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ABSTRACT 

 

The Sub-Auroral Polarization Stream (SAPS) is a narrow, intense and persistent 

westward (sunward) ionospheric convection flow channel observed equatorward of the auroral 

electron precipitation boundary, predominantly on the nightside. Previous studies have identified 

disturbed-time SAPS to be a geomagnetic activity dependent phenomenon, which exhibits 

average pre-midnight and post-midnight velocities of 1000 m/s and 400 m/s respectively. 

Numerous studies have reported even narrower and more intense westward plasma flows called 

SAIDs to be embedded within SAPS channels, especially during substorm recovery phases. 

Quiet-time SAPS studies, although relatively few, have shown these SAPS to be associated with 

much weaker velocities and to be influenced by substorm intensifications. However, these 

studies have been limited in their ability to make simultaneous measurements of SAPS flow 

velocities over many hours of MLT. The recent expansion of SuperDARN radars to middle 

latitudes facilitates unprecedented large-scale observations of SAPS over 10 hours of MLT with 

high temporal and spatial resolution. In this thesis, we first examine the spatial and temporal 

dynamics of one quiet-time SAPS event, using the mid-latitude SuperDARN radars. The SAPS 

was identified as elevated flows lying equatorward of the auroral electron precipitation boundary 

specified by the NOAA POES satellites. We demonstrate the L-shell fitting technique to analyze 

the dynamics in the strength and direction of the two-dimensional SAPS flow velocities at three 

separate magnetic longitudes. The quiet-time SAPS event thus examined lasted for over 4 hours 

in UT and extended over 10 hours of MLT, as is commonly observed for disturbed-time SAPS.  
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However, the decrease in SAPS peak latitudes and peak velocities with MLT and MLon 

respectively, observed for disturbed-time SAPS, was not observed for this event. We also find 

the dynamics of the enhancements in the quiet-time SAPS peak velocities, to correlate well with 

that of substorm intensifications identified using the CARISMA magnetometers. We then 

identify numerous such conjunctions between quiet-time SAPS and substorms to infer that quiet-

time SAPS were almost always associated with substorms and their durations were well bounded 

by that of the substorms for most cases. Next, we extend this analysis over to a statistical study 

of quiet-time and disturbed-time SAPS events identified over two years. From this study, we find 

quiet-time SAPS to occur between the relatively narrow nightside MLT range of [18, 4] whereas 

disturbed-time SAPS was found to occur between the broader nightside MLT range of [15, 5]. 

We also find the occurrence percentage of quiet-time SAPS to be at its highest between the 

narrow latitude range of 60-66⁰, while disturbed-time SAPS was observed to occur within a 

much broader latitude range of 55-66⁰. Finally, the calibration and validation of a control card 

used in the SuperDARN radar transmitters, is discussed.   
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Chapter 1 

Introduction 
 

1.1. The Ionosphere 
 

The ionosphere is the region of the Earth’s upper atmosphere where the neutral atmosphere 

co-exists with weakly ionized plasma [Kelley, 2009]. It stretches between 50 km and 1000 km 

above the surface of the earth and can be organized into layers based on the number density of 

the plasma. The neutral atmosphere is composed of gases which can be organized into layers 

based on temperature. Figure 1.1 shows a representative temperature profile of the neutral 

atmosphere and a plasma density profile of the ionosphere with respect to altitude.  

 

Figure 1.1: Representative temperature profile of the neutral atmosphere and the plasma density profile of the 

ionosphere [Kelley, 2009]. 
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Ionospheric structure and sources of ionization 

The primary source of ionization in the ionosphere is solar illumination, specifically UV 

and EUV radiation, which is also absorbed by the thermosphere to cause the temperature 

increase observed in Figure 1.1. The ionosphere exhibits two plasma density profiles, one typical 

of daytime and one typical of nighttime, as shown in Figure 1.1. The exponential increase of 

neutral gas density with decreasing altitude, results in a height-dependent rate of ionization of the 

neutral gases by the solar radiation incident on the daytime neutral atmosphere [Chapman, 

1931a, b]. This results in the formation of three distinct layers of the ionosphere: the D region 

(below 90 km), the E region (between 90 and 130 km), the F region (above 130 km). The F 

region is often further subdivided into the F1 and F2 regions due to the appearance of a second 

peak below the F2 peak. The ionosphere transitions continuously into the magnetosphere, which 

is a region of strongly ionized plasma where the plasma concentration exceeds that of the neutral 

particles. The density and composition of the daytime neutral atmosphere (dashed lines) and 

ionosphere (solid lines) is shown in Figure 1.2. 

 
Figure 1.2: Variation of density and composition of the daytime ionosphere and neutral atmosphere with altitude, 

based on mass-spectrometer measurements [Luhmann, 1995]. 
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Ionospheric composition 

The D region is the lowest layer of the ionosphere and plays a major role in commercial 

radio communication. The predominant ions in this layer are NO
+
 and O2

+
. Only the most 

energetic solar radiation (x-ray photons and cosmic ray particles) can enter this layer, and hence 

it does not exist during nighttime due to recombination returning the plasma back to its neutral 

state. This region is also associated with several poorly understood loss processes [Luhmann, 

1995]. The E region is characterized by a change in the slope of the electron density profile at 

around 100 km, shown in Figure 1.2. A region of very high electron density called the Sporadic 

E region is often observed in the E region, which varies with area, time, location and season 

[Hargreaves, 1979]. The dominant ions in the E region, O2
+
 and NO

+
 are produced by ultraviolet 

radiation and solar x-rays. The F1 and F2 regions are dominated by the O
+
. The F1 layer contains 

a maximum electron density at around 170 km and merges into the F2 layer where the 

ionospheric plasma density reaches its peak.  

Although the primary source of ionization in the E and F regions is photoionization at 

higher latitudes, impact ionization also plays a major role in the generation of plasma from 

neutral particles. Energetic particles from the solar wind move along open magnetic field lines 

and impact the neutral particles at higher latitudes to enhance the ionization process in these 

regions. The result of this enhancement is more pronounced on the nightside where these impacts 

release visible energy in the form of aurora [Kelley, 2009]. 

 The ionosphere changes diurnally since its composition is primarily controlled by solar 

radiation. The ionospheric production rates have been shown to depend on the sunspot number 

[Hargreaves, 1979]. The ionosphere also exhibits different properties at different latitudes owing 

to the changing orientation of geomagnetic field lines with latitude. At high latitudes and low 
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latitudes respectively, the nearly perpendicular and horizontal orientations of the magnetic field 

lines, cause complex physical processes at these regions. The mid-latitude region behaves as an 

intermediary zone with influences from both high-latitude processes and low-latitude phenomena 

[Kelley, 2009].This results in various interesting processes such as Sub-auroral Polarization 

Streams (which is the focus of this study), to be observed at these latitudes. 

Ionospheric irregularities 

Irregularities arise in ionospheric plasma due to processes of plasma instability and 

plasma transport [Tsunoda, 1988]. These irregularities exhibit huge variations in spatial scales. 

Under the influence of ionospheric electric fields, E, and the geomagnetic field, B, these plasma 

density irregularities were observed to drift at a velocity given by equation: 

   
   

  
 

 Such plasma density irregularities are also observed in the E region [Fejer and Kelly, 

1980]. However at these heights, the ions frequently collide with neutral particles, and therefore 

it is only the electrons which move in the     direction. This relative motion establishes 

electric currents in these regions, which can be detected by ground magnetometers. Ionospheric 

plasma density irregularities are magnetic field aligned structures, which can be studied using 

radio waves. However, in order for the scattered radio wave to return to the radar, the incident 

radar signal must be orthogonal to the magnetic field. At high latitudes, when the magnetic field 

lines are nearly vertical to the earth’s surface, VHF and UHF radar signals cannot satisfy this 

condition above E region altitudes. HF radars, however, can observe plasma density irregularities 

at both E and F region altitudes as HF radar signals can refract in the upper atmosphere to 

achieve orthogonality with magnetic field lines. The observations made by the SuperDARN HF 

radars at mid-latitudes form the primary dataset used in this study.  
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1.2. Magnetospheric and Ionospheric Dynamics 
 

 

The dynamics of plasma movement and current systems in the high-latitude ionosphere are 

largely driven by the interactions of the solar wind with the geomagnetic field lines. The solar 

wind is a constantly streaming flow of plasma originating from the sun and results from the 

difference in gas pressure between the solar corona and space [Hundhausen, 1995]. This 

collisionless (mean free path between collisions is greater than the size of the system) and 

highly-conductive plasma also carries with it, remnants of the sun’s magnetic field known as the 

Interplanetary Magnetic Field (IMF). This phenomenon is explained by the frozen-in-flux 

concept which states that if a magnetic flux tube exists in a steady plasma flow, then the fluid 

that was originally in the flux tube will remain within the same flux tube, irrespective of its 

location [Kivelson, 1995]. 

The magnetic field of the earth forms an obstacle to the solar wind by creating a feature 

called the bow shock which is typically located at a distance of about 14 Earth radii (14 RE) from 

the center of the earth (1 RE = 6,371 km). The bow shock slows the supersonically flowing solar 

wind to subsonic speeds in order to allow it to flow around the earth’s magnetosphere. The 

position of the bow shock relative to the earth is a function of the solar wind dynamic pressure 

[Burgess, 1995]. The outer boundary of the magnetosphere is called the magnetopause and the 

region between the bow shock and the magnetopause is called the magnetosheath. The IMF 

typically is at an angle of 45⁰ to the sun-earth line and intersects the shock at different angles 

along its curved surface. Figure 1.3 shows the solar wind deflected at the bow shock and flowing 

around the magnetosphere. 
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Magnetospheric structure 

Early studies based on observations by magnetometers and other ground-based 

observatories showed that ionospheric plasma flows from noon to midnight over the polar 

regions and then sunward at lower latitudes along the dusk and dawn sides, thereby forming a 

twin-cell pattern of plasma convection [Hughes, 1995]. It was Dungey [1961] who proposed that 

this motion of ionospheric plasma was a result of the reconnection between the antiparallel 

(southward) IMF and the geomagnetic field lines near the front of the magnetosphere. 

 

Figure 1.3: The Dungey reconnection process numbered in the order of the steps in reconnection. The inset shows 

the footprint of the numbered field lines in the northern high-latitude ionosphere and the corresponding plasma 

flows forming the high-latitude convection pattern [Hughes, 1995]. 

 

 

At this point, the high-energy particles from the sun, brought to the earth by the solar 

wind, enter the ionosphere along these highly conductive magnetic field lines to cause various 

phenomena such as auroral displays. The field lines in the northern and southern hemispheres are 



7 

 

stretched on the nightside as the solar wind moves around the magnetosphere and past the earth. 

At the ionospheric end of a field line, this movement corresponds to an anti-sunward plasma 

flow across the polar region shown by the numbers 1-6 in Figure 1.3. The stretched geomagnetic 

field lines eventually break free of the IMF and reconnect once again deep on the nightside. The 

newly reconnected field lines return to the day side along the dusk and dawn flanks resulting in 

the corresponding sunward plasma flow in the ionosphere, as shown in Figure 1.3.  

Magnetospheric currents and plasma populations 

 

Figure 1.4: Plasma populations and current systems of the magnetosphere in three dimensions [Hunsucker 

and Hargreaves, 2003]. 

 

 

At the magnetopause, the solar wind plasma electrons and ions encounter a  ⃑   ⃑⃑⃑ force 

and respond to it by gyrating in right-handed and left-handed senses, respectively. The current 

thus generated on the magnetopause is called the magnetopause current or the Chapman-Ferrero 

current, named after the scientists who proposed their existence [Wolf, 1995]. The geomagnetic 

tail is that portion of the magnetosphere that can extend for hundreds of RE (depending on 

prevailing solar wind conditions) away from the sun and acts as a reservoir of plasma and 
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energy. It consists of a current sheet that is embedded within a region of hot plasma called the 

plasma sheet and surrounded by the north and south tail lobes which connect magnetically to the 

north and south poles, respectively. This stretched geometry of the geomagnetic tail results in a 

westward tail current in the equatorial plane. Trapped inner magnetospheric protons and 

electrons (Van Allen particles) which drift westward and eastward respectively, contribute to 

forming the ring current, which circles the earth in the equatorial plane at distances of 4 - 6 RE 

from the center of the earth [Hunsucker and Hargreaves, 2002]. Partial ring currents can also be 

formed in pseudo trapping regions resulting in a component of the ring current going only part 

way around the earth. Field aligned currents (FACs) or Birkeland currents connect the ends of 

these partial ring currents to the ionosphere, thereby closing the circuit. In the ionosphere, the 

Birkeland currents are closed via Pederson currents as shown in Figure 1.5. Sheets of field 

aligned currents called Region 1 currents flow into the ionosphere from the dawn sector and out 

at dusk at higher latitudes, whereas the lower latitude Region 2 currents have the opposite 

polarities [Iijima and Potemra, 1976; McPherron, 1995]. The inner magnetosphere is also home 

to the plasmasphere, which is a major source of cold plasma for the mid and low-latitude 

ionosphere. The locations of these plasma populations and current systems are shown in Figure 

1.4. 
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Figure 1.5: A schematic of combined FACs and ionospheric current systems [Le et al., 2010]. 

 

The magnetospheric substorm 
 

During geomagnetically disturbed periods, when the IMF briefly turns southward, high-

latitude magnetometers often observe negative bays in their measurements of the horizontal 

component (H). These bays have been established to be a result of the formation of the Substorm 

Current Wedge (SCW) (Figure 1.6) and the subsequent diversion of the cross tail current along 

FACs, which then closes along the electric currents in the ionosphere [McPherron et al., 1973]. 

These electric currents are called the Auroral Electrojets. In 1899, Kristian Birkeland observed 

numerous enhancements in the Auroral Electrojets over the course of a magnetic storm and 

termed them as Polar Elementary Storms. Akasofu and Chapman [1961] first used the term 

Substorm to describe these enhancements and identified their typical duration to be about 2 

hours. In his seminal paper on substorms, Akasofu [1964] used numerous all-sky imager (ASI) 

measurements to identify the broad stages of evolution of a substorm as a Quiet phase, 

Expansion phase and a Recovery phase. Observations of numerous phenomena that occurred 

before the onset of the substorm expansion phase, resulted in the modification of this substorm 
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model to include a Growth phase before the onset of the Expansion phase [Saito, 1969; Mc 

Pherron, 1970]. Various studies on substorm phenomenon since then have established that the 

energy of the solar wind is stored in the magnetosphere during the Growth phase, which is then 

unloaded during the Expansion phase into the auroral ionosphere, followed by the Recovery 

phase when the magnetosphere returns to its original state. Also established was the relationship 

of substorms to IMF, in that they were more likely to be triggered during extended periods of 

southward IMF. However substorms can also be triggered during northward IMF indicating that 

other interactions between solar wind and the magnetosphere may play an important role to this 

effect [Rostoker et al., 1980]. 

 

Figure 1.6: The Substorm Current Wedge [Mc Pherron et al., 1973]. 

 

Geomagnetic storms 

 
When the IMF turns southward and remains so for an extended duration, magnetic storms 

begin to develop. Magnetic storm signatures have conventionally been identified using the Dst 

(disturbed storm time) index, which is a 1 hour average of the change in the horizontal 

component (H) of the earth’s surface magnetic field measured at numerous low-latitude 
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magnetometers [Suguira, 1964; Sugiura and Poros, 1971]. The magnetic storm consists of three 

phases: 

 The initial phase: The magnetosphere responds to changes in the solar wind dynamic 

pressure either by a sudden commencement (SC) or a sudden impulse (SI) depending on 

whether the change is followed by a magnetic storm (for SC) or not (for SI). The SI or SC 

results in the movement of the Chapman-Ferrero currents towards the earth, thus 

strengthening them. This is observed as a momentary increase in the Dst index. This phase 

lasts as long as the IMF is northward [McPherron, 1995]. 

 The main phase: This phase of the magnetic storm is characterized by a sustained 

decrease in the Dst index, caused by the development and intensification of the ring 

current [Chapman and Bartels, 1940].   

 The recovery phase: This is the longest phase of the storm and may last for a couple of 

days for intense magnetic storms. The recovery phase is caused by the reduction in the 

intensity of the ring current, resulting from the loss of radiation belt particles [McPherron, 

1995]. 

