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ABSTRACT 

 

 

The data from the new mid-latitude radars of the Super Dual Auroral Radar Network 

(SuperDARN) provide new types of challenges and observations.  We have developed a 

method for identifying periods of ionospheric backscatter that increase the number of 

data and reduce the average velocity in agreement with previous incoherent scatter radar 

(ISR) studies.  Analysis of the data identified by this method clearly shows that different 

types of ionospheric irregularities are being observed in the mid-latitude region.  One 

type of irregularity is clearly subauroral and equatorward of the plasmapause.  Fitting a 

convection pattern to the Doppler velocities associated with subauroral ionospheric 

scatter reveals some interesting features.  Subauroral convection is shown to be westward 

thought most of the night, with an eastward turning near dawn.  The rotation factor of the 

ionosphere relative to the rotation of the earth is shown to be ~0.95, which is in good 

agreement with previous studies of plasmaspheric corotation.      
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Preface 

 

 This thesis consists of 5 chapters, and is written in manuscript format as described on the 

Virginia Tech website.  The first chapter is an introduction.  It briefly describes the Earth’s 

ionosphere, gives a short introduction to space weather, and a bit of background information 

about SuperDARN. 

 The second chapter is a manuscript that was submitted to Radio Science in February of 

2011 for which I am the primary author.  The coauthors are other members of the VT 

SuperDARN Lab.  Dr. Greenwald is the gentleman that started SuperDARN, Drs. Ruohoniemi 

and Baker are the advisors in the lab, Dr. Clausen is a postdoctoral researcher at VT, and Mr. de 

Larquier is a PhD candidate at VT.  The paper is about a new method of distinguishing between 

radar returns from the ionosphere and returns from the ground in mid-latitude SuperDARN data.  

The mid-latitude radars mostly observe backscatter with low Doppler velocity and narrow 

Doppler spectrum, which was very difficult to distinguish from backscatter from the Earth’s 

surface using traditional methods.  The process described in this paper allows for automated, 

reliable classification of ionospheric scatter in mid-latitude SuperDARN data. 

 The second chapter is a manuscript in preparation for which I am the primary author.  

The coauthors are members of the SuperDARN Lab at VT, as described above.  This chapter 

uses the periods of ionospheric backscatter observed by the Blackstone, Virginia radar identified 

by the method described in Chapter 2 and analyzes the plasma irregularities that cause the 

backscatter.  Case studies have been performed which looked at this type of irregularity, however 

because it was very difficult to reliably identify ionospheric backscatter from the mid-latitude 
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radars, no statistical study using large amounts of data had been performed.  The paper also 

demonstrated that we have the ability to reliably filter out periods of subauroral ionospheric 

scatter that is equatorward the plasmapause boundary.   

 The third chapter is another manuscript in preparation for which I am the primary author.  

The coauthors are again members of the SuperDARN Lab at VT.  This chapter uses periods of 

subauroral ionospheric scatter identified by the method described in Chapters 2 and 3 to produce 

subauroral convection patterns.  The study uses 3 years (2008-2010) of data from the Blackstone 

radar and 1 year (2010) of data from the Fort Hays East radar, which was constructed in late 

2009.  The convection patterns generated are shown to be in fairly good agreement with previous 

mid-latitude studies performed using ISRs.  Additionally, subcorotation of the plasmasphere is 

investigated with SuperDARN measurements.  

 The final chapter provides a few conclusions and some suggesting for future work 

building upon that described in this thesis.   
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1. Introduction 

 

1.1. The Ionosphere 

 

 

 The Earth’s ionosphere is the region of the atmosphere where layers are organized by 

plasma number density, rather than temperature [Kelley, 2009].  The plasma in the ionosphere is 

produced mostly through photoionization, caused by EUV and UV radiation from the sun, and 

by Coulomb collisions between neutrals in the atmosphere and precipitating particles.  Plasma is 

an ionized gas, which exhibits collective behavior and is approximately charge-neutral [Chen, 

1984].  Because the main source of ionization for the ionosphere is the sun, larger plasma 

densities are seen on the dayside than the nightside, with a peak at noon.  A representative 

plasma density altitude profile of the ionosphere is shown in Figure 1.1. 

 

 

Figure 1.1 Profile of temperature in the atmosphere and plasma density in the ionosphere 

[Kelley, 2009]. 
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The ion production rate in the ionosphere due to photoionization can be understood in terms of 

Chapman theory [Chapman, 1931a,b].  The idea behind Chapman theory is to model solar 

radiation entering and being absorbed by the neutral atmosphere which has an exponential 

density distribution with height.  The radiation loses energy as it travels earthward, because it has 

been spent in ionizing the neutral particles.  The rate at which the radiation is absorbed is 

proportional to the neutral density and the energy of the radiation reaching that height.  Once 

particles are ionized, they begin to recombine to once again form neutrals, at a rate determined 

by the density of particles at that height.         

 During the day, the ionosphere’s lowest layer is the D region, starting at about 50 km 

altitude [Kelley, 2009].  This layer does not exist at night, due to the fact that this layer is weakly 

ionized to begin with, and without sunlight to maintain the ionization it, recombination turns the 

plasma back into a neutral gas.  There are also other important loss processes in the D region 

which are poorly understood [Luhmann, 1995].  Because of these poorly understood loss 

processes, the D region is not well described by Chapman theory.  The dominant ion in the D 

region is NO
+
.  Since the D region is weakly ionized, there are lots of neutrals which results in a 

very high ion-neutral collision frequency.  This causes radio-wave absorption and especially 

attenuates AM radio signals. 

 Above the D region is the E region, starting at about 90 km altitude.  Chapman theory 

provides a good approximation for the composition of this layer during the day.  The dominant 

ions in this region are NO
+
 and O2

+
.  The prevalence of specific ions and neutrals at about 90 km 

altitude can be seen in Figure 1.2, which shows ion and neutral density profiles versus altitude.  

E region plasma is produced daily by photoionization, but is greatly enhanced at high latitudes 
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on the nightside by the same energetic particle precipitation that causes the aurora [Kelley, 

2009].  The ultimate source of these energetic particles is the solar wind, and this interaction will 

be discussed in more detail in a future section. 

 

 

Figure 1.2  Number density versus altitude for common ions and neutrals in the ionosphere 

[Luhmann, 1995]. 

 

 The layer of the ionosphere above about 150 km is called the F region.  In the F region, 

which usually is the region of peak plasma density in the ionosphere, O
+
 is the dominant ion.  

Often, because two plasma density peaks can occur in the F region, it is divided into an F1 and F2 

layer.  The F1 layer has a plasma density maximum at about 170 km, and like the E layer, is well-

approximated as a Chapman layer.  The F2 layer, which has a plasma density maximum at about 

250 km, is the region of the ionosphere with the highest plasma density.  Because recombination 

is not the only important process in this layer, it is not well approximated as a Chapman layer.  

Additionally, since O
+
 has a very long recombination time constant, the plasma density in the F 

region does not drop as drastically at night as the other layers, which have ions with a shorter 
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recombination time constant [Kelley, 2009].  Also, at night, the plasmasphere can act as a plasma 

source for the F region. 

1.2. The Mid-Latitude Ionosphere 

 

 

 The mid-latitudes are where the ionosphere undergoes a transition from processes that are 

dominant at high latitudes to processes that are dominant at low latitudes [Kelley, 2009].  

Historically, incoherent scatter radars (ISRs) have been used to measure F region plasma drifts 

perpendicular to the Earth’s magnetic field and subsequently to infer the ionospheric electric 

fields which are present by using Equation 1.1.  Plasma drifting at the E x B velocity is 

monitored by the Super Dual Auroral Radar Network (SuperDARN), and this will be the focus 

of this thesis.  

          [1.1] 

The mid-latitude ionosphere also acts as a source for plasmaspheric plasma [Kelley, 2009].  The 

first step in this process is that heavy ions, such as O
+ 

are produced by photoionization on the 

dayside. Next, light ions that can escape Earth’s gravity, such as H
+
, are produced through 

charge exchange reactions at high (~ 500 km) altitudes.  The H
+
 ions then are moved up the 

magnetic field lines by a parallel electric field, into the inner magnetosphere.  This parallel 

electric field is produced by electrons which can diffuse much easier than ions down a pressure 

gradient, causing charge separation.  Then, on the night side, plasmaspheric plasma can flow 

back down into the ionosphere, maintaining the plasma density in the topside ionosphere.  

Referring back to Figure 1.1, the effects of this process can be seen in the plasma density in the 

Protonosphere, which has very little difference between day and night. 
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 Conventional wisdom states that the plasma on the closed field lines in the plasmasphere 

must approximately corotate with the Earth [Kelley, 2009].  The reason for this being that if it 

did not, the neutral wind produced would cause a current, which would cause charge separation 

and induce an electric field, which would accelerate plasma to corotation.  Recent studies, 

however [e.g., Burch et al., 2004; Galvan et al., 2010], have observed plasmaspheric 

subcorotation.  Burch et al. [2004], suggested that the cause of the lag from corotation was the 

ionospheric disturbance dynamo described by Blanc and Richmond [1980].  However, after 

comparing plasmaspheric corotation rates and auroral heating indices, which produce the neutral 

winds needed for the ionospheric disturbance dynamo, Galvan et al. [2010] suggested that the 

disturbance dynamo may not be producing the corotation lag.  This topic will be investigated 

further in Chapter 4. 

 

1.3. Solar Wind-Magnetosphere Interaction 

 

 

 The solar wind is a stream of plasma that is driven off of the solar corona because of the 

pressure gradient between the solar corona and space [Hundhausen, 1995].  The plasma in the 

solar wind is travelling at approximately 450 km/s when it reaches the earth, and H
+
 (a proton) is 

the dominant ion.  The proton and ion temperatures are both on the order of 1 x 10
5
K, and both 

have a number density of about 7 cm
-1

 at 1 astronomical unit (AU).  Perhaps the most interesting 

(and important for space science) feature of the solar wind is that it carries with it the sun’s 

magnetic field, known as the Interplanetary Magnetic Field (IMF) [Kivelson, 1995].  This 

situation arises because the solar wind is a collisionless, highly conducting plasma.  This means 

that Equation 1.2 must hold, which in turn means that the magnetic field B must be carried with 
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velocity v in order to cancel out the electric field E.  This is called the frozen-in-flux condition, 

and and implies that packets of plasma that are originally on a flux tube remain on the same flux 

tube.  The linkage of these packets, which are travelling radially outward but released at different 

times from the solar corona, results in a spiral shape, known as the Parker Spiral.  The formation 

of the Parker Spiral is shown in Figure 1.3, and the overall configuration of the spiral is shown in 

Figure 1.4. 

 

Figure 1.3  Mechanism responsible for the formation of the Parker Spiral [Hundhausen, 1995]. 
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Figure 1.4  Overall configuration of the Parker Spiral.  The spiral arms are magnetic flux tubes 

travelling radially outward from the sun [Hundhausen, 1995]. 

 

 Besides the solar wind, there are other mechanisms by which the sun ejects plasma into 

interplanetary space.  A particularly interesting mechanism is a solar flare.  Solar flares begin as 

“prominences”, which can be thought of as twisted loops of magnetic flux that pop out from the 

solar surface due to the radiative instability [Priest, 1995].  These magnetic flux tubes continue 

twisting, and at some point, the tension becomes too great, and the field lines begin to break, 

causing an eruption of a solar flare.  Another solar feature is coronal mass ejections (CMEs), 

which are eruptions of large amounts of plasma from the corona which enhances the solar wind.  

The processes that cause CMEs are not completely understood, but recent research has suggested 

that magnetic reconnection in the corona may be responsible for the sudden bursts of plasma 

[Antiochos, 1999]. 

