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Medium Scale Travelling Ionospheric Disturbances sensed with GNSS
TEC and SuperDARN

Ian J. Kelley

(ABSTRACT)

Medium Scale Travelling Ionospheric Disturbances (MSTIDs) are quasi-wavelike structures

in ionospheric density that can be sensed using Global Navigational Satellite Service (GNSS)

Total Electron Content (TEC) techniques and coherent scatter radars such as the Super Dual

Auroral Radar Network (SuperDARN). MSTIDs, especially those observed during quiet

times and on the night side, have been known to be driven by electrodynamic instability

processes, such as the Perkins instability. In this work, SuperDARN is used in conjunc-

tion with GNSS TEC data to investigate MSTIDs during a major geomagnetic storm on

September 7-8th, 2017. The interval of this study is in the North American region between

23UT and 3UT, during the peak of the storm, when Kp reached 9. MSTIDs during the

interval were investigated by previous studies. However, the roles of electrodynamic insta-

bility processes and atmospheric gravity waves (AGWs) in driving the MSTIDs were not

determined. GNSS TEC fluctuations associated with the MSTIDs were strong, reaching

up to half of background TEC. In SuperDARN, MSTID signatures were observed in power

measurements. Meanwhile, SuperDARN line-of-sight (LOS) plasma velocity corresponding

to MSTID structures exceeded �500 m/s. This systemic change in the polarity of Super-

DARN LOS velocities is indicative of strong polarization electric fields and therefore driving

electrodynamic instability processes. This work therefore presents signatures of storm time

electrified MSTIDs in mid-latitude North America.



Medium Scale Travelling Ionospheric Disturbances sensed with GNSS
TEC and SuperDARN

Ian J. Kelley

(GENERAL AUDIENCE ABSTRACT)

The upper atmosphere contains a region called the ionosphere, where ionized gas called

plasma exists. This plasma can be sensed using satellites and ground-based receivers. Specif-

ically, Global Navigational Satellite Service constellations, such as GPS, are good candidates

for this technique. This method yields a column density measurement of electrons and is

known as GNSS TEC. Most of the time, GNSS TEC is used in a low resolution format,

but a high-resolution format is available. This high-resolution GNSS TEC allows for smaller

structures in the ionosphere to be investigated. Ionospheric plasma can also be sensed using

ground based radar systems, such as the Super Dual Auroral Radar Network (SuperDARN).

Combining GNSS TEC and SuperDARN allows for investigation of disturbed structures

in the Ionosphere. These structures include wave-like behavior, with time scales under 30

minutes, called Medium Scale Travelling Ionospheric Disturbances (MSTIDs). When these

MSTIDs are investigated during times where the Sun is especially active, some unexpected

results are found. Most importantly, SuperDARN radars see plasma velocity behave as if

it is affected by MSTID structures. This suggests that the buoyancy force which drives the

MSTIDs is an electric force instead of a pressure gradient. This behavior has been shown

before, but only at night times, specifically when the Sun is not as active. Therefore, this

work presents a new kind of MSTIDs.
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xii
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ACF (Auto Correlation Function) is an operation performed on a time vs intensity dataset

whereby correlation is determined as a function of time lag.

AGW (Atmospheric Gravity Wave) refers to a wave mode in the neutral atmosphere, which

has gravity as the driving restoring force.

GLONASS (English: GLObal NAvigational Satellite System, Russian: GlObal’naya Navi-

gatsionnaya Sputnikovaya Sistema) is the Russian Federation’s GNSS fleet.

GNSS (Global Navigational Satellite Service) refers to any fleet of satellites intended to

provide position, navigation, and timing to users.

GPS (Global Positioning System) is the United States’ GNSS fleet.

HF (High Frequency) denotes a band of the electromagnetic spectrum ranging from 30-30

MHz.

IMF (Interplanetary Magnetic Field) The magnetic field in the solar system outside of

Earth’s influence. Mainly from the Sun. Typically presented as Bx, By, and Bz

Cartesian coordinates.

IPP (Ionospheric Pierce Point) is the location where TEC values are mapped to. This is

assumed to be at an ionospheric height.

L (L Band) denotes a band of the electromagnetic spectrum ranging from 1-2 GHz.

LOS (Line of Sight) refers to the singe dimensional value of a vector measurement (such as

velocity, electric field, etc) in the line between the observed region and the location

of the sensor.
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LSTID (Large Scale Travelling Ionospheric Disturbance) is a TID with a time period of

greater than one hour.

MSTID (Medium Scale Travelling Ionospheric Disturbance) is a category of TIDs with a

time period of less than one hour.

PACE (Polar Anglo-American Conjugate Experiment) was the experiment by which the

Goose Bay and Halley Station radars were used to show conjugate phenomena.

RTI (Range Time Intensity) is a style of plot where a parameter such as power or velocity

is plotted according to time and range axis.

SAPS (Sub-Auroral Polarization Stream) is an active time feature of the mid-latitude iono-

sphere, whereby a narrow westwards plasma drift occurs co-located with a narrow

plasma depletion region based on particle precipitation.

STARE (Scandinavian Twin Auroral Radar Experiment) was a twin bistatic phased array

VHF radar in Scandinavia.

SuperDARN (Super Dual Auroral Radar Network) is a global network of HF radars designed

to detect plasma convection via LOS measurements of decimeter scale field aligned

plasma irregularities.

SymH / AsymH (Symmetric/Asymmetric Horizontal component index) present the 1 minute

horizontal ring current intensity, which allows for geomagnetic storms to be charac-

terized.

TEC (Total Electron Content) refers to electron column density measurements, typically

between a GNSS satellite and ground based reciever.

TECu (Total Electron Content Units) are units for measuring TEC, where 1 TECu is 1016

electrons per square meter.
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TID (Travelling Ionospheric Disturbance) is a travelling wavelike perturbations in iono-

spheric density.

VHF (Very High Frequency) denotes a band of the electromagnetic spectrum ranging from

30-300 MHz.

VTEC (Vertical TEC) is a TEC value which has been corrected for oblique propagation

through the ionosphere, in order to remove effects from satellite elevation angle.
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The ionosphere is defined as the region of Earth’s upper atmosphere which contains ion-

ization, endowing it with electrical properties. The ionosphere can start as low as 50km in

altitude and extend beyond 1000km. The ionosphere is classified into three layers, known

as the D, E, and F regions. Usually, most of the ionization is found in the F region. This

is typically located between 150 and 1000km altitude. The F region has the highest plasma

density and the lowest neutral density of the three. During the day, two peaks sometimes

form in the F region, and are denoted as F1 and F2. The F2 layer is the higher of the

two (above 200km) and almost always of higher density. In this region, loss through re-

combination is slow, so it is mostly sustained at night. The F region exists above the less

dense D and E regions. These layers are shown in Figure 1.1. The D region is below 100km,

and is the weakest. Neutral density is high in this region, and collisions are important. In

this region, sustained photo-ionization is needed, so it does not exist at night. The E region

exists between roughly 90 and 150km, and is usually less dense than the F region. The E

region is sometimes a source of denser plasma, known as sporadic E.

In the ionosphere, most ionization occurs from photo-ionization by the Sun during the day.

However, plasma can travel along field lines from the magnetosphere to the auroral iono-

sphere. This process is known as particle precipitation, and injects energy into the iono-

1



2

Figure 1.1: Logarithmic altitude profile of plasma density in the ionosphere. The daytime
and nighttime ionosphere is shown, with the different layers labelled as D, E, and F. This
figure is taken from (Kelley, 2009).

spheric system.

At higher latitudes, the magnetic field lines of the earth interact with those from the Sun,

known as the IMF. The Sun streams out plasma, known as solar wind, at all times. However,

this process is variable based on factors such as the 11 year solar cycle, direction, and

processes within the Sun’s surface. The meeting place between Earth’s magnetic field and

the IMF is known as the bow shock, which is well outside the Earth’s atmosphere (typically
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14Re). During periods of intense solar wind, the bow shock is compressed and the tail

of Earth’s magnetic field is elongated. During these periods, the IMF connects with the

Earth’s magnetic field on the day-side. This allows solar wind plasma to enter Earth’s

magnetosphere. Some of this plasma travels back along Earth’s field lines to the ionosphere.

This can also occur on the night side in the magnetotail, in a process known as a substorm.

These likely occur when Earth’s field lines re-connect to themselves. These processes are the

basis for auroral precipitation. This acts to close a magnetospheric circuit in the ionosphere.

Resistance in this region causes heating, known as Joule heating. Energy from this process

may be a pertubation source for wave-like disturbances in the ionosphere, called Travelling

Ionospheric Disturbances (TIDs). In fact, Joule heating is likely the source of the TIDs

discussed in this work.

