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Abstract 

This thesis is an observational study of Field Line Resonances (FLRs), between 0.5-5 mHz, 

in the Earth’s magnetosphere, and their correlation with Ultra Low Frequency (ULF) waves in 

the solar wind. The mechanisms for these phenomena are not yet completely understood and 

there is still great debate on the causes of Field Line Resonances as well as the discrete and 

repetitive nature reported by some studies. Many studies of FLRs have been reported, in the 

past decades, and recent work has indicated that discrete, continuous ULF waves in the solar 

wind may be responsible for driving these FLRs giving rise to particular “magic frequencies” 

(1.3, 1.9, 2.6 and 3.4 mHz). The premise of this study was that “magic frequencies” existed and 

the intent was to test the hypothesis that discrete ULF waves in the solar wind directly driving 

them.  

We successfully created an efficient algorithm and computer code to automatically detect 

ULF coherent waves over a large area within the field of view (FoV) of any Super Dual Auroral 

Radar Network (SuperDARN)’ station that could be later categorized as a “Field Line 

Resonance”. A total of 121 FLRs were identified during 2003 and their primary characteristics 

were obtained. For the 121 FLRs found in this study, ‘magic frequencies’ were not predominant 

in the general distribution. The frequency with more occurrences was the first in the array, 

0.6±0.1 mHz. The observation of other frequencies showed a decreasing trend of observation of 

occurrences for increasing frequency. Results also showed deviations from the classification of 

FLRs by their azimuthal wavenumber m (high-m vs. low-m) provided by previous studies, in 

terms of their phase variation vs. magnetic latitude, propagation (sundwards-antisunwards; 

eastwards-westwards) and location. From the FLRs identified in this study we were not able to 

classify them into the two distinct groups, based upon the FLR’s azimuthal wavenumber m, but 

rather the classification involved many other variables. Possible alternative classifications that 
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better adjust the observations in this study include the distinction of FLRs detected during quiet 

or active geomagnetic times, FLRs located either in or out of the plasmapause region, and 

classification of FLRs as low-m, intermediate-m, and high-m. 

Finally, we applied four different, complementary techniques to evaluate the coherence 

between ULF waves in the solar wind, detected by the Advanced Composition Explorer (ACE), 

and the FLRs found in this study.  We found that some specific magnetospheric configurations 

(such as uniform plasma distribution in the flux tubes or previous excitation of the 

magnetosphere at the driven frequency) might play an important role in the mechanisms 

driving the FLRs. Additionally,  mechanisms other than ULF waves in the solar wind might be 

involved in driving the FLRs, such as  pre-existing wave packets in the solar wind matching the 

natural frequency of the flux tube with specific magnetospheric configurations that allow the 

solar wind to drive the FLRs. 
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Chapter 1 

Introduction 

1.1 Preliminary remarks 

This thesis is an observational study of a particular phenomena occurring in 

Earth’s magnetic field lines called Field Line Resonances (FLRs) and the 

connection between properties in the solar wind that relates to the cause of these 

phenomena.  

This study makes significant contributions to the field of research by: 

1) Proposing an automatic methodology to identify FLRs using 

observations in the upper atmosphere; 

2) Describing their observed characteristics and comparing them to 

current description of characteristics given in the literature; 

3) Analyzing the connection between the solar wind and the FLRs. 

The sections below are devoted to introduce background information for 

the general understanding of these phenomena and also of their observation and 

study using ground and satellite instrumentation. 
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1.2 The Space Environment  

1.2.1 The Sun and the Solar Wind 

The Sun is a yellow dwarf star, commonly known as a main-sequence star 

in the nomenclature of astronomy. Nuclear fusion in its interior generates 

thermal energy that permeates outwards by either radiation or convection. The 

outward thermal pressure is balanced by the gravitational pressure from the 

sun’s layers so that the Sun is in hydrostatic equilibrium.  

The Sun has a magnetic field that changes structure during the 11 year solar 

cycle: During quiet times (solar minimum), the Sun’s magnetic field could be 

approximated as a magnetic dipole but it changes to more complicated structures 

during the solar maximum. This periodic variation is important in the 

understanding of variations in the occurrences of field line resonances in Earth’s 

magnetic field, mentioned in chapter 4. 

The continuous flux of particles emitted from the Sun, consisting mainly of 

electrons and protons, is known as the solar wind. The solar wind is made of 

plasma: Plasma is defined as a quasi-neutral ionized gas in a stationary state that 

exhibits collective behavior and constitutes 99% of the observed universe. The 

solar wind is a highly-conducting plasma that travels at supersonic speeds of 

approximately 500 km/s [Baumjohann and Treumann, 1997]. At 1 AU, the 

electron density has typical values of ne ~ 5 cm-3 and the electron temperature is 

about Te ~ 105 K.  