The relationship between storms and substorms is an active area of research. Although the 

classical view has been that storm-time substorms result in the build-up of the ring current 

through a series of high-energy particle injections, recent studies have shown otherwise [Iyemori 

and Rao, 1996; Wanliss and Showalter, 2006]. Nevertheless, both storms and substorms draw 

from the same source of energy, namely the solar wind. 
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1.3. Sub-Auroral Polarization Streams (SAPS) 
 

During periods of heightened geomagnetic activity, the energy that the interplanetary 

medium transfers to the magnetosphere-ionosphere system can manifest itself in the form of 

electric fields that appear within regions of low ionospheric conductivity and equatorward of the 

auroral electron precipitation boundary [Foster and Burke, 2002]. Strong poleward directed sub-

auroral electric fields have been shown to drive latitudinally narrow sunward plasma convection 

known as Polarization Jets (PJs) or Subauroral Ion Drifts (SAIDs), in the evening local time 

sector [Galperin et al., 1974; Spiro et al., 1979, Anderson et al., 2001]. Numerous past studies 

have identified SAIDs to be a very common substorm recovery feature [Spiro et al., 1979; 

Anderson et al., 1993; Karlsson et al., 1998]. Broader regions of subauroral sunward plasma 

movement were observed by Yeh et al. [1991], to be equatorward of the evening auroral 

convection cell. Foster and Burke [2002] proposed that all these events be described by the 

inclusive term Sub-auroral Polarization Stream or SAPS. Using data from the Millstone Hill 

incoherent scatter radar taken over two solar cycles (1979-2000), Foster and Vo [2002] showed 

that SAPS was a geomagnetic activity dependent, narrow (~3⁰-5⁰ magnetic latitude wide) 

channel of enhanced westward velocities with average peak amplitudes of 1000 m/s and 400 m/s 

in the pre-midnight and pre-dawn sectors respectively. Erickson et al. [2011] used the same 

dataset to determine that the magnetic latitude location of the peak SAPS flow channels 

decreased linearly with both Dst and MLT. They also showed that the SAPS was responsible for 

transferring O
+
 ions in the ionosphere towards the noontime cusp. Ring current particles are 

excited and transported to the inner magnetosphere by subauroral electric fields [Foster and 

Burke, 2002]. Studies on SAPS enable us to better understand magnetosphere-ionosphere 

coupling and the fundamental processes of geomagnetic coupling. 



13 

 

SAPS formation 

The magnetic field reconnection process detailed in the previous section is associated with 

the setting up of a dawn-to-dusk electric field across the magnetospheric tail, as identified by 

spacecraft measurements [Gurnett, 1970; Heppner, 1972]. The plasma sheet ions and electrons, 

encountering the effects of the cross-tail and corotational electric fields as well as the magnetic 

curvature and gradient forces, begin to drift westward and eastward respectively [Kavanagh et 

al., 1968]. On the dusk side, these plasma sheet ions move more earthward than the electrons, 

resulting in the formation of a radial electric field in the inner magnetosphere [Southwood and 

Wolf., 1978; Anderson et al., 2001]. These radial electric fields then map into the ionosphere 

along magnetic field lines creating poleward directed electric fields. Figure 1.7 shows a 

schematic of these electric fields mapping from the magnetospheric equatorial plane into the 

subauroral ionosphere. This is but one of many theories which have been proposed in the past to 

explain the formation of SAPS. Another widely accepted theory states that these subauroral 

electric fields can also be produced by the separation of the FACs which is driven by the 

misalignment between the ion and electron precipitation boundaries. If the FACs transport these 

charged particles to the subauroral ionospheric density tough, only a small current can flow 

between the footprints of the FACs, thereby creating a large polarization electric field [Anderson 

et al., 1993]. The large polarization electric fields set up in the subauroral ionosphere by either 

process results in the further reduction of conductivity in this region, thus leading to a positive 

feedback mechanism. The reduced conductivity results in larger electric fields and therefore 

higher SAPS drift velocities [Banks and Yasuhara, 1978; Shunk et al., 1978].  
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Figure 1.7: An illustration showing the mapping of SAPS electric fields from the magnetosphere (for example as 

measured by Cluster at a distance of L=4) onto the subauroral ionosphere (for example as measured by the Defense 

Meteorological Satellite Program [DMSP]), in the post-dusk sector. [Source: “Highlights from 8th Cluster 

Workshop.”, http://sci.esa.int/cluster/35962-highlights-from-8th-cluster-workshop/ ] 

 

 
 

SAPS evolution during substorms 

The evolution of SAPS during substorms has been a subject explored in numerous studies 

using multiple satellite instruments [Anderson et al., 1991, 1993, 2001; Mishin et al., 2008; 

Nishimura et al., 2008], Incoherent Scatter Radars (ISRs) [Foster et al., 2004; Mishin and 

Mishin., 2007] and Coherent Scatter Radars (CSRs) [Parkinson et al., 2003, Oksavik et al., 2006; 

Koustov et al., 2008; Makarevich et al., 2008; Makarevich and Dyson., 2008; Makarevich et al., 

2011]. It was observed from these studies that SAPS response times to substorm onsets were 

highly variable (10-40 mins) and depended on the location of the substorm onset in relation to 

that of the radars, among many other factors. It was also observed in some events that increase in 

SAPS velocities began to appear a few minutes prior to the onset, indicating that the formation of 

the SAPS channel happened independent of substorm formation [Mishin and Mishin, 2007; 

Makarevich and Dyson, 2008]. However, a common factor in all of these studies was that 

enhanced SAPS features were almost always observed within the recovery phase of a substorm. 

An earlier study, Anderson [1993], proposed a phenomenological model based on multi-

satellite observations of substorm expansive onsets and enhanced westward subauroral ion drifts. 

http://sci.esa.int/cluster/35962-highlights-from-8th-cluster-workshop/
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According to the model, the delay in SAPS response to a substorm and its subsequent 

observation during the recovery phase of the substorm, is a result of the time required for the 

development of the ionospheric and magnetospheric conditions necessary for SAPS formation 

through the feedback mechanism discussed earlier. During storm-time substorms, FAC 

strengthening due to pressure gradients inside the ring current have been observed to reduce the 

response time of SAPS to substorm onsets [Mishin et al., 2007]. The feedback mechanism then 

results in reduced ionospheric conductivities in the mid-latitude region; a phenomenon which 

would drive the SAPS even after the weakening of the FACs during the recovery phase of the 

substorm. Furthermore, in the case of multiple substorm intensifications, the polarization electric 

fields are reinforced thereby enhancing the strength of the SAPS over the course of the substorm 

[Makarevich and Dyson, 2008].  

Although past studies have examined the evolution of storm-time SAPS during substorms, 

studies on the evolution of quiet-time SAPS during substorms are relatively few [eg – 

Makarevich and Dyson 2008; Makerevich et al., 2009]. These studies were limited in their 

examination of these SAPS, by the spatial coverage of the single/dual HF radars used. Therefore, 

the evolution of quiet-time SAPS over its entire life-cycle has not yet been studied completely. 

Furthermore, the temporal and spatial dynamics of quiet-time SAPS have not yet been examined 

in relation to that of substorms. This study utilizes the wide spatial coverage of the SuperDARN 

mid-latitude radars (described in the next section) to observe and analyze the large-scale 

spatiotemporal dynamics of quiet-time SAPS. The large number of magnetic observatories 

located within the fields of view of these radars, enables correlative studies between the 

dynamics of quiet-time SAPS and substorms. 
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1.4. The SuperDARN HF Radars 
 

The Super Dual Auroral Radar Network (SuperDARN) HF radar network is an international 

collaborative organization, which as of 2013, operates around 21 radars in northern hemisphere 

and 11 radars in the southern hemisphere. Figure 1.8 shows the fields of view of all the northern 

and southern hemisphere SuperDARN radars as of August 2013. SuperDARN radars are 

coherent scatter radars which operate between the HF frequencies of 8 and 20 MHz, and are used 

to remotely sense the backscatter received from decameter-scale magnetic field aligned plasma 

density irregularities in both the E and F regions of the ionosphere [Greenwald et al., 1995]. At 

these frequencies, the radar signals can refract in the ionosphere, which can either result in direct 

backscatter from the ionospheric irregularities (referred to as half-hop) or can reach the ground, 

in which case it can be scattered both in the forward as well as backward direction along the 

direction of the signal path (one-hop). This refraction greatly enhances the field of view of the 

SuperDARN radars [Lester, 2013]. The first SuperDARN radar commenced operations at Goose 

Bay, Canada in October 1983 [Greenwald et al., 1985]. The Goose Bay SuperDARN HF radar 

and every other SuperDARN radar establishment since then, consists of 16 log-periodic or twin 

terminated folded dipole antennae which perform electronic beam steering to cover a field of 

view which extends to ~52⁰ in azimuth and from ~200 to more than 3,000 km in range [Chisham 

et al., 2007; Sterne et al., 2011]. SuperDARN radars operate a multipulse sequence with 

individual pulse lengths of 300 microseconds, where the pulse length determines the range 

resolution (typically 45 km) and the Doppler velocity and spectral widths are derived from an 

autocorrelation function (ACF) which can be computed from integrating the returned signal 

[Lester, 2013]. 
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Figure 1.8: Fields of view of the international SuperDARN HF radar network as of August 2013. 

 

Mid-latitude SuperDARN radars 

The initial purpose for the development of the SuperDARN radar network was to provide 

observations of the plasma convection at high latitudes in both hemispheres; therefore all of the 

early SuperDARN radars covered the auroral and polar regions [Greenwald et al. 1995]. 

However, during periods of magnetic storms and substorm expansions, these high-latitude radars 

were unable to completely map the convection process owing to the equatorward expansion of 

the auroral oval. Furthermore, during these periods of heightened magnetic activity, enhanced 

ionization in the D and E regions of the ionosphere and variations in the maximum electron 

density in the ionospheric F2 region induced unwanted absorption and propagation effects in the 

HF radar signals, thereby resulting in the loss of data coverage. The expansion of the 

SuperDARN network to the mid-latitudes was therefore necessitated by the need to expand radar 

coverage equatorward and to remove these limitations. The mid-latitude radars enable the 

SuperDARN network to provide coverage of plasma convection processes during periods of 

magnetic storm and substorm activity; therefore these radars were often referred to as 
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StormDARN [Chisham et al., 2007; Lester et al., 2013]. The development of the StormDARN 

radar network was also motivated by a growing desire at the time to understand the physics of 

subauroral/mid-latitude electric fields and their role in structuring ionospheric plasma [Basu et 

al., 2001; Baker et al., 2007]. 

The SuperDARN radar network’s expansion to mid-latitudes began in the southern 

hemisphere with the construction of the Tasman International Geospace Environment Radar 

(TIGER BI) at Bruny Island, Tasmania (˄= -54.8⁰) in 1999. The first SuperDARN mid-latitude 

HF radar in the northern hemisphere, jointly funded by the Johns Hopkins University Applied 

Physics Laboratory and the NASA Goddard Space Flight Center, was built at Wallops Island, 

Virginia (˄=48.7⁰) in 2005. Initial results indicated that significant contributions were made by 

the Wallops Island radar towards the mapping of the global high-latitude convection pattern 

during certain local times [Baker et al., 2007]. The Wallops Island HF radar also provided the 

first SuperDARN two dimensional continuous observations of a SAID within a SAPS from dusk 

to past midnight in MLT during disturbed conditions [Oksavik et al., 2006]. The build at Wallops 

Island was followed by the installation of radars at Hokkaido, Japan in 2007 and at Blackstone, 

Virginia in 2008. The latter build was a joint project involving the National Science Foundation 

(NSF), Virginia Tech, Johns Hopkins University Applied Physics Laboratory (JHU/APL), and 

Leicester University (UK).The ongoing development of the mid-latitude SuperDARN radars is 

supported by the NSF under the Mid-Size Infrastructure (MSI) project. The collaborating 

institutions on the MSI project are Virginia Tech, Dartmouth College, University of Alaska 

Fairbanks, and the Johns Hopkins University. The first pair of SuperDARN mid-latitude radars 

in the US deployed under the MSI program was built at Fort Hays, Kansas. The MSI radars 

include 8 radars at 4 different locations, namely the Aleutian Islands, Oregon, Kansas and the 
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Azores. The Christmas Valley radars in Oregon and the Adak Island radars on the Aleutian 

Islands became fully operational in 2011 and 2012 respectively. Combined with the first three 

mid-latitude radars, these MSI radars form a continuous chain providing coverage from Japan to 

the UK. Wherever possible, the MSI radars are oriented in pairs to make common-volume 

observations. Figure 1.8 shows the fields of view of the SuperDARN mid-latitude radars in the 

northern and southern hemispheres shaded in orange. 

In the past, numerous studies on SAPS were performed using the Millstone Hill (MH) 

incoherent scatter radar [Yeh et al., 1991; Foster and Vo, 2002; Erickson et al., 2002; Foster et 

al., 2005]. These studies were primarily based on data collected by the Millstone Hill Radar from 

numerous measurements along various look directions taken during disconnected events over a 

span of two solar cycles starting in 1979. Other studies utilized satellite passes over SAPS flow 

channels from one or several polar orbiting satellites such as DMSP, IMAGE and LANL to 

examine characteristic SAPS velocities within these flow channels [Mishin et al., 2007; Wang et 

al., 2008, 2011, 2012; Henderson et al., 2010]. Single and dual SuperDARN HF radar SAPS 

studies presented two dimensional velocity representations of SAPS flow velocities over larger 

spatial extents and at significantly higher temporal resolutions as compared to those of 

Incoherent Scatter Radars or satellites [Koustov et al., 2006, Oksavik et al., 2006; Makarevich et 

al., 2008; Kataoka et al., 2009]. Although a majority of these studies used multiple instruments to 

acquire simultaneous measurements of SAPS flow velocities, they could only do so over a 

limited number of MLTs. Clausen et al. [2012] presented the first simultaneous measurement of 

SAPS flow velocities over 10 hours of MLT using six adjacent North American mid-latitude 

SuperDARN radars. Their study, as well as a majority of the past studies of SAPS, focused on 

examining the spatiotemporal behavior of storm-time SAPS and its drivers. The relatively few 
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quiet-time SAPS studies identified substorm related electrodynamics to play a major role in the 

formation of such SAPS. However, the spatial and temporal dynamics of quiet-time SAPS and 

its relation to substorm dynamics is not well understood.  

This study aims to further our understanding of quiet-time SAPS and its drivers, using the 

observations from the six SuperDARN mid-latitude radars shown in Figure 1.9. Table 1.1 gives 

some information about these mid-latitude SuperDARN radars. In this study, we identify 

substorms using CARISMA magnetometers (described in the next section) and try to associate 

their dynamics with that of the SuperDARN observed quiet-time SAPS. 

 

 

 
Figure 1.9: Fields of view of SuperDARN mid-latitude HF radars over North-America. 

  

 

 

 

 

 



21 

 

 
 

1.5. Other Data Sets and Methods 
 

The line-of-sight (LOS) velocity measurements by the SuperDARN mid-latitude radars 

shown in Figure 2.2, form the primary dataset in this study. This section details some 

information on the other datasets that have been used in this study. The techniques used to 

identify and analyze SAPS flow channel velocities are also described in this section. 

Geomagnetic indices and Solar Wind parameters 

SAPS is an activity-dependent phenomenon, driven by various magnetosphere-ionosphere 

interactions, which are in turn affected by the prevailing solar wind conditions. The following 

geomagnetic indices and solar wind activity parameters are used in this study, in order to 

examine the driving forces behind quiet-time SAPS: 

 

 

Radar name and 

location 

Geomagnetic Beams Gates Start 

Year 

Code Scan 

Direction Lat Lon Boresite 

Christmas Valley 

East, OR 

49.5 -58.3 40.2 24 75 2011 CVE E 

Christmas Valley 

West, OR 

49.5 -58.3 -31.2 24 75 2011 CVW W 

Fort Hays East, KS 48.9 -32.2 41.3 22 110 2009 FHE E 

Fort Hays West, 

KS 

48.9 -32.2 -32.3 22 110 2009 FHW W 

Wallops Island, VA 48.7 0.8 46.7 24 110 2005 WAL E 

Blackstone, VA 48.2 -2.7 -41.5 24 110 2008 BKS W 

  Table 1.1: Information on the SuperDARN radars used in this study. 
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 Geomagnetic indices 

The geomagnetic indices used in this study were accessed through the Geomagnetic Data 

Service – Kyoto, Japan (http://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html)  

 The Kp index: The Kp index represents the geomagnetic disturbance levels in the 

horizontal field components observed at 13 select subauroral stations, averaged over every 

three hours of the day. Kp measurements are comprised of major contributions from the 

auroral electrojet and the ring current [Bartels et al., 1939]. Kp index values range from 0 

to 9, 0 indicating global quiet geomagnetic conditions and 9 indicating global disturbed 

geomagnetic conditions.  