 After travelling through space for 1 AU, the plasma ejected from the sun eventually 

encounters the magnetic field of the Earth, and the two begin to interact.  First, at about 14 Earth 

radii (RE), a shock forms, the bow shock, which slows the solar wind down from supersonic to 
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subsonic speeds [Burgess, 1995].  This reduction in speed allows the solar wind to flow around 

the Earth’s magnetosphere.  The bow shock is a few RE in front of the magnetosphere, and the 

subsonic solar wind in between the two is called the magnetosheath.  It is worth noting that the 

bow shock is a collisionless shock, with electromagnetic interactions taking the place of 

collisions.  Figure 1.5 illustrates the flow of the solar wind through the bow shock and around the 

magnetosphere. 

 

Figure 1.5  A cartoon showing the solar wind flowing across the bow shock and around the 

magnetosphere.  Also pictured is the Earth’s magnetic field, and the currents flowing on the 

magnetopause and in the current sheet [Hughes, 1995]. 

    

When the solar plasma encounters the outer boundary of the magnetosphere, known as the 

magnetopause, the ions and electrons feel a v x B force, which in turn causes a gyration, in a left-

handed sense for ions and a right-handed sense for electrons.  This effectively generates a current 

on the magnetopause, which cancels the dipole field outside of it, and doubles the magnetic field 

inside it. This magnetopause current, known as the Chapman-Ferraro current, is also shown in 

Figure 1.5.   
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 One of the most important components of the solar wind-magnetosphere interaction is 

known as magnetic reconnection, and was first proposed by Dungey [1961].  In the process of 

magnetic reconnection, antiparallel IMF and terrestrial magnetic field lines essentially cut and 

connect to each other, making two solar-terrestrial field lines.  When this happens, particles that 

originated on the sun are free to move down the highly conductive magnetic field lines and into 

the ionosphere, causing auroral displays, among other things.  As the solar wind outside of the 

magnetosphere continues to move past the Earth, it pulls the two magnetic field lines that are 

frozen into it with it, dragging magnetic flux antisunward across the polar cap.  These two field 

lines continue to be pulled back and stretched, until the tension becomes too great and they 

eventually break, reconnecting to each other, and once again creating one terrestrial and one 

solar magnetic field line.  The flux that has been pulled back into the tail returns to the dayside 

on the dawn and dusk sides of the auroral oval.  Figure 1.6 illustrates this process. 

 Inside the magnetosphere, several currents flow.  One is the current sheet which separates 

the two lobes of the magnetosphere tail, meaning that it separates oppositely directed magnetic 

field lines.  Another current that flows in the magnetosphere is the ring current, which in large 

part is carried by energetic particles trapped by a magnetic mirror in the Van Allen radiation 

belts [Wolf, 1995].  These trapped particles drift due to the gradient and curvature of the 

magnetic field producing a net westward current.  Because of the fact that magnetic field lines 

are excellent conductors, all of the electric fields in the magnetosphere map down, almost 

unattenuated, into the ionosphere.  In the ionosphere, especially at lower altitudes, there are large 

amounts of neutrals in addition to plasma.  The large ions then begin to collide with neutrals, 

while the smaller electrons are free to flow [Carlson, Jr. and Egeland, 1995].  The net flow of 

electrons relative to ions produces ionospheric currents, namely the Pedersen current, which is 
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perpendicular to the magnetic field and parallel to the electric field; the Hall current, which is 

perpendicular to the magnetic and electric field; and the Birkeland current, which is parallel to 

the magnetic field (field-aligned).  The net result of all of this is that the ionosphere effectively 

acts as a load for the electric potential generated in the magnetosphere by the interaction with the 

solar wind. 

 

Figure 1.6  An illustration of Dungey reconnection.  The numbers in the diagram are in order of 

the steps in reconnection.  The bottom inset shows magnetic flux returning to the dayside after 

reconnection in the tail [Hughes, 1995]. 

  

 

1.4. A Brief History of SuperDARN 

 

 SuperDARN is a global network of HF radars that are used for studying ionospheric 

plasma dynamics in the E and F regions [Greenwald et al, 1995].  The radars are coherent-scatter 
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systems operating at 10-20 MHz (HF), which means that they detect decameter-scale 

irregularities that have reached amplitudes above thermal fluctuation levels due to plasma 

instability processes.  These particular ionospheric irregularities are field-aligned structures, that 

is, they are oriented by the magnetic field.  Because of this, the radars measure significant 

backscatter only when their rays are propagating approximately orthogonal to the magnetic field 

in the vicinity of irregularities.   

 A consequence of operating at HF is that the rays experience refraction in the ionosphere, 

which can extend the range of the radar by bending the signal to be orthogonal to the magnetic 

field lines at higher altitudes than higher-frequency systems.  Another result of operating in this 

frequency band is that the radar rays can be refracted back down to the terrestrial surface, 

causing what is known as “ground scatter”.  There are two other typical types of scatter seen by 

SuperDARN radars, ionospheric scatter and meteor scatter.  The ionospheric scatter is caused by 

plasma irregularities in the E and F regions produced by plasma instabilities, which will be 

discussed further in Chapter 3.  Meteor scatter is backscatter caused by meteors in the lower 

ionosphere [Hall et al., 1997].  This thesis will particularly concern ionospheric scatter observed 

at mid-latitudes. 

 The first SuperDARN radar was built at Goose Bay, Canada in 1983 [Greenwald et al., 

1983].  The Goose Bay radar was, as are all of the other subsequent SuperDARN radars, an 

electronically steerable phased array.  The radars use a multi-pulse pattern to simultaneously 

resolve range and Doppler velocity.  Through processing, backscattered power, Doppler velocity, 

and Doppler spectral width of radar returns are stored [Chisham et al., 2007].  More specifics 

about the radar operation will be discussed in Chapter 2.  The result of one azimuthal scan for the 

Blackstone radar is shown in Figure 1.7., which is color-coded for Doppler velocity.  There are 
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over 20 radars operating continually in a similar fashion, providing substantial coverage of the 

northern and southern auroral regions.  Simultaneous measurements for several radars are 

combined and a spherical harmonic fit is performed in order to produce maps of ionospheric 

plasma convection [Ruohoniemi and Baker, 1998].  An example of a SuperDARN convection 

map is shown in Figure 1.8.     The ionospheric plasma irregularities in the ionosphere detected 

by SuperDARN radars drift at the E x B velocity, as was discussed previously.  This allows one 

to deduce ionospheric electric fields using Equation 1.1.  Using these electric field calculations, 

one can estimate the cross-polar cap electric potential, which, because the ionosphere and 

magnetosphere map to each other, is the cross-magnetospheric electric potential.  This potential 

is identified in Figure 1.8 as ΦPC. 

 

 

Figure 1.7  A single scan of data from the Blackstone, VA SuperDARN radar.  The data are 

color-coded for Doppler velocity with blue towards the radar.  The backscatter is sampled over 

16 beam azimuths separated by 3.3° and 75 range gates separated by 45 km. 
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Figure 1.8  An example of a SuperDARN convection map.  Equipotential contours represent 

flow streamlines, vectors are plotted where radars made observations, radars used are indicated, 

dashed lines show equatorward limit of convection. 

 

1.5. Thesis Organization 

 

 

 In 2004, a SuperDARN radar was constructed at Wallops Island, VA at L=2.4.  This was 

the first SuperDARN radar to be constructed at mid-latitudes.  The original purpose of the 
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building a SuperDARN radar at middle latitudes was to provide enhanced coverage of the 

auroral region as it expands equatorward during geomagnetically active periods [Baker at al., 

2007].  Soon after construction of the Wallops radar, an unexpected type of quiet-time 

irregularity was observed.  These irregularities had both low Doppler velocity and low spectral 

width, both in the tens of meters per second range [Greenwald et al., 2006].  Greenwald et al. 

[2006] noted that these irregularities were very frequent (observed on > 50% of nights), and 

confined to nighttime hours.  Because of their low Doppler velocity and spectral width, the 

backscatter produced by the irregularities proved difficult to distinguish from ground scatter 

[Baker et al., 2007].  In Chapter 2, a new method is described which is able to distinguish 

between low velocity, narrow spectrum ionospheric scatter and ground scatter.  In Chapter 3, an 

overview of the quiet-time irregularities observed by the Blackstone, VA radar is given.  In 

Chapter 4, convection patterns deduced by fitting 2-dimensional flows to the line-of-sight 

velocities observed by the Blackstone radar are presented and discussed. 
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Abstract 

 

The Super Dual Auroral Radar Network (SuperDARN) is a network of HF radars that are 

traditionally used for monitoring phenomena in the Earth’s ionosphere at high latitudes.  The 

radar backscatter is due primarily to reflections from plasma irregularities in the ionosphere, 

known as ionospheric scatter, and to signal reflected from the ground, known as ground scatter.  

In recent years, SuperDARN has expanded to mid-latitudes to provide improved coverage of the 

auroral region during times of enhanced geomagnetic activity.  In addition to high-speed auroral 

flows, the radars commonly see a variety of low-velocity plasma drift associated with the quiet 

time mid-latitude ionosphere.  The traditional method of distinguishing between scatter types in 

SuperDARN data was developed for high latitudes and depends solely on the Doppler velocity 

and Doppler spectral width of each data point.  This method has proven inadequate for 

identifying quiet time mid-latitude ionospheric scatter.  In this paper, we present a new technique 

for the classification of SuperDARN data, which operates on a distributed range-time basis and 

involves procedures similar to depth-first search.  Using the new method for classification of 

ground and ionospheric scatter, we show a dramatic improvement in the determination of 

ionospheric scatter within extended (> 1 hour) events. Compared to the traditional method, the 

number of ionospheric measurements resolved increases by more than 50%.  The new 

classification algorithm identifies discrete events of ionospheric scatter and can be applied to 

statistical analysis of event occurrence and characteristics. 
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2.1. Introduction 

 

 The Super Dual Auroral Radar Network (SuperDARN) of HF radars is well known for 

providing observations of ionospheric dynamics at high latitudes over hemispheric spatial scales 

[e.g., Chisham et al., 2007]. The SuperDARN radars observe backscatter primarily from plasma 

density irregularities in the ionosphere at E and F region heights (“ionospheric scatter”) and from 

the Earth’s surface after reflection from the ionosphere (“ground scatter”).  In the F-region, 

plasma irregularities, which cause ionospheric backscatter, drift at the E x B velocity and their 

Doppler motion can be used to infer the ionospheric electric field [Villain et al., 1985, 

Ruohoniemi et al., 1987].  (Modest adjustments for the effects of refraction near the scattering 

point described by Ponomarenko et al. [2009] are not significant for the current analysis.)  The 

ground scatter is often perturbed by the passage of travelling ionospheric disturbances (TIDs) 

and is useful for studying their properties and causes [e.g., Samson et al., 1989, Bristow et al., 

1996] and for sounding the ionosphere [Hughes et al., 2002].  A schematic that illustrates the 

formation of ionospheric and ground scatter is shown in Figure 2.1, which was created with a 

ray-tracing simulation for the Blackstone, VA SuperDARN radar [Ravindran Varrier, 2010; 

Jones and Stephenson, 1975].  Here, a distribution of ionospheric electron density has been 

produced from the IRI model [e.g., Bilitza, 2001] and the propagation of HF rays from the 

Blackstone radar has been simulated.   Three specific types of scatter, 0.5-hop and 1.5-hop 

ionospheric, as well as 1-hop ground scatter have been highlighted.  The transmissions are spread 

over a range of elevation angles and experience refraction in the ionosphere.  Some rays 

encounter irregularities in the ionosphere and generate ionospheric backscatter in the 0.5-hop 

mode.  Some rays reflect to the ground and generate backscatter from the terrestrial surface in 
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the 1-hop mode.  Rays can also reflect from the surface back into the ionosphere and generate 

ionospheric backscatter in the 1.5-hop mode.   