The solar wind’s energy density is higher than that of the Sun’s magnetic 

field. Consequently, the magnetic field of the Sun moves with the plasma and is 

carried outwards into interplanetary space by the solar wind. For this reason, it is 

known as the interplanetary magnetic field (IMF). Given the rotation of the Sun, 

the IMF describes a spiral [Parker, 1958], as shown in Figure 1.1, commonly 

known as the Parker Spiral. The IMF magnitude at 1 AU is of the order of 5 nT. 
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The solar wind has been measured at 1 AU as low as 300-400 km/s, but can 

rise to values of 700 km/s, as shown in figure 1.2, due to high-speed streams 

emitted from coronal holes.   

 
 

Figure 1.1: Artist conception of the Interplanetary Magnetic Field (blue) and the 
Parker Spiral (yellow arrows). Credits: J. Jokipii, University of Arizona (from 
“NASA Cosmicopia”, http://helios.gsfc.nasa.gov/solarmag.html). 

 

 
 

Figure 1.2: Schematic illustration of a fast stream interacting with a slow stream  
[Hundhausen, 1972] (from: 
http://www.physics.usyd.edu.au/~cairns/teaching/lecture11/node4.html).  
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Early measurements of solar wind parameters (density, speed, magnitude 

of the magnetic field) were obtained by the Soviet Luna probes (1959-1976) and 

the American Mariner 2 mission (1962) [Kivelson and Russell, 1995]. Since then, 

numerous spacecraft missions have been launched by the space agencies of 

several countries. In particular, the NASA Advanced Composition Explorer 

(ACE) has been operational since 1997 providing valuable data on solar wind 

parameters. This mission measures and compares the composition of matter 

samples, such as the solar corona, the solar wind, and other interplanetary 

particle populations, to name just a few [Stone et al., 1998; McComas et al. ,1998; 

Smith et al. , 1998].  

Relevant to the studies presented in this thesis are ACE’s measurements of 

solar wind parameters, including the solar wind’s proton density, speed flow, 

components of its magnetic field and its velocity, and plasma dynamic pressure 

calculated from the proton density and speed flow. 

1.2.2 The Magnetosphere 

The Magnetosphere is the cavity generated by the terrestrial magnetic field 

inside the ‘bow shock’, and its boundary is called the magnetopause. Solar wind 

particle dynamics create the magnetopause current system [Baumjohann and 

Treumann, 1997]. The front side of the outer magnetosphere is compressed by 

the dynamic pressure of the solar wind deforming its dipole configuration (Figure 

1.3); that is, the night side of the magnetic field is stretched out in a long tail.  

The configuration of the magnetosphere, as shown in figure 1.4, is highly 

variable and it is determined by the balance of the magnetopause current system 

given by the dynamic equilibrium between the solar wind dynamic ram pressure 

pdyn = nswmi (vsw)2 (neglecting the electrons and considering only the ions) and the 

plasma pressure of the magnetosphere pB = B2/2μ0, where nsw, mi,  and vsw  are 

the average number density, mass of the ions, and flow speed of the solar wind 
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respectively, B is the magnetic field of the Earth, and μ0 is the magnetic 

permittivity of vacuum.  The location of the magnetopause can be crudely 

calculated to the location where the solar wind dynamic pressure equals the 

plasma pressure of the magnetosphere evaluated at the boundery, assuming a 

dipole configuration of the magnetic field of the Earth [Schield, 1969; Kivelson 

and Russell, 1995]. 

The magnetic field strength is represented by Magnetic Field Lines. In the 

inner part of the magnetosphere, the geomagnetic field can be approximated by a 

dipole field with a dipole moment ME=8.05 x 1022 Am2. The geomagnetic field 

axis is tilted 11° from Earth’s axis of rotation. In this dipole configuration, the 

magnetic field lines are given by the expression  r = 𝑟eqcos2λ, where λ is the angle 

from the magnetic equator to the radius crossing the magnetic line (r), given rise 

to the L-shell parameter or L-value [McIlwain, 1969] by the expression: 

                                           𝐿−1 = cos2λ𝐸                                               (1.1) 

Away from Earth’s surface, at approximately around 4 Earth’s radii, the 

deformation of the dipole configuration due to the dynamic pressure of the solar 

wind, mentioned before, requires a more sophisticated and realistic configuration 

of the magnetosphere. Such realistic configuration is given by the Tsyganenko 

Models [Tsyganenko, 2002a and 2002b]. 

Since the magnetic field lines move with the plasma in the magnetosphere, 

they are said to be ‘frozen-in’ and can be thought as flux tubes. Standing waves on 

these flux tubes are called Field Line Resonances (FLRs) and are the focus of this 

study.  
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Figure 1.3: Topology of the solar-terrestrial environment. (From: 
http://svs.gsfc.nasa.gov/vis/a030000/a030400/a030481/). 

