shows cross correlation of PRN 24 TEC (17:40-18:20 UTC) with 

40 minute intervals of GOES 13 parallel ( ||B ) magnetic field, Sanikiluaq Eastward ( YB ) 
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Figure 6.5:  a) Cross correlation of PRN 24 TEC from 17:40-18:20 UTC with a 
sliding 40 minute window of GOES 13 ||B , Sanikiluaq YB , and PRN 11 TEC.  Peak 
correlations are indicated by asterisks, with peak correlations and corresponding 
temporal delays listed in the legend.  A positive delay indicates that features were 
first observed by PRN 24 TEC; b) Detrended PRN 11 and 24 ΔTEC, and bandpass 
filtered GOES 13 ||B∆ and Sanikiluaq YB∆ , time shifted according to cross 
correlation in a).  A DC shift was applied to magnetic field and TEC measurements 
for visualization purposes. 
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magnetic field, and PRN 11 TEC.  For each cross correlation, the relative time delay at 

which the highest correlation was found is indicated by an asterisk.  A positive time delay 

indicates that features were first observed by PRN 24 TEC.  PRN 24 TEC and GOES 13 

||B  had a high negative correlation (-0.73) at a relative delay of +115 seconds, indicating 

that an increase in ||B  corresponded to a decrease in TEC.  Sanikiluaq BY and PRN 11 

TEC also showed good correlation with PRN 24 TEC, with correlation coefficients of 

0.70 and 0.77 at time delays of -91 seconds and +18 seconds, respectively.  Figure 6.5b 

shows PRN 24 TEC measurements from 17:40 to 18:20 UTC, along with time shifted 

(according to cross correlations) GOES 13 ||B , Sanikiluaq YB , and PRN 11 TEC 

measurements.  Measurements are bandpass filtered and DC shifted using the same 

procedure applied in Figure 6.4.  Similar features are evident in TEC and magnetic field 

variations, where a decrease (increase) in TEC corresponds to a decrease (increase) in 

Sanikiluaq YB  and an increase (decrease) in GOES 13 ||B . 

Figure 6.6a shows cross correlation analysis for the time interval 18:43-18:57 

UTC, using the same procedure and measurements shown in Figure 6.6.  A positive 

correlation of 0.77 at a delay of -123s was found between PRN 24 TEC and GOES 13 ||B  

for this interval, as opposed to the anticorrelation shown in Figure 6.5.  This discrepancy 

may suggest that two distinct events governed by distinct mechanisms were observed, 

which is further explored in Sections 6.3 and 6.4.  A high correlation of 0.70 was again 

found between PRN 24 TEC and Sanikiluaq YB , at a time delay of 78s, while correlation 

between PRN 24 and PRN 11 TEC was somewhat lower at 0.64, with a time delay of   
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Figure 6.6:  The same format as Figure 6.5a-b, but for the time interval 
18:43-18:57 UTC. 



 

268 

 

-35s.  Similar features are again evident in magnetic field and TEC variations (Figure 

6.6b), where an increase (decrease) in TEC corresponds to an increase (decrease) in 

GOES 13 ||B  and Sanikiluaq YB .The apparent time delay between magnetic field and 

TEC variations, as well as TEC variations from different satellites, seems to indicate a 

potential propagation of Pc5-6 wave activity and correlated TEC variations.  This 

potential propagation is further explored in Section 6.3. 

Note that the two time intervals presented in Figures 6.5 and 6.6 showed 

particularly good correlation between magnetic field and TEC measurements, as well as 

good correlation between TEC measurements from different satellites.  Similar 

correlation analysis for different time intervals during this event often resulted in low 

correlation, and thus attempting to link TEC variations to magnetic field variations is not 

straightforward.  Correlation of measurements and potential association of TEC variation 

with magnetic field variations is further examined in Section 6.4. 

Figure 6.7 plots dynamic power spectra of solar wind dynamic pressure, GOES 13 

Parallel ( ||B ) magnetic field variations, GOES 13 MAGED flux of 30-50 keV electrons, 

Eastward (Y) Sanikiluaq magnetometer variations, and GPS TEC measurements from 

PRNs 11, 24 and 28, for 17:00-19:30 UTC and frequencies of 0-10 mHz.  Dynamic 

power spectra were calculated using the S-Transform [Stockwell et al., 1996].  Not shown 

are power spectra for GOES 13 azimuthal and radial field variations, and Sanikiluaq 

northward and downward variations, which were similar to the GOES 13 parallel and 

Sanikiluaq eastward spectra, respectively. 
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Multiple frequency components were visible in the dynamic power spectrum for solar 

wind pressure (Figure 6.7a), including a broad band of frequencies around 18:34 UTC 

due to the sudden increase in solar wind pressure seen in Figure 6.4a.  From 17:00 to 

18:00 UTC, the dynamic spectrum for GOES 13 parallel field variations (Figure 6.4b) 

indicates a relatively weak frequency component around 0.9 mHz.  A higher power 

spectral component of ~1.1 mHz appeared from 17:45-18:30 UTC, while significant 

frequencies of 2-4 mHz, peaking at 3.0 mHz, were present between 18:35 and 19:00 

UTC.  From the dynamic power spectrum alone, it is difficult to tell whether this was a 

single pulsation event with the frequency of pulsations increasing with time, or that two 

distinct pulsations occurred at 17:45-18:35 UTC and 18:35-19:00 UTC, at distinct 

frequencies around 1.1 mHz and 2.9 mHz, respectively.  This will be explored in the next 

section.  Comparing Figures 6.7a and 6.7b, there are again no obvious low frequency 

fluctuations in solar wind pressure that may have driven compressional variations 

observed by GOES 13.  The timing of the solar wind pressure impulse at 18:34 UTC 

indicates that it may have driven higher frequency pulsations observed by GOES 13 

starting around 18:35 UTC. 

The dynamic power spectrum of 30-50 keV electron flux (Figure 6.7c) shows a 

broad band of frequencies in the 0.0-4.0 mHz range from 17:00 UTC-18:30 UTC.  It is 

unclear whether flux variations during this time were related to magnetic field 

fluctuations.   Significant flux variations around ~2.8 mHz, observed from 18:30-19:00 

UTC, occurred simultaneously with ~3.0 mHz variations in GOES 13 ||B . 
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Figure 6.7:  a) Dynamic power spectra of solar wind dynamic pressure, b) 
GOES 13 parallel ( B



) magnetic field variations, c) GOES 13 30-50 keV 
electron flux measurements of telescope 7, d) Sanikiluaq Eastward (Y) 
magnetic field variations, and e-g) Sanikiluaq GPS TEC variations from 
PRN 11, 24 and 28. 
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The dynamic power spectrum for eastward magnetic field variations in Sanikiluaq 

(Figure 6.7d) shows a relatively weak frequency of 1.0 mHz from 17:20 to 18:05 UTC, a 

1.2 mHz component from 18:00 to 18:35 UTC, and relatively strong frequency 

components of 2.5-3.5 mHz from 18:35 to 19:10 UTC.  The peak frequency during this 

final interval increased with time from 2.7 to 3.3 mHz.   From 18:00 to 19:00 UTC, 

GOES 13 ||B  and Sanikiluaq YB  dynamic power spectra showed similar features.  Similar 

to the GOES 13 dynamic power spectrum in Figure 6.7b, this Sanikiluaq YB  spectrum 

may reflect either a single pulsation event that increased in frequency over time, or 

multiple distinct pulsations at distinct frequencies. 