 
Figure 2.1 Ray-tracing results for the Blackstone, VA radar that illustrate backscatter types seen 

by SuperDARN radars.  Here the ionospheric density profile has been produced from the IRI 

model.  The sloping white lines indicate the orientation of the earth’s magnetic field lines.  

Ionospheric backscatter is produced when the rays are approximately orthogonal to the magnetic 

field lines. 

 

 

 SuperDARN convection maps are widely used to investigate features of magnetosphere-

ionosphere science.  Concurrent Doppler measurements from multiple radars are combined to 

produce hemispheric maps of ionospheric convection [Ruohoniemi and Baker, 1998].  Normally, 

the convection has a sharp boundary at the equatorward edge of the auroral oval, which is at 

approximately 60° magnetic latitude on the nightside [Holtzworth and Meng, 1975].  Because of 

this, the first SuperDARN radars were built at high latitudes to cover the regions Λ ≥ 60°.  

However, during geomagnetically active periods, the auroral oval expands equatorward, causing 

the convection to also expand equatorward.  SuperDARN has expanded to mid-latitudes in recent 

years to allow for improved coverage during active periods.  The first mid-latitude SuperDARN 

radar became operational at Wallops Island, VA (Λ = 49.7°) in June 2005.  The Blackstone radar 
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(Λ = 47.8°) became operational in February 2008.  As of January 2011, there are 7 mid-latitude 

radars operating in the northern hemisphere, with the planned construction of 4 more. 

SuperDARN radars operate at HF to make use of refraction in the ionosphere to 

maximize the scattering from magnetic field-aligned ionospheric irregularities in the F region 

and to extend the maximum range of the radar.  A typical SuperDARN radar uses an 

electronically phased antenna array to look into 16 beam directions with a step in azimuth of 

about 3.3°.  It detects targets out to a maximum of 100 range rates, with a range resolution of 45 

kilometers.  The temporal resolution is defined by the azimuth scan and is typically 1-2 minutes.  

The radars employ multi-pulse sequences that allow simultaneous determination of Doppler 

velocity and range of targets.  After signal processing of the radar autocorrelation functions 

(ACFs) is performed, the signal to noise ratio, Doppler velocity, and Doppler spectral width of 

targets are stored in FITACF files. 
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Figure 2.2  A field of view plot of a single scan of velocity data from the Blackstone, VA radar 

on 8 September 2010 at 1:30 UT.  The data are color-coded for line-of-sight velocity.  The 

shaded cells have been identified as ground scatter by the traditional method, and the solid-filled 

cells have been identified as ionospheric scatter by the traditional method.  Negative velocities 

are away from the radar, and positive velocities are towards the radar.  Regions of 0.5, 1.0, and 

1.5 hop scatter have been identified. 

 

Figure 2.2 shows a field of view plot of Doppler velocity data recorded with the 

SuperDARN radar in Blackstone, VA on 8 September 2010 at 1:30 - 1:32 UT.  Three distinct 

regions of interest have been identified in the figure.  An integral “hop” is a set of radar rays that 

refract in the ionosphere and strike the ground, forming a continuous band of scatter.  The 0.5-

hop and 1.5-hop ionospheric scatter (i-s) are caused by reflection from irregularities in the 

ionosphere, whereas the 1-hop ground scatter (g-s) is caused by reflection from the ground, as 

illustrated in Figure 2.1.  Note that this data is from a mildly disturbed period.  Data provided by 
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GeoForschungsZentrum (GFZ) Potsdam on the World Data Center (WDC) site lists the Kp 

geomagnetic index as 2+ from 0 UT to 3 UT. 

The bulk of the observations made by the SuperDARN radars are ionospheric and ground 

scatter.  When producing maps of convection, only ionospheric scatter data should be used, 

therefore, it is necessary to distinguish between the two.  Originally, the ground scatter 

classification was done in a very simplistic fashion, where if the Doppler velocity and spectral 

width were both below certain thresholds, the measurement was flagged as ground scatter as it 

had been observed that the velocities and spectral widths of ionospheric scatter were generally 

much larger than those of ground scatter.  Blanchard et al. [2009] performed a statistical study of 

SuperDARN scatter types and arrived at an equation similar to Equation 1.   

|V| - [Vmax-(Vmax/Wmax)*|W|] > 0               [1] 

Here, V is the Doppler velocity associated with the echo and W is the spectral width while Vmax 

and Wmax are constants.  Their criteria were developed in order to reduce the probability that 

ground scatter would be classified as ionospheric scatter.  In current versions of SuperDARN 

software, Equation 1 is used for the classification, and is credited to Blanchard et al. [2009], with 

Vmax set to 30 m/s and Wmax set to 90 m/s.  For example, if the spectral width of a backscatter 

measurement is around 0, the Doppler velocity magnitude must be greater than 30 m/s for 

classification as ionospheric scatter.  If the spectral width is around 15 m/s, the Doppler velocity 

magnitude must be greater than 25 m/s to be flagged as ionospheric.  If the spectral width is 45 

m/s, the Doppler velocity magnitude must be greater than 15 m/s to be classified as ionospheric 

scatter.  The idea is to allow low-velocity ionospheric scatter to be identified as ionospheric if the 

spectral width is sufficiently large.  Backscatter that is flagged as ground scatter is excluded from 

the data stream for analysis of ionospheric plasma convection. 
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Convection velocities in the auroral region typically range from tens to thousands of 

meters per second range and exhibit large spectral widths, whereas ground scatter is typically in 

the ones to tens of meters per second range with small spectral widths.  The small velocities seen 

in ground scatter are not caused by the ground, but rather by the motions of layers in the 

ionosphere (such as would be produced by TIDs).  The bulk of the ionospheric scatter seen by 

the new mid-latitude radars is sub-auroral, with velocities typically in the tens of meters per 

second range [Greenwald et al., 2006].  Because the velocity and spectral width profiles of sub-

auroral ionospheric scatter are so similar to ground scatter, the algorithm expressed in Equation 1 

is inadequate for backscatter classification for data from the mid-latitude radars.  A previous 

study by Baker et al., [2007] noted that the average velocity magnitude of subauroral convection 

seen by the Wallops Island radar during quiet conditions was systematically 1.5 – 2 times 

stronger than what had previously been observed by the Millstone Hill incoherent scatter radar 

[Buonsanto et al., 1993; Buonsanto and Witasse, 1999].  This discrepancy was attributed to 

misidentification of low velocity ionospheric scatter as ground scatter, which biased the Wallops 

dataset to higher velocities.   

 The purpose of this paper is to describe a new technique which significantly improves the 

identification of ground scatter and the determination of ionospheric scatter events in mid-

latitude SuperDARN data.  An interesting property of subauroral ionospheric scatter seen with 

the mid-latitude radars is that it is primarily confined to local night, whereas ground scatter 

primarily is observed during the day.  The technique exploits this separation between the 

ionospheric scatter and ground scatter by searching for clusters of backscatter within 

SuperDARN FITACF data.  Essentially the idea behind the new technique described in this 

paper is to design an automatic process that analyzes data in a manner similar to that of an expert 
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human, that is, by looking at a large time-series of data, and identifying groups of backscatter on 

the basis of temporal and spatial characteristics as either an “event” (ionospheric scatter) or a 

“non-event” (ground scatter).  Specifically the goal is to correctly flag discrete events of 

ionospheric scatter.  This is done by identifying closed groupings of connected scatter points and 

analyzing characteristics of data clusters as a whole.  The clusters are found in a manner very 

similar to a depth-first search in computing, which is where points in a tree connected to the root 

are searched one-by-one until a result is found [Russell and Norvig, 2003].  The method 

described in this paper is slightly different since it is not searching for a solution, but rather seeks 

just to find all points connected to a root data point. 

 

2.2. Search Algorithm 

 

The search algorithm operates on SuperDARN Doppler measurements contained in 

FITACF data files, which are organized into individual radar beam soundings and subdivided 

into range gates.  One scan of velocity data (16 beams and 100 range gates on each beam) is 

shown in Figure 2.2.  Range gates can be visualized as windows along a certain azimuth with a 

length of 45 kilometers. These gates along a single beam are generally referred to as range-beam 

cells.  In the event that a certain cell contains backscatter, a Doppler velocity, signal-to-noise 

ratio (also referred to as backscatter power), and spectral width are stored for that cell.  These are 

represented by the colored cells in Figure 2.2.  A time series of Doppler velocities obtained on 15 

January 2010 from a single beam for an entire day is shown in Figure 2.3a.  At about 13 UT in 

Figure 2.3a, which corresponds to local sunrise, a distinct discontinuity in the scatter is seen. 
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Figure 2.3a  A time-series plot of boxcar-filtered FITACF velocity data for an entire UT day on 

beam 7 for the Blackstone, VA radar on 15 January 2010.  The gray points have been classified 

as ground  scatter and the colored points have been classified as ionospheric scatter by the 

traditional method.  Prior to local sunrise (13 UT), the classifications are about 50% ground 

scatter and 50% ionospheric scatter for activity that is known to be 0.5 hop ionospheric scatter.  

Post sunrise, the classification is about 98% ground scatter, and consists primarily of 1-hop 

ground scatter. 

 

 

 

This is because at night, backscatter is primarily due to irregularities in the ionosphere, whereas 

during the day, the electron density in the ionosphere increases and refracts the rays back to 

Earth, producing ground scatter.  The increase in ionospheric density that accompanies sunrise 

causes a change in backscatter mode; whether the disappearance of ionospheric scatter is due to 

the changing propagation conditions or to actual disappearance of the irregularities themselves is 

not yet known.  The gray points have been classified as ground scatter and the colored points 

have been identified as ionospheric scatter by the traditional method, i.e. by application of 

Equation 1.  Notice the patchiness in the classification of the scatter prior to local sunrise.  This 

is due to the point-to-point classification method, which classifies some low velocity echoes as 

ground scatter and others as ionospheric scatter.  A holistic view of the entire time-series shows 

that this classification is not reasonable, as the ground does not move sporadically.  Also note 
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that following local sunrise the majority of the scatter has been identified as 1-hop ground scatter 

but some points have been incorrectly classified as ionospheric scatter.  Instead of operating on a 

single range-beam cell, the new method for identifying scatter operates on the data as a whole, 

searching for distributed range-time ionospheric scatter events.  Additionally, the search is 

limited to range gates 7 and above (450 km from the radar and farther) for any particular radar to 

eliminate from consideration echoes from meteor trails which usually dominate the nearer ranges 

[Hall et al., 1997].  We perform this exercise in order to properly identify echo types and to 

select reliable ionospheric velocity data for studying convection and to assist in studies of the 

occurrence and characteristics of HF backscatter at mid-latitudes. 

  The search process begins by concatenating three consecutive days of boxcar-filtered 

FITACF data, centered on the target date. The concatenation is done because the algorithm 

analyzes groupings of cells for classification as an event (ionospheric), or not (ground scatter).  

Therefore, complete closed groupings of connected range-beam cells need to be found, even if 

they cross a UT day boundary.  Each range-beam cell in a FITACF file is median filtered against 

its neighbors in a 3x3x3 (beam by range by time) boxcar filter [Ruohoniemi and Baker, 1998].  

This filtering eliminates salt and pepper noise and renders more continuous scatter events which 

are more suitable for subsequent analysis.  The filtering can also be applied to backscatter power 

and spectral width, but only velocity is filtered, since it is the parameter used in the search 

algorithm.   