 
Figure 1.4: Earth’s Magnetic Field [Lanza and Meloni, 2006]. 
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The solar wind convects open field lines of the magnetosphere. If the right 

IMF conditions occur, closed field lines in the magnetosphere can be connected 

to IMF field lines in a process called “reconnection” and can be convected to the 

tail of the magnetosphere as well. 

The plasma inside the magnetosphere has very different origins which are 

beyond the scope of this discussion. The magnetosphere is very dynamic and 

exhibits multiple plasma regions, as shown in Figure 1.4. These regions are the 

Plasmasphere (a region of cold-dense plasma, ne ~ 5 x 102 cm-3, Te ~ 5 x 103 K), 

the Radiation Belts (ne ~ 1 cm-3, Te ~ 5 x 107 K), the Plasma Sheet (ne ~ 0.5 cm-3, 

Te ~ 5 x 106 K), and the Magnetotail (ne ~ 10-2 cm-3, Te ~ 5 x 105 K). The Radiation 

Belts, discovered by Van Allen and collaborators in 1958, are doughnut shaped 

regions populated by energetic electrons and ions (Ee ~ 0.1-10 MeV, Ep >50 MeV) 

[Baumjohann and Treumann, 1997]. 

1.2.3 The Ionosphere 

The Ionosphere is the outer most region of Earth’s atmosphere, composed 

of a mix of neutral particles and plasma. The plasma in the upper ionosphere is 

produced by ionization of molecules in the neutral atmosphere by solar 

ultraviolet light and x-rays, and precipitating particles in the auroral zones. 

The region of the Ionosphere between 50-90 km is called the D-region; in 

this region, ionization is produced by energetic sources, such as solar X-rays, 

precipitating energetic particles, and cosmic ray particles [Kivelson and Russell, 

1995], and recombination is high due to high collision frequencies [Baumjohann 

and Treumann, 1997], resulting in attenuation of high-frequency (HF) radio 

waves, particularly at 10 MHz and below.  

The regions above 90 km and 160 km are called the E-region and F-region 

respectively. In these regions, photo-ionization is high and depends on daytime 

variations [Baumjohann and Treumann, 1997]. Figure 1.5 shows the vertical 
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profile of mid-latitude electron density during day and night hours. The physical 

properties of those regions, such as high electron density, and refraction and 

reflection of radio frequency electromagnetic waves, have not only been utilized 

for over a century by Amateur Radio enthusiasts, but are critical for the 

functioning of backscatter radars, such as the High Frequency (HF) radars that 

are part of the Super Dual Auroral Radar Network utilized in this study.  A 

picture of one of the Super Dual Auroral Radar Network (SuperDARN) stations is 

shown in Figure 1.6. Chapter 2 includes a detail description of these physical 

properties and the operation of the SuperDARN radars. 

 
Figure 1.5: Vertical profile of mid-latitude electron density [Baumjohann and 
Treumann, 1997]. 

The Ionosphere is also highly conductive because ions in the E-region move 

with the neutral gas due to atmospheric winds and tidal oscillations moving 

across magnetic field lines but electrons in this region gyrate around those field 

lines. The relative movement constitute an electric current while charge 

separation produces an electric field [Baumjohann and Treumann, 1997].  
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Figure 1.6: SuperDARN TIGER Radar with Aurora. Credits: Danny Ratcliffe, La 
Trobe University, Australia (from: 
http://www.jhuapl.edu/newscenter/pressreleases/2009/090708_image3.asp).  

 

 The magnetic field lines have their footprints on Earth’s surface (ground) 

and extend out into the magnetosphere. SuperDARN detects coherent echoes 

detected by from plasma irregularities that are aligned with the geomagnetic field 

[Greenwald et al., 1985]. One of the outcomes of these measurements is the 

Doppler velocity (line-of-sight irregularity velocity) associated with the 

ionospheric plasma ExB drift, where E is ionospheric electric field and B is 

geomagnetic field [Chisham et al., 2007]. The Doppler velocity thus provides 

excellent information regarding magnetic field line convection and oscillation. 

The basics of the operation of the radars that form the SuperDARN network 

and the development of a code for automatic detection of ULF waves will be 

described in detail in chapter 2, while the identification and characterization of 

Field Line Resonances (FLRs) using SuperDARN will be explained in chapters 3 

and 4.  
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In the following sections, the theory of FLRs, a summary of the FLRs 

research studies up to date, the recent studies of possible sources of FLRs, and 

the goal of this study will be presented. 

1.3 ULF Waves and FLR model 

The object of this thesis is the study of Field Line Resonances (FLRs) in 

Earth’s magnetic field. Basic knowledge of plasma physics can be found in  

introduction to plasma physics’ books and space physics’ books, such as 

Baumjohann and Treumann [1997], Meyer-Vernet [2007], Kivelson and Russell 

[1995], and Chen [1974]. 