The planetary K index is a general indicator of geomagnetic activity. It is based on a global

algorithm which combines horizontal magnetic field measurements of maximum horizontal

deviation. The Kp index categorizes the September 7-8th 2017 event as a 9 out of a possible 9.

Thus, this is a highly disturbed period. Other geomagnetic indicies used in this work include

solar wind and IMF data taken from NASA OMNI values, with a 1 minute time resolution

(King and Papitashvili, 2005). These values have been time-shifted to coincide with the

location where the bow shock intersects with the Earth-Sun line. Asymmetric (Asym-H)

and symmetric (Sym-H) disturbance indices (Iyemori, 1990) are used to characterize the

ring current during the event. Also, the auroral electrojet is characterized via the AL and

AU indices (Davis and Sugiura, 1966).
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Traveling Ionospheric Disturbances (TIDs) are wave-like structures which propagate through

the ionosphere. TIDs are most commonly expected to be driven by Atmospheric Gravity

Waves (AGWs) originating in the neutral atmosphere. TIDs are further classified as either

Large-Scale (LSTIDs) or Medium-Scale (MSTIDs) based on their spatio-temporal scales

(Georges, 1968). MSTIDs typically have a time-period of 15-60 minutes, phase velocities of

100-300 m/s, and wavelengths between 200-800km. On the other hand LSTIDs have phase

speeds between 400-1000 m/s, periods above 30 minutes, and wavelengths above 1000 km

(Hocke and Schlegel, 1996; Hunsucker, 1982). In this section, ionospheric disturbances, such

as gravity wave driven TIDs, will be discussed. Also, the concept of electrified TIDs will

be presented. Finally, previous studies of TIDs using SuperDARN and GNSS TEC will be

discussed. Emphasis will be placed on the differences between AGW-driven and electrified

TIDs, and MSTIDs in particular.

Atmospheric gravity waves are the basis for the majority of TID studies. AGWs are a neutral

atmospheric phenomena whereby gravity acts as a restoring force following a perturbation

(Hines, 1960). Munro (1948) observed wave activity in the ionosphere which was eventually

linked to the behavior of AGWs (Georges, 1968; Hunsucker, 1982; Hocke and Schlegel, 1996).

AGWs drive ionospheric density perturbations primarily because enhanced neutral density

causes enhanced ion-neutral collisions. This in turn changes the ion altitude distribution.

Recombination rates change and therefore a wave in the neutral atmosphere is manifested in

the ionospheric plasma. Neutral gravity waves in the atmosphere are seeded by a number of

perturbations, both from Earth and space. Polar vortexes (Frissell et al., 2016), explosions
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Figure 1.2: NASA Earth Observatory image taken from Suomi NPP satellite showing gravity
wave signatures in tropospheric clouds over Southern Australia. Image is from (Hansen and
Stevens, 2017)

such as the Beirut explosion (Jonah et al., 2021), and earthquakes (Liu et al., 2011) can all

cause AGW driven TIDs. MSTIDs under this regime may also be caused by auroral sources

via space weather as described by (Chimonas and Hines, 1970) and observed in (Samson

et al., 1990; Bristow et al., 1994, 1996). In general, AGW-driven MSTIDs peak during

daytime, in the winter months, and propagate equator-wards (Samson et al., 1990; Frissell

et al., 2014; Grocott et al., 2013; Kotake et al., 2006). An example of an AGW is shown

in Figure 1.2. Like typical gravity waves, this feature contains regular density fluctuations

which are aligned perpendicular to the propagation direction. Not all AGWs are visible as

features within clouds. Also, not all AGWs reach ionospheric heights and manifest as TIDs.
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Studies of TIDs eventually yielded some unexpected observations. Using the Arecibo ob-

servatory, it was found that some structures contained strong internal electric fields, and

high plasma drifts as a result (Behnke, 1979). This was unexpected but repeatable in later

studies using ground based radar systems (e.g., Fukao et al., 1991; Kelley and Fukao, 1991),

630nm airglow observations (e.g., Garcia et al., 2000; Mendillo et al., 1997), and even in

conjugate observations by the DE2 satellite (Saito et al., 1995). A mid-latitude plasma in-

stability known as the Perkins instability (Perkins, 1973) was suggested as the reason for

this phenomenon. The equation for the growth rate of the Perkins instability (
) is


 =
c cos D

BHn

E0 sin(� � �) sin �

where c is the speed of light, B is the geomagnetic field intensity, D denotes the magnetic dip

angle, and Hn is the scale height of the atmosphere. E0 is the electric field, either from the

neutral wind (E0 = U � B) or background ionospheric field. � is the horizontal angle of the

background electric field and � is the angle of the perturbation vector (both with respect

to magnetic east). The Perkins instability exists in regions where field lines have both a

vertical and horizontal component, such as the mid-latitude ionosphere. In this region, a

horizontal electric field interacts with a horizontal magnetic field component. Provided the

correct orientation, a vertical force in the E � B direction is imparted to the plasma. This

force acts similarly to the buoyancy force in the AGW regime. Kelley (2011) coined the

term ”electrobuoyancy” to describe this situation. However, this force exists only for specific

orientations of the background electromagnetic fields, as demonstrated in the growth rate

equation. Westwards propagation is preferentially supported in the mid-latitude northern

hemisphere. The physical basis for this is the E � B drift velocity and the gravity-collision
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Figure 1.3: Currents which arise as a result of an electrified TID. The background ionospheric
case is shown as � = �0. The TID contains bands of increased (� > �0) and decreased
(� < �0) conductivity based on plasma density. Note that J0n = J1n = J2n and J1t > J0t >
J2t. This illustration is taken from Figure 1b from (Zhou and Mathews, 2006).

velocity causes perturbed layers to drift away from equilibrium in these orientations (Zhou

and Mathews, 2006). Meanwhile, in other orientations, these drifts act towards equilibrium,

damping the instability.

Polarization electric fields arise based on current continuity. This is illustrated in Figure

1.3, where a TID is shown in relation to the background ionosphere. In this scenario, a

divergence free condition is assumed. This means that current normal to the TID wave

fronts must be constant. However, conductivity is not constant, and varies with the plasma

density fluctuations of the TID. The consequence is that polarization electric fields arise

within the structures of the TID. In the case of Figure 1.3, a background electric field E0 is

present with a component in the TID direction (k). This means that a polarization field is

created opposite the k direction in the � > �0 region and in the k direction in the � < �0

region.

During most electrified MSTID events, quiet conditions are present, limiting the electric field
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to 1 mV/m in the equatorward direction (Kelley, 2009). The neutral wind is the dominant

source of electric field, and its force acts in the U�B direction. This neutral wind electric field

is the basis for most studies which address electrified MSTIDs. Additionally, the presence

of sporadic E has been found to be necessary for electrified MSTIDs to occur (Narayanan

et al., 2018) in quiet time conditions. This is because it has been shown that one night is

not long enough for the instability to grow sufficiently in the F region alone (Garcia et al.,

2000).

Global Navigational Satellite Service Total Electron Content (GNSS TEC) has been used

extensively to study electrified TIDs (e.g., Saito et al., 1998; Otsuka et al., 2004, 2007,

2009). GNSS TEC is an integrated column plasma density measurement technique. Based

on assumed ionospheric plasma density profiles (Figure 1.1), TEC is used as a proxy for

peak electron density. GNSS TEC is described in detail in the following section.

While ground-based radar studies began with VHF radars, HF radars such as SuperDARN

have been used to study these phenomena (e.g., Ogawa et al., 2009; Hazeyama et al., 2022).

Through all these studies, a set of differences between AGW and electrified TIDs has been

established, which is summarized in Table 1.1. Note that differences in time and season are

important. For this reason, MSTIDs are sometimes categorized as night or day as a proxy

for AGW vs electrified. So far, electrified MSTIDs have been accepted as a night-side, quiet

time phenomena. However, MSTIDs which exhibit some electrified properties have been

observed outside of these conditions, such as the storm time event which is the basis for this

work.

Direction alone can be used to suggest that MSTIDs may be electrified, but more measure-

ments are needed to be certain. Specifically, a dataset which can demonstrate the presence

of polarization electric fields is needed. Alternatively, observations of plasma motion which

follows the E � B convention can demonstrate the required electric field behavior. Super-
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Table 1.1: Features of AGW and Electrified TIDs

Feature AGW TIDs Electrified TIDs
SuperDARN Power focusing ground scatter ionospheric irregularities
SuperDARN LOS Velocity almost none high LOS oscillations
GNSS TEC Observation electron density waves electron density waves (same)
Driver neutral atmospheric waves plasma instability, seeded by AGWs
Time winter, day summer, night
Location high latitude mid-latitude
Polarization E-fields none parallel to propagation
Conjugacy no yes
Direction equatorwards westwards preferred

DARN radar data is used in this work alongside GNSS TEC to show electrification of the

MSTIDs presented in (Zhang et al., 2019).