 The AU and AL indices: The Auroral Upper (AU) and Auroral Lower (AL) indices 

together represent the maximum positive and negative deviations of the horizontal field 

components observed at 10-13 select auroral zone magnetometers [Davis and Suguira., 

1966]. The Auroral Electrojet (AE) index is obtained by subtracting the values of AL from 

AU, and represents the overall activity of the auroral electrojects. 

 The Sym-H and Asym-H indices:  Sym-H and Asym-H indices are used to measure the 

intensity of storm time ring currents, and thereby the strength of magnetic storms. The Dst 

and the Sym-H indices use ground magnetometers to measure the symmetric component of 

the ring current near the equator, and the Asym-H index calculates the asymmetric 

component of the ring current [Sugiura and Poros, 1971]. However, Sym-H and Asym-H 

indices have a 1 minute time resolution as compared to the 1 hour time resolution of the 

Dst index and are better at identifying the solar wind effects on the magnetosphere 

http://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html


23 

 

[Wanliss et al., 2006]. As this study deals with SuperDARN radar data at 1 and 2 min 

resolutions, comparisons are more apt with the Sym-H and Asym-H indices. 

 International Quiet Days (Q-Days): One of the objectives of this thesis is to identify the 

significant differences between the SAPS observed by the mid-latitude SuperDARN radars, 

on quiet days and disturbed days. The distinction between a geomagnetically quiet day and 

disturbed day is made using geomagnetic indices such as Kp, Dst and AE. In this study, we 

make this distinction using the global Kp index. The GeoForschungsZentrum (GFZ) 

German Research Centre for Geosciences at Potsdam derives International Quiet Days (Q-

Days) and Disturbed Days (D-Days) from the Kp Index using three criteria: 

 The sum of the eight Kp values 

 The sum of the squares of the eight Kp values 

 The maximum of the eight Kp values 

The ten quietest and the five most disturbed days are selected for each month. Data are 

available for download on the Geomagnetic Data Service (Kyoto, Japan) website.  

 Solar Wind parameters 

 Solar wind speed: Measurements of the solar wind speed used in this study are made by 

the Solar Wind Electron Proton Alpha Monitor (SWEPAM) aboard the Advanced 

Composition Explorer (ACE) satellite [McComas et al., 1998]. Solar wind speed 

increases during the appearance of coronal holes or coronal mass ejections (CME). 

 Solar wind dynamic pressure: These measurements are accessed from the OMNI 

database [King and Papitashvili, 2006]. Solar Wind speed and dynamic pressure impact 
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the size of the magnetosphere and can result in Sudden Commencements (SC), which 

usually precedes magnetic storms when accompanied by the southward turning of the 

IMF. 

 The total interplanetary magnetic field (IMF) and IMF Bx, By, Bz: The 

measurements of IMF and its components used in this study are made by the Magnetic 

Fields Experiment (MAG) aboard the ACE satellite [Smith et al., 1999]. As was 

discussed earlier, the IMF plays a very crucial role in transferring energy from the 

interplanetary system to the magnetosphere and ionosphere. Storms and substorms are 

caused when the IMF points southward (negative IMF Bz) for extended durations of time.  

Auroral Oval location 

One of the most important criteria for determination of SAPS, is that the plasma flows must 

lie equatorward of the auroral electron precipitation boundary. Particle flux measurements made 

along the paths of DMSP (Defense Meteorological Satellite Program) satellites have been used 

in numerous SAPS studies to identify the auroral precipitation boundary [eg -Yeh et al., 1991; 

Foster and Vo, 2002; Mishin et al., 2007; Kunduri et al., 2012]. However, DMSP satellite passes 

are often of limited usefulness because the satellites are restricted to just two orbital planes. On 

the other hand, the NOAA POES (Polar-orbiting Operational Environmental Satellite) satellites 

provide significantly higher coverage owing to a greater variety of orbital planes, making this a 

more suitable option for identifying SAPS in the daily SuperDARN observations of enhanced 

westward flows in the mid-latitude ionosphere. The NOAA POES satellite constellation consists 

of a series of five low-altitude (850 km) and polar-orbiting (98⁰ inclination) satellites (NOAA-

15,16,17,17,19) [Evans and Greer, 2000]. The Total Energy Detector (TED) instrument onboard 

these satellites, monitors the level of auroral activity by measuring the energy fluxes of the 
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precipitating electrons and positive ions. The TED measurements of electron precipitation as 

seen at 0700 UT on May 14
th

, 2012, are shown in Figure 1.10 as colored dots along the satellite 

tracks, with the times of measurements shown next to the tracks. The SuperDARN LOS velocity 

measurements for this time and day are shown as vectors color coded in velocity. 

 
Figure 1.10: The fitted auroral electron precipitation boundary is shown as a dashed red circle. The POES 

downward electron flux measurements are shown as colored dots. SuperDARN LOS measurements are shown as 

colored vectors. All measurements are shown in MLT coordinates for 0655 UT on May 14
th

, 2012. 

 

By the SuperDARN convention, movement away from the radar is represented by negative 

velocities and the movement towards the radar is represented by positive velocities. By 

associating this convention with the color-coding, a narrow channel of plasma is observed to 

flow westward across the fields of view of the SuperDARN radars. In order to estimate the 

location of the equatorward auroral electron precipitation boundary at those meridians where 

there are few/no POES satellite passes, a fitting algorithm is used which estimates this location 

for all the 24 MLTS using all the available satellite data between +/- 45 minutes of the time of 
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interest. This fitting procedure written by doctoral candidate Bharat Kunduri was based on the 

oval fitting technique used in Clausen et al. [2012]. The fitted equatorward auroral electron 

precipitation boundary is shown as a dashed red circle in Figure 1.10. The procedure at its 

current stage of development is more accurate when used in the MLT coordinate system than in 

the magnetic coordinate system and hence all the data plotted in Figure 1.10 is with respect to the 

MLT coordinate system. Nevertheless, it is understood that no fitting algorithm is entirely 

accurate and hence, in this study, a tolerance of 1-2⁰ is associated with the results of this fitting 

technique. As illustrated in Figure 1.10, the bulk of the velocity observations made with the 

SuperDARN radars clearly lie equatorward of the auroral zone. The POES precipitation 

boundary fitting technique therefore provides a reasonably accurate means of identifying SAPS 

in the SuperDARN observations of enhanced westward plasma flows. 

GPS Total Electron Content 

 Total Electron Content (TEC) is a widely used descriptive quantity of the ionosphere. It 

is the total number of electrons found within a cross-sectional volume between two points and 

given in units of        electron/m
2

 or 1 TECU. The formation of SAPS has been associated 

with the formation of a latitudinally narrow region of reduced plasma density known as the 

midlatitude trough [Muldrew, 1965; Anderson et al, 1993; Foster et al, 1994; Zheng et al, 2008]. 

TEC has been traditionally used to identify the location and depth of this trough. TEC is 

calculated from a network of ground-based Global Positioning System (GPS) receivers. The raw 

TEC data is then post-processed [Rideout and Coster, 2006] and then made available on the 

Madrigal website at MIT Haystack (http://madrigal.haystack.mit.edu/madrigal). The TEC data 

used in this study has been subject to a spatiotemporal median filtering technique to overcome 

the sparse GPS coverage in some areas [E.G.Thomas, 2012].  

http://madrigal.haystack.mit.edu/madrigal
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CARISMA Magnetometers 

Magnetic field observatories or magnetometers are used to remotely sense the fluctuations in 

the geomagnetic field due to current systems in the magnetosphere and ionosphere. The AE 

index, being derived from the horizontal field measurements of numerous magnetometers in the 

auroral regions, is not an accurate indicator of small localized substorms [Rostoker et al., 1980]. 

Localized substorms can be identified from the measurements of magnetic field observatories 

situated within an area interest. In this study, the life-cycle and dynamics of quiet-day SAPS 

velocities observed by the SuperDARN mid-latitude radars, are compared with that of substorms 

observed by three fluxgate magnetometers belonging to the Churchill Line portion of the 

CARISMA (Canadian Array for Real-Time Investigations of Magnetic Activity) array of 

magnetometers. Figure 1.11 shows the location of these magnetometers (triangles) as well as the 

fields of view of the SuperDARN mid-latitude radars contributing to this study, on a 

stereographic map. Table 1.2 gives some information on the magnetometers contributing to this 

study. The location of these magnetometers is within the fields of view of the SuperDARN 

radars and allows for the close observation of localized substorms and the associated 

enhancements in SAPS activity. CARISMA magnetometer data is downsampled from 8 Hz to 1 

Hz and available through the CARISMA website www.carisma.ca or the Canadian Space 

Science Data Portal (CSSDP) website http://www.cssdp.ca [Mann, I.R. et al., 2008]. 

 

http://www.carisma.ca/
http://www.cssdp.ca/
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Figure 1.11: Location of the CARISMA magnetometers used in this study. 

 

 

 

 

  The geomagnetic field perturbations caused by the auroral electrojets are measured in 

three dimensions by ground-based magnetometers. There are numerous ways of using these 

geomagnetic field measurements to identify the onset of a substorm. Rostoker et al. [1980] 

describes an empirical technique for identifying the time of occurrence of the substorm onset, the 

recovery time of the substorm and the location of the substorm onset with respect to the location 

of an observatory, using measurements made in the HDZ coordinate system (refer Campbell, 

2003 for a detailed account of the coordinate systems widely used in the measurement of 

geomagnetic field components). In the XYZ coordinate system, this would correspond to 

associating negative bays in the X component to the onset of a substorm. A negative (positive) 

bay observed in the X component measurements by a particular observatory would imply that the 

Station Code Station Name CGM Latitude [⁰] CGM Longitude [⁰] 
RANK Rankin Inlet 72.22 335.97 

FCHU Fort Churchill 68.32 333.54 

ISLL Island Lake 63.62 333.36 

Table 1.2: Information on the CARISMA fluxgate magnetometers contributing to this study. Latitude and longitude 

values are given in Corrected Geomagnetic Coordinates (CGM) [Source: www.carisma.ca]. 

http://www.carisma.ca/
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disturbance was caused by an electrojet moving westward (eastward) with respect to the location 

of the observatory.  

Also, a negative (positive) Z component would imply that the electrojet was above 

(below) the location of the observatory. Figure 1.12 shows the X, Y and Z components of the 

geomagnetic field between 0300 and 900 UT on May14th, 2012, measured by the RANK, FCHU 

and ISLL magnetometer stations. The X, Y and Z components in each panel are shown in blue, 

green and red respectively and the station name and location in geomagnetic coordinates is given 

on the right of the panel.  

The geomagnetic field measurements shown in Figure 1.12 indicate times of occurrence 

of the phases of the substorm. The growth phase, expansion phase and recovery phases identified 

in the measurements of the RANK magnetometer, can be approximated to begin at 0330 UT, 

0345 UT, and 0400 UT respectively. The recovery phase extends to until after 0800 UT. The UT 

shift observed in the measurement of the other two magnetometers is evidently an MLT effect. 

The intensity of the westward electrojet is highest near the location of the RANK magnetometer 

and the X and Z components indicate the close proximity of the magnetometers to the electrojet. 

Another traditional method for identifying substorm onsets and their time of occurrence 

is through the filtering of the geomagnetic field perturbation data for Pi2 pulsations (2-25 mHz). 

Pi2 (Irregular Pulsations Type-2) were first observed by and related to the appearance of 

negative bays in geomagnetic field measurements by Angenheister [1912]. The generation of Pi2 

pulses has been attributed to the torsional oscillations of FACs associated to the Substorm 

Current Wedge (SCW), resulting from tangential stresses on the FACs due to plasma flow from 

the tail (Saito et al., 1969). The Pi2 measurements used later in this study are obtained from 

filtering the X-component of the geomagnetic field measured by the magnetometers, for 



30 

 

frequencies between 2 and 25 mHz. The filtering is performed using a 1000 element digital filter 

employed in IDL.  

 

Figure 1.12: Magnetic X, Y and Z components measured by three CARISMA magnetometers between 0300 and 

0900 UT on May 14
th

, 2012. 
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The L-shell fitting procedure 

LOS velocity measurements, only account for that component of the motion of 

ionospheric scatter measured along each beam of the radar (radial component). Numerous 

studies have used single and multiple radars to generate maps of velocity fields by combining 

LOS velocity measurements from different look directions. Hanuise et al. [1993] used common-

volume LOS velocity measurements from the Schefferville and Goose Bay HF radars to generate 

instantaneous maps of ionospheric plasma without making any assumptions regarding the flow 

structure. However, they noted that these common-volume measurements tended to reduce the 

effective field of view of the radars. Other studies used methods such as L-shell fitting to 

maximize the coverage of the velocity fields calculated using the LOS measurements from both 

single as well as dual HF radars [Villain et al., 1987; Ruohoniemi et al., 1988, 1989]. Recently, 

Clausen et al [2012] described a variant of the L-shell fitting technique which was used to 

reconstruct the 2D flow of SAPS by combining the LOS velocity measurements made by six 

SuperDARN midlatitude radars over different look directions. 

Cosine dependence of the variation of LOS velocity measurements along contours of 

constant L-shell, with the angle between the radar beam azimuth and the contours is a feature 

observed in numerous auroral as well as subauroral ionospheric studies [Villain et al., 1987; 

Ruohoniemi et al., 1988, 1989; Clausen et al., 2012; Kunduri et al., 2012]. The L-shell fitting 

technique exploits this feature of plasma flow, to derive velocity components parallel and 

perpendicular to an L-shell by using the LOS velocity measurements extracted for a particular 

latitude. If one assumes that the plasma flow at a fixed latitude does not vary in magnitude or 

direction with longitude over the region of radar observation, the velocity and direction of the 

plasma flow can be estimated by least squares fitting the radar LOS velocity measurements 
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[Villain et al., 1987; Ruohoniemi et al., 1988, 1989]. This forms the basis for the technique. The 

L-shell fitting IDL procedure written by Dr Lasse B. N. Clausen forms the basis of the SAPS 

velocity analysis performed in this study. Numerous modifications have been made to the 

original code in order to increase the accuracy of the results, some of which are mentioned in the 

discussion below. 

 
Figure 1.13: The LoS velocity measurements from the CVW and CVE radars (red and blue squares respectively) 

for 62⁰ magnetic latitude are plotted with respect to the radar beam azimuth (in degrees from magnetic north) for 

0655 UT on May 14
th

, 2012. 

 

Figure 1.13 shows the L-shell fitting results for the Christmas Valley West and East 

radars (CVW and CVE) using LOS velocity data extracted for a magnetic latitude of 62⁰ (dashed 

line circle in Figure 2.5), at 0655 UT on May 14
th

, 2012. The LOS velocity data for these radars 

have been filtered to remove ground scatter. The LOS velocity measurements from the CVW and 

CVE radars have been plotted in red and blue squares respectively. The curve represents the 

results of fitting the variation of these measurements to a cosine dependence on beam azimuth. 
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The function used to fit this trend (blue for CVW and red for CVE) is comprised of two parts: a 

parallel (zonal) velocity component (     which varies as the cosine of the radar beam azimuth 

(   and a perpendicular (meridional) component (     which varies as the sine of the radar beam 

azimuth [Ruohoniemi et al., 1989], as shown in the equation: 

 

        (         (   

 

 The function is least squares fitted to the LoS velocity measurements from the two radars 

after removing the outliers from the data (shown as grey squares) and after limiting the location 

of the measurements to within +/- 1.5 MLT from the mean location of the radars (-58⁰ magnetic 

longitude). The outliers are removed by a mean and standard deviation method. VE and VN 

(displayed at the top-center of the figure) are the west-east (parallel) and north-south 

(perpendicular) velocity components derived from performing the fit. ΔVE and ΔVN are the error 

margins corresponding to VE and VN and are essentially the standard deviation errors for each fit 

parameter.  The significantly larger magnitude of VE as compared to VN indicates that the 

enhanced flow measured at this latitude was highly zonal (west-east) in nature. An additional 

criterion was to neglect performing the fit for those latitudes for which the count of the good 

LOS velocity data is less than 5.  