Table 1.1: Properties of space plasma (From Kivelson and Russell [1995])  
 

Plasma Type 
Density  
(cm-3) 

Temp  
(eV) 

Debye 
Length  

(m)  

Number of 
particles in Debye 

Sphere 𝑁𝐷  

Solar wind 10 10 10 1010 
Solar atmosphere 1014 1 10-6 102 
Magnetosphere 10 103 102 1013 

Ionosphere 106 10-1 10-3 104 

The space environment, which is the object of this study, is characterized by 

low and high energy particle regions and its low density, except for the lowest 

layer of Earth’s ionosphere (where recombination is possible). Table 1.1 

summarizes the properties of space plasma. It is worth mentioning that the 

different regions in the magnetosphere have different plasma parameters. 

1.3.1 Theory of Alfvén Waves 

The collective behavior of plasma enables the study of plasma as an 

electromagnetic charged fluid. This is known as Magnetohydrodynamics (MHD). 

In ideal MHD, the fluid has little resistivity and can be treated as a perfect 
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conductor; therefore, conductivity is large enough (𝜎 → ∞)  that the displacement 

current in Maxwell equations can be neglected.  

 

The ideal MHD equations consist of: 

 

Continuity Equation                                                                                                      (1.2) 

 

Momentum Conservation                                                                                             (1.3)  

 

Faraday’s Law                                                                                                                  (1.4) 

 

Ampere’s Law                                                                                                                  (1.5) 

 

Divergenceless magnetic field                                                                                     (1.6) 

 

Ohm’s Law (Generalized Ohm’s Law)   

                                                                                                                                           (1.7) 

 

Conservation of Specific Entropy                                                                               (1.8) 
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ρµ0

BVA =

02 ≈=
ρ

γ pcs

where ρ is the plasma mass density, 𝐽 ̅ is the electric-current density, u is the 

plasma flow velocity,  E is the electric field,  B is the magnetic field, µ0 is the 

magnetic permeability of free space, σ is the plasma conductivity, p is the 

pressure,  𝑐𝑠2 is the speed of sound and  𝑐𝑠2 ≈ 0. 

The ideal MHD basic parameters are: 

Ratio plasma pressure/magnetic pressure             1
2 0

2 <<=

µ
β

B
p

                 (1.9)                                                         

 

Speed of sound in plasma, Cs                                                                                     (1.10)                                        

  

Alfvén speed                                                                                                                   (1.11) 

 

where γ is the ratio of specific heat at constant pressure to the specific heat at a 

constant volume, p is the plasma pressure, ρ is the plasma mass density, B is the 

magnetic field, µ0 is the magnetic permeability of free space. 

 In wave theory, the relationship between the angular frequency ω depends 

on the wave number k on a wave is given by the dispersion relations. The roots of 

the dispersion relation give the values of the phase velocity: 

                                              𝜈𝑝ℎ = 𝜛
𝑘

                                                          (1.12) 
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Figure 1.7: Schematic of wave polarizations for the two different types of waves 
(from Kivelson and Russell [1995]). 

 

To derive the dispersion relations of electromagnetic waves in magnetized 

‘cold plasma’ (plasma pressure not important or β<<1 and Cs=0), some 

assumptions are considered: Assume that the plasma is initially at rest (no 

background flow), that wave perturbations are small in E, v, density, and B (so 

small that only linear terms are considered); assume also linear solutions. Then, 

the dispersion relations of the two types of waves (schematic of wave 

polarizations shown in Figure 1.7) that are derived from the linearized MHD 

equation are: 

Dispersion Relation for Shear Alfvén Wave                                                            (1.13) 

Dispersion Relation for Compressional Waves (fast magnetosonic waves)  

                                                                                                                                  (1.14) 

where 𝑘� is the wave-vector, 𝑘∥  is the component of the wave-vector parallel to the 

background magnetic field B0.  
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Field Line Resonances, the object of this study, are shear Alfvén waves on 

Earth’s magnetic field. The following section is devoted to a description of the 

theory of FLRs. 

1.3.2 Field Line Resonance Theory and Profile 

Field Line Resonances (FLRs) are standing magnetic field line oscillations 

on Earth’s magnetic field. Theoretical derivations can be found in Tamao [1966], 

Cummings et al. [1969], Southwood [1974] Chen and Hasegawa [1974], Singer 

[1981], Lee and Lysak [1989].  