TEC used in this study is based on measurements of GNSS satellite signals by ground-

based receivers. In this section, the history and present state of GNSS constellations are

discussed. Equations for deriving GNSS TEC are shown, and TEC measurement techniques

are explored. The high-resolution global TEC dataset used in this work is explained, as well

as the way in which it is de-trended to show phenomena such as MSTIDs.

Satellite navigation is a concept whereby satellites at a known position transmit a time stamp

via a radio wave. Through line of sight propagation, receivers estimate the distance to each

satellite and can derive position. Other information such as speed and time can be found

as well. Satellite navigation dates back to the first man-made satellite, Sputnik 1, launched
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in 1957. In measuring the Doppler frequencies, it was determined that it was possible to

pinpoint the Sputnik’s location within its orbit (Guier and Weiffenbach, 1960). By reversing

this problem, it was possible to determine receiver location if the orbital characteristics of the

satellite were known. Based on this principle, the United States launched the Transit satellite

fleet starting in 1959. The system was in operation by 1960 and allowed for military and

later civilian users to determine their location. However, not enough satellites were available

for continuous coverage, and users had to deal with long wait times and poor accuracy.

Starting in 1967, the Timtation satellite fleet was launched, which featured accurately dis-

ciplined clock oscillators. These clocks eventually included atomic clocks, allowing ground

users to access accurate time data from anywhere on earth. Combining these highly dis-

ciplined clocks with the Transit system allowed for a new form of satellite navigation. By

knowing the position of the satellites and measuring the distance (as opposed to Doppler

velocity) of the satellite, a navigational solution was determined. In this format, timing is

highly important, since the distance is measured as line of sight propagation at the speed

of light. Four satellites are needed for a valid navigational solution, with three for position

and one for correcting receiver clock offset. This allows for low cost receiver side hardware,

which eventually allowed for widespread civilian use of Global Navigational Satellite Service

(GNSS) technology.

American Global Positioning Service (GPS) was the first GNSS constellation, with launches

starting in 1978. By 1993, the full fleet was operational (Getting, 1993). GPS satellites

orbit at an altitude of 20,200 km in a 12 hour orbit, called semi-synchronous, as two orbits

are completed each sidereal day. Therefore, GPS satellite passes repeat themselves from the

perspective of a ground user every 12 hours. Their altitude also means that satellite passes

are often several hours long. Meanwhile, low earth orbit satellite passes may be just a few

minutes.
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Many critical systems place reliance on GPS, including the Military. For this reason, redun-

dancy is important. The GPS constellation has 31 operational satellites. Of this number, 24

satellites are active, with the rest acting as spares. At any one time, approximately six satel-

lites are visible to a ground user, which is more than sufficient for a navigational solution,

provided none are obstructed.

GPS satellites broadcast right-hand circularly polarized radio waves. Signals are spread into

a CMDA waveform, and the de-spreading gain provided by this format helps offset the low re-

ceiver power. This receiver power level has a minimum value of -128 dBm (1:5�10�16Watts),

which is far below the noise floor before de-spreading. This received power is far lower than

other forms of radio communication. Its cause is low transmitter power ( 30 Watts), high

path loss ( 20,200 km), and omni-directional receiver antennas. Each satellite broadcasts

a different known pseudo-random noise code, which allows for satellite identification. Ad-

ditionally, this system ensures signal orthogonality between multiple satellites on the same

bandwidth. The two most used frequencies are L1 (1575 MHz) and L2 (1227 MHz). In each

signal, different codes are present for different users. The Coarse Acquisition (C/A) code is

the simplest of these, and designed for low-cost civilian use. C/A signals are modulated as

50 bit/s BPSK on top of CDMA spread to a ratio of 1023. Therefore, spreading gain is on

the order of +30dB. GPS also contains Precision Secure (P/Y) codes, which were originally

intended for military users. GPS modernization starting in 2005 introduced a new L2C code

for civilian use of the L2 signal, as well as a Military (M) encoded signal to bolster the

security of the constellation against jamming and decryption. This was intended to replace

the P/Y signal. A new L5 signal (1176 MHz) was added as well for increased accuracy

and compatibility with other constellations. This lower frequency signal performs better in

environments where line-of-sight propagation is challenging. Typical mass market receivers

make use of just the L1C code, which was originally designed for acquisition. This contains
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Table 1.2: GPS and GLONASS Charactaristics

Charactaristic GPS GLONASS
Country USA Russia
Altitude 20,200 km 19,100 km
Inclination 55� 68�

Period (hh:mm) 11:58 11:16
Number of Operational Satellites 31 (24 active, 7 spare) 24
Navigation Format Keplerian Orbital Parameters Cartesian Coordinates
Navigation Updates 30 minutes 2 hours
Unique Orbital Planes 6 3
Data rate 50 bits/s 50 bits/s
Code Access FDMA / CDMA Only CDMA

errors from ionospheric effects, which ideally would be corrected for (Klobuchar, 1987). More

advanced hardware sometimes makes use of both the L1C and L2C signals. This allows for

removal of ionospheric delays, which is the largest source of navigation error. A side-effect

of this premise is an ability to measure ionospheric electron column density. This principle

is the basis for measuring Total Electron Content (TEC). The GPS data used in this work

is therefore based off TEC data obtained from the L1C and L2C signals.

The first GLONASS satellite launched in 1982, with the constellation coming to completion

in 1995 under the new Russian Federation. However, the Russian economic crisis led to

budget cuts. In this period, not enough satellites were in orbit for users to have enough visible

at all times, which continued until 2010. GLONASS satellites operate similarly to their GPS

counterparts, with a few key differences (See Table 1.2). GLONASS satellites orbit at 19,200

km at a 68� inclination. This is higher than the GPS inclination (55�) allowing for better

polar coverage. GLONASS satellites also transmit their location in Cartesian coordinates

every 30 minutes, which removes the need to translate orbital parameters. Meanwhile, GPS

only broadcasts satellite Keplerian orbital parameters every 2 hours. GLONASS signals

also incorporate FDMA, meaning different channels are used for different satellites. This

further reduces interference, and potentially makes code identification simpler. For many
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applications, both GPS and GLONASS are used to provide extra accuracy and reliability

by complementing each other. For example, vehicles travelling in urban areas which do not

have enough visible satellites and may benefit from using both constellations (Angrisano

et al., 2012).

GLONASS and GPS are used in the following work. However, other GNSS constellations

exist. Galileo is the European Union’s constellation and BeiDou is China’s. Other nations

operate regional systems, such as India’s NavIC and Japan’s QZSS. Some of these systems

contain satellites at higher altitudes in order to remain in view of a specific region of the

earth at all times. The process of augmentation, whereby additional information is used to

improve the quality of GNSS, is also widespread. In recent years, efforts have been made to

increase compatibility between GNSS constellations, such as a universal L5 signal at a lower

frequency.

TEC is a well established measurement which reports the column electron density between

a transmitter and receiver using dual frequency radio delays. Because most electrons in the

atmosphere exist in a relatively thin layer, this measurement is often used as a proxy for

peak ionospheric electron density. TEC measurements do not need to be sourced from GNSS

satellites, and geostationary dual frequency transmissions have been used as a source of TEC

data (e.g. Kunitsyn et al., 2016). However, most TEC datasets make use of GNSS satellites

due to their high altitude, standardized transmission, and widespread distribution. The

first TEC measurements go back to Sputnik satellites (Lawrence et al., 1963) and the first

GNSS TEC measurements were accomplished using Faraday rotation of the GPS L1 C/A

code. This is partially because the L2C code was not available until GPS modernization.
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However, modern GNSS TEC measurements are usually based on a dual frequency range

error estimation of refractive index, explained in detail below.

The speed of the electromagnetic wave is defined in two ways: both the speed of a phase

front (phase speed) and the speed of envelopes within the waves (group speed). In a vacuum,

these values are the same. However, this is not true under dispersive conditions, such as

inside ionospheric plasma. Phase and group speed for electromagnetic waves can be written

as

vp =
!

k
vg =

@!

@k

respectively, where ! is the angular wave frequency and k is the wave number. The equation

for wave frequency for electromagnetic waves in a cold, un-magnetized plasma (such as the

ionosphere) can be written as

!2 = !2
pe + k2c2

where c is the speed of light in a vacuum (3 � 108m/s) and !pe is the electron plasma

frequency. In this case, the ions are assumed to be stationary due to their higher inertia.