TEC dynamic power spectra for PRNs 11, 24 and 28 are shown in Figure 6.7e-g.  

From 17:30 to 18:35 UTC, all three spectra showed significant frequency components 

around 0.9-1.1 mHz, reflecting the lower frequency TEC variations observed in Figure 

6.4 over this time interval.  From 18:35 to 19:05 UTC, significant higher frequency 

components of mainly 3.0-3.5 mHz were observed in the TEC spectra.  Temporal delays 

in the observation of spectral components for different PRNs indicates localized 

occurrence of ionization structures producing these variations in TEC, or possibly a 

propagation of these ionization structures.  Other higher and lower frequency components 

are also evident in the TEC dynamic power spectra, reflecting the dynamic nature of the 

auroral ionosphere. 

As mentioned previously, the solar wind pressure pulse at 18:34 UTC, indicated 

by the broad band of frequencies in the top panel of Figure 6.7, appears to be a candidate 

for the driving mechanism of 2.5-3.5 mHz pulsations observed by GOES 13 around the 
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time of impulse.   Examining the timing of the sudden impulse compared to the timing of 

2.5-3.5 mHz variations in magnetic field, particle flux and TEC in Figure 6.7, it is clear 

that this sudden impulse may be the driving mechanism of these compressional Pc5 

variations and associated variations in electron flux and TEC. 

There are similar features in the TEC dynamic power spectra of PRNs 11, 24 and 

28, and the magnetic field spectra of Sanikiluaq YB  and GOES 13 ||B .  All spectra for 

17:30-18:35 UTC were dominated by lower frequency variations of 0.9-1.2 mHz, while 

spectra for 18:35-19:05 UTC were dominated by higher frequency variations in the 2.5-

3.5 mHz range.  To further examine these similarities and the potential link between TEC 

and magnetic field variations, Figure 6.8 plots the coherence of dynamic power spectra 

(S-Transform coherence) and relative spectral phase for three pairs of measurements: 

PRN 24 TEC and GOES 13 ||B  (a), PRN 24 TEC and Sanikiluaq YB  (b), and PRN 24 

TEC and PRN 11 TEC (c).  Color contours show coherence of dynamic power spectra 

shown in Figure 6.7, for each pair of measurements, while arrows indicate relative phase 

of variations in time-frequency space, for regions of high coherence (>0.5).  As indicated 

in the figure, arrows pointing right indicate variations that are in phase, while arrows 

pointing up indicate 90º out of phase (PRN 24 TEC ahead in phase by 90º).  This 

coherency analysis of dynamic power spectra follows cross-wavelet analysis of Grinsted 

et al. [2004], who described the coherence of dynamic power spectra as “a localized 

correlation coefficient in time-frequency space”.  Cross-wavelet analysis of TEC and 

magnetic field spectra was also carried out by Pilipenko et al. [2014a].  Figure 6.8a-c 
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Figure 6.8:  Coherence of dynamic power spectra of a) PRN 24 TEC and 
GOES 13 B



, b) PRN 24 TEC and Sanikiluaq BY, and c) PRN 24 TEC and 
PRN 11 TEC.  Relative spectral phase is indicated by arrows in regions of 
high coherence (>0.5), where right indicates in-phase and up indicates 90º 
out of phase (with phase of PRN 24 TEC leading). 
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shows high coherence at frequencies of 3.0-3.5 mHz from 18:30 to 19:00 UTC, in 

addition to consistent relative phase in these areas of high coherence.  High coherence 

and “phase-locked” variations indicate a potential link between 3.0-3.5 mHz TEC 

variations of PRNs 11 and 24, and magnetic field variations observed by GOES 13 and 

Sanikiluaq magnetometers.  PRN 11 and 24 TEC variations at 0.9-1.1 mHz from 18:00 to 

18:30 UTC also showed moderate coherence (~0.5) and consistent relative phase.  Lack 

of coherence between PRN 24 TEC and magnetic field spectra from 18:00 to 18:30 UTC 

may be due to slightly different dominant frequencies over this period (0.9-1.1 mHz in 

TEC, compared to 1.1-1.2 mHz in magnetic field).  TEC spectra of PRNs 11 and 28 

showed somewhat less coherence (0.2-0.6) with GOES 13 and Sanikiluaq magnetic field 

spectra, for frequencies of 3.0-3.5 mHz from 18:30 to 19:00 UTC.  The dynamic power 

spectrum of PRN 28 TEC showed good coherence (0.5-0.6) with that of PRNs 11 and 24 

from 18:30 to 19:00 at ~0.9 mhz, but lower coherence (~0.2) from 18:30 to 19:00 UTC at 

3.0-3.5 mHz. 

 

6.3. Propagation of Pc5-6 variations 

As shown in Figure 3.1, the GOES 15 northern magnetic footprint is located 

approximately 15º (1 hour MLT) west of the GOES 13 footprint, and at approximately 

the same magnetic latitude.  GOES 13 and 15 are located at 285.3º and 270.6º geographic 

east longitude, respectively.  The Fort Churchill (FCH) magnetometer is located 24.3º 

(~1h 40mins MLT) west and 1.87º north of the Sanikiluaq magnetometer.  Figure 6.9 

includes magnetic field and particle data from GOES 15 and Fort Churchill in this 
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observational study, in order to obtain a more global picture of the Pc5-6 activity that 

potentially resulted in ionospheric TEC variations above Sanikiluaq.  Figure 6.9a shows 

magnetic field variations parallel to the background field ( ||B ) observed by GOES 13 and 

15, for 17:40-19:10 UTC.  GOES 13 was in the afternoon sector for this time period, 

while GOES 15 crossed local noon at 17:58 UTC. Compressional Pc6 variations of 10-15 

minute periodicity were observed by GOES 13 from 17:40 to 18:30 UTC, and by GOES 

15 from 17:50 to 18:37 UTC.  Variations observed by GOES 13 and 15 were out of phase 

during these time periods.  The labels ( , ,a β c ) indicate related features in GOES 13 and 

15 measurements, as determined using cross correlation of the two time series (Figure 

6.9b).  The cross correlation was applied between GOES 13 ||B  from 17:40 to 18:25 UTC, 

and a sliding 45 minute window of GOES 15 ||B  measurements.  A positive delay 

indicates that the 45 minute GOES 15 window was shifted forward in time relative to the 

GOES 13 interval of interest.  A correlation of 0.68 between GOES 13 and 15 ||B  was 

found at a delay of 10.0 minutes, indicating that features observed by GOES 13 from 

17:40 to 18:25 UTC had a westward component to their propagation, and were observed 

10 minutes later by GOES 15.  This 10 minute phase delay in Pc6 variations corresponds 

to an azimuthal propagation speed of 20.7 km/s at geosynchronous orbit.  Note that a 

potential radial propagation cannot be resolved by comparative observations of GOES 13 

and 15 satellites.  The azimuthal wave number (m) for a ULF wave is defined as the 

change in phase over magnetic longitude, which can be calculated using: 

 m φ
θ

∆
=
∆

                                                        (6.4) 
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Figure 6.9:  a) Parallel ( B