 The next step in the process is to identify all of the closed groups of backscatter in the 

FITACF data along each beam.  Note that the search operates only on a single beam at a time, 

and all of the beams of a particular radar on a given day (usually 16) are searched independently 

for ionospheric events.  Therefore, the data are searched along a single beam, in time sequence, 
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for a single cell that contains backscatter.  This will be referred to as the “root” cell.  This step is 

the first block in Figure 2.4, which illustrates the logic of the entire search algorithm.  Once a 

root cell is found, the search systematically explores forwards and backwards in time, as well as 

up and down in range gate, to find all cells containing backscatter that are connected to the root.  

This is explained in Figure 2.4, and illustrated in Figure 2.5.  The search essentially creates a 

stack, or a LIFO (last-in first-out) list of range-time cells for a given beam.  The root that was 

found is the first cell pushed on to the stack.  Next, the algorithm moves to an adjacent cell in 

time or range that contains scatter, which is then pushed on to the top of the stack (on top of the 

root cell).  When a range-time cell is pushed onto the stack, it is flagged as having been checked, 

to avoid repetition.  When a cell has no adjacent cells containing backscatter that have not been 

moved to yet, it is popped off the top of the stack, essentially taking one step back.  This process 

continues until the stack contains only the root cell, and there are no more adjacent data points to 

move to.  This means that every data point connected to the root cell will be identified as part of 

this cluster.  In addition to left, right, up and down, as is shown in Figure 2.5, the search can also 

move diagonally, that is, a step in time and range.  To account for possible interruptions in 

normal radar operation, such as a person stopping and restarting it, a gap in time of less than 6 

minutes, or 3 two-minute azimuthal scans, is allowed to be crossed by the search.   
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Figure 2.4  Block Diagram that illustrates the logic of the search process.  Note that L is the 

time-length of a cluster in hours, and R is the ratio of high velocity scatter to low velocity scatter.  

The sequence in the purple box is illustrated in Figure 2.5.  The “Post-Processing” block is 

illustrated in Figure 2.6.  The algorithm emerges from the purple block with a cluster of 

connected range beam cells.  The result of the Post-Processing block is that a start and end time 

of a potential ionospheric event have been established.  The remainder of the algorithm 

determines if the time duration and velocity profile of the cluster of data points warrants 

classification as an event (ionospheric scatter) or not (ground scatter). 

 

 

That means that if the search algorithm is in a cell, and no immediately adjacent cell contains 

backscatter, the search can advance more than one step in time, as long as that step is less than 6 

minutes.  A jump across an empty range gate is not allowed, because the range distribution 

within the same azimuthal scan should not be affected by anomalies.  Because the cells are 
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flagged as having been checked, a range-time cell can only be a member of one cluster.  Every 

cell that is found in these clusters (popped off of the stack) is stored in a structure for subsequent 

analysis of its characteristics.  It is worth noting that every range-time grouping of data along a 

single beam, as is seen in Figures 3a and 3b, will be found by this portion of the algorithm.  A 

cluster can be as small as one range-beam cell or it can contain thousands of cells.  The only 

limiting factor is the memory of the computer running the search.  Once a cluster is completely 

identified, post-processing is performed.   

 

 

 

 
Figure 2.5  An illustration of the technique that is used to find a closed grouping of range beam 

cells in FITACF data.  Note that this is a graphical representation of the portion of Figure 2.4 that 

is bounded by a purple box.  In order to identify a connected group of data points, the algorithm 

is moving through FITACF data in a fashion similar to a depth first search.  The blocks with the 

X represent the top of the stack, the green block represent those currently in the stack, and the 

red ones represent those that have been popped from the stack. 

 

 

 At this point, a cluster of data points is a potential ionospheric scatter event.  To avoid a 

grouping of ground scatter leading into ionospheric scatter or vice-versa, the leading and trailing 

edges in time of a cluster found by the search algorithm are examined.  So far, nothing has been 
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flagged as ionospheric or ground scatter, but rather a grouping of connected data has been 

identified as a cluster.  This next step is the “Post Processing” block in Figure 2.4, and is 

illustrated in Figure 2.6, where a red cell indicates a “high” velocity (magnitude greater than 15 

m/s), and a gray cell indicates a “low” velocity (magnitude less than 15 m/s).  It is entirely 

possible that a ground scatter event and an ionospheric scatter event have points connecting 

them; the idea is to find a point in time within a single mass of data where there is a shift in 

Doppler velocity profile indicating the onset of a predominantly ionospheric event.  The action 

that is taken is that the start/end time of the possible ionospheric event is pushed 

forwards/backwards in time if the ratio of high velocity to low velocity scatter is not high enough 

to be considered part of an ionospheric event at the beginning/end of the cluster.  If the high-to-

low velocity ratio is not “high enough” to suggest ionospheric scatter, the data points are 

assumed to be ground scatter and discarded.  “High enough” means that the number of high 

velocities divided by the number of low velocities along the beam at the start/end time and the 4 

times leading/following it must be greater than 0.75, which is an empirical factor. 
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Figure 2.6  In 1, there is a closed cluster of data that has been identified by the process in Figure 

2.5.  The first column in time and the one following it are examined, and the ratio of high to low 

velocity cells is 2/3, which is less than the necessary 0.75.  Because of this, the beginning of the 

event is pushed forward by one beam-sounding, and the second column as well as the one 

preceding and following it are examined.  The ratio of high to low velocity scatter is again 2/3, 

which is less than the required 0.75.  The start time is pushed forwards again, and now the ratio 

of high-to-low velocities at the start time is 1, which is more than the required 0.75, so this 

portion of the post processing is finished, and the start time of the possible ionospheric scatter 

event is officially the 3
rd

 sounding in time of the cluster. 

 

 

 In Figure 2.6, a simplified example of the process is illustrated.  It is simplified such that 

only the time immediately preceding and following the target time are examined, instead of the 4 

times preceding and following.  Additionally, only the beginning of the cluster is examined, but 

in the actual algorithm, the same logic is applied to the end of the cluster.   In step 1, there is a 

closed cluster of data that has been identified.  The first column in time is the default start time of 

the possible ionospheric scatter event, as well as the target time for ratio calculation.  Therefore, 

the first column and the one following it are examined, and the ratio of high to low velocity cells 

is found to be 2/3, which is less than the necessary 0.75.  Because of this, the beginning of the 

event candidate is pushed forward in time by one beam-sounding.  Now, the second column, as 

well as those preceding and following it, are examined.  The ratio of high to low velocity scatter 
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is again 2/3, which is less than the required 0.75.  The start time is pushed forwards again, and 

now the ratio of high-to-low velocities centered on the start time is 1.0, which is more than the 

required 0.75, so this portion of the post processing is finished, and the start time for velocity 

analysis is officially the third sounding in time.  Similarly, the end time of a potential event is 

defined by marching backwards through a data cluster.  A negative effect of this post-processing 

can be seen in Figure 2.3b, where at about 12 UT, the end of a cluster is cut short.  This is 

because the high-to-low velocity ratios were not high enough at the end of the data group, and 

the end time was pushed back several columns in time.  However, this small negative effect is 

worth the positive effect that a band of daytime ground scatter will not be included in an 

ionospheric event.  Once this step is completed, the time length, range extent, and velocity 

profile of data in the closed cluster between the identified start and end times is reviewed.  

 

 
Figure 2.3b  Results of the new classification method for the same time period as in Figure 2.2.  

The panel shows boxcar-filtered FITACF data where the new classification method has been 

applied.  Again, ground scatter is plotted in gray and ionospheric scatter is plotted in color.  The 

two events that were found by the search have had boxes drawn around them. 
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  For the purposes of classification, the velocity profile of the possible ionospheric scatter 

event is determined by the ratio of high velocity to low velocity scatter.  For mid-latitudes, the 

low/high velocity magnitude cutoff is 15 m/s as determined by trial-and-error.  It is worth noting 

at this point that we are only tracking long-lived (greater than 1 hour) ionospheric events.  For a 

grouping of cells to be flagged as an event (ionospheric scatter), the requirements on the velocity 

profile of the cluster vary depending on the time duration.  That is, the longer the time duration 

of the data grouping, the lower the high-to-low velocity ratio of the cluster is allowed to be.  

Specifically, if the cluster persists for more than 3 hours, the number of high velocity cells 

divided by low velocity cells must be greater than 0.2.  If the time duration is 2 to 3 hours, the 

velocity ratio must be greater than 0.33.  If the cluster lasts between 1 and 2 hours, then the 

velocity ratio must be higher than 0.475.  Any cluster with duration of less than 1 hour will not 

be flagged as an event.  These length requirements and ratios were found by trial-and-error as 

sufficient to flag discrete events of ionospheric scatter with high confidence.  Also, for a cluster 

of backscatter to be identified as ionospheric, it must have a duration of less than 14 hours.  This 

criterion is applied as a final protection against ground scatter contamination.  Since the ultimate 

goal is to use the data for statistical purposes, we would rather disqualify good data than include 

inaccurately classified data.  The entire search process is illustrated as a block diagram in Figure 

2.4.   

 

2.3. Results 

 

The result of applying the new search algorithm to the selected day from Figure 2.3a is 

shown in Figure 2.3b.  Data clusters that were identified as ionospheric scatter events have been 
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boxed for distinction.  Also, for comparison to Figure 2.3a, ground scatter is plotted in gray, and 

ionospheric scatter has been plotted in color.  Note that the patchiness caused by the traditional 

classification method is eliminated with the new classification method.  This means that much of 

the data previously and erroneously flagged as ground scatter has been brought forward and 

made available for convection analysis.  Also notice the gray section adjacent to the second event 

at about 12 UT.  This is a negative effect of the post-processing that was discussed earlier.  

Because the velocity magnitudes at the end of the second event cluster were too low, the end 

time was pushed back from about 13 UT to about 12:30 UT.  However, if this post-processing 

was not performed, and the event bled into the daytime ground scatter band from 13-24 UT 

(which happens frequently), the daytime ground scatter and nighttime ionospheric scatter would 

have been analyzed as one event, with all of it being flagged as either ground or ionospheric 

scatter. 

 Direct comparison of Figures 2.3a and 2.3b shows the improvement provided by the new 

method on one particular day.  It is also useful to compare the two approaches statistically.  

Figure 2.7 shows a histogram of line-of-sight ionospheric velocities found using the traditional 

classification method, as well as the results for the new method applied to data from the 

Blackstone, VA radar obtained between October 2008 and December 2008.   
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Figure 2.7  Velocity distributions for ionospheric scatter classification methods.  The dotted line 

is the traditional method and the solid line is the new method.  The data is from three months, 

October 2008 through December 2008. 

 

 

 

Only Doppler data from range gates 7 and above were used, to eliminate meteor scatter.  (This 

was done because the traditional method often incorrectly classifies significant amounts of near-

range meteor scatter as ionospheric scatter.  Examples of this can be clearly seen in Figure 2.3a.)  

Comparison of the two distributions in Figure 2.7 shows that the traditional classification method 

is biased away from low velocities, and has a pronounced peak near 30 m/s.  This peak implies 

that the line-of-sight component of the mid-latitude ionospheric plasma drift prefers speeds with 

a line-of-sight component of 30 m/s, which is unphysical. The new method has a more 

reasonable distribution.  There is an inflection, however, in the new method's distribution near 15 
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m/s, which is probably a direct result of this number being the high/low velocity threshold.  This 

is also unreasonable, but it is much less of an anomaly than the 30 m/s peak in the traditional 

method’s distribution.  Additionally, over 50% more data points are found in the same period of 

time (1,192,070 points found with the traditional method, and 1,981,210 found with the new, a 

66% gain), which is extremely useful for statistical analysis of mid-latitude ionospheric 

convection.  The reason the new method finds more ionospheric scatter is that low velocity and 

spectral width are not considered sufficient grounds for immediate dismissal as ground scatter. 