Under conditions where the wave frequency is less than the plasma frequency, propagation

through the plasma is not supported. The wave can even bounce off the plasma, provided

its frequency is significantly lower than the plasma frequency. This is due to an impedance

mismatch between media. In cases where the frequencies are similar, energy from incident

waves are absorbed by electrons oscillating at the plasma frequency. The equation for electron

plasma frequency in a cold plasma can be written as
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!pe =

r
q

ne

�me

where ne is the electron density, q is the elemental charge (1:6 � 1019C), � is the permittivity

of free space (8:85 � 10�12F/m), and me is the mass of an electron (9:1 � 10�31kg). All of

these values are constant besides the electron density. Based on these equations, the group

velocity can be written as

vg =
@!

@k
=

kc2

!
= c

r
1 �

!2
pe

!2

Note that the phase speed equation has been plugged in for the k/! term. This group

velocity can be further simplified, depending on the ratio of the wave frequency to the plasma

frequency. In cases such as GNSS signals in the ionosphere, a characteristic wave frequency

is 1.5 GHz, while the ionospheric peak electron plasma frequency (foF2) is typically 2-20

MHz. Because the wave frequency is much higher than the plasma frequency, group velocity

can be simplified to

vg = c

�
1 +

!2
pe

2!2

�

However, the ground-based GNSS receivers measure time delay, not group velocity. The

group velocity equation can be re-arranged into a time equation through the entire length

of the propagation path as

t =

Z
1

c
dr +

Z
!2

pe

2c!2
dr

The second term of this equation is the additional time delay caused by the plasma, which
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would not be present in a vacuum. The time delay relative to vacuum propagation is therefore

of interest as it is only affected by electron density. This time delay can be written and

simplified as

�t =

Z
!2

pe

2c!2
dr =

Z
neq

2

2c�me!2
dr =

40:3

cf 2

Z
nedr

where
R

nedr is the column electron density, and hence the TEC. However, only t and not �t

is known for any one GNSS signal. At least two signals, such as GPS L1 and L2, allow for

measurement of �t1 � �t2. TEC is derived using this dual-frequency difference measurement.

The equation for it is written as

TEC = (�t1 � �t2)
c

40:3

f 1
1 f 2

2

f2 � f1

where f1 is a lower frequency than f2. For both GPS and GLONASS satellites, f1 is typically

the L2C signal while f2 is typically the L1C signal.

A global network of ground based satellite receivers is used to provide TEC data to the

public. This data comes in two formats. The binned format has a resolution of one degree

latitude by one degree longitude and a temporal resolution of five minutes. This is sufficient

for many studies, but not for MSTIDs which may have smaller scales. The higher resolution

format, which is used in this work, is available with 30 second temporal resolution. Instead

of binning measurements, each individual IPP measurement is provided in the file. This

data format is useful in sensing smaller scale structures such as TIDs (Saito et al., 1998),

and in particular MSTIDs (Tsugawa et al., 2007). The data is summarized in Table 1.3.
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In this format, the TEC value provided is as accurate as possible in both the absolute

sense and the relative sense. This means the actual value, as well as its relative changes

are accounted for as much as possible. This is accomplished using both the pseudorange

and phase range measurements. Furthermore, receivers may experience bias due to ambient

temperature, F10.7cm flux, and other factors (Coster et al., 2013). However, the main factor

which causes uncertainty in using TEC as a proxy for ionospheric peak electron density is

elevation angle. Based on the angle the radio wave takes through the ionosphere, higher

electron content values are measured. The lowest possible TEC measurement through a

given pierce point in the ionosphere is obtained when the satellite-receiver link is in the

zenith direction. In practice, TEC measurements are usually translated to a ”vertical”

measurement by correcting for a known elevation angle. This is known as VTEC. This is

standard practice in most data aggregated from many receivers, such as the global data

used in this work. High-resolution global TEC has slant TEC corrected using the following

mapping function defined in (Rideout and Coster, 2006)

V TEC = TEC

q
1 � (Fcos(e))2

where e is the elevation angle and F=0.95 is an adjustment parameter which reduces error

between measurements. This function’s goal is not only to correct for elevation, but to ensure

that measurements of the same ionospheric sample from different receivers yield the same

result. These corrections are done before data is released, so users do not need to perform

them. The result is a high quality global dataset which is accurate and ready to be used

for scientific studies. Both the GPS and GLONASS GNSS constellations are used for this

data. This data is available at and is provided by

MIT/Haystack Observatory. An example of this data, binned to a 1 by 1 degree size in five

minute time resolution, is shown in Figure 1.4. In this view of North America, TEC shows

www.http://cedar.openmadrigal.org
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Figure 1.4: GNSS TEC over North America on October 20th, 2017. TEC is binned into
a 1 by 1 degree format available in a 5 minute time resolution from

. This figure was generated with data from this source.

the basic density structure of the ionophere, even in a low resolution format. Large-scale

features such as LSTIDs can be perceived in this format. However, each data point is 1

degree wide in longitude, meaning that data is of a significantly higher zonal resolution in

the higher latitudes. This makes studying meso-scale structures particularly challenging at

lower latitudes. In many cases, a higher resolution data is preferable. Because of this, a

line of sight format which retains each individual IPP in a 30 second time resolution is also

distributed.

High-resolution TEC is time-stamped at 0 and 30 seconds of every minute for the entire day.

For each time-stamp, many thousands of data points are present. One issue in this data is

drop-outs. Often, an individual time will only see a fraction of the data typically present.

This is challenging when making animations and maps. A solution for this is to check the

number of data points at each time and remove the entire period if there is a drop-out. In

other cases, such as static plots, these drop outs are left in, and often visible in plots. This

www.http://cedar.openmadrigal.org
www.http://cedar.openmadrigal.org
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Table 1.3: Hi-Resolution TEC Data Charactaristics

Data Label Description
timestamp time data was taken
latitude geographic latitude of IPP
longitude geographic longitude of IPP
TEC absolute VTEC measurement in TECu
GPS site unique code for each ground based receiver
Satellite ID unique code for each GNSS satellite
elevation angle of elevation between satellite and receiver

issue is persistent in the data, and is present at the source.

TEC is often dominated by local time effects, and other large scale features. Some appli-

cations, such as scintillation (Mitchell et al., 2005), eclipses (Coster et al., 2017), or TIDs

(Zhang et al., 2019), may not rely on absolute values, but rather relative changes in TEC. In

these cases, TEC can be used to identify smaller trends not visible in the original data. Such

a ”relative” TEC measurement is often accurate to 0.01 TECu (Coster et al., 2013), which

is higher than TEC in the absolute sense, due to the nature of the measurement. MSTIDs

are a good candidate for de-trended high-resolution TEC due to their shorter period, lower

amplitude, and smaller spatial scale than LSTIDs.

In order to de-trend TEC data, the original source satellite and receiver of each data point

must be known. Both of these are available in TEC data (Table 1.3). Data files cover the

entire globe for a whole day. Because of this, the size of these files is often many Gigabytes,

typically containing hundreds of millions of individual TEC measurements. In order to

perform operations, such as de-trending, the size of the data needs to be greatly reduced. In

many cases, such as in this work, only a small geographic region or time period is of interest.

Data which is outside this region of interest should be removed first to make de-trending



20

Figure 1.5: Raw (top) versus de-trended (bottom) TEC for a single satellite-receiver pair.
De-trending operations involved subtracting a 30 minute rolling average from the raw data.
Around 30,000 of these individual time series needed to be de-trended for 3 hours of data
over the US.

easier. Data values obtained below a certain elevation angle (< 30� is used in this work)

are also removed. This standard practice is done to reduce uncertainty from long oblique

paths through a thin ionospheric layer. If left in, these measurements may display inaccurate

TEC values which are unintentionally influenced by changing TEC, scintillation, and other

uncertainties. Also, the recorded TEC data values contain unnecessary significant figures,

which take up excess space in data files.

Once unnecessary data has been removed, a 30 minute rolling average is subtracted from

each satellite-reciever pair, as shown in Figure 1.5. Thus, trends of less than 30 minutes

in period are preserved, while longer trends are removed. In practice, this involves running

a rolling average over all of the data, which is a time consuming process. Individually de-

trending 30,000 of these time-series would not be viable. Instead, the data is re-ordered and

then de-trended as one long time series. Data comes ordered by time stamp and then by

satellite-receiver pair. Re-ordering data by satellite-receiver and then by time stamp allows

the whole data-set to be ordered as a time series. The time savings on processing using this

method are significant. Originally, de-trending for just three hours of US based receivers took
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many days to run. By re-ordering the data, de-trending the same data takes just 15 minutes

to an hour on an average computer. The Pandas (Wes McKinney, 2010) Python package

was used for data operations, including calculating and subtracting the rolling average.