FLRs are Ultra Low Frequency (ULF) shear Alfvén waves, in the Pc5 (2 

mHz to 7 mHz) range [Jacobs et al., 1964], and with oscillation periods of the 

order of several minutes. FLRs (Figure 1.8) are analogous to standing waves in a 

violin’ string: The E field would have nodes on the ionosphere  if the ionosphere 

had infinite conductivity. Since the ionosphere is not a perfect reflector to the 

wave because it has has finite conductance, the energy dissipation results in a 

finite field line resonance amplitude. In a spatially uniform plasma density and 

magnetic field strength, the resonant frequency of the FLRs would be inversely 

proportional to the length of the field line and directly proportional to the Alfvén 

speed [Walker et al., 1992]. Therefore, the natural resonant frequency would be 

directly proportional to the strength of the background field and inversely 

proportional to the square root of the density of the plasma in the flux tube of the 

field line and it is given by:  

                                       𝑓 = 𝑛𝑣𝐴
2𝑙

= 𝑛𝑛
2𝑙�𝜇0𝜌

                                              (1.16) 

where l is the length of the field line, n is the fundamental (n=1) or number of 

harmonic mode (n>1), B is the background field, vA is the Alfvén speed, μ0 is the 

permeability of free space and ρ is the plasma density of the field line (flux tube). 
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In reality, the field-line’s oscillation period represent an integral along the flux 

tube. Therefore, the FLR frequency decreases with increasing field line length 

and decreasing Alfvén speed (which it is related to the background magnetic field 

and plasma density in the flux tube). 

 

Figure 1.8: Standing oscillations in a dipole magnetic field. “Schematic 
illustrations of the field displacements in the fundamental and second harmonic 
of the field line resonances. Dashed lines are the displacement field lines” (From 
Kivelson and Russell [1995]). 

 

FLRs are thought to be the result of the coupling of a monochromatic fast 

compressional magnetohydrodynamics waves in the outer magnetosphere and 

shear Alfvén waves in the magnetosphere [Tamao, 1966; Southwood, 1974; Chen 

and Hasegawa, 1974]. An incoming compressional MHD wave is continuing 

refracted as it propagates towards the Earth because it encounters a positive 

gradient in the Alfvén velocity. Beyond the turning point, the wave decays 

exponentially until a resonance position where a field line resonance Alfvén shear 

frequency matches the frequency of the fast compressional wave [Dungey and 
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Southwood, 1969; Southwood, 1974; Singer et al., 1981; Walker et al., 1992]. 

From the idealized Ohm’s Law, the continuity and the momentum equation and 

solving Maxwell’s equations, assuming the geometry of a 1D box model and 

assuming infinite, uniform plasma with variation in a single direction and 

boundary conditions (in the ionosphere and the magnetopause), the solution 

near the resonance point is given by:  

(1.17) 

 

where Ex is the radial component of the electric field, ky is the wave vector in the 

azimuthal direction in a right-handed coordinate system (z is the direction 

aligned to the background field B0, x is the radial direction outwards), xr is the 

position near resonance position, and ε is related to the ionospheric dissipation 

of energy derived in Fenrich et al. [1997].  The amplitude and phase profile of Ex 

as a function of latitude is shown in Figure 1.9.  

The standing shear Alfvén wave would grow infinitely without energy 

dissipation at the resonance position: in reality, the ionosphere has finite 

conductivity and the perturbations in the magnetic field above the ionosphere 

drive ionospheric currents that dissipate energy through Joule heating [Tamao, 

1966; Southwood, 1974; Fenrich and Samson, 1997; Rae et al., 2008; Richmond, 

2010]. Figure 1.10 shows schematics of perturbed electric and magnetic fields for 

a Field Line Resonances in Earth’s magnetic field. The polarization patterns 

mapped down to the ionosphere are very useful to detect FLRs with ground 

instrumentation. In the next section, a brief discussion of those detection studies 

will be presented. 
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Figure 1.9: Profile of a FLR. Electric Field (x-component) amplitude and phase 
with resonance at x=10Re (from Fenrich and Samson [1997], figure 5). 

 

 
Figure 1.10: Schematics of the electric (left) and magnetic (right) field 
displacement in a fundamental mode of a field line resonance in Earth’s magnetic 
field, in a box model.  

 

 There are two main types of Field Line Resonances: The ‘poloidal mode’ 

and the ‘toroidal mode’. The ‘toroidal mode’ corresponds to ULF waves for which 

E is directed in the radial direction (𝑥�) and the velocity and magnetic field 

perturbations occur in the azimuthal direction (𝑦�). The ‘poloidal mode’, on the 

other hand, corresponds to ULF waves for which E is directed in the azimuthal 
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direction (𝑦�) and the velocity and magnetic field perturbations occur in the radial 

direction (𝑥�). Figure 1.11 shows a schematic of the oscillation of a field line in the 

two lowest frequency field-aligned standing toroidal (left) and poloidal (right) 

modes, while Figure 1.6 showed the polarization of the poloidal FLRs. 

 

Figure 1.11: Schematic representation of (a) fundamental (odd mode) and (b) 
second harmonic (even mode) standing oscillations of geomagnetic field lines. 
Decoupled toroidal and poloidal modes are shown, with dashed lines depicting 
the displaced field lines  (From Menk and Waters [2013]). 