) magnetic field variations of GOES 13 (black) and GOES 15 
(grey) satellites for 17:40-19:10 UTC, with a DC shift along the y axis applied.  (α, β, χ) 
indicate related features in GOES 13 and 15 measurements.  b) Cross correlation of 
GOES 13 B



for 17:40-18:25 UTC, and a sliding 45 minute window of GOES 15 B


.  c) 
GOES 13 (black) and GOES 15 (grey) MAGED 30-50 keV electron flux from telescope 
7 and 9, respectively.  d) Sanikiluaq (black) and Fort Churchill (grey) Eastward (Y) 
magnetic field variations with a > 0.37 mHz high band-pass filter and y axis DC shift 
applied. 
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where φ∆  is the cross phase of GOES 13 and 15 pulsations and θ∆  is the azimuthal 

satellite separation in degrees.  For a frequency of 1.2 mHz (based on the GOES 13 ||B  

dynamic power spectrum for 17:40 – 18:25 UTC in Figure 6.7b), the 10 minute delay 

corresponds to an azimuthal wave number of -18 (negative for westward propagation).  

Takahashi et al. [1985] presented multiple occurrences of westward propagating 

compressional Pc5 pulsations observed by GOES satellites in the morning and afternoon 

sectors, mainly during periods of moderate geomagnetic activity (DST  > -60 nT).  They 

reported westward propagation velocities in the range of 4-14 km/s, and azimuthal wave 

numbers of -40 to 120 for these events.   In addition, a statistical study by Juusola et al. 

[2011] reported, for duskward IMF orientation, westward plasma convection speeds of 

20-30 km/s at the post-noon geosynchronous orbit.  These results indicate that 

compressional Pc6 variations observed by GOES 13 from 17:40 – 18:30 UTC were 

possibly moving with the predominant bulk plasma convection of the post-noon 

magnetosphere. 

 From 18:35 – 19:10 UTC in Figure 6.9a, GOES 13 and 15 observed 

approximately in-phase compressional variations with a periodicity of about 5 minutes.  

From 18:35 to 18:55, similar frequency variations were observed in MAGED electron 

flux measurements by both GOES 13 and 15 (Figure 6.9c).  While only flux of 30-50 

keV electrons is shown, simultaneous variations were observed for energies of 30-600 

keV (Figure 6.2d).  Flux variations of GOES 13 and 15 are also approximately in phase 

over this time period.  No consistent azimuthal propagation was discernible for Pc5 

compressional variations or electron flux modulation for 18:30 – 19:10 UTC.  Note that 

significant GOES 15 compressional variations and electron flux modulations continued 
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until 19:05 UTC, while magnetic field and particle oscillations observed by GOES 13 

dissipated significantly after 18:55 UTC. 

Eastward (Y) magnetic field variations observed by Sanikiluaq and Fort Churchill 

magnetometers are plotted in Figure 6.9d.  A high pass (>0.37 mHz), third order 

Butterworth filter was applied to these measurements.  While Fort Churchill was in the 

morning sector until ~18:35 UTC, both magnetometers observed low frequency (< 1.0 

mHz) variations, although these variations had a low coherence.  From ~18:35 to 19:10 

UTC, higher frequency Eastward variations were observed by both magnetometers in the 

afternoon sector, with the frequency of variations slightly higher in Fort Churchill.  

Overall, there was no obvious relationship between Pc5-6 variations observed in 

Sanikiluaq and Fort Churchill. 

Using TEC measurements from multiple GPS satellites, it is possible to examine 

the local behavior of ionospheric disturbances above Sanikiluaq.  Specifically, this 

section examines propagation of Pc5-6 band TEC fluctuations shown in Figure 6.4, in 

addition to whether this propagation was consistent with propagation of Pc5-6 

compressional magnetic variations observed by GOES 13 and 15.  Figure 6.10a shows 

TEC variations for PRNs 11, 24 and 28 for 17:40-19:10 UTC, with a bandpass filter (0.37 

mHz – 50 mHz) applied to remove lower and higher frequency variations not of interest 

here.  As shown in Figure 6.4e, PRNs 11 and 24, whose ionospheric pierce points were in 

close proximity for this event (Figure 6.3), observed low frequency, approximately in-

phase TEC variations from 17:40 to 18:35 UTC.  PRN 28, further to the west, observed 

similar frequency TEC variations over this same time period.  From 18:35 to 19:05 UTC, 

higher frequency variations were observed by all three GPS satellites. 



 

279 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10:  (a)  Detrended Sanikiluaq GPS TEC measurements of PRNs 11, 24 and 28 
for 17:40-19:10 UTC, with a vertical DC shift applied for visualization purposes; (b) 
Spectral power of TEC measurements in (a), calculated using a Fast Fourier Transform, 
for 17:40-18:35 UTC (left panel) and 18:35-19:00 UTC (right panel); (c) Relative 
spectral phase of TEC measurements for 0.9 mHz (17:40-18:35 UTC) and 3.3 mHz 
(18:35-19:00 UTC ) calculated using a Fast Fourier Transform with fixed 30 minute (0.9 
mHz) and 15 minute (3.3 mHz) time windows every four minutes.  The bottom panel 
shows propagation velocities of 0.9 mHz and 3.3 mHz TEC disturbances, calculated 
using FFT relative phase calculations and the triangulation method described in the text. 
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Figure 6.10b shows 0-6 mHz spectral power of TEC measurements from all three 

GPS satellites, for 17:40-18:35 UTC (left panel) and 18:35-19:00 UTC (right panel).  

Spectral power was calculated using a fast fourier transform (FFT).  In the first time 

interval the spectra of all three satellites had a discrete peak at 0.9 mHz, while in the 

second time interval a common, discrete peak at 3.3 mHz is evident. 

The relative phase (time lag) of TEC variations observed by PRNs 11, 24, and 28 

at these two discrete frequencies are compared in the top panel of Figure 6.10c.  For 

17:40-18:35 UTC, the relative phase of 0.9 mHz TEC variations was obtained by 

calculating FFTs of TEC in a 30 minute window, shifted in time by 4 minute intervals.  

For 18:35-19:10 UTC, relative phase of 3.3 mHz variations was calculated using a 15 

minute window shifted in 4 minute intervals.   The relative phase was calculated in this 

manner since IPPs of GPS satellite signals changed significantly in latitude and local time 

during the event.  Relative phases for each time interval are indicated by the 

corresponding PRN in Figure 6.10c, with corresponding time windows for each set of 

three phase calculations centered on the PRN labels.  The relative phase of 0.9 mHz TEC 

variations for PRNs 11 and 24 were consistently quite close, with the phase of PRN 24 

slightly leading until ~18:15 UTC.  PRN 28 variations at 0.9 mHz were consistently 

120º-140º out of phase.  At 3.3 mHz, TEC variations observed by PRN 11 consistently 

led in phase, while PRNs 24 and 28 had a similar relative phase.  Inconsistencies in the 

relative phase of PRN 28 resulted from the FFT centered at 18:36 UTC and 18:56 UTC. 