 

2.4. Discussion 

 

 

The main focus of this paper has been to describe a new technique for distinguishing 

between ground and ionospheric scatter in mid-latitude SuperDARN data.  The traditional 

ground scatter determination is adequate for high latitude radars (Λ > 60°), but inadequate for the 

data seen by mid-latitude radars.  Baker et al. [2007] compared data from the Wallops Island 

radar with incoherent scatter radar measurements and found SuperDARN Doppler velocity 

magnitudes to be 1.5 – 2 times larger than those in ISR measurements.  This discrepancy can be 

explained when considering that the mean of the traditional method’s distribution from Figure 

2.7 is 33.2 m/s, whereas the mean for the new method is 23.8 m/s, which is a factor of 1.39.  The 

medians of the new and traditional methods’ distributions are 19.7 m/s and 31.8 m/s, 

respectively, which is a factor of 1.61.  These numbers are in very good agreement with the 

discrepancy noted in Baker at al. [2007].  It is also worth noting that the standard deviations for 

the two distributions are 21.6 m/s for the traditional and 19.7 m/s for the new.   
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The new scatter-classification technique presented here works on SuperDARN Doppler 

data on a cluster basis, rather than on a range-beam cell basis.  This method captures more of the 

sense of high-confidence determination of ionospheric scatter in long-lived events that would be 

exercised by an expert analyst.  A search for backscatter clusters is performed on three days of 

data at a time, and the velocity statistics of the data groupings are what determines the 

classification.  This means that not only do the properties of a single range-beam cell affect its 

characterization, the properties of its neighboring cells do as well.  The technique implemented 

to find closed clusters of data is very similar to a depth-first search in computing, as was 

discussed in the introduction [Russell and Norvig, 2003]. 

Regardless of its issues, the simplicity of the traditional method does have the advantage 

of being suitable for use in real-time processing.  The new method requires an extended time-

series of data and is therefore incompatible with real-time processing.  However for the 

processing of large amounts of data for the purposes of statistical analysis and convection 

mapping, the new method clearly performs better.  This is illustrated in Figure 2.3a, where the 

traditional method has misidentified backscatter as ground scatter at local nighttime (0 – 12 UT).  

(More details about propagation modes can be found in Ponomarenko et al. [2008].)  The new 

method has classified the night-time clusters as ionospheric backscatter, as seen in Figure 2.3b.  

Also note from Figure 2.3 that the traditional method classified some of the daytime backscatter 

(12 – 24 UT) as ionospheric scatter, when it is most definitely a band of ground scatter.  In 

Figure 2.3b, this entire band has been classified as ground scatter by the new method. 

The new classification method allows one to reliably identify episodes of subauroral 

ionospheric irregularity backscatter suitable for further analysis.  For example, around 3 UT in 

Figure 2.3b, there is a transition from negative line-of-sight velocity to positive, and then back.  
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This feature is clearly geophysical and could be produced by penetration electric fields, such as 

might follow a sudden change in the interplanetary magnetic field (IMF).  Features like this are a 

focus of ongoing research using mid-latitude SuperDARN radars, but this one is barely visible in 

Figure 2.3a because of poor ground scatter determination.  Future research on mid-latitude 

ionospheric dynamics will use this search algorithm to improve the identification of geophysical 

features.  In principle, the algorithm could also be applied to the high-latitude SuperDARN 

observations for automatic identification of discrete scatter events, allowing that the search 

criteria would need to be adjusted.  At high latitudes there is generally more complexity with 

frequent overlapping of ground and ionospheric scatter, even within a single range-beam cell, 

which is called mixed-scatter [Ponomarenko et al., 2008].  The search algorithm can be tailored 

to select for just those events that conform purely to one or the other scatter type.  Once obvious 

target for automatic identification is the “dusk scatter event” first studied by Ruohoniemi et al. 

[1988] and examined further by Hosokawa et al. [2001] which occurs routinely near sunset at 

high latitudes with specific characteristics.  The new method provides a robust and tunable 

means to identify and extract distinct events that conform the categories of HF backscatter as 

defined by their occurrence and velocity features. 

 

2.5. Summary 

 

The new SuperDARN mid-latitude radars often see low-velocity ionospheric 

irregularities which are difficult to distinguish from ground scatter.  In this paper we have 

described a new technique for analyzing and classifying SuperDARN data in a manner that 

simulates expert human judgment.  The new scatter-classification algorithm is being used on data 
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from mid-latitude SuperDARN radars to reliably identify ionospheric backscatter.  The result of 

this processing is that we have obtained a 50% increase in the number of ionospheric data points 

identified while maintaining a reasonable velocity distribution.  Additionally, we have reduced 

the average velocity magnitude of subauroral drift velocities by about 50%, which leads to a 

statistical result that is in good agreement with previous studies using incoherent scatter radars.  

The technique can be generalized to identify distinctive events of HF backscattering for the 

purposes of higher level analysis. 
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Abstract 

 

The Super Dual Auroral Radar Network is a chain of HF radars that monitor plasma dynamics in 

the ionosphere.  In recent years, SuperDARN has expanded to mid-latitudes in order to provide 

enhanced coverage during geomagnetically active periods.  However, once the first radar was 

built at Wallops Island, Virginia, a new type of plasma irregularity with low Doppler velocity 

was observed on a very frequent (> 50% of nights) basis.  Using three years of data from the 

Blackstone, VA radar, we have implemented a method for automatically distinguishing between 

this new type of irregularity and irregularities associated with equatorward expansion of the 

auroral oval during storm-time.  This has made possible statistical analyses, which have revealed 

some interesting features. Specifically, these irregularities are confined to local night, are almost 

entirely subauroral, and are equatorward of the plasmapause boundary.  
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3.1. Introduction 

 

 

 Ionospheric plasma irregularities are density variations that have been augmented over 

thermal levels by plasma instability processes [Fejer and Kelly, 1980; Keskinen and Ossakow, 

1983; Tsunoda, 1988].  The spatial scale of such patches can range from a few centimeters to 

thousands of kilometers.  Ionospheric electric fields play an important role in amplifying or 

damping instabilities.  At high-latitudes the dominant F region irregularity processes at 

decameter scales are thought to be the Gradient Drift Instability (GDI) and the Current-

Convective Instability [Baker at al., 1986; Hosokawa et al., 2001].  In the mid-latitude region 

however, the situation is less understood.  The velocity magnitudes of the irregularities in this 

region are typically in the tens of meters per second, which is probably too low to be caused by 

the GDI or current-convective instability.  A case study performed by Greenwald et al. [2006] 

suggested that the Temperature Gradient Instability (TGI) is capable of generating decameter-

scale plasma irregularities in the mid-latitude nightside ionosphere. 

 The Super Dual Auroral Radar Network (SuperDARN) is a chain of HF radars that 

monitor ionospheric dynamics [Chisham et al., 2007].  The radars detect decameter-scale field-

aligned plasma irregularities in the E and F regions of the ionosphere.  SuperDARN data has 

been used to study high-latitude plasma irregularity processes in both the E and F regions [e.g. 

Ruohoniemi and Greenwald, 1997; Koustov et al., 2004].  Many studies have also compared 

SuperDARN HF Doppler measurements with satellite and incoherent scatter radar (ISR) 

measurements for the purpose of studying ionospheric plasma dynamics [e.g., Drayton et al., 

2005; Xu et al., 2001; Gillies et al., 2010]. 
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 Traditionally, SuperDARN radars have been built at high-latitudes to maximize coverage 

of the auroral regions.  With the construction of the Wallops Island radar (located at L=2.4) in 

2005, SuperDARN expanded to mid-latitudes.  The expansion was motivated by the need to 

provide improved coverage of the auroral oval as it expands equatorward during storm periods 

[Baker et al., 2007].  However, once the Wallops Island radar became operational, ionospheric 

plasma irregularities were frequently observed during quiet-time conditions as well.  Several 

studies have since examined mid-latitude irregularities both disturbed periods [e.g., Oksavik et 

al., 2006; Baker et al., 2007] and quiet-time [e.g. Greenwald et al., 2006].  It was immediately 

apparent that mid-latitude irregularities are markedly different from the irregularities measured 

by the high latitude and polar cap SuperDARN radars.  The bulk of the quiet-time irregularities 

seen by the Wallops Island radar had extremely low Doppler velocities and Doppler spectral 

widths, both measured in the tens of meters per second.  By contrast, backscatter from high 

latitude irregularities is associated with velocities and spectral widths typically measuring 

hundreds of meters per second.  This new type of data proved difficult to distinguish from 

ground scatter, which is caused by radar signal scattering from the ground after reflection from 

the ionosphere.  Greenwald et al. [2006] noted that irregularities of this type occurred with great 

frequency (they observed events on 19 out of 27 days sampled).  They also noted that the scatter 

was observed exclusively at night, and attributed that fact to the conducting E region shorting out 

the electric fields during the day.  In a case study involving coordinated observations between the 

Wallops island radar and the Millstone Hill ISR, it was determined that the TGI could be 

responsible for generating these irregularities.  The TGI is caused by opposed temperature and 

density gradients in the F-region [Hudson and Kelley, 1976].  The ISR measurements also 
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suggested the irregularities were excited at the equatorward wall of the mid-latitude ionospheric 

trough, where temperature and density gradients are a common feature. 

 In 2008, a second mid-latitude radar became operational in North America at Blackstone, 

Virginia.  As with the Wallops Island radar, low velocity, low spectral width ionospheric 

backscatter has been observed with this radar on a very regular basis.  We have developed a 

method for distinguishing between backscatter from (1) the frequent quiet-time irregularities, (2) 

backscatter caused by equatorward expansion of the auroral oval during geomagnetically active 

periods, and (3) by the ground (“ground scatter”).  The purpose of this paper is to examine the 

statistical properties of the quiet-time ionospheric plasma irregularities and to determine their 

relation to the auroral boundary with an eye to establishing their connection to the inner 

magnetosphere. 

 

3.2. Dataset 

 

 

 SuperDARN radars consist of an electronically-phased antenna array which is operated at 

HF.  HF is chosen in order to to exploit refraction in the ionosphere and maximize the range of 

the radar.  Typically, a SuperDARN radar has 16 look directions (beams), 100 range gates along 

each beam, and a 45 km range resolution.  The azimuth step between beams is approximately 

3.3°.  An azimuthal scan across all 16 beams generally lasts 1-2 minutes, with a dwell time 

between 3 and 7 seconds on each beam.  In the F region, plasma irregularities drift at the E x B 

velocity, which allows determination of electric fields from SuperDARN velocity measurements.  

A single 2-minute scan from the Blackstone radar from 3 February 2011 is shown in Figure 3.1.   



46 

 

 

Figure 3.1  A field-of view plot for the Blackstone, Virginia SuperDARN radar.  The data 

shown is from a single azimuthal scan at 6 UT on 3 February 2011.  The data is from a scan 

during a typical nighttime backscatter event.  The left panel shows Doppler velocity and the right 

panel shows backscatter power (signal-to-noise ratio). 

 

 

 

The left panel shows Doppler velocity in m/s while the right panel shows backscatter power 

(signal-to-noise ratio) in dB.   The red and orange cells in the velocity plot, as well as the 

corresponding cells in the power plot, show a typical band of mid-latitude nighttime ionospheric 

irregularities as described in the introduction.  The Doppler velocity spans the 0 - 50 m/s range 

and the backscatter power peaks at 30 dB.  On this particular night the irregularities persisted for 

about 10 hours, from 2-12 UT.  It is worth noting that the Kp for the time shown in the scan was 

0+, indicatign extremely quiet conditions.  The bright green and cyan cells are salt-and-pepper 

noise, which can be removed by employing a 3x3x3 boxcar median filter [Ruohoniemi and 

Baker, 1998].   