1.6. Outstanding Issues 
 

 

This thesis addresses the following issues regarding SAPS, specifically quiet-time SAPS: 

o Is the spatiotemporal behavior of SAPS observed for disturbed days, true for quiet 

days as well? 
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o How well correlated are the dynamics of quiet-time SAPS and that of substorms? 

o What are the typical delays observed in the response of SuperDARN observed quiet-

time SAPS events to substorm onsets? 

o How often are quiet-time SAPS observed as compared to disturbed-time SAPS? 

The thesis can be broadly divided into two parts, a data analysis section (Chapters 2 and 3) and a 

hardware section (Chapter 4). In Chapter 2, large-scale SuperDARN mid-latitude radar 

observations of the spatial and temporal dynamics of a quiet-time SAPS event are presented. 

This chapter describes how the L-shell fitting and POES precipitation boundary fitting 

techniques can be used to identify and examine SAPS flow velocities observed over the entire 

life cycle of the SAPS. Also discussed in this chapter are the identification of substorms using 

the CARISMA magnetometers, and the correlation between the enhancements in the quiet-day 

SAPS velocities and the substorm intensifications observed during the same interval as that of 

the SAPS. Chapter 3 presents a correlative study on the differences in the occurrence statistics of 

quiet-day and disturbed-day SAPS. Also addressed in this chapter, is the typical response time of 

quiet-time SAPS to substorm onsets. In Chapter4, the calibration and validation techniques for a 

control card used in SuperDARN HF radar transceivers, is presented. This study provides step-

by-step instructions to identify potential issues with the control card and also discusses in detail, 

the functions that it performs. Chapter 5 presents a summary of the results of this study and 

discusses possible future directions of research to further our understanding of SAPS. 
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Chapter 2 

Large scale observations of the spatial and temporal 

dynamics of a quiet-time Sub-auroral Polarization Stream 

(SAPS) observed on May 14
th

, 2012 
 

2.1. Introduction 
 

 

Numerous studies have examined individual SAPS events observed during geomagnetically 

disturbed conditions using coherent and incoherent scatter radars, as well as plasma drift meters, 

imagers and other instruments aboard satellites [Anderson et al., 2004; Foster et al., 2007; 

Mishin et al., 2007; Henderson et al., 2010; Clausen et al., 2012; Kunduri et al., 2012; Wang et 

al., 2012]. Studies of quiet-time SAPS, although relatively few, have also used multiple ground-

based and space-based instruments to examine events that have lasted for as long as 6 hours 

[Makarevich et al., 2008, 2009, 2011]. However, these studies have been limited in their ability 

to make simultaneous measurements of SAPS flow velocities over many hours of MLT. This 

study presents the first large-scale simultaneous observations of a quiet-time SAPS over 10 hours 

of MLT using the recently developed SuperDARN mid-latitude radar chain. We find that for the 

quiet-time SAPS event examined in this study, the flow velocities although lower in magnitude, 

were observed over spatial and temporal extents comparable to that of disturbed-time SAPS. We 

also observe that the duration of the quiet-time SAPS event coincided with that of a substorm 

identified using the CARISMA magnetometers. 
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2.2. Global geomagnetic activity summary 
 

The summary of global geomagnetic activity on May 14
th

, 2012 presented in Figure 2.1, 

serves to describe the solar wind conditions and the state of the magnetosphere during the 

occurrence of SAPS on this day. Panels 1 and 2 show the solar wind speed and the solar wind 

dynamic pressure. The total interplanetary magnetic field (IMF) and IMF Bx, By, Bz are shown 

in Panels 3 and 4 respectively. The fifth, sixth and seventh panels show some magnetospheric 

parameters, namely Kp, AU & AL and Sym-H & Asym-H respectively. (See section 1.5) 

The SAPS event on May 14
th

, 2012 examined in this study was identified as a quiet day 

SAPS using the criteria discussed in section 1.5 as well as based on the observations given 

below: 

 May 13
th

, 2012 experienced a moderate storm with a maximum Kp value of 3 and a 

minimum Sym-H value of -46 nT. Kp values on May 14
th

, 2012 were between 1- and 3-. 

(Panel 5). 

 The AU and AL indices showed some auroral activity over the course of the day, but 

were well below 200 nT (Panel 6).  

 The Sym-H and Asym-H indices remained near -25 nT and 25 nT respectively over the 

entire day (Panel 7). 

No step increases in the solar wind speed or dynamic pressure were observed during the day. The 

solar wind speed remained at around 450 km/s and the dynamic pressure experienced gradual 

variations throughout the day. 
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Figure 2.1: Time series stackplot of solar wind velocity, solar wind dynamic pressure, Interplanetary Magnetic 

Field components Bx, By and Bz, the Kp index, the AU and AL index followed by the Sym-H and Asym-H index 

for May 14
th

 2012. The SuperDARN mid-latitude radar observations of SAPS occur between 3 UT and 9 UT 

(indicated by dashed red lines). 

 

 

The red dashed lines in Figure 2.1, indicates the interval within which the SAPS was observed by 

the SuperDARN mid-latitude radars. Between 0300 UT and 0900 UT, the solar wind speed, IMF 

and the Sym-H, Asym-H indices remained more or less the same. During this interval however, 

the solar wind dynamic pressure gradually decreased and then increased, Kp decreased from 1+ 
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to 1- and the AU and AL indices indicated some auroral activity, possibly consistent with a weak 

substorm. IMF Bz turned southward at around 2 UT and remained so until around 6 UT. The 

southward turning of IMF Bz could be expected to lead to a substorm growth phase followed by 

an expansion phase onset. It appears that the interval during which the SuperDARN radars 

observed the SAPS was associated a substorm as indicated by the AU and AL indices. The next 

section describes the SuperDARN mid-latitude radar observations between this period. 

2.3. SuperDARN observations 
 

On May 14
th

, 2012 between 0300 UT and 0900 UT, six mid-latitude SuperDARN radars - 

namely the Christmas Valley Radars (CVE & CVW), the Fort Hays Radars (FHE & FHW) and 

the Blackstone (BKS) and Wallops Island (WAL) radars, observed enhanced westward plasma 

flows within their fields of view covering over 10 hours in MLT (refer to Section 1.4 for more 

information of the SuperDARN radars). The westward plasma flow velocities were observed to 

form within a narrow channel and to peak between 530 UT and 700 UT. These flows were 

identified to be subauroral and therefore to be SAPS, using the POES auroral electron 

precipitation boundary fitting technique discussed in Section 1.5. 

Raw LOS velocities 

Figure 2.2 shows the line-of-sight (LOS) velocities from the Christmas Valley pair of radars 

(CVE and CVW) over the combined fields of view of the two radars at 0655 UT. These 

measurements are plotted in AACGM (Altitude Adjustment Corrected Geomagnetic 

Coordinates) [Baker and Wing, 1989]. The color coding of the LOS velocities is in accordance 

with the color bar on the right. By the SuperDARN convention, movement away from the radar 

is shown with yellow, orange and red colors (negative velocities) and movement towards the 
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radar is shown with green and blue colors (positive velocities). These raw LOS measurements 

potentially include both ground scatter as well as ionospheric scatter.  

 

Figure 2.2: Line-of-sight velocities (unprocessed) observed on May 14
th

, 2012 at 0655 UT by the Christmas Valley 

pair of Radars, shown in magnetic coordinates. 

 

Processed LOS velocities 

In Figure 2.3, the same LOS velocities shown in Figure 2.2 are plotted after processing the 

measurements to filter out ground scatter. This processing includes a search algorithm designed 

specifically for identifying ionospheric radar backscatter measurements with the mid-latitude 

radars [Ribeiro et al., 2011]. These LOS measurements can be categorized into four broad 

regions based on the magnitude of the velocities associated with them: 

 

1. Low velocity (<100 m/s) sub-auroral ionosperic scatter (SAIS) that is commonly 

observed by the mid-latitude SuperDARN radars during quiet times [Greenwald et al., 
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2006]. This scatter is generally associated with small westward velocities [Ribeiro et al., 

2011]. 

2. A ~3-4⁰ wide channel of higher westward velocities (100 m/s < |v| < 200 m/s) is observed 

around 60⁰ magnetic latitude. This will be shown to be a SAPS. 

3. A ~2⁰ wide channel of westward velocities greater than 200 m/s is observed to be 

embedded within the SAPS channel, which is consistent with a SAID. 

4. The low velocity backscatter observed at over 62⁰ magnetic latitude and travelling 

towards the radars is most probably an indicator of the anti-sunward plasma flow across 

the polar cap as a result of the two-cell convection that occurs at high latitudes in the 

morning sector [Ruohoniemi and Greenwald, 1996; Clausen et al., 2012]. 

 

The dashed line circle at 62⁰ magnetic latitude indicates the location of the peak westward 

velocities extracted using the L-shell fitting technique described in the next section.  
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Figure 2.3: Line-of-sight velocities (processed) observed on May 14
th

, 2012 at 0655 UT by the Christmas Valley 

pair of radars, shown in magnetic coordinates. The dashed line circle at magnetic latitude 62⁰ indicates the location 

of the peak velocities observed within the SAPS flow channel. Four regions of radar backscatter are identified by 

circled numbers. 

 

Location of the SAPS channel with respect to the auroral oval 

The same search algorithm is then used on the LOS velocity data from the rest of the 

mid-latitude radars. The narrow channel of westward velocities (Region 2 and Region 3 

backscatter) was observed across the fields of view of all the six mid-latitude SuperDARN radars 

centered on 60⁰ magnetic latitude. In order to identify this channel of westward velocities as 

SAPS, we need to determine its location with respect to the auroral electron precipitation 

boundary. As discussed in Section 1.5, we use electron precipitation data from the NOAA POES 

satellites to estimate the location of the precipitation boundary for a given MLT and UT of 

interest. If the flow channel is located equatorward of the precipitation boundary, then it must be 

a SAPS [Foster and Burke, 2002; Oksavik et al., 2006].  

1 

4 

2 

3 
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Figure 2.4: The fitted equatorward auroral electron precipitation boundary derived from the downward electron flux 

measurements from the NOAA POES satellites, is shown as a dashed red circle. The electron flux measurements 

which go into the fit are plotted as colored dots along the satellite paths. The LoS velocity measurements from the 

six mid-latitude SuperDARN radars are shown in grey. All the data are plotted in the MLT coordinate system. 

 

 

Figure 2.4 shows the downward electron flux measured by the Total Energy Detector 

(TED) instrument onboard the NOAA POES satellites, overlaid as colored dots along their tracks 

with the times of measurements given next to the tracks. The measurements were taken within 45 

minutes of 0655 UT and are color-coded according to the color-bar on the right. The orange dots 

along the track of the NOAA POES satellites indicate the approximate location of the auroral 

electron precipitation boundary. Shown in grey are the areas of velocity measurements from the 

six SuperDARN mid-latitude radars at 0655 UT on the day of the event. The auroral electron 

precipitation boundary estimated using the POES downward electron flux measurement, is 

shown as a dashed red circle (refer Section l.5 for more information on this fitting technique). It 

is observed from Figure 2.4 that the SAPS channel identified at 60⁰ magnetic latitude in Figure 
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2.3, as well as most of the LOS velocity measurements from the FHE, FHW, BKS and WAL 

radars lie equatorward of this boundary by 1⁰. The SAPS channel has thus been identified at 

0655 UT, to be a 3-4⁰ wide band of westward plasma flows (Region 2) with a narrower band of 

westward plasma flows with higher velocities embedded within it (Region 3). This latter region 

of high velocity westward flows is a SAID. 

Location with respect to the ionospheric trough 

Figure 2.5 shows the median filtered GPS TEC (Total Electron Content) measurements 

[Rideout and Coster, 2006; Coster et al., 2007; E.G.Thomas, 2012] with the SuperDARN LOS 

velocity measurements from Figure 2.5 overlaid as black dots. The SuperDARN convection 

maps generated using the standard map potential technique developed by Ruohoniemi and Baker 

[1998] is also shown in Figure 2.5. The GPS/TEC measurements indicate that the midlatitude 

ionospheric trough encompasses the region where the mid-latitude radars observed the SAPS. 

This is broadly consistent with expectations based on the qualitative theory proposed by 

Anderson et al. [1993], whereby SAPS result from a positive feedback mechanism where 

polarization electric fields across the ionospheric trough lead to intense westward plasma flows 

and deeper depletion. 
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Figure 2.5: The SuperDARN LOS measurements are shown here for 0655 UT on May 14
th

, 2012 as black dots 

overlaid on a GPS/TEC color-coded background. The SuperDARN convection pattern is also shown. 

 

SAPS evolution 

The SuperDARN mid-latitude radars followed the formation, evolution and the decay of 

the quiet-day SAPS observed on May 14
th

, 2012 between 0300 UT and 0900 UT. The SAPS is 

observed to attain its peak westward velocity between 0530 UT and 0700 UT, after which it 

begins to decay gradually. The 8 panels in Figure 2.6 show the line-of–sight velocity 

measurements by the six SuperDARN mid-latitude radars in magnetic coordinates between 530 

UT and 715 UT at intervals of 15 minutes. The fields of view and names of these radars are 

shown in grey. Note that the data from different radars overlap in this presentation. Each panel in 

this figure shows the variation of the LOS velocities over 10 hours of MLT at a particular instant 

of UT. 
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At 0530 UT (Panel 1 of Figure 2.6), all six mid-latitude radars observe a lot of low 

velocity backscatter (Region 1 backscatter) with few observations above 100 m/s. At 0545 UT 

(Panel 2) a distinct channel of westward LOS velocities of above 100 m/s (Region 2 backscatter) 

is observed at around 65⁰ magnetic latitude. At the same time, the CVE and CVW radars also 

begin to observe signatures of anti-sunward plasma flow (Region – 4 backscatter) at 70⁰ 

magnetic latitude and above. The rest of the panels follow the dramatic increase in the westward 

velocities between 60⁰ and 65⁰ of magnetic latitude. The SAPS channel attains velocities greater 

than 200 m/s (Region 3 backscatter) and is observed to move equatorward at later UTs. The 

gradual decay of the SAPS channel begins at around 0700 UT. 

 These observations collectively signify the presence of a weak SAPS at around 60⁰ 

magnetic latitude that spreads across the North American continent. A SAID channel was also 

observed to be embedded within the SAPS channel. The SAPS was observed to grow, intensify 

and then decay gradually.   The study now focusses on extracting and analyzing the characteristic 

flow velocities within the SAPS channel identified from the LOS velocity measurements by the 

SuperDARN midlatitude radars.  
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Figure 2.6: 8 Panel plot showing the intensification of the SAPS event between 05:30 UT and 07:15 UT on May 

14
th

, 2012. 
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2.4. SAPS vector field generation using the L-shell fitting technique 

 
In this section, the L-shell fitting technique, discussed in Section 1.5, is used to generate 

vector fields to describe the strength and direction of the SAPS flow velocities identified in the 

LOS measurements of the SuperDARN mid-latitude radars. 

L-shell fitting 

Figure 1.11 in Section 1.5 showed the results for L-shell fitting the LOS measurements of the 

Christmas Valley radars at 62⁰ magnetic latitude (dashed line circle in Figure 2.3), where the 

peak SAPS velocity was observed. The L-shell fitting technique can be applied to L-shell fit the 

LOS velocity measurements extracted for a range of latitudes of interest for each scan time. 

Figure 2.7 shows the LOS velocity data from the CVW and CVE radars (plotted in red and blue 

squares respectively) and the results of the L-shell fitting performed for the magnetic latitudes 

from 57⁰ to 65⁰ at 0655 UT. The fitting was not performed for higher or lower magnetic latitudes 

as the counts of good data at these latitudes were less than 5 (refer to section 1.5 for the selection 

criteria). As was done in Figure 1.11, the outliers removed from the LOS velocity data are shown 

as grey squares. The L-shell fitting results from this analysis reveal the following characteristics 

of the enhanced westward flow velocities observed by the Christmas Valley pair of radars at 

0655 UT: 

 Starting at 57⁰ magnetic latitude, VE  increases in magnitude until it reaches a sharply defined 

peak at 62⁰ magnetic latitude, after which it decreases until 65⁰ magnetic latitude. Between 

these latitudes, VE remains negative (westward).This narrow high-velocity feature represents 

a SAID embedded in a wider SAPS channel as discussed previously. 
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 VN decreases gradually from 5 m/s at 57⁰ magnetic latitude to -42 m/s at 65⁰ magnetic 

latitude. As a fraction of VE ,however, VN was less than 20% for most cases except at 

latitudes 64 and 65 where it was around 30% and 50% of VE respectively. This indicates that 

the westward flow was highly zonal at the lower latitudes and less zonal towards the higher 

latitudes. 