 

1.4 Review of Field Line Resonance 
Literature 

1.4.1 Early studies of FLRs 

Observations of Ultra Low Frequency waves in the magnetosphere with 

ground instrumentation were first reported by Stewart [1861] and continued 

throughout the following century. They were called ”geomagnetic pulsations”. 
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Dungey [1954a, b] was the first to suggest that these pulsations were produced by 

MHD waves in the outer atmosphere and that the period of these “continuous 

pulsations” (Pc-5 pulsations, Jacobs et al. [1964]) were the result of a resonant 

process, that is to say standing waves along magnetic field lines that reflected at 

the ionosphere at the two ends.  

One of the first observational studies of low frequency MHD waves in the 

magnetosphere was by Patel [1964] with magnetometers on board the satellite 

Explorer XII. He also proposed a method to separate transverse Alfvén waves and 

magnetosonic waves from the satellite measurements. Cummings et al. [1969] 

investigated standing Alfvén waves in the magnetosphere both observationally 

(using satellite data) and theoretically, being able to measure 25 separated events 

that exhibited very nearly monochromatic fluctuations with periods ranging rom 

50 to 300 seconds. Dungey and Southwood [1969] revised the ground 

magnetometer and satellite observation of Ultra Low Frequency (ULF) waves in 

the magnetosphere and revised the concept of resonance modes, earlier 

introduced by Dungey [1954a], and the possibility that a Kevin-Helmholtz 

instability could be the source of excitation, as well as the energy deposition in 

the ionosphere by the field line resonances.  

Pioneering detection of geomagnetic micropulsations using ground 

magnetometers were conducted by Samson et al. [1971] and Rostoker et al. 

[1972]. They continued their detection of FLRs using magnetometers for decades, 

thanks to the Canadian Auroral Network for Open Unified Study (CANOPUS). 

The Canopus Network was expanded with the installation of multiple 

magnetometer stations across Canada and became the Canadian Array for 

Realtime Investigations of Magnetic Activity (CARISMA) network [Mann et al. 

2008], which is still used nowadays for the detection of FLRs and other 

geomagnetic activity monitoring studies. 
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The features of Field Line Resonance were theoretically studied by 

Southwood [1974].   Singer et al. [1981] introduced a method to numerically 

determine the eigenfrequencies for Field Line Resonances in realistic 

magnetospheric magnetic field geometry. Significant caracteristics of FLRs 

related to their azimuthal wave numbers were theoretical studied by Walker 

[1987, 1994], Taylor and Walker [1987] and Walker and Pekrides [1996]. 

Waters et al. [1994] used magnetometer data to study the resonant frequency, 

resonance width and damping coefficient of FLRs, and modeled low latitude 

geomagnetic FLRs; he also proposed a comprehensive ULF resonance structure 

in the magnetosphere [Waters, 2000]. 

  The study of FLRs is also important in the generation of auroral arcs and 

energy transfer from the outer magnetosphere to ionosphere and ionospheric 

heating [Rae et al., 2008; Damiano et al., 2007; Richmond, 2010]. FLRs are 

important mechanism for the energization of particles in different regions of the 

magnetosphere.  This idea was introduced by Lanzerotti and Maclennan [1987]. 

The interaction of ULF waves’ fields and electron’s drift orbits accelerates 

electrons in the magnetosphere to MeV energies [Elkington et al., 1999; Mathie 

and Mann, 2000; Elkington et al., 2003; Mann et al., 2003; Rae et al., 2006; 

Zong et al., 2009]. 

1.4.2 FLRs research studies using SuperDARN 

For the past three decades, the SuperDARN network has proven to be an 

excellent instrument for detection of FLRs. Walker and Greendward, among 

others, were pioneers of detection of FLRs using SuperDARN [Greenwald et al. 

1978; Walker et al, 1979; Walker, 1980 and Walker, 1995]. Fenrich and Samson 

performed systematic detection of FLRs utilizing radar data from the early 

SuperDARN network [Fenrich et al., 1995]. Fenrich, in her PhD Thesis [1997] 

extensively studied FLRs using SuperDARN and identified and classified the two 
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FLR modes, ‘poloidial mode’ and ‘toroidial mode’, by their azimuthal 

wavenumber.  

A comparison study between SuperDARN and CANOPUS observations of 

FLRs was conducted by Ziesolleck et al. [1998], which showed agreement in the 

measured resonance frequency and azimuthal wave numbers (m-number) for 

some cases but not for others. Ponomarenko et al. [2001] conducted similar 

comparison studies and was able to determine the limitations of both radars and 

ground magnetometers in the measurement of m-numbers of FLRs, which it is 

important when comparing measurements done by each instrumentation.  