De-trending TEC has been reported in previous studies (e.g., Coster et al., 2013; Lyons

et al., 2019; Zhang et al., 2019), including using a 30 minute window. Often, the de-trending

method used in these studies is more intensive than the one reported here. For example,

re-sampling of the data allows for drop-outs to be removed. Additionally, high frequency

noise is removed in some cases via edge effects. In contrast, the approach taken in this work

is to simply subtract the rolling average from each satellite-receiver pair. This allows for

significantly faster data processing. Depending on the ionospheric phenomena, de-trending

may be more or less consequential. For example, strong MSTID signatures may not rely on

de-trending to the same degree as weaker signatures.

SuperDARN is a global network of HF radars, which are primarily designed to capture

plasma convection in the ionosphere. In the following section, the history of SuperDARN

will be discussed. Furthermore, SuperDARN data will be explained and defined. Finally,

the use of SuperDARN for studies of TIDs will be reviewed.

SuperDARN was preceded by various coherent scatter radars, which primarily operated in

the VHF band. The Scandinavian Twin Auroral Radar Experiment (STARE) operated a

set of bi-static radars (Greenwald et al., 1978). This experiment allowed for 2D mapping of
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plasma convection. However, one major issue with VHF at high latitudes is that irregularities

in the F region are not visible to the radar because with straight line propagation the rays

do not propagate orthoginally to field lines at these altitudes. Similar systems were built

around the same time period. These include the Sweden And Britain Radar Experiment

(SABRE) (Nielsen et al., 1983) and the Bi-static Auroral Radar System (BARS) (McNamara

et al., 1982). For a more comprehensive history of coherent scatter ionospheric radars before

SuperDARN, see (Greenwald, 2021).

The first SuperDARN radar was built in Goose Bay, Labrador, Canada in 1983. First results

from this radar are presented in Greenwald et al. (1985). This system is still operational

today. A similar HF radar was built for the Halley Station, Antarctica. This became the

first Southern Hemisphere SuperDARN radar. The purpose of this station was to observe

geomagnetically conjugate behavior between hemispheres. Specifically, these two radars

observed a geomagnetically conjugate region. These two radars were the basis for the Polar

Anglo-American Conjugate Experiment (PACE) (Baker et al., 1989). A second Northern

Hemisphere radar was also built in Scheverville, Quebec, Canada. While it is possible to

map plasma motion using a single radar (Ruohoniemi et al., 1989), using two radars with

overlapping fields of view allows for a more accurate picture of plasma convection (Freeman

et al., 1991). Using radars with overlapping fields of view allowed for a Dual Auroral Radar

Network (DARN) (Greenwald et al., 1995). However, the location of the Schefferville radar

was not optimal for measuring higher altitude F region plasma convection. This is because

Goose Bay is only 500 km from Schefferville. A subsequent radar built in Stokkseyri, Iceland,

allowing the first dual measurements of F region plasma convection. Following the original

SuperDARN blueprint, many radars were constructed across Earth’s polar and high latitude

regions. Some radars were constructed in inhospitable regions, including several in the

Antarctic continent. Across the next decade numerous scientific achievements stemmed
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from the widespread construction of additional radars (Chisham et al., 2007).

In the 21st century, SuperDARN expanded its coverage to include mid-latitude regions.

This is primarily because the auroral oval expands during geomagnetic storms. Therefore,

lower latitude SuperDARN radars are more suited for capturing disturbed time phenomena.

Baker et al. (2007) demonstrates this using the Wallops radar, which was the first mid-

latitude SuperDARN radar. Expanding to these middle latitudes also featured easier areas

of the globe to access, and allowed for many additional radars to be built. Newer radars

feature updated electronics and better performing twin terminated folded dipole antennas.

Nishitani et al. (2019) reviews the achievements of mid-latitude SuperDARN, across various

scientific topics. Across the world, over 30 radars are in operation today, including polar,

high, and middle latitude radars. A map of current SuperDARN coverage is shown in Figure

1.6. In the future, even lower latitudes may be of interest. Equatorial radars have been

shown to be viable, especially in the African region (Michael et al., 2020). These equatorial

radars will have to deal with horizontal field line geometry. Various phenomena such as the

equatorial electrojet and plasma bubbles are unique to this region.

SuperDARN radars use coherent scatter radar techniques. This means that instead of sensing

backscatter from individual electrons, radars are sensitive to irregularities in electron density.

Specifically, density irregularities need to be on a scale comparable to the half the wavelength

of the signal. This also meant that early VHF radars were limited in their ability to sense

larger irregularities. In coherent scatter, the incident electromagnetic wave excites current

in the plasma, which is re-radiated at the same frequency. Many of these weak individual

reflections add constructively, resulting in a condition for strong constructive interference,
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Figure 1.6: A coverage map of all SuperDARN radars currently in operation across the
globe. Three letter radar codes are displayed, as well as the nations which operate them.
Each radar’s field-of-view is shown. Radars cover regions of polar, high, and mid-latitudes.
Many areas feature overlapping coverage.

known as Bragg scattering. However, the irregularities are magnetic field aligned and the

geometry requires the incident wave Poynting vector to be perpendicular to the background

magnetic field. As with other forms of radar backscatter, this technique allows for Doppler

measurements which provide LOS velocity information. However, unlike most radars, the

intended targets are ”soft”, meaning the signal must be allowed to propagate through a

significant volume in order to aggregate enough returned power to make measurements.

An analogous radar system would be a weather radar, which needs to travel through a

volume of rain. However, not all returns come from these soft plasma irregularities, and

most returns are actually from the ground. Radar signals reaching back to the ground are

possible as SuperDARN is designed to operate at a frequency slightly above the foF2. This

causes refraction of the rays as they get to regions of higher refractive index. These rays

can bend over themselves, and back towards the ground at ranger further than the horizon.

In fact, SuperDARN rays have been known to produce returns from two and even three

so called ”hops”. This SuperDARN ray behavior is shown in Figure 1.7. This figure also
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Figure 1.7: Ray-tracing drawing of a SuperDARN HF radar. Rays originating from different
elevation angles take various paths through the ionosphere. Some rays bend back towards
the ground, where they are reflected. Others pass entirely through the ionosphere to space.
In between these two scenarios, rays which encounter plasma irregularities at orthogonal
conditions are scattered back to the radar.

demonstrates the importance of choosing a frequency based on ionospheric conditions. If

the frequency was too high, all rays would pass through the ionosphere. Meanwhile, at

too low a frequency, all rays would bounce back to earth before encountering field aligned

irregularities. Typically, lower frequencies are chosen at night, as peak plasma density, and

therefore foF2 is lower. However, Figure 1.7 does not show the consequences of the extreme

range of the radars. Across a range of over 2000km, the curvature of the earth, variability of

magnetic field lines, and variability of ionospheric conditions need to be accounted for. For

example, a North-Westward pointing radar beam may see the mid-latitude day-side at near

ranges and the high latitude night-side at further ranges. Field lines will also be more vertical

at higher latitudes. Ideally, SuperDARN rays maximise the possibility for sensing plasma

irregularities, based on plasma density and field line geometry. However, radars typically

choose their own frequencies with limitations on usable spectrum due to communications.

SuperDARN radars operate in a linear phased array configuration. In this format, beam

forming is accomplished using electronic phase delays. This allows for a 3:25� beam to
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be steered across an azimuthal range of 52�. Early SuperDARN radars use log-periodic

style antennas, while newer radars typically feature twin terminated folded dipole antennas

(Sterne et al., 2011). One consequence of the radar beam forming technique is the beam

cone effect (André et al., 1998), whereby radar beams at the azimuthal extremes see their

azimuth increase with elevation angle. Therefore, a beam forms a ”cone” in elevation and

azimuth about the linear array. The consequence of this is some uncertainty of geo-location

of returns from these azimuthal beams.

Radars use a pulse sequence to determine range. A unique pulse pattern of many pulses

is transmitted over a 100 ms time period. Each individual pulse is 300 microseconds long,

allowing for a maximum range resolution of 45km. An Auto Correlation Function (ACF) of

the returns is produced to allow for range to be determined. Using this technique, returns are

classified into 45km range gates. Radars usually feature 16 active antennas in a main array,

as well as 4 receive only antennas in a supplementary interferometry array, typically located

100m behind the main array. The purpose of this second array is to detect the elevation of

radar returns, using time-domain interferometry (André et al., 1998). SuperDARN radars

operate across 8-20 MHz. Because of HF operation, the antenna arrays are physically large.

To demonstrate this, an areal image of the Fort Hays radar is shown in Figure 1.8.