The bottom panel of Figure 6.10c shows horizontal propagation velocities of TEC 

fluctuations, calculated using relative phase of TEC measurements from all three 

satellites.  For each set of phase calculations at each 4 minute interval, a corresponding 
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propagation velocity propv  was calculated by using a triangulation technique discussed it 

detail in the Appendix.  This technique has been applied in the past by Watson et al. 

[2011] and Jayachandran et al. [2011].  For calculation of propv in equation (A1), IPPs of 

PRNs 11, 24 and 28 were used, along with apparent propagation velocities of TEC 

variations between IPPs ( ,i jv ): 

 ,
,

,

i j
i j

i jt
=
∆

d
v                                                     (6.5) 

where ,i jd  is the displacement vector between two IPPs i,j, and ,i jt∆  is the propagation 

time of a TEC disturbance between the same two IPPs.  This propagation time was 

calculated from the relative phase ,i jφ∆  of TEC variations observed by two separate GPS 

satellites using 

 ,
,

2i j
i j

N
t

φ p
ω

∆ +
∆ =                                             (6.6) 

where ω  is the angular frequency of TEC variations and N is the integer number of full 

cycles that wave-like TEC fluctuations undergo as disturbances propagate between two 

IPPs.  For all calculated propagation velocities it was assumed that N=0.  This method of 

calculating propagation velocities assumes that PRNs 11, 24 and 28 were observing the 

same features at different times, which may or may not be the case for the time intervals 

shown in Figure 6.10.  As shown in Figures 6.5 and 6.6, TEC variations observed by 

different satellites are correlated (and phase shifted) for certain time intervals, but exhibit 

low correlation during other time intervals. 
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Calculated propagation velocity vectors are indicated by arrows in Figure 6.10c, 

with up indicating a magnetic northward propagation and left indicating a magnetic 

westward propagation.  The arrow length represents the propagation speed, with the 

corresponding scale shown in the figure.  Since the coordinates of an IPP for a particular 

GPS satellite signal change with altitude in the ionosphere, the displacement ,i jd  also 

depends on IPP altitude, or rather the particular altitude in the ionosphere at which the 

disturbance occurs.  Since TEC is an integrated quantity, this height is not known for 

sure, and realistically the disturbance will cover a range of heights.  Propagation speeds 

were calculated using two assumed IPP altitudes, one at 270 km in the F region (black 

arrows) and one at 120 km in the E region (grey arrows).  As seen in the figure, the 

assumption of different altitudes does not significantly change the direction of 

propagation of TEC disturbances, but will change the calculated propagation speed.  

Using the corresponding relative phases for each time window, propagation 

velocities of 0.9 mHz TEC variations were calculated for 17:40-18:35 UTC, while 

propagation velocities of 3.3 mHz variations were calculated for 18:35-19:00 UTC.  As 

seen in Figure 6.10c, calculations indicate that the 0.9 mHz disturbances had a mainly 

westward propagation in the range of 0.65-1.0 km/s, assuming disturbances occurred in 

the F region at 270 km, and 0.25-0.45 km/s assuming E region disturbances at 120 km.  

The 3.3 mHz TEC variations in the second time interval propagated mainly southward 

and slightly westward, with a speed of 0.5-1.1 km/s assuming F region disturbances and 

0.2-0.5 km/s assuming E region disturbances.  Also note that choosing 0N ≠  in 

Equation (6.6) results in calculated propagation speeds of <0.01 km/s. 
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Figure 6.11 shows the average calculated propagation velocities of TEC 

variations of Figure 6.10 for 17:40-18:35 UTC (a) and 18:35-19:00 UTC (b).  Average 

velocities are indicated for assumptions of both F region disturbances (solid black 

arrows) and E region disturbances (solid grey arrows).  Also shown for 17:40-18:35 UTC 

is the azimuthal propagation velocity of 1.2 mHz compressional Pc5 variations observed 

by GOES 13 and 15 satellites, as projected from geosynchronous orbit to the ionosphere 

at 270 km (dashed arrow).  The maps in Figure 6.11 show magnetic latitude and magnetic 

local time at the midpoint of each respective interval, and are oriented such that 12 MLT 

is directed upward (toward the sun).  On average, calculations indicate that the 0.9 mHz 

TEC variations propagated westward (towards noon) at 0.76±0.16 km/s assuming 

variations occur in the F region at 270 km altitude, and 0.33±0.07 km/s westward 

assuming these are E region variations at 120 km.  Compressional Pc5 variations 

observed by GOES satellites propagated westward at 1.03 km/s, as projected into the 

ionosphere.  The average velocity of 3.3 mHz TEC variations was 0.86±0.23 km/s south-

westward (sunward) for an F region assumption, and 0.39±0.10 km/s south-westward for 

an E region assumption.  Error estimates of the propagation speeds are the standard 

deviation of speeds shown in Figure 6.10c. 

For 17:40-18:35 UTC, the propagation direction of Pc6 compressional waves at 

geosynchronous orbit is consistent with the mainly westward propagation of Pc6 band 

TEC disturbances.  Assuming that the compressional waves modulated the F region 

ionosphere during this time period, the calculated propagation speed for TEC variations 

was 0.27±0.16 km/s slower than the azimuthal propagation speed of compressional field  
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Figure 6.11:  Average of Figure 10c propagation velocities (bold arrows) for 
0.9 mHz TEC variations (a) and 3.3 mHz TEC variations (b), assuming TEC 
disturbances arise from 270 km altitude (black arrows) and 120 km altitude 
(grey arrows).  Also shown in (a) is the ionospheric projection of azimuthal 
propagation velocity of compressional Pc5 waves as calculated from GOES 13 
and GOES 15 measurements.  Magnetic local times are shown at the average 
UTC of each time interval.  Maps are oriented such that magnetic noon points 
towards the top of the page. 
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variations.  As discussed previously, Pc6 TEC and magnetic field variations were 

possibly following the sunward plasma convection characteristic of the auroral region 

ionosphere and magnetospheric plasma sheet in the afternoon sector. For 18:35-19:00 

UTC, the approximately in-phase compressional Pc6 waves observed by GOES 13 and 

15 are consistent with a mainly radial propagation at geosynchronous orbit, which would 

correspond to a latitudinal propagation on the ground.  The southward propagation 

velocity of the 3.3 mHz TEC disturbances indicates that potentially related Pc5 

compressional waves were propagating Earthward from the outer magnetosphere. 

 

6.4  Discussion 

This chapter presented observations of large amplitude (up to 7 TECU) Pc5-6 

band variations in GPS TEC associated with mainly compressional mode Pc5-6 magnetic 

field variations in the afternoon auroral ionosphere.  Dynamic power spectra of TEC 

variations revealed two dominant frequencies around 0.9 mHz and 3.3 mHz, with similar 

frequencies observed in magnetic field variations at geosynchronous orbit and on the 

ground.  A triangulation technique was used to calculate the propagation velocity of TEC 

variations observed by multiple GPS satellite signals.  This is the first study to examine 

Pc5-6 band variations in ionospheric TEC correlated with Pc5-6 magnetic field variations 

observed using in-situ satellite measurements, and the first study to calculate the 

propagation velocity of TEC disturbances potentially linked with ULF waves. 