 The resultant vector obtained from VE and VN is observed to rotate from an almost pure 

westward direction at lower latitudes to a somewhat south-westwardly direction at higher 

latitudes. 

 ΔVE is always small compared to VE while ΔVN is significant compared to VN. However, 

these deviations do not affect the earlier observations regarding the rotation of the resultant 

vector. 

 

 
 

Figure 2.7: Stackplot of L-shell results for the CVW and CVE radars for the magnetic latitudes between 55 and 65⁰, 
at 0655 UT on May 14

th
, 2012. 
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Vector field mapping 

These observations can be better visualized by plotting the resulting vector field over a 

stereographic map of magnetic latitudes and longitudes over North America as shown in Figure 

2.8. Each plotted velocity vector represents the results of the L-shell fitting performed over the 

LOS velocity measurements extracted from one latitude. The start of each vector is denoted by a 

dot and is plotted  at the mean location of the radar data contributing to the fitting. The velocity 

components VE and VN together provide the magnitude and direction of each vector. The scaling 

and color of each vector is controlled by its magnitude and the color-coding is done according to 

the color bar on the right. The SAID feature is indicated by the red vector with a westward 

velocity that exceeds 250 m/s and centered on 62⁰ magnetic latitude. The SAPS channel is seen 

to extend over ~5⁰ in magnetic latitude and exhibits lower westward velocities. 

 

Figure 2.8: The L-shell fitting results for the CVW and CVE radars shown in Figure 2.12 overlaid on the LOS 

velocity measurements from these radars (shown in grey). 
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Figure 2.9: The results of the L-shell fitting performed for each pair of neighboring mid-latitude radars at 0655 UT 

on May 14
th

, 2012 are shown as colored vectors. The POES precipitation boundary is shown here as a dashed red 

circle. The LoS velocity measurements from the six mid-latitude radars are shown in grey. All the data are plotted in 

the MLT coordinate system. 

 

Plotting the results of the L-shell fitting performed for the three radar pairs along with those of 

the POES precipitation boundary fitting (shown in Figure 2.4) in Figure 2.9, the following 

observations can be made: 

 The peak SAPS velocities decrease with magnetic longitude. The decrease is however, not 

exponential as was observed in Clausen et al. [2012]. 

 When moving from pre-midnight to post-midnight, the flow direction of the peak SAPS 

velocities, undergo minor changes in direction. 
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 The peak velocities are observed at lower latitudes during later MLTs than they are at earlier 

MLTs. This observation is consistent with that of past SAID studies [Anderson et al., 1993, 

2001].  

 The low velocity westward velocities most likely represent SAIS. 

 

The L-shell fitting technique has thus been shown to be capable of generating unique vector 

fields to accurately identify the magnitude and direction of the enhanced westward flows within 

a SAPS channel.  

2.5. SAPS Dynamics: Spatiotemporal Variations 
 

This section describes how the SAPS flow velocities observed by the three SuperDARN 

mid-latitude radar pairs, between 0300 UT and 0900 UT, are identified and analyzed using the 

techniques mentioned in the previous section. SAPS flows are essentially enhanced westward 

plasma flows at subauroral latitudes. These may be bounded on the equatorward side by 

ionospheric irregularities moving at low velocities and on the auroral side by plasma flows with 

moderate velocities. Generally, the peak westward velocity identified from the L-shell fitting 

technique for a particular time of interest corresponds to the peak SAPS flow velocity at that 

time of interest.  

 Such an identification of peak westward velocities is employed in order to generate the 

results shown in Figure 2.10. For every 2 minutes between 0300 UT and 0900 UT, L-shell fitting 

is performed for each of the radar pairs and the peak westward velocity magnitudes identified 

from the results are shown in Panels 2, 4 and 6 for the Christmas Valley radars (CV), the Fort 

Hays radars (FH) and the Blackstone and Wallops Island radars (BW) respectively. The latitudes 

at which these velocities were identified are shown in Panels 1, 3 and 5 for the radar pairs CV, 
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FH and BW respectively, in black. Also shown in panels 1, 3 and 5 as dashed blue lines are the 

latitude locations of the POES equatorward auroral electron precipitation boundary at each time 

of interest and mean location of the each radar pair.  

Peak velocity variations 

 

Figure 2.10: L-shell fitting peak velocities and latitudes for the three radar pairs between 0300 UT and 0900 UT on 

May 14
th

, 2012. Dashed black lines identify maximum values of peak velocity and corresponding latitude. 

    

 Between 0300 UT and 0400 UT, all three mid-latitude SuperDARN radar pairs observe 

sub-auroral westward velocities of low magnitudes (< 70 m/s). The CV radars observe these 

velocities at around 65⁰ magnetic latitude, the FH radars at 57⁰ and below and the BW radars at 

64⁰ and below. Beginning at 0400 UT, all the three radar pairs observe a gradual increase in the 

peak westward velocities. Between 0400 UT and 0800 UT, the peak SAPS velocities measured 

by the three radar pairs undergo enhancements. Maxima and minima in the peak velocity profiles 
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for the CV and FH radars appear to be well correlated with each other. The dashed green arrows 

identify two such occurrences of correlations in the peak velocities variations. No such 

correlations were apparent in the peak velocity variations of the BW radars, probably because of 

the low magnitudes of these measurements as compared to those of the CV and FH radars. By 

around 0800 UT, the peak velocities observed by the three radar pairs begins to decrease. From 

Panels 1, 3 and 5, it can be observed that the peak westward velocities observed by the three 

radar pairs are mostly sub-auroral during the entire interval. Another interesting observation 

made in Figure 2.10, was that the latitude locations of the peak velocities observed by the three 

radar pairs remained almost constant during the course of the intensifications in the peak 

velocities. This appears to be contrary to the observation found in numerous studies [Foster and 

Vo, 2002; Huang and Foster, 2007; Wang et al., 2008; Erickson et al., 2011] that the SAPS peak 

location decreased with MLT. 

Dashed black lines in Panels 2, 4 and 6 identify the magnitude (Velmax), time of 

occurrence (UTmax) and MLT location (MLTmax ) of the maximum of the peak velocity 

measurements for each of the radar pairs. Dashed black lines in Panels 1, 3 and 5 identify the 

latitudes (Latmax) at which the maximum of the peak westward velocities were observed in 

Panels 2, 4 and 6. These values are shown at the right side of the corresponding panels. The BW 

radars observe the maximum peak westward velocity of ~171 m/s at 61⁰ magnetic latitude, 0504 

UT and close to midnight. The CV radars observe their maximum peak westward velocity of 

~293 m/s at 63⁰ magnetic latitude, 0554 UT and 21 MLT. Six minutes later the FH radars 

observe their maximum peak westward velocity of ~374 m/s at the same magnetic latitude and at 

23 MLT.  
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SAPS vector time series 

 

Figure 2.11: Vectors representing the peak westward velocities identified from L-shell fitting for each radar pair 

and radar scan between 0300 UT and 0900 UT. 

 

 Figure 2.10 thus provides a first look at an event day and assists in identifying the 

duration and examining the life-cycle of SAPS events. In order to examine the dynamics of the 

flow direction of the SAPS peak velocities between 0300 UT and 0900 UT, velocity data are 

plotted as vectors on a vertical time scale and centered along the mean longitude location of each 

radar pair (labeled above the figure), as shown in Figure 2.11. The vectors are scaled according 

to the reference arrow for 600 m/s on the bottom right side of the figure and the angles they 

make with the vertical axis are their azimuths with respect to magnetic north. The velocity 

magnitudes can be seen to pick up gradually from 0400 UT as was discussed earlier. Flow 

directions for each radar pair experienced slight variations in direction but remained more or less 

stable and westward over the course of the event. The flow direction exhibits a distinct south-

westwardly trend at the BW radars, a north-westwardly trend at the FH radars and a south-

westwardly trend once again at the CV radars. A similar examination of SAPS flow vectors in 
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Clausen et al. [2012] for a storm day SAPS event on April 9
th

, 2011, showed that the flow 

direction was very stable over the course of the event (0700 UT – 1000 UT) and that when 

moving from the east to the west, the vectors traced the shape of an arc. Another observation 

made in Clausen et al. (2012) was the exponential dependence of peak velocity magnitudes on 

magnetic longitudes. No such trends or dependencies are observed in the observations in Figure 

1.11 for the quiet-day SAPS.  

Local time dependence of SAPS velocities 

The correlations between the peak velocity variations of the three radar pairs become 

more prominent when plotted versus MLT. Figure 2.12 shows the peak velocity measurements 

from all the radar scans for the three radar pairs color-coded in UT time. The measurements from 

the three radar pairs are distinguishable by the symbols used to plot them (legend on the top-right 

corner). Every data point plotted here with the same color was collected during the same UT 

interval. 

The following observations can be made from the information plotted in Figure 2.12: 

 The three pairs of mid-latitude radars together observe SAPS flow velocities for around 

4-5 hours in UT.  

 Major enhancements in the peak velocity profile are observed at around the same UT 

time (color-coded) for the CV and FH radars, but separated in MLT. For instance, the 

variations in peak velocity magnitudes between 0600 UT and 0645 UT (shown in bright 

green) is observed by all the three radar pairs at different MLTs (owing to the 

longitudinal separation of the radars). Similarly, the peak velocity variations between 

0645 UT and 0815 UT (shown in yellow and orange) are also observed by all the three 

radar pairs as distinct enhancements in the peak velocity profiles. 
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 SAPS variation observed by each pair of radars is not seen here to have an exponential 

dependence on MLT as was observed for the disturbed-day SAPS event on April 9
th

, 

2011 in Clausen et al. [2012] or a linear trend as was observed from the statistical study 

in Erickson et al. [2011].   

 

 
Figure 2.12: The peak westward velocity magnitudes identified from L-shell fitting for each radar scan between 

0400 UT and 0900 UT for the three radar pairs are shown here plotted versus MLT along the x-axis and color-coded 

in UT according to the color-bar on the right. The symbols representing each pair of radars are shown in the legend 

at the top-right of the figure. 

 

Judging from the periods of enhanced velocity, we note that the first relatively large increase 

occurred for the BW radars (~0430 UT), then for the FH radars (~0500 UT) and lastly for the CV 

radars (~0530 UT). There was a westerly progression in the enhancement. Conversely, 

significant decrease in velocity was registered by all three radar pairs after 0700 UT, with 



57 

 

evidence of the enhanced velocities disappearing by 0800 UT. Thus the quiet-time SAPS lasted 

for about three hours. 

The L-shell fitting and the POES precipitation boundary fitting techniques have thus been 

utilized to identify and to examine SAPS flow velocity magnitudes and directions from the LOS 

velocity measurements of the SuperDARN mid-latitude radar chain. The characteristics of the 

quiet-day SAPS identified in this study were observed to be markedly different from those of 

storm-time SAPS as described in previous studies. In the next section, a substorm with a duration 

coinciding with that of the SAPS is analyzed from the perspective of identifying possible drivers 

behind the observed deviant behavior of the SAPS 

2.6. SAPS and substorms 
 

In order to assess the influence of localized substorms on this quiet-day SAPS, we use the 

magnetic field perturbation data from the CARISMA magnetometers to identify and examine the 

features of the substorm observed in the northern hemisphere, during the interval of observation 

of the SAPS (refer to Section 1.5 for more information on the CARISMA magnetometers used in 

this study).  

Figure 2.13 shows the geomagnetic field perturbation measurements and the Pi2 pulsations 

(refer to Section 1.5 for the explanation of these pulsations) observed by the RANK 

magnetometer between 0300 UT and 0900 UT in Panels 1 and 2 respectively. A number of 

major Pi2 pulsations and thereby substorm intensifications are observed. The last panel shows 

the maximum of the peak westward velocity magnitudes (black) and the total count of L-shell 

vectors (red) from among the data of the three radar pairs. The L-shell fitting westward vector 

count (referred to henceforth as vector count) records for each radar scan, the number of vectors 

within the vector field generated by L-shell fitting over magnetic latitudes 55⁰-70⁰, with a 
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westward oriented resultant vector (or VE < 0). Since L-shell fitting requires at least five LOS 

velocity observations of ionospheric irregularities per latitude division, the vector count provides 

an effective means of quantifying the amount of ionospheric scatter seen by each radar pair at 

any given time. 

 

Figure 2.13: Magnetic X, Y and Z and the Pi2 pulsations for the X component for the Rankin Inlet magnetometer 

and L-shell fitting results. 
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The Pi2 pulsations (Panel 2) appear to increase in magnitude from 0330 UT, marking the 

onset of the substorm. The growth phase of the substorm is seen to last until around 0345 UT 

(Panel 1). The expansion phase begins immediately after and is characterized by relatively larger 

Pi2 pulsations. The SAPS velocities have now begun to increase and continue to do so 

throughout the recovery phase which appears to last until around 0530 UT (Panel 3). However, 

as was discussed earlier, by this time intense poleward electric fields have been set up in the mid-

latitude subauroral ionosphere resulting in the continuing increase of SAPS velocities throughout 

the recovery phase of the substorm. Major substorm intensifications can also be observed at 

around 0530 UT and 0700 UT from the measurements of the Pi2 pulsations, which could 

momentarily reinforce the polarization electric fields and thereby result in further enhancements 

of SAPS velocities as seen in Panel 3 at these times. The dissipation of the energy stored in the 

magnetosphere appears to have begun at around 0600 UT, as inferred from the general negative 

trend of the SAPS peak velocities and the vector count. The last few Pi2 pulsations observed at 

around 0800 UT mark the end of this substorm. The SAPS peak velocities also drastically reduce 

in intensity by this time and low westward velocities are once again observed post 0800 UT. 

The SAPS peak velocities and vector count is thus observed to increase approximately 30 

mins after the susbtorm onset, and to continue intensifying through the recovery phase of the 

substorm (refer to the discussion in Section 1.3 for more information on substorm triggered 

SAPS formation). The peak westward velocities are then observed to decrease until an hour after 

the end of the recovery phase. These observations are consistent with those from past studies on 

substorm related SAPS. The intensifications in substorm activity can be correlated well to 

enhancements in the quiet-time SAPS activity. The L-shell fitting technique combined with the 

wide spatial coverage and high temporal resolution of the SuperDARN mid-latitude HF radars, 
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have thus been shown to be able to facilitate detailed correlative studies of the life-cycle and 

dynamics of substorms and SAPS.  

2.7. Summary  
 

 The identification of SAPS flow velocities using the L-shell fitting and POES 

precipitation boundary fitting techniques have revealed the following characteristics of the quiet-

day SAPS event observed between 0300 UT and 0900 UT on May 14
th

, 2012: 

 The event day under study exhibited almost a constant and low value of Sym-H, Asym-H and 

Kp over the entire day, signifying the low strength of the equatorial ring current during the 

day. The SAPS observed between 0300 UT and 0900 UT showed no dependence on these 

indices, indicating that the SAPS was not influenced by the ring current. 

 A noticeable enhancement(s) of the AU and AL indices was observed within the interval of 

observation of the SAPS by the SuperDARN radars.  

 The GPS/TEC measurements made during this interval show the existence of a mid-latitude 

density trough at the location of the SAPS channel, consistent with the presence of poleward 

directed electric fields and a positive feedback mechanism for the formation of SAPS 

[Anderson et al., 1993]. 

 L-shell fitting performed for this day showed that the SAPS peak velocities increased in 

magnitude until around 0600 UT after which they decreased. The magnitudes of the 

velocities observed for this quiet-day SAPS were observed to be much lower than those for 

storm-day SAPS, examined in numerous past studies.  

 During the course of the SAPS event, the latitude locations of SAPS peak velocities showed 

no dependence on MLT or any geomagnetic index. 
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 The SAPS peak velocities for this event do not decrease exponentially with magnetic 

longitude, as was the case for the disturbed SAPS event examined in Clausen et al. [2012]. 