 The ionospheric backscatter seen at mid-latitudes during quiet time has proven difficult to 

distinguish from ground scatter because of its low Doppler velocity and narrow Doppler 

spectrum [Greenwald et al., 2006; Baker at al., 2007].  This is illustrated in Figure 3.1, where all 
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of the ionospheric Doppler velocity measurements have a magnitude of less than 50 m/s.  Ribeiro 

et al. [A new approach to identifying ionospheric backscatter in mid-latitude SuperDARN data, 

submitted to Radio Science, 2011] have developed a method that is able to correctly identify 

periods of low velocity, low spectral width ionospheric scatter by finding clusters of connected 

backscatter points and analyzing their velocity characteristics as a whole to classify them as 

“events” or “non-events”.  An example of mid-latitude Doppler data obtained on a single beam 

of the Blackstone radar on a typical day classified in this manner is shown in range-time format 

in Figure 3.2.  Data that is identified as part of an ionospheric scatter event is plotted in color, 

and data identified as non-events (i.e. ground scatter/meteor scatter/uncertain) is plotted in gray.  

This method however, identifies low Doppler velocity ionospheric backscatter seen very 

frequently at mid-latitudes, and high Doppler velocity backscatter associated with storm time, as 

one and the same.  Because the aim is to examine the characteristics of quiet-time mid-latitude 

irregularities, the two types of ionospheric backscatter must be separated.  In this paper we will 

examine the extent to which the high and low velocity scatter can be classified as auroral and 

subauroral, respectively. 
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Figure 3.2  A 12-hour range-time plot for beam 7 of the Blackstone radar on 17 September 

2008.  The data that is plotted in gray has been classified as ground scatter, and the data plotted 

in color has been identified as ionospheric scatter.  This is an example of a typical low-velocity 

event as seen by the mid-latitude SuperDARN radars. 

 

 

 For this study, we will add the caveat that within an ionospheric event, if the 3
rd

 

percentile of the velocity distribution is above -120 m/s and the 97
th

 percentile of the velocity 

distribution is below 120 m/s, the data in the cluster will be flagged as a low-velocity ionospheric 

backscatter event.  Otherwise, it will be flagged as a high-velocity ionospheric backscatter event.  

These velocity values have been chosen through trial-and-error because during typical quiet time 

conditions, the mid-latitude radars rarely observe backscatter with Doppler velocity magnitudes 

in excess of 120 m/s. 

 

3.3. Observations 

 

3.3.1. Seasonal Dependence 
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 Low-velocity plasma irregularities are frequently observed by the mid-latitude 

SuperDARN radars.  In Figure 3.3, the probability of the Blackstone radar detecting a low-

velocity event on a given UT day is shown for all of the months since it became operational in 

February, 2008.  The probability is calculated as the number of days a low-velocity event of at 

least 1 hour duration was observed on at least three beams divided by the number of days the 

radar was running that month.  For most months, the probability of seeing such an event is 

around 75%, which is in agreement with preliminary findings from the Wallops Island radar 

[Greenwald et al., 2006].  This suggests that the instability process causing these irregularities is 

very common.  Additionally, Figure 3.3 shows that the irregularities are seen most frequently 

around the solstices, and least frequently around the equinoxes.  This is probably a result of 

increased electron density in the winter, and sporadic E layer in the summer, rather than a 

property of the instability processes. 
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Figure 3.3  Probability of observing a low-velocity event on at least three beams for the 

Blackstone radar on a given UT day, organized by month.  The probability is determined as the 

number of days with at least three beams observing at least one low-velocity event divided by the 

number of days the radar was operational. 

 

3.3.2. Local Time Dependence 

 

 

 Another interesting feature of the low-velocity mid-latitude irregularities is that they are 

seen almost exclusively at local night, as was first noted by Greenwald et al. [2006].  In fact, the 

typical start/stop times coincide almost exactly with sunset/sunrise.  This time envelope is 

illustrated in Figure 3.4, which shows the typical monthly start/stop times for low-velocity 

backscatter events observed on beam 7 of the Blackstone radar.  The typical start time is defined 
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as the time when at least 3 days in the month have had a low-velocity event begin, and the stop 

time was determined as the time when only 3 days still have a low-velocity event occurring.  

Sunset and sunrise times from the 15
th

 (approximately the middle) of every month at Chicago, 

Illinois are also shown.  Chicago was chosen because it is under the center of the Blackstone 

radar’s field of view.  There is a clear correlation between time of occurrence and sunset/sunrise, 

which means that the irregularities either do not exist during local day, perhaps caused by a 

conducting E region shorting out the electric fields during the daytime, as suggested by 

Greenwald et al. [2006], or for some reason they are not visible by the radar until after sunrise, 

perhaps because the daytime ionosphere causes the radar signal to refract back down to Earth 

before it can reach F region heights at the appropriate ranges. 

 

 

Figure 3.4   Typical monthly start/stop times for low-velocity events seen by beam 7 of the 

Blackstone radar and a comparison to sunset and sunrise.  The dash-dot vertical curve on the left 

is sunset for Chicago, Il (approximately under the center of beam 7) and the horizontal curve on 

the right is sunrise for Chicago.  The bars in the center span from the typical start of low-velocity 

events in a given month to the typical end of low-velocity events. 
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3.3.3. Relation to Geomagnetic Activity Level 

 

 

 The low-velocity ionospheric backscatter has appeared to be persistent at all geomagnetic 

activity levels; however a thorough examination could shed light on whether the irregularities 

causing the backscatter are more frequent at certain activity levels.  It could also reveal if the 

irregularities were occurring in connection with a geomagnetic feature, such as the plasmapause, 

which moves equatorward with enhanced activity.  The nightside backscatter caused by 

ionospheric plasma irregularities seen by the Blackstone radar is observed almost exclusively 

between 50° ≤ Λ ≤ 60°. The exception to this rule is the data that we have identified as high-

velocity.  This is illustrated in Figure 3.5.  The top panel shows the distribution in magnetic 

latitude of all backscatter identified as ionospheric by the method described by Ribeiro et al. [A 

new approach to identifying ionospheric backscatter in mid-latitude SuperDARN data, submitted 

to Radio Science, 2011].  The middle panel shows the distribution in magnetic latitude for the 

data clusters of low-velocity irregularities.  The third panel shows the distribution for the high-

velocity data.  Although panels (a) and (b) look very similar because of the fact that nearly all of 

the data obtained during solar minimum had low Doppler velocity, the distributions in (b) and (c) 

show that there are two distinct phenomena occurring.  The low-velocity events occur in the 

same ranges of magnetic latitude for all values of Kp, whereas the high-velocity irregularities are 

seen in different latitudes, depending on the Kp. 
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Figure 3.5  (a) The latitude distribution of ionospheric backscatter seen by all beams of the 

Blackstone radar across all local time sectors.  (b) The latitude distribution of backscatter that has 

been classified as low-velocity.  (c) The latitude distribution of backscatter that has been 

classified as high-velocity.  

 

  The properties discussed in the previous paragraph become even more visible when the 

distributions are normalized for the number of measurements at each Kp value, which is shown 

in Figure 3.6.  For each value of Kp with a significant amount of measurements (maximum of 

more than 100000 measurements) within the distribution (0 ≤ Kp ≤ 4), the number of 

measurements is normalized.  By contrast, Kp = 5 had only 18000 measurements.  Each 

distribution is normalized to its maximum and registered on a scale from 0 to 1.  It is 

immediately apparent that (a) and (b) do in fact have different properties, which are not clearly 

visible in Figure 3.5.  In (a), it can be seen the number of data points at higher magnetic latitudes 
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increases with increasing Kp.  In (b), where only low-velocity data is considered, it can be seen 

that the distributions for all Kp values are almost identical.  In fact, the only levels of 

geomagnetic activity that varies significantly are Kp ≥ 4, which suggests that either the high/low 

velocity threshold needs a bit of adjusting, or that there are not enough measurements at this 

level to obtain the true distribution.  In (c), it is obvious that the distributions for high-velocity 

are not nearly as stable in magnetic latitude as the low-velocity distributions.  This suggests that 

the location of the low-velocity irregularities is not dependent on geomagnetic activity.  

Conversely, because the location of the high-velocity events does seem to vary with Kp, this 

could be tied to storm-time processes. 

 

Figure 3.6  (a) The normalized latitude distribution of ionospheric backscatter seen by all beams 

of the Blackstone radar.  The data has been modified from Figure 3.5 by multiplying all points 

along the distribution for a given Kp index by a factor that results in all activity levels having the 

same maximum.  (b) The normalized latitude distribution of low-velocity backscatter events.  (c) 
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The normalized latitude distribution of high-velocity backscatter events.  0 ≤ Kp ≤ 4 have been 

plotted, as there is an insignificant number of points for Kp > 4 in Figure 3.5a. 

 

 

3.3.4. Relation to Auroral Oval 

 

 

 The results presented in Figures 3.5 and 3.6 suggest that the location of low-velocity 

backscatter appears to be independent of magnetic activity level as measured by Kp, but perhaps 

it is instead organized by some geophysical feature.  One obvious choice for comparison is the 

location of the auroral oval.  Oval variation, assessment, tracking, intensity, and online 

nowcasting (OVATION) is a technique that approximates the location of the auroral oval using 

several datasets, including DMSP, auroral imaging, and SuperDARN [Newell at al., 2002].  

Using the equatorward boundary locations as determined by OVATION for 2008, we can 

compare the location of the high and low-velocity irregularities to the auroral oval.  In Figure 

3.7, the latitude distribution of high and low velocity Doppler measurements as a function of 

relative distance to equatorward edge of the auroral oval for 2008 is shown.  For the low-velocity 

data, the great majority of the points for all activity levels lie equatorward of the auroral region, 

getting somewhat closer to the equatorward edge as geomagnetic activity increases.  The high-

velocity scatter however, has a very different distribution.  For levels 1 ≤ Kp ≤ 4, the 

distributions all have a maximum at a location about 5° equatorward of the equatorward 

boundary of the auroral oval, but also have  quite a bit of the distribution poleward of the 

equatorward edge the auroral oval.  Since the low-velocity data seems to be entirely subauroral, 

and a large portion of high-velocity backscatter also seems to be subauroral, a comparison with a 

geophysical feature that is a bit equatorward of the auroral oval could prove useful. 
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Figure 3.7  (a) Latitude of low-velocity datapoints relative to the OVATION equatorward 

boundary of the auroral oval.  (b) Latitude of high-velocity scatter relative to OVATION 

boundary.  A negative value means that the backscatter is equatorward of the boundary, and a 

positive value means that the backscatter is poleward of the boundary. 

 

3.3.5. Relation to Plasmapause 

 

 Moldwin et al. [2002] described a new plasmapause model developed using CRRES 

spacecraft measurements.  Their model expressed the boundary in L-shell as a linear function of 

Kp and local time sector.  Because the Kp index and magnetic local time of radar backscatter 

measurements are readily available, this model is ideal for comparison to the latitude of radar 

measurements.  The results of this comparison are illustrated in Figure 3.8 in the same fashion as 

Figure 3.7.  Again, the magnetic latitude of the low-velocity data approaches the plasmapause 
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boundary as geomagnetic activity increases (Figure 3.8a).  This suggests that the location of the 

mid-latitude radar backscatter is not tied to the location of the plasmapause, but rather it is 

stationary in magnetic latitude as the plasmapause moves equatorward with increased 

geomagnetic activity.  The high-velocity data shown in Figure 3.8b seems to be centered on the 

location of the plasmapause given by the model, especially for activity levels 3 ≤ Kp ≤ 6. 