As shown in Figures 6.5 and 6.6, TEC variations often showed good correlation 

with Pc5-6 magnetic field variations observed by GOES 13 and Sanikiluaq 
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magnetometers.  Figure 6.8 also revealed good coherence of ~3.3 mHz TEC variations 

with magnetic field variations of similar frequency.  Linking TEC variations to magnetic 

field variations is not straightforward, however, since there was no consistent one-to-one 

correlation between specific features observed in TEC and magnetic field variations, and 

there were intervals where TEC and magnetic field variations had low correlation and 

low spectral coherence.  At this point, it can be concluded that TEC and magnetic field 

variations were occasionally well correlated and are potentially linked. 

Under the assumption that TEC variations presented here were a direct result of 

Pc5-6 magnetic field activity, the nature of the TEC measurement may explain some of 

the observed differences in magnetic field and TEC waveforms.  Since TEC is the 

integrated electron density along a satellite-to-receiver ray path, variations in TEC reflect 

electron density variations along that entire ray path.  TEC variations will be inherently 

more complex since the cumulative variations over a range of altitudes covering the D, E 

and F region ionosphere were observed, in addition to variations over a range of 

latitudes/longitudes for a slanted ray path.  This cumulative effect will increase with 

decreasing satellite elevation since the GPS signal will travel through significantly more 

ionosphere.  The dynamic and turbulent nature of the auroral ionosphere will also add to 

the complexity of TEC measurements, producing TEC variations on a wide range of time 

and spatial scales. 

The calculated propagation velocities of TEC variations indicate that two distinct 

events were observed.  The first event, observed from 17:30 to 18:35 UTC, involved 

lower frequency (~0.9 mHz) TEC variations of up to 7 TECU observed by PRNs 11, 24, 

28 and 19.  PRNs 7 and 8, which were tracking south of Sanikiluaq, observed little to no 
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significant TEC variations over this time interval.  According to observations of high 

latitude convection and energetic particle precipitation of Kozlovsky et al. [2002], as well 

as high latitude convection statistics of Grocott et al. [2010], Sanikiluaq lies near the 

equatorward boundary of the auroral region in the post-noon sector (12:00-15:00 MLT).  

The relative phase of variations observed by PRNs 11, 24 and 28 indicated that 0.9 mHz 

TEC variations propagated westward at calculated speeds of 0.76±0.16 km/s and 

0.33±0.07 km/s, using assumed ionization altitudes of 270 km (F region) and 120 km (E 

region), respectively.  Over this same time interval, the GOES 13 magnetometer observed 

mainly compressional Pc5 magnetic field variations at a frequency of 1.1-1.2 mHz, which 

were potentially related to the 0.9 mHz variations in TEC.  Using GOES 13 and 15 

measurements and assuming only azimuthal propagation, the velocity of Pc5 

compressional waves related to 0.9 mHz TEC variations was calculated to be 20.7 km/s 

westward in the magnetosphere, which projects to 1.03 km/s westward in the ionosphere.  

This velocity is comparable to the 0.76±0.16 km/s propagation velocity of TEC 

variations, assuming F region ionization at 270 km.  A higher assumed ionization altitude 

would result in a higher calculated speed (e.g. using 400 km results in ~1.12 km/s).  The 

1.03 km/s speed using GOES satellites is an estimate since using only two observation 

points does not allow for triangulation. There are also uncertainties associated with 

projection from geosynchronous orbit into the ionosphere using the Tsyganenko-96 

magnetic field model.  Assuming this is F region ionization, the westward propagation of 

TEC variations and Pc6 waves is consistent with the prevailing direction of ×E B  plasma 

convection in the pre-noon sector.  Similar convection speeds were reported by Kozlovsky 

et al. [2002] in the post-noon sector at latitudes close to and north of Sanikiluaq.  In 
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addition, Jayachandran et al. [2011] reported TEC variations associated with sudden 

magnetospheric compression that also followed the expected plasma convection pattern 

in the auroral and polar cap ionosphere.  Calculated propagation speeds in the range of 3-

10 km/s indicated that TEC enhancements observed by Jayachandran et al. [2011] were 

due to precipitation associated with travelling convection vortices (TCVs) embedded in 

the larger scale convection pattern.  From 17:30 to 18:35 UTC, the Sanikiluaq 

magnetometer on the ground also observed magnetic field variations of 1.0-1.3 mHz, 

possibly associated with the westward propagating magnetic field and TEC variations 

observed by GOES 13 and the Sanikiluaq GPS receiver. 

The second event, observed from 18:35 to 19:00 UTC, involved 3.3 mHz TEC 

variations of up to 5 TECU observed by PRNs 11, 24, 28.  A triangulation technique 

revealed that 3.3 mHz variations were propagating southward at speeds of 0.86±0.23 

km/s assuming F region ionization at 270 km, and 0.39±0.10 km/s assuming E region 

ionization at 120 km.  Also observed during this period were similar frequency variations 

in the parallel ( ||B ) magnetic field at GOES 13, the 30-600 keV electron flux at GOES 13, 

and the Eastward (Y) magnetic field in Sanikiluaq.  Solar wind measurements of the 

WIND satellite (Figure 6.4a) indicated that these magnetic field, particle flux and TEC 

variations may have resulted from a solar wind pressure pulse of 3.5 nP impacting the 

dayside magnetosphere.  Solar wind impulses are a known excitation mechanism of 

magnetospheric ULF waves [e.g. Eriksson et al. 2006].  Compressional Pc5-6 waves 

excited by solar wind impulses are often observed at geosynchronous orbit [Zhang et al., 

2010].  In addition, for a pressure pulse of similar magnitude for pre-existing southward 

IMF conditions, Boudouridis et al. [2003] reported a global equatorward and poleward 
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expansion of the auroral oval and a global increase in precipitating particle energy flux.  

As seen in Figures 6.4 and 6.7, there were no obvious low frequency variations in solar 

wind dynamic pressure that may have been a driving force for the observed Pc5-6 

pulsations at GOES 13.  This is in contrast to observations of Kepko et al. [2002], who 

reported direct driving of discrete frequency, compressional Pc5-6 pulsations at 

geosynchronous orbit by discrete frequency variations in solar wind dynamic pressure.  

The southward propagation of 3.3 mHz TEC variations, in addition to the in-phase 

compressional variations observed by GOES 13 and 15 satellites, is consistent with the 

radially Earthward propagation of a compressional wave from the outer magnetosphere. 

The large peak-to-peak amplitudes of TEC variations (up to 7 TECU) observed by 

multiple GPS satellites were a substantial percentage of the estimated background TEC 

above Sanikiluaq at this time (~15-30 TECU).  Pilipenko et al. [2014a], who used ground 

based magnetometer observations, is the only other study that has examined TEC 

variations associated with Pc5 waves.  For comparison, Table 6.1 summarizes key 

parameters characterizing the event observed in the current manuscript (top row) and the 

event observed by Pilipenko et al. [2014a].  Pilipenko et al. [2014a] found that “intense” 

daytime Pc5 variations of ~400 nT observed on the ground resulted in Pc5 band TEC 

variations ( TEC∆ ) of up to 1 TECU, and fractional TEC variations ( /TEC TEC∆ ) of 

2.5%.  This chapter presented observations of much smaller magnetic field variations on 

the ground (up to 100 nT) associated with much larger TEC variations (2-7 TECU) and 

much larger fractional TEC variations (10-35%).  The relative magnitudes of TEC and 

magnetic field variations were also significantly higher in the observations presented here  
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(0.1-0.7 compared to 0.002 in Pilipenko).  The large differences in these key parameters 

suggest that the mechanism governing the TEC response in these observations differs 

from the mechanism governing the TEC response observed by Pilipenko et al. [2014a].  