An automated method for detection of FLRs using ground magnetometers 

was developed by Berube et al. [2003]. Ponomarenko [2003] published a 

comprehensive technique for visualization of ULF waves in SuperDARN data, 

which is very useful for this thesis. Furthermore, the techniques for FLR 

identification using SuperDARN used in this thesis have been extensively 

developed by Fenrich et al. [2006]. The results of that study showed the discrete 

and repetitive nature of FLRs and gave rise to the concept of ‘magic frequencies’, 

also known as “Samson’s magic frequencies”. These frequencies are 1.3, 1.9, 2.6 

and 3.4 mHz. 

1.4.3 Studies on FLR characteristics 

 The two types, toroidal and poloidal mode, of Field Line Resonances have 

been successfully observed and their properties studied by many researchers: 

Chen and Hasegawa [1974],  Walker [1994], Walker and Pekrides [1996], Allan 

and Wright [1997], Ziesolleck et al. [1998], Yeoman et al. [2000], just to name a 

few.  

Some of the extensive studies were conducted by Fenrich et al. [1995], 

Fenrich [PhD Thesis, 1997], and Fenrich and Samson [1997]: In those studies, 

the FLRs were categorized as ‘poloidal mode’ if they exhibit a large (m ≥ 17) 
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azimuthal wave number (high-m) and as ‘toroidal mode’ FLRs if they had a small 

azimuthal wave number (low-m). In those studies, low-m FLRs exhibited a 

standard decrease in the latitudinal phase shift throughout the resonance peak, 

while high-m were characterized by a phase increase with latitude [Fenrich et al., 

1995].  

Fenrich and Samson [1997] postulated that the 180 phase decrease (a 

known driven resonance effect) found for the FLR low-m case is attributed to the 

latitudinal/radial gradient in the standing Alfven wave frequency. They also 

suggested that the increase in phase variation with latitude for the high-m could 

be explained as the wave-particle coupling acting as an internal driver. In that 

study, Fenrich and Samson [1997] used a heuristic model driving term suggested 

by Southwood [1974] for the high-m waves, within an MHD formulation, to try to 

theoretically explain their observations.  However, Mann [1998] pointed out 

problems in that study, citing unphysical results, and offered an alternative 

heuristic MHD model to better described the observations of high-m FLRs. 

 Some studies have proposed complementary and/or alternative classification 

for FLRs. Allan and Wright [1997] defined small-m modes as those FLRs with m 

<10 and large-m events for FLRs with 10 < m <50. Wright and Yeoman et al. 

[1999] stated that FLRs “exhibit small effective azimuthal wave numbers (m) 

typically in the range 0-20 (…)”. Yeoman et al. [2010; 2012] proposed that ULF 

waves are classified as “high-m” if m > 15. Alternatively, Wright and Yeoman et 

al. [1999] and Yeoman et al. [2000] explained that particle-driven ULF waves are 

high-m pulsations and they can be categorized into “storm time Pc5’s” and ‘Pg’ 

(giant) pulsations observed when geomagnetic conditions are quiet, with average 

m ~ -26 (negative sign means westward propagation) and as high as m ~ 100. 

  Mager et al. [2010] postulated that the increase in phase variation with 

latitude profile of high-m FLRs could be explained “in terms of a model of wave 

excitation by an azimuthally drifting particle inhomogeneity injected during 
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substorm activity”: the increase in phase variation would be caused by fact that 

the radial component of the phase velocity (directed toward Earth) was led by the 

cloud stretched into spiral in the equatorial plane when the drift velocity 

increases with the radial coordinate, given that the azimuthal direction of the 

phase velocity coincided with that of the particle cloud.  

 This mechanism was supported by observations by Yeoman et al. [2010]: 

They offered a case study of an intermediate-m (m=13) case of a FLR with 

increase phase variation with latitude, occurred on 21 March 2002, detected by 

SuperDARN radars at Hankasalmi, Finland and Þykkvibær, after a substorm 

interval detected by the IMAGE (International Monitor for Auroral Geomagnetic 

Effects) magnetometer array. It is worth to mention that Yeoman et al. [2012] 

presented a case of a high-m case detected by SuperDARN on October 15, 1998 

with neither “poleward” nor “equatorward” latitudinal phase propagation, but 

rather curve phase fronts. 

 Observed with radars, FLRs that exhibit a standard decrease in the latitudinal 

phase shift throughout the resonance peak show a “poleward phase 

propagation” (in the time plots of the analytic signal) or “poleward moving 

bands” (in the range-time plots), while FLRs that exhibit a standard decrease in 

the latitudinal phase shift throughout the resonance peak show a “equatorward 

phase propagation” or “equatorward moving bands” [Waldock et al., 1983; Tian 

et al., 1991; Yeoman et al., 1992; Fenrich et al., 1995; Yeoman et al., 2012]. This 

terminology will be used throughout  this manuscript. 