 

Figure 3.8 (a) Latitude of low-velocity datapoints relative to the plasmapause model described 

by Moldwin et al. [2002].  (b) Location of high-velocity datapoints relative to the same 

plasmapause model.  A negative value means that the backscatter is equatorward of the model, 

and a positive value means that the backscatter is poleward of the model. 
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3.4. Discussion 

 

 Greenwald et al. [2006] observed a new type of quiet-time SuperDARN radar 

observation at mid-latitudes.  Based on a case study involving cooperation between the Wallops 

Island radar and the Millstone Hill ISR, they were able to draw a few conclusions about the 

nature of the irregularities.  Oksavik et al. [2006] and Baker et al. [2007] also used measurements 

from the new Wallops Island radar to examine mid-latitude plasma dynamics during 

geomagnetically active periods.  We have collected 3 years’ worth of mid-latitude SuperDARN 

data from the Blackstone, VA radar for an examination of the plasma irregularities seen at both 

quiet and storm time.  Based on the examination of where the low-velocity scatter occurs for 

different Kp levels, as well as in relation to the equatorward edge of the auroral oval, the 

conclusion is that these irregularities are subauroral.  From this point on, the low-velocity scatter 

events will be referred to as SAIS (sub-auroral ionospheric scatter).  The high-velocity scatter 

events however, seem to behave quite differently than the SAIS.  These are probably associated 

with auroral expansion during storm time.  Less SAIS is seen at elevated Kp levels, which is a 

result of elevated Kp being rare, especially at solar minimum, and the fact that the radar often 

observes high-velocity scatter in lieu of SAIS during storm time.  Conversely, the opposite is 

true for high-velocity ionospheric scatter, for which the maximum number of measurements was 

obtained for 3 ≤ Kp ≤ 4, thus reinforcing the contention that low-velocity irregularities are 

associated with the mid-latitude ionosphere regardless of geomagnetic activity, and the high-

velocity irregularities are associated with equatorward expansion of the auroral oval during storm 

time.  Also, although the distributions are not as well behaved as those of SAIS, while examining 

the trailing edges for 1 ≤ Kp ≤ 4 in Figure 3.6b, it appears that the distribution of high-velocity 
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measurements moves equatorward, as would be expected for irregularities in the auroral oval or 

at ionospheric footpoints of the plasmapause. 

 

 

Figure 3.9  A field of view plot of a 2-minute scan for the Blackstone radar on 17 September, 

2008.  The filled cells are data that have been identified as SAIS, and the shaded cells have been 

identified as ground scatter.  The dashed line represents the OVATION equatorward boundary of 

the auroral oval.  The solid line represents the plasmapause location according to the model 

proposed by Moldwin et al. [2002], while the dash-dot lines represent the error on the model. 
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 The comparisons with the OVATION boundaries and plasmapause model also provide 

some insight on the nature of the irregularities.  In Figure 3.7a, the latitudinal distribution of 

SAIS approaches the auroral boundary as geomagnetic activity increases.  In fact, the expanding 

auroral oval is actually approaching the SAIS, which is nearly stationary in geomagnetic latitude, 

regardless of Kp.  The relationship of the high-velocity data to the auroral region is not quite as 

clear.  In Figure 3.7b, some of the data is truly in the auroral region, and some seems to be 

organized by a geophysical feature slightly equatorward (~5°) of the auroral oval.  The auroral 

data that is more than 10° equatorward of the boundary is probably high-velocity SAPS [Foster 

and Burke, 2002].   

 The SAIS showed a similar relationship with the plasmapause model as it did with the 

auroral boundary.  That is, it remained in the same window of latitudes as the model 

plasmapause moved equatorward during periods of enhanced geomagnetic activity.  This 

observation suggests that the SAIS is not only subauroral, but also equatorward of the 

plasmapause, which means that it must be observed on magnetic field lines that map out into the 

plasmasphere.  The high-velocity measurements, however, appear to be centered on the 

plasmapause for 3 ≤ Kp ≤ 6. 

 Distributions alone cannot give a holistic portrait of where SAIS occurs in relation to 

geophysical features.  Because of this, a field of view plot of one 2-minute scan from the 

Blackstone radar is shown in Figure 3.9.  The data are from 17 September 2008, which is the 

same date as the plot shown in Figure 3.2.  In this field of view plot, data that have been flagged 

as SAIS and ground scatter are both visible.  Additionally, the OVATION equatorward boundary 

of the auroral oval, as well as the plasmapause model position according to Moldwin et al. 

[2002], is shown.  The ionospheric backscatter (filled cells) lies in the 50° ≤ Λ ≤ 60° range, as 
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was observed in the distributions.  The data is from a moderately active period, with Kp = 2+.  It 

can be seen that the scatter is well equatorward of the auroral region, and is equatorward even of 

the lower-latitude error bar of the plasmapause.  This is typical SAIS as shown in the 

distributions, that is, a long-lived band of ionospheric irregularities with Doppler velocities in the 

tens of m/s, equatorward both of the auroral oval and of the plasmapause. 

Studies of the plasmaspheric convection have used IMAGE EUV data to trace visible notches in 

the plasmasphere [e.g., Burch et al., 2004; Galvan et al., 2010], and have centered on a 

noticeable lag behind corotation.  Measurements made by mid-latitude SuperDARN radars can 

enrich a similar study, by providing higher time and spatial resolution Doppler velocity 

measurements.  The fact that the SuperDARN radars run constantly, and observe SAIS most 

nights, provides large quantities of data for analysis.  Additionally, the use of overlapping radar 

fields of view allows common volume analysis to render true 2-dimensional drift velocities of 

plasma irregularities in the ionosphere that map out into the plasmasphere.  Measurements such 

as these could prove invaluable for studies of mid-latitude ionospheric dynamics, as well as 

inner-magnetospheric dynamics, by mapping the plasma drift observed in the ionosphere into the 

magnetosphere. 

 The fact the SAIS is observed with such high frequency, and always in the same window 

of magnetic latitudes suggests that the mid-latitude ionosphere is littered with decameter-scale 

plasma irregularities, and the latitude where backscatter is seen must be a product of propagation 

conditions.  That is, SAIS occurs where the HF rays from the radar are orthogonal to the Earth’s 

magnetic field lines.  What instability processes cause irregularities are not yet exactly known.  

Greenwald et al. [2006] suggested that the TGI was generating the instabilities after a 

coordinated campaign with the Millstone Hill ISR revealed opposed temperature and density 
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gradients.  These are the conditions necessary for the TGI as described by Hudson and Kelly 

[1976].  Future campaigns between the Blackstone radar and the Millstone Hill ISR should 

reveal if the TGI is usually the cause of the instabilities, or if this case study was an isolated 

incident.  The process could also be the GDI, which is the most common cause of ionospheric 

irregularities at high-latitudes.  The GDI has also been credited with causing “dusk scatter”, 

which has similar properties to SAIS, but at higher latitudes [Ruohoniemi et al., 1988; Hosokawa 

and Nishitani, 2010].  This seems unlikely however, because the characteristic velocities of the 

SAIS seem to be too low to be caused by the GDI.  It is also possible that the SAIS irregularities 

are being caused by a combination of processes.   

 The high-velocity data is probably a combination of several phenomena.  These include, 

but are not limited to:  convection in the auroral region driven by the solar wind, irregularities in 

the plasmapause, high-velocity SAPS [Foster and Burke, 2002], SAID [Spiro et al., 1979], and 

dusk scatter [Ruohoniemi et al., 1988; Hosokawa and Nishitani, 2010].  The upcoming solar 

maximum should provide more high-velocity data in mid-latitudes, allowing for a thorough 

investigation into these types of scatter. 

 

3.5. Summary 

 

 In this paper, we have demonstrated an ability to select for SAIS events within 

SuperDARN data, making possible statistical analysis of its occurrence and properties.  Upon 

doing so, it is clear that SAIS is observed on field lines that map out into the plasmasphere.  It is 

also clear that the mid-latitude ionosphere is quite active, regardless of geomagnetic activity, and 

that the SuperDARN radars in this latitude region commonly make measurements within the 
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region of the ionosphere that is conjugate to the inner magnetosphere, with a frequency of about 

3 out of every 4 nights.   
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Abstract 

The mid-latitude radars of the Super Dual Auroral Radar Network (SuperDARN) located on the 

grounds of the Virginia Tech AREC facility in Blackstone, Virginia and in Fort Hays, Kansas 

frequently observe backscatter subauroral ionospheric backscatter equatorward of the 

plasmapause boundary.  This allows for derivation of subauroral convection patterns by fitting 

ionospheric flows to the line of sight velocities recorded at the radars.  These convection patterns 

are primarily westward throughout the night, with an eastward turning near dawn.  The fact that 

the ionospheric irregularities detected by the radar are on magnetic field lines that map out into 

the plasmasphere allows for the derivation of a corotation factor of the plasmasphere.  The 

irregularities generally exhibit a 5-10% lag behind corotation throughout the night, with a slight 

supercorotation around dawn.   
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4.1. Introduction 

  

 Plasma convection in the mid-latitude F region is generally thought to be caused by the 

ionospheric disturbance dynamo described by Blanc and Richmond [1980].  In this model, joule 

heating at high latitudes drives equatorward mid-latitude neutral winds.  The winds maintain 

angular momentum, which causes a lag behind the earth’s rotation in the mid-latitudes.  This 

subrotation causes equatorward currents, which in turn cause poleward electric fields.  These 

poleward electric fields then drive a westward E x B plasma drift in the F region.  Another cause 

of mid-latitude convection is electric fields that penetrate the plasmapause boundary [Jaggi and 

Wolf, 1973].  These electric fields are transient, because Birkeland currents flow to reduce the 

electric field within the plasmasphere.  These electric fields cause a westward E x B drift on the 

nightside and an eastward drift on the dayside in the mid-latitude ionosphere in the case of 

undershielding.        

 Historically, plasma motion at mid-latitudes has been studied with the use of incoherent 

scatter radars (ISRs) [e.g. Richmond et al., 1980, Scherliess et al, 2001].  The Super Dual 

Auroral Radar Network (SuperDARN) is a network of HF radars that monitor E and F region 

plasma drifts [Greenwald et al., 1985; Chisham et al., 2007].  The radars detect decameter scale 

plasma irregularities orthogonal to the terrestrial magnetic field.  A typical SuperDARN radar 

consists of a phased array with 16 look directions (beams) separated by about 3.3°.  One 

azimuthal scan across all beams generally lasts 1-2 minutes.  Three types of backscatter are 

usually observed by SuperDARN radars: ionospheric scatter from plasma irregularities at E and 

F region heights; meteor scatter from meteor echoes at about 90 km altitude; and ground scatter 
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from radar signal being reflected down to the Earth’s surface by the ionosphere. A field-of-view 

plot for the Blackstone, Virginia radar is shown in Figure 4.1. 

 

 

Figure 4.1  A field of view plot for a single scan of Doppler velocity data from the Blackstone, 

VA SuperDARN radar. 

 

 

 The recent expansion of SuperDARN to mid-latitudes allows for a much greater volume 

of coverage and continuous measurements of convection in the mid-latitude F region.  Several 

studies [e.g. Greenwald et al., 2006; Oksavik et al., 2006; Baker et al., 2007] have been 

published which use data from these radars.  However, no study has been performed using large 
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amounts (3 years) of nearly continuous mid-latitude SuperDARN data.  In this paper, we aim to 

use 3 years (2008-2010) of SuperDARN data from the Blackstone, Virginia radar  and one year 

of data (2010) from the east array of the Fort Hays, Kansas radar to produce 2-dimensional sub-

auroral convection maps of the mid latitude region.   

 

4.2. Dataset 

 

 

 One difficulty in performing a large-scale study of convection using mid-latitude 

SuperDARN radars is that the ionospheric scatter observed typically has Doppler velocities and 

Doppler spectral widths in the tens of meters per second, making is difficult to distinguish from 

ground scatter [Baker et al., 2007].  Recent work by Ribeiro et al. [A new approach to 

identifying ionospheric backscatter in mid-latitude SuperDARN data, submitted to Radio 

Science, 2011] has provided a method for distinguishing between these two scatter types.  