At this point, the only possible mechanism to explain a 2-7 TECU response to Pc5-6 

magnetic field variations is the modulated precipitation of energetic particles, since no 

other known mechanisms related to Pc5-6 activity are capable of generating TEC 

variations of this magnitude.  Several past studies have reported modulated precipitation 

of auroral particles by compressional Pc5 waves [e.g. Sarris et al., 2007; Motoba et al., 

2013]. 

 

Table 6.1.  Amplitudes of TEC and Magnetic Field Variationsa 

 
groundB∆

(nT) 

ground

ground

B
B
∆

(%) 

TEC∆
(TECU) 

TEC
TEC
∆

(%) 
Ground

TEC
B
∆
∆

(TECU/nT) 

GOESB∆
(nT) 

GOES

GOES

B
B
∆

(%) 

Watson 50-100 0.1-0.2 2-7 10-35 0.1-0.7 10-40 6-35 

Pilipenko 
et al. 

[2014a] 

~400 ~1 ~1 ~2.5 ~0.002 - - 

aPeak to peak amplitudes and relative amplitudes of TEC and magnetic field variations, 
compared with those of Pilipenko et al. [2014a]. 
 

 

As shown in the dynamic power spectra of Figure 6.7, GOES 13 observed 

variations in >30 keV electron flux within the atmospheric loss cone, at frequencies 

similar to magnetic field and TEC variations observed from 17:30 to 19:00 UTC.  
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Although these flux variations at the geosynchronous orbit provide no direct evidence of 

energetic particle precipitation, the >30 keV electron population appeared to be 

responding to 3.0-3.5 mHz compressional variations.  In addition, the enhanced flux due 

to the global injection event at ~16:40 UTC in Figure 6.2d suggests the availability of 

>30 keV electrons to be precipitated into the ionosphere.  Precipitating electrons at 

energies >30 keV will ionize mainly the E and D region ionosphere [Rees, 1963], and 

thus it is questionable whether electron precipitation at these energies is capable of 

producing TEC variations of 2-7 TECU.  An observational survey of multiple high 

latitude precipitation events by Watson et al. [2011] indicated that events involving 

precipitation of only >30 keV electrons resulted in TEC enhancements of no more than 2 

TECU.  In addition, Rodger et al. [2012] predicted that electron precipitation during 

substorms could result in TEC enhancements of up to 4.8 TECU, however only one-third 

to one-half of the TEC enhancements were predicted to arise from electron precipitation 

>30 keV.  These results indicate that >30 keV electrons alone are not capable of 

producing the 2-7 TECU variations presented in this chapter, and that precipitation of 

lower energy electrons (<30 keV) and/or ion precipitation at least contributed to these 

variations in TEC. 

Due to the motion of GOES satellites, Sanikiluaq magnetometers, and GPS IPPs 

relative to the propagation velocity of magnetic field and TEC variations, observations of 

these variations will have been Doppler shifted.  For GOES satellites and the Sanikiluaq 

magnetometer, which orbit/move at the rotation frequency of the Earth ( earthf ), this 

Doppler shift f∆ will be  
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 earthf mf∆ = −                                                                         (6.7) 

for an azimuthally propagating wave.  The westward propagating waves observed in this 

study had an azimuthal wave number of -18, which results in a Doppler shift of 0.2 mHz.  

This has a small impact on the 1.2-1.3 mHz azimuthally propagating variations observed 

by GOES and Sanikiluaq magnetometers.  The Doppler shift would not have affected 

radially (north-south) propagating Pc5-6 waves.  Observations of TEC variations will 

have also been Doppler shifted due to the motion of the GPS satellite-to-receiver ray path 

through the ionosphere.  This Doppler shift will have affected TEC variations 

propagating in all directions, depending on the direction a particular GPS satellite was 

moving during time of observation.  At 270 km altitude and for >25º satellite elevation, 

an IPP for a particular satellite moves at a maximum of 0.07 km/s through the 

ionosphere.  For dynamic power spectra and relative phase calculations of TEC variations 

in this study, this Doppler shift was considered negligible. 

To estimate the propagation time of solar wind features observed by the WIND 

satellite to the Earth’s magnetopause, the “total magnetic field” method of Ridley [2000] 

was used.  This method uses a “propagation front plane”, defined by the IMF orientation, 

to propagate solar wind disturbances from the observation point to the magnetosphere.  

The solar wind disturbance of primary interest to this chapter was the solar wind pressure 

pulse at 18:38 UTC (corrected for propagation delay) in Figure 6.4a, which was 

described as the driver of 3.3 mHz TEC variations and potentially related Pc5 magnetic 

field variations.  This pressure pulse was mainly due to a sudden increase in solar wind 

bulk speed from 500 to 600 km/s.  The propagation time of the pressure pulse from 

WIND to the Earth’s magnetopause was calculated to be 38 minutes, with an average 
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uncertainty of 16 minutes and a maximum uncertainty of 77 minutes, according to 

statistics of Ridley [2000].  WIND was located at (XGSE = 207.5RE, YGSE =  85.3RE, ZGSE 

= -10.342RE) during the time of the observations, where the large Y distance from the 

Sun-Earth line resulted in the large uncertainty in propagation time.  The Advanced 

Composition Explorer (ACE) satellite also observed the sudden increase in solar wind 

speed from 500 to 600 km/s, which resulted in the pressure pulse of interest.  ACE solar 

wind density measurements were not available for this event.  ACE observed this event at 

17:48 UTC, when it was located at (XGSE = 243.0RE, YGSE = -28.4RE, ZGSE = -18.1RE).  

According to the same propagation delay method used for WIND, this pressure pulse 

would have an ACE-to-magnetopause propagation time of 54 minutes, reaching the 

magnetopause at 18:42 UTC.  The average and maximum uncertainties for this 

propagation time are 8 minutes and 31 minutes, respectively, significantly smaller than 

the uncertainties for propagation from WIND.  The estimated 18:42 UTC arrival time of 

the pressure pulse at Earth’s magnetopause agrees well with the 18:38 UTC estimate 

using the WIND satellite, and thus it is assumed that the timing of the pressure pulse in 

Figure 6.4a is a reasonable estimate. 

GPS TEC is a unique tool that is capable of providing continuous, multipoint, 

high temporal and spatial resolution observations of ionospheric processes, as 

demonstrated by the 1 Hz, multipoint measurements of TEC variations correlated with 

narrow-band Pc5-6 ULF wave activity presented here.  It was observed that the TEC can 

have a potentially significant response to ULF wave activity (up to 7 TECU in this case).  

Development of TEC techniques such as cross phase analysis of ULF signatures or multi-

event statistical studies of ULF activity are potentially valuable tools in the study of 
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magnetospheric ULF waves, including their structure in space, generation mechanisms, 

magnetospheric propagation regions, and how they interact with the ionosphere.  This is 

especially true with the ongoing expansion of CHAIN and the increasing density of 

CHAIN GPS receivers in the Canadian Arctic. 