SuperDARN radars operate at relatively low power levels, peaking around 500-800 Watts

for each active antenna. A typical duty cycle is less than 6%, meaning that the entire

radar consumes less than 2kW of power. Because of this, SuperDARN radars are much

lower cost to operate than alternatives, such as satellite based sensors or incoherent scatter

radars. Besides occasional maintenance visits, SuperDARN radars do not require constant

monitoring by operators. Many institutions across the world operate SuperDARN radars.

Some radars, such as Fort Hays, Christmas Valley, and Hokkaido, use a dual configuration,

whereby two radars are co-located at a site and scan twice the azimuthal range as a single



27

Figure 1.8: A photograph taken from an aircraft showing the layout of the Fort Hays, Kansas
SuperDARN radar. The image was taken from the front of the radar looking southwards,
with the interferometry arrays visible 100m behind the main arrays. The site features two
radars, which view different azimuthal regions. The poles visible are the aluminum support
structures which the wire antennas are mounted on. A control building, which houses radar
electronics, is in the center.
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Figure 1.9: Example of SuperDARN fan plots. These plots use all beams of the radars at
one time. This scan’s time was 03:20UT on October 11th, 2021. Both Fort Hays West (left
side) and East (right side) are shown. (This is the same set of radars shown in Figure 1.8).

radar. Other radars function effectively as a dual pair. For example, Wallops and Blackstone

are located within 250km of each other, yet scan across different regions. All SuperDARN

institutions share data with one another, allowing for widespread use of data.

SuperDARN data is available in various formats. The most basic of these is the raw in-phase

and quadrature samples, known as an IQDAT file. ACFs are then used to calculate data

parameters as a function of slant range. These files, called FITACF, are the primary analysis

tool used for SuperDARN studies, including in this work. FITACF files contain data from

an individual radar from a few hours. Radars scan across each of 16-24 beams typically over

a one to two minute time period. Each of these scans can be used to produce a fan plot,

which shows beam and range for a single time. Examples are shown in Figure 1.9. Fan plots

can be especially useful to show the dominant plasma motion via the LOS velocity gradient

with respect to azimuth. In the figure, a strong westwards velocity gradient is displayed.

This would not be possible with a single beam. Fan plots are often used to show features at

a single time, such as live maps of radar data and plasma motion.
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Figure 1.10: An example of an RTI plot. This plot covers the entire day for October 11th,
2021. Both power and LOS velocity are shown for beam 11 of the Fort Hays West radar (
pictured in the right half of Figure 1.8). This is equivalent to plotting just one beam on a
fan plot (Figure 1.9) through all scans of the whole day.

Using a single beam across a wide time period allows for a Range Time Intensity (RTI) plot,

such as in Figure 1.10. This type of figure is often used to show features with long time

periods. In this particular RTI plot, an entire day is covered. High velocity scatter is shown

during local nighttime, indicated by deep red velocities. Later in the day, a TID is visible as

oscillations in the power. This feature contains near-zero velocities, and is therefore likely

due to AGW driving. RTI plots are also useful for features such as ULF waves and eclipses,

where time is a significant factor. Fan plots and RTI plots are some of the most common

plots generated with SuperDARN data.

Further accumulation of data across many radars allows for global convection mapping, using

files known as GRID and MAP files. These files take into account all operating radars, and

can be used to produce global maps of plasma convection. An example of this is shown in

Figure 1.11. In this figure, all radars in the Northern Hemisphere have had their LOS velocity

data aggregated. This global map of plasma convection is made using a few assumptions,



30

Figure 1.11: An example of a convection plot. This plot includes velocity vectors obtained
from radar LOS velocity data. Additionally, this data has been used in line with magnetic
field data to estimate electric potential in the ionosphere. Two cells of opposite polarity are
visible spanning the polar cap of the Northern Hemisphere.

including a divergence free condition. Based on the E � B convention, electric fields can be

estimated, since both velocity and magnetic field are known. Ruohoniemi and Baker (1998)

describes the process for fitting all available velocity data into these global convection maps.

SuperDARN has been used to study TIDs since (Samson et al., 1990). SuperDARN has

been used to show that AGWs are common at high latitudes and are caused primarily by

auroral sources from space weather (Samson et al., 1990; Bristow et al., 1994, 1996). Frissell

et al. (2014) examined the climatology of MSTIDs, restricted to AGWs. This work found

that mid-latitude MSTIDs occur most often in North America during winter months. Frissell

et al. (2016) analysed MSTIDs over North America using high and mid-latitude SuperDARN
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radars. This study focused on day-side winter MSTIDs, which were assumed to be AGW

driven. It found that MSTIDs were related to atmospheric processes such as the polar vortex,

and not to space weather. In all these studies, the driver behind these TIDs was assumed

to be gravity waves, regardless of whether TIDs were sourced from space weather or not.

Under this assumption, the primary mechanism for SuperDARN observations of TIDs is the

focusing and de-focusing of ground scatter signals. The ray-tracing basis for this approach

is demonstrated in Figure 1.12. This effect is visible in the figure as lines of constant plasma

density, which reveal a two dimensional slice of a TID. In this scenario, rays at different

elevation angles reach different densities, and therefore refract through different angles. A

density structure acts to lens the rays. Figure 1.10 shows an example of the result in an RTI

plot format. The signature of the TID is seen as the wave structures visible in the power

plot. One important feature of this regime is that returns originate from twice the range at

which TID features are sensed. This means that a range translation is needed to accurately

characterize the position of TIDs. Bristow et al. (1994) presents

D � Resin�1

 p
R2/4 � h2

Re

!

as the equation for the ground scatter mapped range (D). R is the slant range, which is

known from radar measurements. Re is the radius of the Earth (6371km), and h is the

height of the ionosphere (250-350km). The consequence of applying this equation is that

TIDs occur at slightly less than half of the original observed range.

SuperDARN investigations of MSTIDs have also suggested that decameter-scale field aligned

irregularities could also be a cause of TID observations. Ogawa et al. (2009) directly com-

pares measurements from SuperDARN to TEC and airglow intensity. Notably, this study

did not apply the ground scatter mapping function. Instead, plasma is directly sensed by the
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Figure 1.12: Ray paths of a SuperDARN radar are modulated by a TID. Rays focus and
de-focus on areas of the ground as the TID propagates through the Ionosphere. (a) proceeds
(b) by 15 minutes. This figure is taken from (Samson et al., 1990).

radars. This approach is also taken in other studies (e.g., Suzuki et al., 2009; Otsuka et al.,

2009, 2013). In addition, these studies found that while AGW driven MSTIDs are observed

in ground-based scatter, electrified MSTID observations come directly from ionospheric ir-

regularities. Electrified MSTIDs will therefore be observed by SuperDARN as ionospheric

scatter, with LOS velocity fluctuations in line with the motions of the density fluctuations

of the MSTID.

Observations of AGW-driven MSTIDs will be due to ground scatter focusing, with little

LOS velocity behavior. Because these features are located in the ionosphere, but captured

in ground scatter, the ground scatter mapping equation needs to be applied. This allows for

direct comparison of SuperDARN results to other datasets, such as GNSS TEC.
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Electrified MSTIDs have been shown in various observational techniques. They have been

attributed to the Perkins instability (Perkins, 1973). Their theory has been refined (Kelley

and Fukao, 1991; Garcia et al., 2000; Zhou and Mathews, 2006; Kelley, 2011) to address

issues such as the growth rate and ionospheric conditions. Specifically, electrified MSTIDs

have been shown to be more common at night, quiet times, and at mid-latitudes. E/F region

coupling is an important factor behind the growth rate of these MSTIDs. Sporadic E has been

suggested as a primary cause of these MSTID (Narayanan et al., 2018). Electrified MSTIDs

fitting into this existing understanding have been shown using the Hokkaido SuperDARN

radar (Ogawa et al., 2009; Suzuki et al., 2009; Hazeyama et al., 2022). In these studies,

evidence for polarization electric fields is shown based on LOS plasma velocity fluctuations

coinciding with MSTID density fluctuations. MSTIDs were observed directly as ionospheric

radar scatter, as opposed to ground scatter focusing (e.g., Samson et al., 1990).