Additional work by Ribeiro et al. (manuscript in preparation) has identified that there is a 

distinction between scatter types observed by the mid-latitude SuperDARN radars.  One type, is 

low-velocity subauroral irregularities that are seen very frequently (> 50% of days) and confined 

to local night.  This type of irregularity was first identified by Greenwald et al. [2006] and the 

temperature gradient instability [Hudson and Kelley, 1976] has been suggested as the cause of 

these irregularities.  Additionally, high-velocity ionospheric flows are observed at mid-latitude 

during storm-time.  For this paper, we will consider only radar data that fits the velocity criteria 

to be classified as quiet-time subauroral ionospheric scatter.  All of the data from 2008-2010 

gathered from the Blackstone, VA radar and all of the data collected in 2010 from the Fort Hays 

East radar will be included regardless of geomagnetic activity level.  This is reasonable because 
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Ribeiro et al. [manuscript in preparation] have shown that data identified as subauroral 

ionospheric scatter is equatorward of the plasmapause, even at moderate to high Kp levels. 

 Because the radars are able to detect only line-of-sight velocity, fitting must be done in 

order to produce a 2-dimensional convection pattern.  First, Doppler measurements are put into a 

grid that is spaced by 2° of magnetic latitude and 15 minutes of magnetic local time (MLT).  

Next, the measurements within each grid cell are binned by azimuth in 5° steps.  Once all of the 

measurements are gridded and binned, the fitting process begins.  First, only grid cells with at 

least 6 azimuth bins (~30° of coverage) with at least 500 Doppler measurements in them are 

candidates for fitting.  The reason for this is to provide enough data and azimuthal coverage for a 

reliable fit.  Because the number of Doppler measurements in each azimuth bin is a function of 

beam look direction and propagation conditions, all azimuth bins with over 500 measurements in 

all qualifying cells are weighted equally when performing the fit.  Next, mean-squared errors 

(MSE) are calculated for all 2-dimensional flow velocities with magnitudes from 1-200 m/s and 

azimuths from 0°-359°.  The zonal and meridional components are calculated from the 2-

dimensional flow velocities using equations 4.1a and 4.1b where v is the magnitude of the 

velocity and Θ is the flow azimuth.  The projection of this velocity into the line-of-sight azimuth 

bins is then done with equation 4.2 where α is the azimuth of the bin.  The best fit velocity is 

then chosen to be the one with the least MSE across all qualifying azimuth bins.  An example of 

the fitting is illustrated in Figure 4.2. 

 

                    [4.1a] 

                    [4.1b] 

                                   [4.2] 
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Figure 4.2  A demonstration of the fitting technique.  The vectors on the left are the average 

line-of-sight velocities in each azimuth bin.  The vector on the right is the velocity and azimuth 

combination that produces the minimum MSE across all of the azimuth bins. 

 

4.3. Results 

 

 

 The resulting convection pattern for Kp ≤ 2 can be seen in the top panel of Figure 4.3.  

The number of points per latitude-MLT bin is shown in the bottom panel.  The figure is 

organized by magnetic latitude on the y-axis and MLT on the x-axis.  It can be seen that 

convection is primarily westward across the entire nightside, but turning eastward approaching 

dawn.  The westward convection is in good agreement with the drifts that would be expected 

from both the disturbance dynamo and penetration electric fields.  The zonal and meridional 

components of the flow velocities within 55° < Λ ≤ 59° are shown in Figure 4.4.  A positive 

zonal velocity corresponds to eastward motion, and a positive meridional velocity corresponds to 

northward motion.  The zonal velocity distribution appears to have a maximum of about 25 m/s 

across most of the nightside, which is in very good agreement with the findings for mid-latitude 

quiet-time ionospheric convection of Richmond et al. [1980] using the Millstone Hill ISR (Λ = 
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57°), especially for winter and equinox months.  The findings of Richmond et al. [1980] are 

shown in Figure 4.5.  The zonal velocities, however, have a slightly different distribution.  The 

findings from the SuperDARN radars show an equatorward motion from about 18-24 MLT, and 

a poleward motion from 0-6 MLT.  Richmond et al. [1980] found an equatorward flow from 

about 18-20 MLT, a poleward flow from 20-24 MLT, and almost 0 velocity from 0-6 MLT.  A 

possible explanation for the discrepancy is that Richmond et al. [1980] separated the winter, 

summer and equinox months while we did not.   

 

 

Figure 4.3  The top panel shows the fitted convection pattern for all subauroral measurements 

during Kp ≤ 2.  The bottom panel shows the number of points used in velocity fitting for each 

latitude-MLT cell. 
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Figure 4.4  Zonal and meridional velocity components for the fitted flow vectors centered on Λ 

= 57° for quiet time.  The zonal component is positive eastward, and the meridional component 

is positive northward.  The error bars indicate the MSE of the flow velocity fitting process. 
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Figure 4.5  Averaged quiet day drifts (points) with error bars, and model drifts (solid lines)  

measured by the Millstone Hill ISR [Richmond et al., 1980]. 

 

 

 The top panel of Figure 4.6 shows the convection pattern for more disturbed periods (Kp 

> 2) and the bottom panel shows the counts per latitude-MLT bin.  It is clear that the velocity 

magnitude increases, with a maximum of about -60 m/s around midnight.  The zonal and 

meridional components of velocity for disturbed periods are shown in Figure 4.7.  The increase 

in magnitude is to be expected during periods of enhanced geomagnetic activity.  First, the 

increase in particle precipitation increases the Joule heating in the auroral region and enhances 

the ionospheric disturbance dynamo.  Also, sudden changes in the IMF cause sudden changes in 

the magnetospheric electric field, which in turn drive penetration electric fields in the mid-
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latitude region.  The direction is again primarily westward, with an apparent eastward turning 

near dawn, in agreement with both of the discussed causes of electric fields.  Interestingly, the 

meridional component of velocity nearly disappears during disturbed periods. 

 

 

 

Figure 4.6  The top panel shows the fitted convection pattern for all subauroral measurements 

during Kp > 2.  The bottom panel shows the number of datapoints used for the velocity fitting in 

each latitude-MLT bin.  
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Figure 4.7  Zonal and meridional velocity components for the fitted flow vectors centered on Λ 

= 57° for disturbed periods.  The zonal component is positive eastward, and the meridional 

component is positive northward.  The error bars indicate the MSE of the flow velocity fitting 

process. 

 

Discussion 

 

  

 Recent studies have used IMAGE EUV data in order to study a plasmaspheric lag behind 

corotation [e.g. Burch et al., 2004; Galvan et al., 2010].  These studies track density features in 

the plasmasphere as they rotate with the Earth.  Burch et al. [2004] found that the plasmasphere 

was rotating at about 90% of corotation, and suggested that the westward drifts due to the 

ionospheric disturbance dynamo were the cause of the lag.  Galvan et al. [2010] employed a 

similar technique and found corotation factors of about 0.95 for L = 2.5 and 0.89 for L = 3.5.  

They then compared the rotation rates of the plasmasphere with indices that are associated with 
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Joule heating in the ionosphere and concluded that the ionospheric disturbance dynamo was not 

the only factor causing the lag behind corotation.   

 The subauroral ionospheric scatter observed by the Blackstone radar is centered on Λ = 

55° or L = 3.  Figure 4.8 shows a plot of the corotation factor of the plasma irregularities 

observed in the ionosphere by the Blackstone radar for all Kp levels organized by MLT.  All Kp 

levels were used because the measurements identified as subauroral are almost all equatorward 

of the plasmapause, regardless of Kp level, as demonstrated by Ribeiro et al. [manuscript in 

preparation].  The mean corotation factor across all MLTs is 0.956.  This is a bit higher than the 

values found in previous work, but is still in fair agreement.  The difference in mean value could 

be attributed to the fact that the Blackstone and Fort Hays radars observe subauroral ionospheric 

scatter only at night, either because the rays cannot penetrate to F region heights when the 

ionosphere is denser during the day, or a conducting E region shorts out ionospheric electric 

fields needed to drive the convection, or both.  The typical factor of corotation is about .92-.93 

until ~2 MLT, which is in very good agreement with the findings of Galvan et al. [2010] 

considering that the convection patterns are centered on about L = 3. 
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Figure 4.8  Corotation factor of the ionosphere as determined by the convection mapping 

organized by MLT. 

  

4.4. Conclusions 

 

 

 In this paper, we have demonstrated the ability to derive subauroral convection patterns 

using Doppler data from two mid-latitude SuperDARN radars.  The convection is primarily 

westward throughout the night, with a velocity maximum at about local midnight.  There is also 

an eastward turning prior to dawn.  These patterns are in agreement with the convection 
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described in previous studies using ISRs [e.g. Richmond et al., 1980; Scherliess et al., 2001].  

The fact that the ionospheric plasma irregularities observed are on field lines that map out to the 

plasmasphere, one can extrapolate the drift velocities into the inner magnetosphere to 

approximate the rotation rate of the plasmasphere.  When this is done, the results are in good 

agreement with studies of plasmaspheric rotation using EUV images [e.g. Burch et al., 2004; 

Galvan et al., 2010].  Mid-latitude SuperDARN measurements could be extremely useful for 

determining the cause of the corotation lag in the future, as they provide continuous data across a 

large range of L-shell values. 
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5. Conclusions/Future Work 

 

 Ionospheric Doppler velocities from the mid-latitude SuperDARN radars typically 

exhibit velocities and spectral widths in the tens of meters per second, making it difficult to 

distinguish from ground scatter [Baker et al., 2007].  In Chapter 2, a new method was discussed, 

in which low-velocity ionospheric backscatter could be classified as such.  This new 

classification method resulted in a more reasonable velocity distribution than did the old method, 

and also resulted in mean velocities that were in better agreement with measurements made by 

ISRs.   

 This new classification method was applied to 3 years of Blackstone radar data, and was 

able to identify periods where the radar was detecting low-velocity quiet-time plasma 

irregularities at F region heights.  These irregularities were first identified in a case study by 

Greenwald et al. [2006].  In Chapter 3, a large-scale analysis of these irregularities was 

performed.  First, the low velocity irregularities (SAIS) were separated from high velocity ones, 

which showed a clear distinction in magnetic latitude distribution.  The SAIS showed to be 

nearly fixed in magnetic latitude, regardless of geomagnetic activity level, subauroral, and 

equatorward of a plasmapause boundary model.  The high-velocity scatter however appeared to 

be centered on the plasmapause, especially for moderately disturbed periods. 

 The demonstration that the SAIS was in fact subauroral allowed for the convection 

mapping of Chapter 4.  All data recorded by the Blackstone radar from 2008-2010 and by the 

Fort Hays East radar in 2010 was used to fit typical 2-dimensional flow velocities.  The flows 

were shown to be predominantly westward, and in good agreement with previous studies [e.g. 

Richmond et al., 1980].  The fact that the ionospheric flows identified in the convection mapping 

map out into the plasmapause suggests that subcorotation of the plasmasphere is being observed 
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in the ionosphere, and the typical rotation lags observed by SuperDARN are in good agreement 

with previous studies using IMAGE EUV data [e.g. Galvan et al., 2010]. 

 Currently, there are 2 pairs of mid-latitude SuperDARN radars with overlapping fields of 

view.  These overlapping fields of view allow for concurrent line of sight measurements from 2 

different radars in a common volume to be used in order to resolve true 2-dimensional velocities.  

This process would allow for higher-confidence convection mapping as well as case studies 

using 2-dimensional flows.  Additionally, modeling should be performed in order to help 

determine the roles of the ionospheric disturbance dynamo and penetration electric fields in the 

lag behind corotation that is observed in the plasmasphere.  
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