 

 



 

295 

 

 
 
 
 
 
 

Chapter 7: Conclusions and Future Work 
 
 
As described in Chapter 4, TEC measurements from 5 ground based GPS 

receivers in the Canadian Arctic were used to statistically examine six years of TEC 

variations in the polar cap ionosphere.  TEC variations were due to mesoscale (10s-100s 

of kms) ionization structures.  Occurrence, amplitude and frequency distributions of TEC 

variations were examined as a function of magnetic local time, latitude, solar activity 

level, season, and solar wind conditions.  These distributions provided valuable insight 

into the behavior of the polar cap ionosphere on various time scales and for various solar 

wind conditions, as well as the source and generation mechanisms of mesoscale 

structuring in the polar cap. 

Statistics indicated that occurrence of significant (>1 TECU) TEC variations was 

highest on the dayside, in regions mapping to magnetospheric boundary layers and the 

dayside extension of the plasma sheet.  Occurrence of dayside variations due to both F 

and E region ionization indicated that dayside TEC variations were largely due to 
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energetic particle precipitation from the plasma sheet and boundary layers.  Comparison 

with previous statistical studies of energetic particle precipitation indicated that a high 

occurrence of TEC variations in the morning and afternoon corresponded closely to 

regions dominated by field aligned acceleration of electrons with broadband (morning) 

and monoenergetic (afternoon) energy spectra.  A third region of high occurrence at 

higher latitudes across noon corresponded to regions dominated by diffuse aurora and ion 

precipitation of polar cusp origin.  Occurrence in these regions showed a relatively low 

dependence on solar activity level from year to year, however a strong seasonal 

dependence indicated highest occurrence in winter and lowest in summer, possibly 

related to particle precipitation mechanisms that operate favorably during periods of low 

ionospheric conductivity.  Occurrence also increased with solar wind-magnetosphere 

coupling rate; although a highly dynamic polar cap for highest coupling rates 

significantly muddled the overall picture.  For northward IMF conditions, occurrence of 

E and F region TEC variations was highest in the morning-afternoon sectors, while high 

occurrence closer to noon was observed for southward IMF conditions.  An IMF BY 

dependence was also observed, with highest occurrence of afternoon (morning) F and E 

region TEC variation observed for dawnward (duskward) IMF. 

Occurrence of F region variations increased significantly throughout the polar cap 

with increasing solar activity, coupling rate, and for high magnitude IMF BX, BY, or BZ 

components, which was possibly due to increased occurrence and intensity of polar cap 

patches.  Seasonal occurrence of F region variations away from the dayside was highest 

in spring and lowest in winter, contrary to previous reports of high patch occurrence in 

winter.  However, average seasonal amplitudes of F region variations were highest in 
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winter and lowest in summer throughout the polar cap, consistent with a high ratio of 

patch-to-background density in winter.  Occurrence of E region variations on the 

nightside at low latitudes also increased with increasing solar activity, coupling rate, and 

for high magnitude IMF BX, BY, or BZ components, possibly a result of poleward 

expansion of auroral activity into the nightside polar cap under these conditions. 

During the year of lowest solar activity (2009), largest amplitude F and E region 

TEC variations were observed in the morning-afternoon sectors, and around midnight, 

which was likely a result of energetic particle precipitation.  Average amplitudes of both 

F and E region TEC variations at lowest polar cap latitudes around noon increased 

significantly with solar activity and solar wind-magnetosphere coupling rate, likely a 

result of both increased precipitation intensity from magnetospheric boundary regions 

and the plasma sheet, and increased intensity of polar cap patches.  For increased solar 

activity and coupling rates, larger amplitude F region variations were also observed 

throughout the polar cap, largely reflecting increased intensity of polar cap patches, while 

larger E region amplitudes were observed on the nightside, possibly reflecting increased 

intensity and occurrence of substorms.  Lowest amplitude F and E region variations were 

consistently observed in the early morning, possibly reflecting the pre-midnight 

proclivity of substorm onset.  TEC variation amplitudes were largest in winter and fall, 

reflecting the November peak in solar wind-magnetosphere coupling reported in previous 

studies. 

In general, spectral frequency of TEC variations followed an exponential 

distribution, dominated by frequencies of around 1.0 mHz.  The exact shape of this 

distribution depended heavily on local time and latitude, with the greatest proportion of 
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higher frequency variations observed on the dayside, in regions statistically dominated by 

discrete aurora due to precipitation of energetic electrons with broadband energy spectra.  

Higher occurrence of high frequency TEC variations in this region indicates a higher rate 

of smaller scale structuring of the ionosphere.  An unexpected result in the frequency 

distributions was distinct peaks around 2 mHz and 4 mHz.  These preferential frequencies 

arose primarily from TEC variations observed in regions mapping to the mantle boundary 

layer, and to a lesser extent the “open” polar cap.  The strong dependence of occurrence 

of these ~2 and ~4 mHz preferential frequencies on local time and latitude indicates they 

were a result of a real physical process that modulated the ionospheric structure and 

produced TEC variations at these particular frequencies.  Further study is needed to 

determine the origin of these discrete frequencies.  

In Chapter 5, TEC measurements of the high data rate CHAIN GPS receiver in 

Sanikiluaq, Nunavut revealed two cases of significant ionospheric TEC response to low-

to-moderate intensity Pc4-5 ULF waves.  ULF wave activity was observed on the ground 

by the Sanikiluaq magnetometer and at geosynchronous orbit by the GOES 13 satellite.  

The GOES 13 northern magnetic footprint falls in close proximity to Sanikiluaq, 

allowing for simultaneous ground and in-situ observation of ULF activity in addition to 

observation of TEC variations above Sanikiluaq. 

In the first event, Pc5 band variations in ionospheric TEC were attributed to 

narrow-band, moderate intensity, Pc5 ULF wave activity.  Pc5 variations observed by the 

GOES 13 satellite were predominantly toroidal mode, and occurred at discrete 

frequencies closely matching calculated fundamental and third order harmonics of the 

standing Alfven mode.  Pc5 ULF waves observed on the ground by the Sanikiluaq 
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magnetometer also agreed with the calculated natural eigenfrequency of modeled field 

lines mapping to Sanikiluaq.  Significant TEC variations in the Pc5 frequency band were 

observed during Pc5 ULF activity.  Highest elevation satellites observed narrowband 

TEC variations at frequencies closely matching ULF wave frequencies.  Lower elevation 

satellites observed TEC variations at a broad band of Pc5 frequencies, possibly due to the 

integrated nature of the TEC measurement.  Large amplitudes (0.5-2.5 TECU) of TEC 

variations indicated they were most likely a result of wave modulated energetic particle 

precipitation. 

In the second event, Pc4 band variations in TEC were attributed to narrow-band, 

low intensity Pc4 ULF wave activity, which was consistent with previous descriptions of 

“giant pulsations (Pgs)” characteristic of the early morning auroral ionosphere.  

Occurrence of small amplitude (0.05-0.35 TECU) TEC variations associated with Pc4 

activity was highly localized, with intermittent Pc4 TEC variations observed by multiple 

GPS satellites.  TEC variations had a narrowband frequency spectrum, closely matching 

frequencies of Pc4 ULF waves observed by GOES 13 and Sanikiluaq magnetometers.  