Numerous variations in the SAPS velocities were observed by the three radar pairs over the 

course of the event; however the direction of these flows were observed to be stable over the 

entire duration. 

 The SAPS peak velocity observations by the three radar pairs showed a high level of 

correlation between their occurrences in UT and MLT. This indicates the wide spatial extent 

of the SAPS. 

 The SAPS was observed to intensify 30 mins after the substorm onset and to last for around 

an hour after the end of the substorm recovery phase. 

 The response of the quiet-time SAPS to substorm intensifications was clearly identified. The 

SAPS observed here is evidently intensified through substorm related electrodynamic 

processes.  

The observed deviant behavior of this quiet-time SAPS can thus be attributed indirectly 

to substorm intensifications observed during the same interval of the SAPS. In the next chapter, 

we attempt to identify this behavior for a number of quiet-day SAPS events observed in 2011 

and 2012. Disturbed-day SAPS events in 2011 and 2012 are also identified, and the observed 

differences in the behavior of the SAPS in either category are discussed. 
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Chapter 3  

 

SAPS Occurrence Statistics 

 

3.1. Introduction 

 
 In the last chapter, the L-shell fitting technique and the POES precipitation boundary 

fitting technique were discussed and then utilized to identify enhanced westward sub-auroral 

velocities from the LOS velocity measurements of six mid-latitude SuperDARN radars for a 

quiet day in 2012. The spatial and temporal dynamics of the SAPS flow velocities identified 

using these techniques was then correlated with those of a substorm event observed by the 

CARISMA magnetometers. In this chapter, delays in the response of SAPS to substorm onsets 

are identified for numerous quiet day SAPS events in 2011. The occurrence statistics, 

geomagnetic activity dependence, and average characteristics of SAPS are then examined for the 

quiet days and disturbed days in 2011 and 2012. We find significant differences between the 

behavior of quiet-time and disturbed-time SAPS. We also observe that the occurrence of SAPS 

during substorms is a common quiet-time phenomenon. 

3.2. A comparison of SAPS characteristics for quiet days and 

disturbed days   
 
The quiet-day SAPS examined in the previous chapter, exhibited spatiotemporal 

dynamics which were shown to be significantly different from that of disturbed-day SAPS. In 

this section, we use the analysis techniques utilized in the previous chapter, to examine the SAPS 

occurring on a number of quiet days and disturbed days which were identified between 2011 and 

2012 using the Kp based selection criteria described in Section 1.5. Out of the 230 quiet days in 
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2011 and 2012 identified using the Kp based criteria, 142 days (~ 61%) showed SAPS. Out of 

the 115 disturbed days in 2011 and 2012 identified using the Kp based criteria, 112 days (~97%) 

showed SAPS.   

The L-shell fitting and POES precipitation boundary fitting were performed for each of 

these days. For each day considered, the L-shell fitting peak westward velocities observed in the 

LOS velocity measurements of the SuperDARN mid-latitude radars were extracted for each 

radar scan (usually every 1-2 minutes). For every five minutes of each day, POES precipitation 

boundary fitting was performed and the fit-latitude calculated at the MLT location of each radar 

pair was extracted. The peak velocities whose latitude locations lie at or equatorward of the 

POES precipitation boundary at the MLT locations of any of the three radar pairs were then 

considered to be sub-auroral. Only peak velocities greater than 100 m/s were considered to be 

SAPS velocities in this study. 

Figures 3.1 and 3.2 show the occurrence statistics for SAPS observed on disturbed days 

and quiet days respectively. Each panel in these figures shows the percentage of occurrence of 

the SAPS based on peak velocities (Panel a), latitude location of the peak velocities (Panel b), 

latitude location of the fitted precipitation boundary (Panel c), and the location of the peak 

velocities in MLT (Panel d). In each panel, the measurements are also binned in Dst. Each event 

is one observation of a SAPS velocity greater than 100 m/s. The latitude locations, MLT 

locations and Dst measurements were noted at the times of measurements of these peak 

velocities. The fit latitude location was estimated at the MLT location of the radar pair making 

the measurement. A total of 8636 independent observations of subauroral westward velocities 

were made during the 112 disturbed days between 2011 and 2012. Between the same two years, 

a total of 2458 subauroral westward velocity observations were made over 142 quiet days.  
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The following observations are made when comparing between each panel in both the figures: 

 

Panel (a): High peak velocity magnitudes (>1000 m/s) were observed in both panels. However, 

the number of such observations was considerably higher for disturbed days than it was for quiet 

days. This is an expected result as SAPS flow velocities have been shown to increase with the 

level of geomagnetic disturbance [Foster and Vo, 2002]. However, no Dst measurements less 

than -100 nT were made during the observations of disturbed day SAPS velocities, and a 

majority of the observations were made during periods of moderate-low Dst (Dst>-50). SAPS 

have been found to be strong both during the main phase as well as the recovery phase of 

magnetic storms [Huang et al., 2001; Anderson et al., 2001; Huang and Foster, 2007]. Therefore, 

the most likely reason for the large number of observations of SAPS, made during relatively low 

Dst periods, is that the SAPS were observed during the recovery phase of storms. However, the 

conditions necessary for SAPS formation may have begun developing during the main phase of 

the storms.  

 

Panel (b): The latitude location of SAPS velocities has been shown to decrease with Dst [Huang 

and Foster, 2007; Wang et al., 2008]. This trend is observed in Panel b of both figures. It was 

also observed that the occurrence percentage for quiet-time SAPS reached a peak at around 64⁰ 

magnetic latitude.  
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Figure 3.1: Disturbed Day SAPS occurrence characteristics 

 

Panel (c): During geomagnetically disturbed periods, the auroral oval expands equatorward. 

This can be observed in Panel c of Figure 3.1, where the fit latitudes for higher Dst values were 

observed to move more equatorward than those for lower Dst values. During quiet days we 

observed the same Dst dependence for the fit latitudes; however the fit latitudes for comparable 

Dst values were seen to be more poleward for quiet days than they were for disturbed days. This 

is most likely because of the reduced influence of ring currents on the quiet-time auroral oval. 
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Figure 3.2: Quiet Day SAPS occurrence characteristics 

 

 

Panel (d): Foster and Vo [2002] showed that the percentage occurrence of SAPS during 

moderate to disturbed geomagnetic conditions was considerably higher at earlier MLTs (16-24 

MLT) than at later MLTs. The result in Figure 3.1 is in agreement with this observation. The 

percentage occurrence of SAPS was at its highest between 20 and 0 MLTs for disturbed 

conditions. SAPS velocities were observed near dusk (16-18 MLT) as well as dawn (6-8 MLT). 

Furthermore, the distribution of SAPS occurrences seems to be weighted heavier at earlier MLTs 

than it is at later MLTs. In Figure 3.2, however, a different trend is observed. The wide MLT 

extent of SAPS percentage occurrences observed for the disturbed days is no longer observed 

here and the distribution is weighted heavier at later MLTs than it is at earlier MLTs. Also, the 

percentage occurrence of SAPS for quiet days is seen to be at its highest around midnight (23-2 
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MLT). The most likely explanation for this observation is the relationship of quiet-time SAPS to 

substorms as shown in Section 2.6 and in Section 3.1. Since substorms originate from the 

substorm current wedge at around midnight, and since quiet-time SAPS generally exhibit a 

delayed response to substorms, the observed trend must therefore be a result of this relationship.  

3.3. Quiet-time SAPS responses to substorm onsets 
 

Although the evolution of SAPS during substorms has been examined in numerous 

studies (refer Section 1.4), investigations of the response of SAPS to substorm onsets during 

quiet-times are relatively few. The quiet-time SAPS observed by the SuperDARN radars on May 

14
th

, 2012 was shown to form ~30 minutes after the onset of a substorm identified by the 

CARISMA magnetometers, and was shown to last until an hour after the end of the substorm 

recovery phase (refer Section 2.6). In order to assess whether such conjunctions between quiet-

time SAPS and substorms are common, here we extend the analysis described in Chapter 2 to the 

quiet days in 2011.  

Quiet days in 2011 were selected using the Kp-based selection criteria detailed in Section 

1.5. From a total of 119 quiet days identified in 2011, SAPS was observed on 66 days (refer 

Chapter 2 for the discussion on SAPS identification). It was observed that on each of these 66 

days, the SAPS occurred during periods of moderate to intense substorm activity. In other words, 

the quiet-time SAPS identified in this study were always associated with substorm activity. 

However, from these 66 days, only 30 days were selected for analysis as the phases of the 

substorm could not be clearly identified for the rest of the 36 days. Each of the selected 30 days 

showed SAPS with peak velocities (estimated through L-shell fitting) greater than 100 m/s, 

which could be clearly associated with substorm intensifications observed by the CARISMA 

magnetometers (refer Section 1.5 and 2.6 for a review of substorm identification). A total of 36 
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independent events were identified from the 30 days. For each of these events, the start and end 

times of observation of the SAPS and the substorms were noted.  

Figure 3.3 represents the typical duration of quiet-time SAPS in relation to that of 

substorms. Each green line in Figure 3.3 represents the difference in UT between the times of 

observation of the start of the SAPS and the substorm onset for each event (identified by the 

event count). Each red line represents the difference in UT between the times of observation of 

the end of the SAPS and the substorm recovery phase for each event. Both lines are spaced 

evenly about their respective event count. Each negative (positive) excursion of the green line 

indicates the delay (early arrival) of the SAPS as compared to the time of observation of the 

substorm onset. Each negative (positive) excursion of the red line indicates the delay (early 

arrival) of the end of the SAPS as compared to the time of observation of the end of the substorm 

recovery phase. Together, these lines represent the duration of the SAPS with respect to that of 

the substorm.  

It was observed that for a majority of these events, the SAPS response to the substorm 

was delayed by at least 15 minutes and at most by 90 minutes (negative green lines). For a few 

events, the SAPS was observed to begin at the time of the substorm onset (green dots along the 0 

axis). In one case (event-17), the SAPS was observed before the onset of the substorm and well 

after the end of the recovery phase. It was also observed that for a majority of these events, the 

substorm recovery phase lasted well after the time of the last SAPS observation (positive red 

lines). In a few cases, the SAPS was observed to last well beyond the end of the substorm 

recovery phase and in others, the times of observation of the end of the recovery phase and the 

SAPS were observed to coincide (red dots along the 0 axis).  
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Figure 3.3: The time differences in UT between the times of observation of the beginning (green lines) and end (red 

lines) of SAPS and substorms, is shown here for each of the 36 events. 

 

 

These observations show the variable time scales over which the conditions necessary for 

the formation of SAPS (refer Section 1.3), can develop. The almost constant values of Kp, Sym-

H and Asym-H during these days indicates that these variations were most likely caused by 

substorm related electrodynamics in the subauroral ionosphere. The observed delay in the 

response of SAPS to substorm onsets corresponds well with the response times identified in 

previous quiet to moderate-time SAPS studies [Puhl-Quinn et al., 2007; Makarevich and Dyson, 

2008; Makarevich et al., 2009] and differs from those identified in past storm-time SAPS studies 

[Mishin and Mishin, 2007; Nishimura et al., 2008]. In summary, the observations in Figure 3.3 

show that quiet-time SAPS generally occur sometime after the substorm onset and ends before 

the end of the substorm recovery phase. 

 



70 

 

3.4. Summary 
 

In this chapter, we examined a number of quiet-time SAPS events which were found to 

be associated with substorms. It was observed that SAPS was more likely to be observed on 

disturbed days than it was on quiet days. The response of these SAPS to the onset of the 

substorms was then identified. It was found that for most of the cases, the duration of the SAPS 

was well bounded by that of the substorm. Using the results from L-shell fitting and POES 

precipitation boundary fitting for a number of quiet and disturbed days in 2011 and 2012, we 

identified SAPS peak velocities, their latitude locations and MLT locations as well as the latitude 

locations of the precipitation boundary. The observed results agree well with those of past 

studies for disturbed-day SAPS. Quiet-time SAPS, however, have exhibited different trends than 

those of disturbed-time SAPS. One reason for this deviant behavior could be the difference in the 

driving mechanism behind either phenomenon. Disturbed-time or storm-time SAPS have been 

shown to be driven by ring current enhancements (therefore the elevated DST values). In the 

absence of the influence of enhanced ring currents, quiet-time SAPS must therefore be driven by 

substorm associated enhancements of the subauroral poleward electric fields.  
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Chapter 4 

The Transmitter Control Card – Calibration, Validation 

and Issues 

 

4.1. Introduction 
 

The control card is an essential component found within the transmitters of many 

SuperDARN radars. In fact, all the newer SuperDARN radars use control cards to control the 

transmit/receive operations of their transmitters. Failure of a control card would not just prevent 

the operation of a transmitter, but would also affect the quality of the overall radar 

measurements. The absence of data from one or more beams could result in incomplete 

observations of ionospheric processes such as SAPS. During the summer of 2012, I was tasked 

with bringing four inactive radar transmitters back to working order. In order to identify the 

components of the transmitters that were malfunctioning, I referred to some of the existing 

manuals on radar transmitter diagnostics and identified the control card to be at fault in all of the 

four transmitters. I also found that, although detailed documentation on the calibration and 

validation of high power T/R switches and other transmitter components existed, no such 

description was available for the control cards. This motivated me to devise a systematic method 

to confirm the proper operation and to identify both existing as well as potential issues with the 

control card. This chapter describes the ideal operating characteristics of the control card and 

details how one can calibrate and validate them. Also given in this chapter is a brief note on 

some of the issues that I encountered while working on the control cards. 
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Any communication system can be thought, in its simplest form, to consist of a 

transmitter block and a receiver block. For a bistatic system, these are electronic components 

which have their own signal paths. For a monostatic system, such as the SuperDARN radars, the 

transmitter and receiver share one or more of the RF signal paths. Such systems require complex 

circuitry to switch between transmit and receive modes effectively, so as to maximize the 

performance and to prevent damage to essential electronic components.  

 
Figure 4.1: Components of the SuperDARN transmitter subsystem 

 

 

Figure 4.1 shows the components of a typical SuperDARN transmitter subsystem. Note 

that all of these blocks reside within a transmitter box. In the transmit mode, a small RF signal is 

amplified and filtered as it moves towards the antenna from the left. In the receive mode, the 

signal from the antenna is passed to the receiver through a low power switch. SuperDARN radars 

primarily observe the drift of magnetic field aligned ionospheric plasma density irregularities. In 

the transmit mode, the radar transmits sequences of pulses of 300 microseconds duration. The 

doppler velocity and spectral widths of the observations are derived from the analysis of the 

Autocorrelation Functions [ACF], computed by integrating the return signals [Lester, 2013]. The 
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switching between transmit and receive modes is controlled by a T/R signal (T/R IN) which is 

fed to the control card as shown in Figure 4.1. A photograph of the Control Card is shown in 

Figure 4.2. 

 
 

Figure 4.2: The transmitter control card. 

 

The Transmit mode  

SuperDARN radars consist of 16 log-periodic or twin terminated folded dipole (TTFD) 

antennae, with electronically steerable beams. The RF signals transmitted through each of these 

antennae originate from dedicated Direct Digital Synthesizer (DDS) cards as well as local 

oscillator (LO) signals. Delays applied to these RF signals by a phasing matrix, induces a three 

degree shift in azimuth between each of the radar beams. Within the transmitter, these RF signals 

first encounter a TX (Transmit) low power T/R switch. The operation of this switch is regulated 

by the control card which activates it when it receives a T/R IN signal. The input RF signals are 

amplified to between 500 and 900 Wpeak depending on the input level and frequency.  This is 

achieved using a Driver Amplifier and a Final Amplifier, after which the signals are filtered to 

prevent the radiation of unwanted harmonics (Figure 4.1). Before the RF signals are transmitted 



74 

 

by the antennae, they pass through a power sensor that monitors the relative forward and 

reflected output powers. If the reflected power is excessive, the control circuitry shuts down the 

transmit operation. After this stage, the RF signals have to pass through a high power T/R switch 

in order to reach the coaxial cables leading to the antennae. The operation of this switch is also 

controlled by the control card. 

The Receive mode 

 The signals received by the antennae reach the high-power T/R switch within the 

transmitter via coaxial cables. In the absence of the T/R IN signal, the control card sets both the 

high power T/R switch as well as the RX (Receive) low power T/R switch. The received signal is 

then passed on to the receiver phasing matrix to form up the array beam pattern.  