During an intense storm time event, on September 7th and 8th, 2017, Zhang et al. (2019)

showed clear evidence of MSTIDs propagating westwards in the North American region

during the storm peak. Based on the propagation direction, it was suggested that these

MSTIDs were either electrified, or that they were AGW driven by supersonic (above 1km/s)

westwards plasma flows. However, this point could not be resolved without measurements

of internal electric fields within the MSTIDs. By taking an approach similar to (Ogawa

et al., 2009) SuperDARN radars in mid-latitude North America can be used to determine

the role of electrodynamic processes in driving the MSTIDs. This work concludes that

the MSTIDs are indeed electrified, containing LOS plasma velocity fluctuations reaching

�500 m/s, corresponding to electric fields of approximately � 25 mV/m. These polarization

electric fields are significant, and likely map along magnetic field lines.
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This work is organized into three chapters. In Chapter 1, GNSS TEC, SuperDARN, and

electrified MSTIDs have been introduced. In Chapter 2, the observations during an event

are presented, and the above questions are answered. Using data from the September 7-8,

2017 storm interval, it can be concluded that the MSTIDs observed contain electrodynamic

driving. Furthermore, this work presents a new type of MSTIDs, as storm time electri-

fied MSTIDs have not been previously demonstrated. Chapter 2 has been submitted as a

manuscript to the Journal of Geophysical Research: Space Physics, and is available as a

pre-print at (Kelley et al., 2022). Finally, Chapter 3 summarizes this work and presents

ideas for future work.
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edium-scale Traveling Ionospheric Disturbances (MSTIDs) are prominent and ubiquitous

features of the mid-latitude ionosphere, and are observed in Super Dual Auroral Radar

Network (SuperDARN) and high-resolution Global Navigational Satellite Service (GNSS)

Total Electron Content (TEC) data. The mechanisms driving these MSTIDs are an open

area of research, especially during geomagnetic storms. Previous studies have demonstrated

that night-side MSTIDs are associated with an electrodynamic instability mechanism like

Perkins, especially during geomagnetically quiet conditions. However, day-side MSTIDs are

often associated with atmospheric gravity waves. Very few studies have analyzed the mecha-

35
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nisms driving MSTIDs during strong geomagnetic storms at mid-latitudes. Here, we present

mid-latitude MSTIDs observed in de-trended GNSS TEC data and SuperDARN radars over

the North American sector, during a geomagnetic storm (peak Kp reaching 9) on Septem-

ber 7-8, 2017. In SuperDARN, MSTIDs were observed in ionospheric backscatter with Line

Of Sight (LOS) velocities exceeding 800 m/s. Additionally, radar LOS velocities oscillated

with amplitudes reaching �500 m/s as the MSTIDs passed through the fields-of-view. In

detrended TEC, these MSTIDs produced perturbations reaching �50 percent of background

TEC magnitude. The MSTIDs were observed to propagate in the westward/south-westward

direction with a time period of �15 minutes. Projecting de-trended GNSS TEC data along

SuperDARN beams showed that enhancements in TEC were correlated with enhancements

in SuperDARN SNR and positive LOS velocities. Finally, SuperDARN LOS velocities sys-

tematically switched polarities between the crests and the troughs of the MSTIDs, indicating

the presence of polarization electric fields and an electrodynamic instability process during

these MSTIDs.
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Traveling Ionospheric Disturbances (TIDs) (Munro, 1948) are wave-like structures which

propagate through the ionosphere. TIDs are most commonly expected to be driven by At-

mospheric Gravity Waves (AGWs) originating in the neutral atmosphere (Hines, 1960) and

can be sensed with instruments used for monitoring ionospheric dynamics such as Global

Navigational Satellite Service (GNSS) Total Electron Content (TEC) (Saito et al., 1998) and

coherent scatter radars (Samson et al., 1990; Fukao et al., 1991). TIDs are further classified

as either Large-Scale (LSTIDs) or Medium-Scale (MSTIDs) based on their spatio-temporal

scales (Georges, 1968). MSTIDs typically have a time-period of 15-60 minutes, phase ve-

locities of 100-300 m/s, and wavelengths between 200-800km. On the other hand LSTIDs

have phase speeds between 400-1000 m/s, periods above 30 minutes, and wavelengths above

1000 km (Hocke and Schlegel, 1996; Hunsucker, 1982). The differences between MSTIDs and

LSTIDs are not just limited to their spatio-temporal scales, previous studies have shown that

the underlying generation mechanisms and the physics of their propagation also differ (Hocke

and Schlegel, 1996). MSTIDs are often linked to Atmospheric Gravity Waves (AGWs), which

are a neutral atmospheric phenomenon generally carrying more energy than the TIDs them-

selves (Hunsucker, 1982). Such AGW-driven MSTIDs are more commonly reported at high

latitudes, and on the day-side, and in the winter (Bristow et al., 1994; Frissell et al., 2014).

The AGWs are in turn expected to be driven by factors such as tropospheric weather (Chou

et al., 2017), Joule heating (Chimonas and Hines, 1970), and ground-based disturbances

including tsunamis and earthquakes (Liu et al., 2011). Determining the sources of AG-

Ws/MSTIDs can be challenging since they travel thousands of kilometers from the source

and dissipate along the propagation paths (e.g., Vadas, 2007; Ogawa et al., 2009). Previous

studies have demonstrated the utility of SuperDARN for analyzing MSTIDs (e.g., Samson

et al., 1990; Bristow et al., 1994; Grocott et al., 2013; Frissell et al., 2014). In particular,
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these studies have shown that quasiperiodic density rarefactions and enhancements in iono-

spheric layers produced by MSTIDs manifest as moving bands of enhanced ground scatter

power in SuperDARN observations.

In addition to AGWs, MSTIDs have also been associated with electrodynamic instabilities

(Perkins, 1973; Miller, 1997). Such MSTIDs are linked to perturbations and oscillations in

electric fields (e.g., Shiokawa et al., 2003; Otsuka et al., 2004, 2007; Suzuki et al., 2009). A

few studies showed that these electrodynamic instabilities can map into the other hemisphere

along magnetic field lines and drive MSTIDs in the conjugate location (Otsuka et al., 2004;

Valladares and Sheehan, 2016). Electrified MSTIDs exhibit properities that are different

from those linked to AGWs. Specifically, electrified MSTIDs were frequently observed on

the night-side, propagating southwestwards. A majority of previous studies have reported

electrified MSTIDs during quiet geomagnetic conditions and in summer months (Ogawa

et al., 2009; Duly et al., 2013; Huang et al., 2016). Electrified MSTIDs are an active area of

research and the mechanisms seeding the instability processes are yet to be fully understood.

For example, it has been shown that the growth rate of the instability alone is not sufficient

to seed nighttime MSTIDs (Garcia et al., 2000), and coupling with the E-region and sporadic-

E instabilities can re-inforce the process (Otsuka et al., 2007; Ogawa et al., 2009). A few

previous studies have used measurements from airglow imagers or TEC in combination with

SuperDARN observations of electric fields to analyze the behavior and characteristics of

electrified MSTIDs during geomagnetically quiet conditions (e.g., Ogawa et al., 2009; Suzuki

et al., 2009). Two main features were reported by these studies. First, the Doppler Line

of Sight (LOS) velocities switched polarities as the crests and troughs associated with the

MSTIDs passed through the radar’s field-of-view. Secondly, depletions in airglow intensity

and TEC were correlated with enhancements in SuperDARN ionospheric backscatter power.

Geomagnetic storms have often been shown to drive significant LSTID activity (e.g. Ding
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et al., 2007; Borries et al., 2009). However, very few studies have reported and analyzed

storm-time MSTIDs (e.g., Zhang et al., 2019). Such disturbed intervals can be challenging

to analyze since several different factors such as neutral winds, Sub-Auroral Polarization

Streams (SAPS), and strong ion-neutral coupling can be active simultaneously (Guo et al.,

2018; Zhang et al., 2019), especially at mid-latitudes. For example, Guo et al. (2018) sug-

gested that thermospheric heating by SAPS electric fields can induce regional disturbances

which manifest as AGWs and TIDs. In addition, changes in neutral winds induced by SAPS

electric fields (e.g., Zhang et al., 2017b) can drive changes in the propagation of AGWs and

associated TIDs. While Joule heating during geomagnetic storms is expected to drive AGWs

and TIDs, a few studies have hypothesized the possibility that electrodynamic instabilities

can also play a role (Zhang et al., 2019). Overall, there has been very limited focus on

analyzing the role of electrodynamic instabilities in driving MSTIDs during geomagnetic

storms.

In this study, US mid-latitude SuperDARN observations are used alongside high-resolution

GNSS TEC data to analyze MSTID activity during a strong geomagnetic storm that took

place on Sep 7-8, 2017. The MSTID characteristics (wavelength, time period, etc) are derived

from these two datasets are compared. We determine that the MSTID activity in this event

was associated with an electrodynamic instability.

The Fort Hays, Kansas, and Christmas Valley, Oregon, mid-latitude SuperDARN radars are

used to study the MSTIDs observed during this event. High-resolution GNSS TEC in the

North American sector is used in conjunction with SuperDARN to characterize the MSTIDs.

In this section, these datasets will be defined. Their coverage, techniques, and data will be



40

outlined in the following section. Additionally, datasets used for capturing geomagnetic

indices will be defined.