This is the first clear observation of TEC variations associated with so called “Giant 

pulsations”. 

The significant TEC response to low-to-moderate intensity Pc4-5 ULF activity is 

an important addition to the existing observational picture of ULF wave interaction with 

the ionosphere.  GPS TEC is capable of providing continuous, multipoint, high temporal 

and spatial resolution observations of ionospheric processes, as shown by the 1 Hz, 

multipoint measurements of the ionospheric TEC response to Pc4-5 ULF wave activity 

presented here.  Development of TEC techniques such as cross phase analysis of ULF 
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signatures or multi-event statistical studies of ULF activity are potentially valuable tools 

in the study of magnetospheric ULF waves and SW-M-I coupling via ULF waves.  The 

significant TEC response to ULF activity also demonstrates that ULF activity can 

potentially impact communication and navigation links at high latitudes.  A more 

complete observational picture is required to better understand and mitigate these 

impacts.  Ongoing expansion of CHAIN and the increasing density of CHAIN GPS 

receivers in the Canadian Arctic will help provide this more complete observational 

picture. 

Chapter 6 showed observations of large amplitude GPS TEC variations in the 

afternoon auroral region, possibly associated with Pc5-6 (<6.67 mHz) magnetic field 

variations observed at geosynchronous orbit and on the ground.  This is the first report of 

observations of variations in ionospheric TEC linked to satellite observations of Pc5 and 

Pc6 ULF waves.  Observations were made during a period of high auroral activity, and 

during the main phase of a moderate geomagnetic storm.  GPS TEC measurements were 

from the Sanikiluaq GPS receiver, while magnetic field measurements were from the 

Sanikiluaq magnetometer and the GOES 13 satellite. 

Over a 2 hour period, Pc5-6 band TEC variations of 2-7 TECU were observed 

along multiple GPS satellite ray paths.  Lower frequency (~0.9 mHz) TEC variations 

were observed from 17:00 to 18:35 UTC, followed by observation of higher frequency 

(~3.3 mHz) variations from 18:35 to 19:00 UTC.  Large amplitudes of TEC variations 

suggest that they were a result of modulated precipitation of energetic particles.  Over the 

same two hour period, GOES 13 observed moderate amplitude (10-40 nT), 

compressional mode Pc5-6 magnetic field variations, while the Sanikiluaq magnetometer 
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observed moderate amplitude (50-100 nT) magnetic field variations on the ground.  

Magnetic field and TEC measurements showed good correlation and similar spectral 

features, indicating a potential link between Pc5-6 band magnetic field and TEC 

variations.  Solar wind measurements indicate that ~3.3 mHz TEC variations and 

simultaneous magnetic field variations were driven by a small (~3 nP), sudden increase in 

solar wind dynamic pressure.  There were no obvious periodic variations in solar wind 

pressure that could be linked to Pc5-6 magnetic field activity. 

The relative phase of TEC variations observed along multiple satellite ray paths 

was also used to estimate the propagation velocity of TEC variations.  The calculated 

propagation velocity of 0.9 mHz variations was 0.76±0.16 km/s (0.33±0.07 km/s) 

westward, while the calculated velocity of 3.3 mHz variations was 0.86±0.23 km/s 

(0.39±0.10 km/s) southward.  These calculations were made under the assumption that 

TEC variations arose from periodic ionization of the F region at 270 km altitude (E 

region at 120 km altitude).  Compressional magnetic field variations linked to 0.9 mHz 

TEC variations observed by GOES 13 and 15 satellites had an azimuthal (westward) 

propagation velocity of 20.7 km/s at geosynchronous orbit (1.03 km/s projected into the 

ionosphere).  These lower frequency compressional Pc6 waves and simultaneous TEC 

variations were likely following the prevailing bulk plasma convection of the afternoon 

magnetosphere and auroral ionosphere.  Approximately in-phase Pc5 compressional 

variations linked to 3.3 mHz TEC variations were also observed by GOES 13 and 15 

satellites, consistent with a southward propagation in the ionosphere and corresponding 

Earthward propagation at geosynchronous orbit. 
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Overall, Chapter 6 demonstrated that GPS TEC observations are a potentially 

useful tool in the high resolution study of Pc5-6 ULF waves and their interaction with the 

ionosphere.  TEC measurements from multiple satellites can provide high temporal and 

spatial resolution observations of ionospheric density variations associated with Pc5-6 

activity, and can also provide 2D observations of the propagation of these variations. 

As demonstrated in this thesis, GPS TEC observations are a valuable contribution 

to the existing ionospheric observation network in the Canadian Arctic.  The ionosphere 

at high latitudes is complex and dynamic, and there is an abundance of observational 

gaps and unresolved issues pertaining to the evolution, source, and generation mechanism 

of high latitude ionospheric irregularities.  Increased ionospheric observation and 

development of observational techniques is necessary to obtain a complete observational 

picture of high latitude ionospheric behaviour, and to understand how this behaviour is 

governed by coupling processes of the solar wind-magnetosphere-ionosphere system.  

Observation and understanding of ionospheric behaviour is also critical for the 

development of reliable navigation and communication systems that require trans-

ionospheric radio propagation at high latitudes. 
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Appendix: GPS Triangulation Technique 

The two dimensional (horizontal) propagation velocity of an ionospheric 

disturbance can be calculated using a triangulation technique involving TEC 

measurements of multiple GPS satellites.  This method works assuming that a particular 

TEC signature observed by multiple GPS satellites is associated with a single propagating 

ionospheric disturbance.  This method also approximates the disturbance as uniform in 

the direction perpendicular to its propagation.  This TEC triangulation technique was 

introduced by Watson et al. [2011], who used GPS TEC signatures of substorm 

precipitation to calculate the expansion velocity of the substorm precipitation region.  For 

a single velocity calculation at a specific altitude, three ionospheric pierce points (IPPs) 

that are suitable for triangulation (IPP1, IPP2, and IPP3 in Figure 1A) were chosen.  

Suitable IPPs are in relatively close proximity such that triangulation is not applied over a 

long baseline, which will reduce errors associated with the assumption of a uniform 

propagation front (represented by the dotted line in Figure 1A).  IPPs from a common 

GPS receiver are usually sufficiently close for a reasonable approximation.  From known 

distances between IPPs and relative time delays between satellite observations of a 

particular ionospheric disturbance, the velocities 1 2−v , 1 3−v , and 2 3−v  shown in Figure 

1A can be calculated.  These velocities represent the apparent propagation velocities of 

an ionospheric disturbance along straight line paths between IPPs.  Projections of these 

apparent velocities can be used to determine the actual propagation velocity ( propv ) of the 

ionospheric disturbance: 

 1 2 1 3 2 3prop prop prop prop− − −= ⋅ = ⋅ = ⋅v v e v e v e                                        (A1) 
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where 

 prop
prop

prop

=
v

e
v

                                                                        (A2) 

Calculated propagation velocity will vary with chosen IPP altitude, since IPP coordinates 

also vary with altitude due to the slanted ray path (with respect to receiver zenith) of the 

GPS satellite-to-receiver signal. 

 

 

 

 

Figure 1A:  Diagram illustrating the triangulation technique for 
calculating the horizontal propagation velocity of an ionospheric 
disturbance, using TEC measurements of three GPS satellites. 
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