 The high-power T/R switch requires a 400 V DC supply for its operation, while the low-

power T/R switches require +5V and -5V DC supplies each. These are provided by two separate 

DC voltage supplies for each transmitter and are distributed by the control card. 

Functions of the control card 

The control card performs a number of important functions which can be summarized as 

follows: 

 Controls the switching operation of the RX Low Power T/R Switch, the TX Low Power 

T/R Switch and the High Power T/R Switch. 

 Distributes the voltages necessary for the operation of the above mentioned switches. 

 Works with the power monitor card to provide a Forward and Reflected power display for 

the transmit path. 

Table 4.1 lists all the inputs and outputs to and from the control card alongside their functions. 
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INPUTS FUNCTION 

+15 V Supply  This input is converted to: 

 DC +5V & -5V supplies for the TX & RX Low 

Power T/R Switches.  

 DC 400V supply for the High Power T/R Switch.  

 500V Reference Voltage for the TR Generator sub-

circuit (Figure 4.3). 

T/R IN Stream of pulses to enable the switching operation between 

the transmit and receive paths. 

OUTPUTS  

400 V Supply DC supply for biasing operation within the High Power T/R 

Switch. 

TX TTL Control signal for the TX Low Power T/R Switch. 

RX TTL Control signal for the RX Low Power T/R Switch. 

SWR (Standing Wave 

Ratio) 

Trigger pulse for the Power Monitor Board to refresh itself. 

SWR_CLK Control signal to switch the Power Monitor Board between 

Transmit and Receive modes. 

RX & TX DC+ & DC- DC +5V & -5V supplies to the RX & TX Low Power T/R 

Switches. 

HPTR CTRL Control signal for the High Power T/R Switch. 

T/R OUT Used to pass the T/R IN signal to other transmitter modules 

in order to synchronize the switching operation.  
 

Table 4.1: Inputs and Outputs of the control card. 

 

4.2. Calibration and Validation of the control card 
 

The control card essentially controls the switching operation of the low power and high 

power T/R switches in the transmitter box assembly. The low power T/R switches are enabled by 

providing a LOW (voltage level decrease) TTL control signal to them. The operation of the high 

power T/R switch is controlled by the HPTR CTRL signal, which then controls the high power 

T/R switch by means of two control voltages E1 and E2, inside the casing of the high power T/R 

switch (shown as a thick black circle in Figure 4.3).  
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Figure 4.3: Schematic for the section of the control card which distributes the supply voltages. 

 

 
Figure 4.4: Schematic for the section of the control card which generates and distributes the control signals. 

 

 

Figure 4.3 and 4.4 together show the schematic of all the components present on the 

control card. The schematic in Figure 4.3 shows how the +15V and +400V DC supplies (shown 
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as green circles) are used to create all the other DC voltages required for the functioning of the 

transmitter. Figure 4.4 shows all the logic circuits which generate the control signals required to 

switch the transmitter components between the transmit and receive modes. The control card also 

controls the operation of the Power Monitor board by means of two outputs SWR and 

SWR_CLK, both shown as thick red circles. In this section, the calibration and validation of the 

Control Card is explained for both the transmit and receive modes of operation of the transmitter. 

TRANSMIT MODE 

 
In the Transmit Mode, the Control card enables the TX low power T/R switch, puts the 

high power T/R switch in the transmit mode and disables the RX low power T/R switch. The 

control card also turns on the power monitor board to display the forward and reflected power 

levels on the front panel of the transmitter. The states of the various control signals/voltages are 

given in Table 4.2. The HIGH and LOW control signal states are defined as increases and 

decreases in the voltage levels respectively. 

CONTROL SIGNAL/VOLTAGE STATE 

TX TTL LOW 

RX TTL HIGH 

HPTR CTRL  

                                                E1 HIGH 

                                                E2 LOW 

SWR_CLK  

                                            PIN #1, #4 LOW 

                                            PIN #2, #3 HIGH 
Table 4.2: Control signal and voltage states of the control card during the transmit mode. 

 

In order to calibrate the control card, we can simulate the operation of the Control card in the 

transmit mode, in the following manner: 

 Turn off the main A.C. power on the front panel of the transmitter. 

 Remove the RF output cable that goes to the antenna outside the building. 

 Connect a dummy load on the RF output on the front panel. 
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 Using a signal generator, provide a pulse train input of period 30 ms and width 300 µs to 

the T/R IN input of the transmitter. 

 Also, provide an RF signal input at say 12 MHz (8-20 MHz being the actual frequency 

range of operation of the transmitter) and 700 mV (p-p) to the TX input on the front panel 

of the transmitter.  

 Turn on the main A.C. power to the transmitter. 

If there are no other flaws or defects in any of the components of the transmitter, the following 

can be observed: 

 The Power Level Display on the front panel of the transmitter (Figure 4.3) will light up the 

forward power level whereas the reflected power level will be empty. However, in most 

cases, the forward power level does not fill up entirely and the reflected power level fills up 

one or two bars depending on the level of impedance mismatch between the antenna and 

the high-power T/R switch. 

 Also, a faintly audible ticking noise can be heard coming from the transmitter.  

 
 

Figure 4.5: Power level display during normal operation. 
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In the event that these expected outputs are not observed, one can first assume that the 

fault lies elsewhere and not with the control card, as it is easier to identify faults with the larger 

components of the transmitter than it is with the control card. A systematic procedure to identify 

such faults with the transmitter has is provided in the appendix. However, if the fault seems to be 

with the control card, then it could most likely be due to the reasons itemized below: 

Issues with the supply voltage distribution 

A multimeter can be used to check if the Control card is delivering +5V and -5V DC voltages 

to each of the low power T/R switches as well as a 400V DC supply to the high power T/R 

switch. Various test points are provided on the Control card which can be used to observe the 

voltages (Figure 4.3). 

The Control card distributes the +15V DC supply it receives, in three (Figure 4.3): 

 On one path, the +15V DC supply is downconverted to a +5V DC supply and passed on to 

an IC NTA0505. This IC is a DC-DC converter and it supplies +5V and -5V DC to each of 

the low power T/R switches.  

 On another path, the +15V DC supply is upconverted to a +500V reference voltage and 

passed on to an IC LM139. This IC works with a number of other ICs to provide the 

control logic for the low power T/R switches and the high power T/R switch. (Figure 4.4) 

Issues with the control signals 

Voltage probes from an oscilloscope can be used to view the control signal states for the 

various switches and to compare it with the state of the T/R IN input signal (Figure 4.4). 

o Connect voltage probe #1 to the non-ground side of capacitor C19 to view the TX 

TTL control signal. 
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o Connect voltage probe #2 to the non-ground side of capacitor C18 to view the RX 

TTL control signal. 

o Connect voltage probe #3 to the non-ground side of resistor R9 to view the T/R IN 

input signal. 

o Connect voltage probe #4 the non-ground side of capacitor C11 to view the control 

signal to the high power T/R switch. 

o Apply edge trigger on the input of voltage probe #3. 

For a functioning Control card, the oscilloscope output should be as shown in Figure 4.4. The 

outputs of probes 1, 2, 3, and 4 are shown here in dark blue, light blue, magenta and green 

respectively. Each of the pulses shown has an approximate duration of 300 µs. It is observed that 

probe 1 is low, while all the other are high. The transmitter has therefore been confirmed to be 

operating in the transmit mode. 

 

 
Figure 4.6: Expected Oscilloscope Output for the Transmit Mode operation 
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RECEIVE MODE 

In the Receive Mode, the Control card enables the RX low power T/R switch, puts the 

high power T/R switch in the receive mode and disables the TX low power T/R switch. The 

control card also disables the Power Monitor Board. The states of the various control 

signals/voltages are given in Table 4.3. 

CONTROL SIGNAL/VOLTAGE STATE 
TX TTL HIGH 

RX TTL LOW 

HPTR CTRL  

                                                E1 LOW 

                                                E2 HIGH 

SWR_CLK  

                                           PIN #1, #4 HIGH 

                                           PIN #2, #3 LOW 
Table 4.3: Control signal and voltage states of the control card during the receive mode. 

 

As was done before, we can simulate the operation of the Control card in the receive mode, in 

the following manner: 

 Turn off the main A.C. power on the front panel of the transmitter. 

 Remove the RF output cable that goes to the antenna outside the building. 

 Using a signal generator, provide an RF signal input at say 12 MHz and -70 dBm to the 

antenna terminal on the front panel of the transmitter. 

 Attach a load termination to the T/R IN input. 

 Connect a Spectrum Analyzer to the RX output on the front panel of the transmitter. (Note: 

Signal attenuation will be low, so adjust the spectrum analyzer attenuation appropriately) 

 Turn on the main A.C. power to the transmitter. 

If there are no flaws or defects in any of the components of the transmitter, a ~ -70 dBm peak 

can be observed at 12 MHz on the display of the spectrum analyzer (Figure 4.5). 
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Figure 4.7: Spectrum Analyzer Display 

 

As was done in the case of the transmit mode operation of the transmitter, we identify issues 

with the supply voltage distribution and control signals of the control card for the receive mode 

operation too. The issues with the supply voltage distribution remain unchanged from those 

discussed for the transmit mode operation. However different control signal outputs are expected 

from the control card during the receive mode operation. 

Voltage probes from an oscilloscope can be used to view the control signal states for the 

various switches. (Figure 4.4) 

o Connect voltage probe #1 to the non-ground side of capacitor C19 to view the TX TTL 

control signal. 

o Connect voltage probe #2 to the non-ground side of capacitor C18 to view the RX 

TTL control signal. 

o Connect voltage probe #3 to the non-ground side of resistor R9 to view the T/R IN 

input signal. 
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o Connect voltage probe #4 to the non-ground side of capacitor C10 to view the control 

signal to the high power T/R switch. 

Since the T/R IN input in the case of the simulated receive mode, does not have any form of 

pulse excitation, the outputs of probes 1-4 are not shown here.  

A functioning control card is expected to switch to the receive mode upon receiving a 

low T/R IN signal. For the purpose of calibration, the T/R IN input can been terminated with a 

50 Ω load. In the receive mode, the Control card must generate a low RX TTL control signal (to 

enable the RX low power T/R switch), a high TX TTL control signal (to disable the TX low 

power T/R switch) and a combination of low and high for the control signals E1 and E2 

respectively, which constitute the control signal for the high power T/R switch. 

4.3. Issues with control card components 
 

In order to identify the root cause of the control card malfunctions in the four 

transmitters, I employed a methodical procedure of elimination. By moving along test points 

(TP1, 2, 3) as shown in the Figure 4.3, and validating the voltages distributed by the various ICs, 

I was able to identify an inactive voltage regulator-IC MC78T0CT to be the reason for the 

malfunction of a control card. This IC converts the +15V DC supply to a +5V DC supply, which 

as described earlier activates the low-power T/R switches. For another control card, I observed 

that the malfunction was partly caused due to an IC which was burnt, possibly due to an 

electrical surge which travelled into the transmitter following a lightning strike on the antennae. 

For yet another control card, after a long and thorough analysis, I found the fault in a damaged 

SMA connector to the card. DC voltages are carried on coaxial cable and can easily short if the 

inner and outer walls of the cable come into contact. 
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4.4. Summary 
 

In this chapter, I have described what one should expect the control card to do during the 

transmit and receive modes of operation of the transmitter. I have briefly described the 

distribution of the supply voltages to the low and high power T/R switches in the transmitter as 

well the states of the control signals that activate/deactivate them. I also discussed the calibration 

and validation of the control card operation separately for both the transmit and receive modes of 

operation. A brief discussion of the issues that I found with the control cards was also provided 

in this chapter. In the appendix, I have provided an exhaustive report on how to locate the 

source(s) of the control card malfunction through a methodical process of elimination. 
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Chapter 5 

Conclusions/Future Work 
 

Disturbed-time SAPS is a phenomenon which has been examined in numerous past 

studies [Anderson et al., 2004; Foster et al., 2007; Mishin et al., 2007; Henderson et al., 2010; 

Clausen et al., 2012; Kunduri et al., 2012; Wang et al., 2012]. The relatively few quiet-time 

SAPS studies have been limited by the low spatial coverage of the radars and space-based 

instruments used [Makarevich and Dyson 2008; Makarevich et al., 2008, 2009, 2011]. This study 

aims at furthering our understanding of quiet-time SAPS and its drivers by using the high spatial 

and temporal resolutions offered by the recently developed SuperDARN mid-latitude radars. In 

Chapter 2, we examined the spatial and temporal dynamics of a quiet-time SAPS using the 

SuperDARN mid-latitude radars. We demonstrated how the L-shell fitting and the NOAA POES 

precipitation boundary fitting techniques could identify and examine the strength and directions 

of SAPS flow velocities. We found that the decrease in SAPS peak latitudes and peak velocities 

with MLT and MLon respectively, observed for disturbed-time SAPS was not observed for this 

event. We also found that this quiet-time SAPS occurred within the recovery phase of a substorm 

identified using the CARISMA magnetometers, and found numerous correlations between the 

occurrences of substorm intensifications and enhancements in the SAPS. In summary, we 

identified quiet-time SAPS to be associated with much weaker westward plasma flows as 

compared to that of disturbed-time SAPS; and to be driven indirectly by substorm 

intensifications. In Chapter 3, the SAPS flow velocity analysis described in Chapter 2 was used 

to perform a statistical study of quiet-time and disturbed-time SAPS for events identified in the 

years 2011 and 2012. We found numerous conjunctions of quiet-time SAPS with substorms and 
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observed the duration of the SAPS to be well bounded by that of the substorms, for most cases. 

We also found quiet-time SAPS to occur between the relatively narrow nightside MLT range of 

[18, 4] whereas disturbed-time SAPS was found to occur between the broader nightside MLT 

range of [15, 5]. Furthermore, we found the occurrence percentage of quiet-time SAPS to be at 

its highest between the narrow latitude range of 60-66⁰, while disturbed-time SAPS was 

observed to occur within a much broader latitude range of 55-66⁰. From these results, we 

inferred that the observed differences in the spatiotemporal behavior of quiet-time and disturbed-

time SAPS was most likely caused by the different electrodynamic processes that drive them. 

Chapter 4 identified some existing and potential issues with a control card used in the 

SuperDARN radar transmitters. Calibration and validation techniques for the card were 

discussed for both the transmit as well as the receive mode operations. 

The theory of SAPS formation and its evolution during substorms, proposed by Anderson 

et al. [1993] has been used in this study to interpret the observed spatiotemporal dynamics of the 

quiet-time SAPS. Although sufficient evidence has been provided in past studies to support this 

theory in order to explain disturbed-time SAPS formation, there is no such evidence for quiet-

time SAPS. A future study can examine the electrodynamic processes that result in the 

remarkable correlations observed between substorm intensifications and SAPS enhancements. 

One possible direction for future research would be to examine the dynamics of subauroral 

electric fields in relation to that of quiet-time SAPS and substorms. 

In Chapter 2, we also noted the formation of the ionospheric mid-latitude density trough 

at the location of the quiet-time SAPS. This observation is consistent with that of previous 

studies on disturbed-time SAPS and suggests that the mid-latitude trough should be deeper 

during disturbed-time SAPS than it is during quiet-time SAPS [Shunk et al., 1978; Banks and 
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Yasuhara, 1978, Anderson et al., 1993]. A future study could examine TEC gradients across 

SAPS channels during quiet-time as well as disturbed-time SAPS, in order to further our 

understanding of the mid-latitude trough and the associated electrodynamic processes. 

In this study, we identify the phases of substorms from its magnetic signatures using the 

data from CARISMA magnetometers. We then noted the durations of the quiet-time SAPS 

observed in relation to that of the substorms. A future study could use the visual signatures of 

substorms seen in satellite observations, to identify the times and locations of substorm onsets 

more accurately. 
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Appendix 

If the transmitter does not operate in the manner as described in Chapter 4, here are a few 

steps one can take to arrive at the root of the problem.  

Note: Maintain the connections to the transmitter in each mode, as mentioned in the calibration 

setup in Chapter 4. 