SuperDARN is a global network of High-Frequency (HF) radars covering polar, high, and

mid-latitudes in both hemispheres (Greenwald et al., 1995; Chisham et al., 2007; Nishitani

et al., 2019). SuperDARN radars observe coherent backscatter from decameter-scale irregu-

larities aligned along the geomagnetic field. The Doppler velocity of the back-scattered signal

is proportional to the LOS component of E × B plasma drift within the scattering region

(Ruohoniemi et al., 1987). The radars electronically steer across different look directions. A

radar typically scans through 16 beams in 1 minute, covering �50� of azimuth. The first

SuperDARN radar came into operation at Goose Bay, Labrador (Canada) in 1983. Over

the following decades many others were built to improve coverage across the high-latitude

regions of both the Northern and Southern Hemispheres. The SuperDARN network later

expanded to the mid-latitudes to enable observations of plasma convection during intervals

of very strong geomagnetic activity when the auroral oval and convection extend equator-

wards (Baker et al., 2007; Nishitani et al., 2019). The most commonly used SuperDARN

parameters include power which is measured in dB of SNR above the noise floor, and LOS

Doppler velocities.

Total Electron Content (TEC) is a columnar electron density measurement between a satel-

lite and ground-based receiver. Using Global Navigational Satellite Service (GNSS) constella-

tions allows for widespread TEC measurements across the globe. TEC is typically measured
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in TEC units (TECu), where 1 TECu=1016 electrons/m2. Worldwide GNSS TEC data is

collected and processed at the MIT Haystack Observatory and available from the Madrigal

database (http://www.openmadrigal.org) (Rideout and Coster, 2006; Vierinen et al., 2016).

Several previous studies have shown the utility of GNSS TEC data for monitoring and an-

alyzing MSTIDs over large geographical regions (e.g., Tsugawa et al., 2007; Zhang et al.,

2017a, 2019). Data is available at 30 second time cadence, which is more than sufficient

for observing MSTID activity (Saito et al., 1998). Each LOS GNSS TEC data point con-

tains satellite, receiver, latitude, longitude, elevation angle, and timestamp, along with the

TEC value. Both the American GPS constellation and Russian GLONASS constellation are

sources of data in this study. All data points with low elevation angles (< 30� between

ray-path and horizon) have been discarded to increase confidence in the measurements. Ad-

ditionally, vertical TEC values were derived by accounting for the elevation angles. The TEC

data from each satellite-receiver pair is de-trended by subtracting a rolling average over a

30-minute sliding window. This approach is similar to the methods discussed in Zhang et al.

(2017a) and Lyons et al. (2019), and preferentially selects TIDs with periods less than 30

minutes. High frequency components/noise were not filtered out in this approach. MSTIDs

during this event were large in amplitude and prominent, so TEC data processing is not as

consequential as compared to geomagnetically quiet intervals when perturbations in TEC

are smaller.

In the current study, 1-min averaged OMNI values (King and Papitashvili, 2005), time

shifted to the bow shock sub-solar point were used to examine the Interplanetary Magnetic

Field (IMF) and solar wind conditions. The impact of geomagnetic disturbances on mid-

latitudes electrodynamics were examined using the asymmetric (Asym-H) and symmetric
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(Sym-H) disturbance indices (Iyemori, 1990). Note that the Sym‐H and Asym‐H indices

have a temporal resolution of 1‐minute. Finally, the impact of auroral electrojets during the

event was analyzed using the AL and AU indices (Davis and Sugiura, 1966).

The event analyzed in this study occurred during the main phase of a major geomagnetic

storm on Sep 7-8, 2017. Kp reached a peak of 9 at �1:30 UT on September 8th, 2017. An

overview of the geomagnetic conditions over a 48-hour interval is presented in Figure 2.1.

From top to bottom, the figure presents IMF Bz and By components, solar wind velocty

(Vx) and number density, AL and AU indices, and Sym-H and Asy-H indices. The specific

period of interest for this study is highlighted in the figure as the time interval between 23

UT on Sep 7, 2017 and 2 UT on Sep 8, 2017. It can be noted that IMF Bz turns sharply

negative at �23:00 UT on the 7th, dropping to �-30 nT by 0:00 UT on the 8th. Around

the same time, solar wind velocity increases from km/s to 700 km/s along with multiple

upturns in number density. We note that the Sym-H index drops to �-200 nT during the

interval of interest, marking the main phase of the geomagnetic storm. Finally, elevated AL

magnitude (�-2500 nT) and upticks in the Asy-H index (reaching 250 nT) are indicative

of strong substorm activity and enhancement of the partial ring current. Overall, MSTIDs

analyzed in this study occurred during an interval of strong geomagnetic driving when SAPS

is expected to dominate the sub-auroral ionosphere with velocities reaching several hundred

m/s (Kunduri et al., 2018; Zhang et al., 2019).
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Figure 2.1: An overview of the geomagnetic conditions on September 7th and 8th, 2017. The
conditions are shown over a 48 hour window, with the relevant time period for this study
highlighted in green. The top two panels show IMF Bz/By, solar wind speed and density
from the OMNI dataset. Third panel shows the auroral electrojet indices AU and AL, and
the fourth panel shows the Sym-H/Asy-H indices.
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A snapshot of raw and de-trended GNSS TEC measurements during the main phase of the

storm at 0 UT on Sep 8, 2017 is presented in Figure 2.2. The top panel of the figure shows

raw TEC measurements over the North American continent and the bottom panel show the

30-minute de-trended TEC, scaled according to the color bar on the right. The outlines

of Christmas Valley East beam 18, Fort Hays West beam 18, and Fort Hays East beam

14 are overlaid in the top-panel to provide context when comparing TEC measurements

with SuperDARN in later sections. The de-trended TEC data shows a complex TID pattern

including both LSTIDs and MSTIDs. The focus of this study is the MSTID activity observed

in the north-central United States, centered around 45�N, 95�W (see region outlined in

Figure 2.2.b). For reference, this location is about 150km west of Minneapolis, Minnesota.

An important feature is that the MSTIDs are collocated with a trough-like feature observed

in raw TEC data. A previous study (Zhang et al., 2019) reported observations of SAPS

by the Millstone Hill ISR during the event, suggesting these MSTIDs could be linked to

SAPS flows. The MSTID phase fronts are oriented North-Northwest to South-Southeast,

suggesting that the direction of propagation is West-Southwest.

The propagation direction is shown in Figure 2.3 which displays de-trended TEC as a function

of latitude vs UT (top panel) and longitude vs UT (bottom panel). This figure considers

the de-trended TEC sampled geographically within the region of between 43-47�N and 108-

112�W. As the sampled region is small relative to the MSTID structures, the latitude and

longitude plots appear similar. The sampled region for Figure 2.3 is in the Western portion

of the the red highlighted area in Figure 2.2. The perturbations in de-trended TEC are

particularly strong, reaching an amplitude of �4 TECu which forms a significant proportion

of the background TEC, which varies between 10-20 TECu. In Figure 2.3.a, a slight equator-

wards component can be detected. The Westwards velocity component (�1 degree per
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minute) is stronger than the Southward component. The period of the MSTIDs are consistent

between both plots. This period varies from �7-20 minutes throughout the interval from 0

UT to 2 UT. In the next sections, the perturbations in de-trended TEC will be compared

with SuperDARN observations and the role of different factors such as electric fields in

driving these MSTIDs will be analyzed.

The US mid-latitude SuperDARN radars were making measurements over the North Amer-

ican sector during the event. Of particular interest are the Christmas Valley East (CVE),

Christmas Valley West (CVW), Fort Hays East (FHE), and Fort Hays West (FHW) radars.

Fields-of-view of these radars cover the region where MSTIDs were observed in GNSS TEC.

A snapshot of the measurements from the FHE and FHW radars at 0 UT on Sep 8, 2017

(same time presented in Figure 2.2) is shown in Figure 2.4. The top panel shows the LOS

velocities observed by the radars and the bottom panel shows the power, scaled according

to the color bar on the right. The red outline in the bottom panel marks the same region

outlined in Figure 2.2 where MSTID activity was observed. We can note that SuperDARN

backscatter power exhibits zonal variability, alternating between high and low-powered re-

gions. It can also be noted that the radars were observing ionospheric backscatter with

LOS speeds reaching 1 km/s. Another feature that stands out is the systematic transition

from positive LOS velocities (blue colored) in FHE to negative LOS velocities (red colored)

in FHW. This behavior suggests that the background plasma convection in the region is

predominantly westwards. Multiple US mid-latitude SuperDARN radars observed strong

ionospheric backscatter with LOS speeds reaching 1 km/s in the region where MSTIDs were

observed in GNSS TEC data.
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