 

1. TRANSMIT MODE 

In the transmit mode, the Control card receives a T/R IN input of pulses which would 

then make the Control card send out control signals to enable the TX low power T/R switch  and 

to switch the high power T/R switch to the transmit mode. Assuming that the Control card is 

functioning properly, the following procedure can help pin-point the location of the problem: 

i. Turn OFF the main A.C. power switch on the front panel to cut off dangerous voltages. 

ii. The RF input signal from the TX port on the transmitter first encounters the TX low 

power T/R switch. So, we can first perform a diagnostic test on this switch. 

a. Disconnect the SMA cables from the RF OUT 1 output and the RF IN input of the 

TX low power T/R switch, as shown in the Figure 1. 
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Figure 1: Disconnecting the SMA Cables from the low power T/R switch 

 

b. Connect the two using a female SMA to female SMA (barrel) connector, as shown in 

the Figure 2. Turn ON the main A.C power.  

 

                              Figure 2: Connecting the two SMA Cables 

 

If the forward power display fills up now, then we can safely say that the TX low power 

T/R switch and/or the Control Card are not functioning properly. 
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iii. Before trying to diagnose the driver amp, the final amp or the low pass filter, we can 

perform a simple diagnostic test on the High Power T/R switch. Turn OFF the main A.C. 

power once again.  

a. Disconnect the two coaxial cables from the high power T/R switch as pictured in 

Figure 3.  One cable will connect to the power sensor; the other cable will connect to 

the front panel’s coaxial connection. 

 

Figure 3: Disconnecting the two coaxial cables from the High Power T/R switch 

 

b. With a female N to female N (or barrel) connector, join the two recently disconnected 

coaxial cables as seen in Figure 4.  You may have to bend the coaxial cables around a 

bit, but be wary of stressing the cables too much.     
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Figure 4: Connecting the two coaxial cables 

 

Turn ON the main A.C. power. Here, once again if the forward power display fills up, 

we can say that the high power T/R switch and/or the Control Card are not 

functioning properly. Refer the diagnostics section on the high power T/R switch in 

the Fort Hays Radar Electronics Manual. 

iv. If the previous step still results in the forward power display showing low or no power, 

then the focus can be shifted on to the driver amp, the final amp or the low pass filter. 

However, in the event that the problem has been traced to the Control card, the steps for 

calibration and validation as discussed in Chapter 4 must be performed. 

1.1.  Issues concerning the voltage distribution 

The Control card distributes the +15V DC supply it receives, in three (refer Figure 4.3 in 

Chapter 4): 
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 On one path, the +15V DC supply is downconverted to a +5V DC supply and passed on to 

an IC NTA0505. This IC then distributes the +5V and -5V DC supplies to each of the low 

power T/R switches.  

 On another path, the +15V DC supply is upconverted to a +500V reference voltage and 

passed on to an IC LM139. This IC works with a number of other ICs to provide the 

control logic for the low power T/R switches and the high power T/R switch. (Refer Figure 

4.4) 

 The +500V DC reference voltage is also downconverted to a +400V DC supply for the 

high power T/R switch. 

As was mentioned earlier, a multimeter can be used to check if the Control card is 

distributing the voltages as it is supposed to.  

1.1.1. Improper +5V and -5V DC supplies 

As was mentioned above, the +5V and -5V DC supplies are provided by the IC 

NTA0505. The IC requires an input voltage of +5V DC at pin #2 (Vin) to function properly. If 

the IC is receiving this +5V DC supply and still not generating the +5V and -5V DC supplies for 

the low power T/R switches, then consider replacing the IC.  

If the IC is not receiving this +5V DC supply, then shift your focus to IC MC78T0CT 

which is a voltage regulator that converts a +15V DC supply to a +5V DC supply. Test-point 2 

(TP2) can be used to measure the +5V DC supply using a multimeter probe. 

Note: The low power T/R switches do not require exact values of +5V and -5V DC to operate.  
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1.1.2.  Improper +500V DC Reference voltage and +400V DC supply 

A multimeter probe can be placed at resistor R6 to see if the +500V reference voltage is 

being generated. If not, perform a connectivity check on the fuse F1 using a multimeter. If the 

fuse is operational, check if the DC voltage regulator (PICO 92861) is functional. If it is, then pin 

#1 should receive a +15V DC supply and should give a +500V DC output at pin #3. 

If the +500V DC reference voltage is being generated, then the +400V DC supply should 

also be generated. This can be observed by using a multimeter probe at test-point 3 (TP3). 

1.2.  Issues concerning the control signals 

Under normal operating conditions, the Control card is expected to switch to the transmit 

mode upon receiving a high T/R IN pulse. In this mode, the Control card must generate a low TX 

TTL control signal (to enable the TX low power T/R switch), a high RX TTL control signal (to 

disable the RX low power T/R switch) and a combination of high and low for the control signals 

E1 and E2 respectively, which constitute the control signal for the high power T/R switch. 

1.2.1. Improper TX and RX TTLs 

The TX TTL and RX TTL control signals are generated by the IC SN74LS20 at pin #8 

and pin #6 respectively. For the TX TTL to be low: 

 Pin #13 and #12 must be high. Both inputs are fed from pin #6 of IC SN74L800, which is 

in turn activated by the T/R IN signal going high at pin #1 and pin #2 of the same IC. 

 Pin #10 must be high. This input is fed from pin #8 of IC SN74L800. The output of pin #8 

of IC SN74L800 is provided by a NAND logic, with low inputs at pin #9 and #10, from pin 

#3 of IC LM555 (Timer circuit). 

 Pin #9 is switched to the high state by a +5V DC supply. 
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These four pins feed a NAND logic within IC SN74LS20 to generate the low TX TTL 

control signal to enable the TX low power T/R switch. Therefore, if any one pin from among the 

four were to remain low, it can cause the TX TTL control signal to reach a high state, which 

would then turn OFF the TX low power T/R switch. 

1.2.1.1. Pin #13, #12 low 

If Pin #13 and #12 are low, shift your focus to the IC SN74L800.  

 Check if Pin #13 (VCC) is getting a +5V DC supply. If it is not, then follow the steps 

mentioned in section 1.1.1 of the Appendix. 

 Check if Pin #1 and #2 are receiving the T/R IN control signal in the high state. If they 

aren’t, then the fault may lie in the SMA cable/connector. 

 Also check if pin #3 shows a low and pin #6 shows a high. 

 If all the above tests turn negative, replace the IC. 

1.2.1.2. Pin #10 low 

A malfunctioning IC SN74L800 can cause the input to Pin #10 to be low. However, if the 

IC proves to be functional based on the examination in section 1.2.1.1., the fault may lie in the 

IC LM555 timer circuit giving out a high signal state through its Pin #3. The IC LM555, when 

functional, must also give a high on Pin #2 (Trig).  

Check if pin #2, #4, #8, #7 and #6 on IC LM555 all show approximately a +5V DC 

value. If they do, and if Pin #2 shows a low and Pin #3 shows a high, then replace the IC. 

1.2.1.3. Pin #9 low 

Pin #9 is fed by a +5V DC supply. Therefore, if this pin is low, then follow the steps 

mentioned in section 1.1.1 of the Appendix. For the RX TTL to be high, pin #1 and #2 on IC 
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SN74LS20 must be low. These pins are fed by pin #3 of IC SN74L800 which is in turn switched 

to a low state by the high T/R IN signal input to a NAND logic within the IC. However, pin #4 

and #5 of IC SN74LS20 remain in a high state and contribute to the NAND logic which 

generates the RX TTL control signal at pin #6.  

1.2.2.  Improper HPTR CTRL control signal 

The HPTR CTRL control signal constitutes two control voltages E1 and E2. When E1 

turns high and E2 turns low, the high power T/R switch is placed in the transmit mode.  

E1 and E2 correspond to the voltages at capacitors C11 and C10 respectively. These voltages are 

generated by IC SN75451 through NAND logics and transistors within the IC.  

E1 and E2 are fed from Pin #5 and Pin #3 of IC SN75451. So, if E1 turns low and E2 

turns high, check first if the IC is fed by the +5V DC supply at Pin #8, #7 and #1. If this checks 

out, check if Pin #6 shows a high and Pin #2 shows a low. If they do not, then move to the 

previous section to check if IC SN74L800 is functional.  If all the inputs to IC SN75451 are as 

was expected and if the outputs are not, then replace the IC. 

2. RECEIVE MODE 

In the receive mode, the Control Card does not receive any T/R IN pulses. The Control 

Card sends out control signals to enable the RX low power T/R switch and to switch the high 

power T/R switch to the receive mode. Once again, let us assume that the Control Card works 

fine, and follow the procedure given below: 

i. As usual, turn OFF the main A.C. power switch on the front panel to cut off dangerous 

voltages. 
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ii. In the receive mode, the transmitter passes the received signal from the signal generator 

(when simulating the receive mode operation) to the high power T/R switch. A simple test to 

see if the high power T/R switch is functioning properly is given below: 

a. Disconnect the two coaxial cables from the high power T/R switch as pictured in Figure 

6. One cable will connect to the RX low power T/R switch and the other will connect to 

the front panel’s coaxial connection. 

 
Figure 5: Disconnecting the coaxial cables from the High Power T/R Switch 

 

b. With a female N to female SMA connector, join the two recently disconnected coaxial 

cables as seen in Figure 7.  

 
 

Figure 6: Connecting the coaxial cables 
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Turn ON the main A.C. power.  If the -70dBm peak at 12 MHz shows up on the 

display of the Spectrum Analyzer; then the fault may lie with the high power T/R switch 

and/or the Control Card.  

In rare cases, even though the high power T/R switch has a functional transmit 

path and receives the right control signals/voltages from the Control Card, it may still not 

have a functional receive path. Refer the diagnostics section on the high power T/R 

switch in the Fort Hays Radar Electronics Manual to rectify this issue. 

iii. The high power T/R switch passes the received signal onto the RX low power T/R switch. So 

if the high power T/R switch is functional, then the RX low power T/R switch can be at fault. 

Here, the same procedure of by-passing the switch can be performed as it was performed for 

the TX low power T/R switch in section 1 of the Appendix. Do not forget to turn OFF the 

main A.C. supply before making any changes. 

However, on turning ON the main A.C. power after making this modification, if you still 

do not see the expected output, the fault may lie with the low power T/R switch and/or the 

Control Card.  

If the problem has been traced back to the Control Card once again, the following tests 

can be performed to further narrow down the cause: 

 Perform a check on the voltages being given out by the Control Card, using a 

multimeter/oscilloscope. Diagnose any issues with the voltages using the information in 

section 1.1 of the Appendix. 

 Voltage probes from an oscilloscope can be used to view the control signal states for the 

various switches. (Refer Figure 4.4 of Chapter 4) 

o Connect voltage probe #1 to capacitor C19 to view the TX TTL control signal. 
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o Connect voltage probe #2 to capacitor C18 to view the RX TTL control signal. 

o Connect voltage probe #3 to resistor R9 to view the T/R IN input signal. 

o Connect voltage probe #4 to capacitor C10 to view the control signal to the high power 

T/R switch. 

Since the T/R IN input in the case of the simulated receive mode, does not have any form 

of pulse excitation, the outputs of probes 1-4 are not shown here. 

2.1.  Issues concerning the control signals 

A functioning Control card is expected to switch to the receive mode upon receiving a 

low T/R IN signal. For the sake of simulating the operation of the transmitter in the receive 

mode, the T/R IN can been terminated with a 50 Ω load. In the receive mode, the Control card 

must generate a low RX TTL control signal (to enable the RX low power T/R switch), a high TX 

TTL control signal (to disable the TX low power T/R switch) and a combination of low and high 

for the control signals E1 and E2 respectively, which constitute the control signal for the high 

power T/R switch. 

2.1.1. Improper TX and RX TTLs 

The TX TTL and RX TTL control signals are generated by the IC SN74LS20 at pin #8 

and pin #6 respectively. In the receive mode, TX TTL has to be in a high state. The pins which 

affect the state of TX TTL were listed in Section 4.1.2.1. It would be enough for any one of those 

pins to turn low, in order to push the TX TTL control signal to a high state. However, if none of 

the pins turn low, then the following information would be useful to diagnose the problem. 

For the TX TTL to be high: 



99 

 

 Pin #13 and #12 must be low. Both inputs are fed from pin #6 of IC SN74L800, which is in 

turn activated by the T/R IN signal going low at pin #1 and pin #2 of the same IC. 

 Pin #10 remains high. This input is fed from pin #8 of IC SN74L800. The output of pin #8 

of IC SN74L800 is provided by a NAND logic, with low inputs at pin #9 and #10, from pin 

#3 of IC LM555 (Timer circuit). 

 Pin #9 remains in a high state as it is fed by a +5V DC supply. 

These four pins feed a NAND logic within IC SN74LS20 to generate the high TX TTL 

control signal to disable the TX low power T/R switch. 

2.1.1.1. Pin #13, #12 high 

If Pin #13 and #12 are low, shift your focus to the IC SN74L800.  

 Check if Pin #13 (VCC) is getting a +5V DC supply. If it is not, then follow the steps 

mentioned in section 4.1.1.1. 

 Check if Pin #1 and #2 are receiving the T/R IN control signal in the high state. If they 

aren’t, then the fault may lie in the SMA cable/connector. 

 Also check if pin #3 shows a low and pin #6 shows a high. 

 If all the above tests turn negative, replace the IC. 

2.1.1.2. Pin #10 low 

A malfunctioning IC SN74L800 can cause the input to Pin #10 to be low. However, if the 

IC proves to be functional based on the examination in section 2.1.1.1, the fault may lie in the IC 

LM555 timer circuit giving out a high signal state through its Pin #3. The IC LM555, when 

functional, must also give a high on Pin #2 (Trig).  



100 

 

Check if pin #2, #4, #8, #7 and #6 on IC LM555 all show approximately a +5V DC 

value. If they do, and if Pin #2 shows a low and Pin #3 shows a high, then replace the IC. 

2.1.1.3. Pin #9 low 

Pin #9 is fed by a +5V DC supply. Therefore, if this pin is low, then follow the steps 

mentioned in section 2.1.1.  

 

For the RX TTL to be low, pin #1 and #2 on IC SN74LS20 must be high. These pins are 

fed by pin #3 of IC SN74L800 which is in turn switched to a high state by the low T/R IN signal 

input to a NAND logic within the IC. However, pin #4 and #5 of IC SN74LS20 remain in a high 

state and contribute to the NAND logic which generates the RX TTL control signal at pin #6. 

Refer section 4.1.2.2 on how to rectify issues with an improper HPTR CTRL signal. 

 

4.3. IC LM139 VOLTAGE COMPARATOR 

The LM139 Voltage Comparator IC provides a fail-safe mechanism for the biasing 

operation within the high power T/R switch. The 400V DC supply given to the high power T/R 

switch serves the purpose of reverse biasing diodes CR2 and CR4 (Refer the diagnostics section 

on the high power T/R switch in the Fort Hays Radar Electronics Manual) , in order to prevent 

high voltage (and power) transmit signals from passing into the receive path within the switch. 

Therefore, in the Transmit Mode operation, if the +400V DC supply is not provided to the high 

power T/R switch, it would damage the components forming the receive path within and 

possibly beyond the high power T/R switch. Figure 4.3 in Chapter 4 shows how the +500V DC 

output of the DC voltage regulator PICO 92861, is then downconverted to a +400V DC supply 
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for the high power T/R switch. So, if the +500V DC supply is not generated, neither will the 

+400V DC supply.  

The LM139 Voltage Comparator compares a 5V DC supply voltage at Pin #6 and a 

+500V DC reference voltage at Pin #7. If the IC receives both the voltages, it saturates and loads 

the resistor R13 through Pin #1. This in turn, places Pin #9 and Pin #5 of IC SN74LS20 in a high 

state thereby enabling the transmit mode operation (as described in section 1 of the Appendix) . 

However, if the IC LM139 does not receive the 500V DC reference voltage (or a reference 

voltage higher than the 5V DC supply voltage at Pin #6) at Pin #7, then it provides a negative 

supply voltage (or 0 volts or ground potential) through Pin #1. This in turn places Pin #9 and Pin 

#5 of IC SN74LS20 in a low state thereby disabling the transmit mode operation and thus 

preventing any damage within the high power T/R switch or to any other components on the 

receive path.  

Also, the transmit mode operation may be disabled owing to a malfunctioning IC LM139. 

If the IC receives a +5V DC supply at Pin #3 and Pin #6, and a +500V DC reference voltage at 

Pin #7; and still does not saturate at Pin #1, replace the IC.  
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