 The study of the latitude phase variation (standard/reverse) that is the same 

to say the latitude phase propagation (poleward/equatorward) and the 

longitudinal phase propagation (eastward/westward, sunwards/anti-sunwards) 

of FLRs using SuperDARN radars was also studied by Fenrich et al. [1995], 

Fenrich [PhD Thesis, 1997] and Fenrich and Samson[1997]. However, the 
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classifications contradict some of the results obtained by Yeoman and Lester 

[1990], Tian et al. [1991], Yeoman et al. [1992], and Yeoman et al. [2010]. 

1.4.4 Recent studies of possible sources of FLRs 

The complex interactions of the solar wind with the Earth’s magnetosphere 

have been studied for the past five decades but the cause of Field Line 

Resonances is still under debate. The difficulties with proposed sources has been 

discussed by Fenrich et al. [1995], Waters [2000], Stephenson and Walker 

[2002], Walker [2005] and Menk [2011], among many others. 

Kevin-Helmholtz instability was the earliest mechanism proposed (Dungey 

[1954a]), but failed to explain the discrete nature of FLRs observed at different 

latitudes. Another explanation proposed was the cavity or waveguide modes but 

they fail to explain the low frequency FLRs observed and the repetitiveness 

nature of the ‘magic frequencies’ since the magnetosphere is a very active region 

and its size varies continually under different solar wind conditions.  

Several FLR case studies have been conducted using SuperDARN, 

magnetometers, and other instruments, which reported a repetitive nature of 

discrete frequencies observed over others. These ‘magic frequencies’ were  found 

by Samson et al. [1991],  Fenrich et al. [1995],  Francia and Villante [1997], 

Villante et al. [2001], Francia et al. [2005], Thomson et al. [2007], to name a 

few. Vial et al. [2009] and Archer and Plaschke [2014] presented a historical 

compilation of the detection of these ‘magic frequencies’, detected by different 

ground and spacecraft instrumentation between 1991 and 2009. A theory that 

intends to explain the repetitive nature of discrete FLRs is that they are directly 

driven by ULF waves in the solar wind with matching frequency. 

The dependence of solar activity and FLRs has been studied by numerous 

scientists. Ziesolleck and McDiarmid [1995] conducted a statistical study and 

they found ULF pulsations occurring with the same frequency at all latitudes but 
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the frequencies detected in the study were different than the so called “magic 

frequencies”. Vellante and Förster [2005] investigated the relationship between 

solar irradiance’s dependence of FLRs, showing the dependency of solar 

irradiance and plasma density in the flux tubes.  

Rae et al. [2005] made a comprehensive investigation of an FLR event 

using ground magnetometers, satellite instrumentation, and SuperDARN radars. 

In this case, the event showed no relationship to dynamic pressure variations in 

the solar wind, and the authors suggested that the event was excited by the 

Kevin-Helmoltz instability in the magnetopause. Rae et al. [2012] analyzed 15 

years of ground-based magnetometer data and found no enhancement at discrete 

frequencies in the power spectrum. That paper presented an excellent historical 

review and compelling discussion on the topic. Similarly, Baker et al. [2003] 

analyzed 10 years of magnetometer data and found no evidence of stable, 

recurring, discrete frequencies in the Pc5 range.  

Furthermore, Archer and Plaschke [2014] well pointed out that the 

existence, significance, and stability of the so called “magic frequencies” is 

disputed. They utilized an entire solar cycle’s worth of solar wind data (from  

OMNI database) to investigate the distribution of magnetopause surface waves, 

using realistic models of the magnetosphere and the magnetosheath. These 

magnetopause surface waves, also called Kruskal-Schwartzschild (KS) modes, 

“had been suggested as a possible source of ‘magic’ frequencies”.  The study 

revealed that the most likely fundamental frequency, under non-storm conditions 

was 0.64±0.06 mHz. They also found that the distribution exhibited a significant 

spread (±0.3mHz), much larger than suggested by proponents of discrete, stable 

‘magic’ frequencies. 

All these studies enumerated contradict the idea that FLRs are directly 

driven by ULF waves in the solar wind with the same frequency. 
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On the other hand, some studies claim to provide observational evidence to 

confirm the theory that ULF waves are direct drivers of FLRs. Viall et al. [2009] 

conducted an analysis of the occurrence distribution of statistically significance 

correspondence between solar wind number density structures and FLR events, 

using 11 years (1995-2005) of solar wind data and discrete oscillations identified 

during a 10 year period (1996-2005), which they found in 54% of the cases. 

Fenrich and Waters [2008] developed a new technique of “cross-power and 

cross-phase” and demonstrated phase coherence of a field line resonance and 

solar wind oscillation for an event in Nov 21, 2003, with 95% confidence level. An 

independent study by Stephenson and Walker [2010] of another event using a 

different technique provided the same result. 

This study intended to systematically study the characteristics of Field Line 

Resonances in Earth’s magnetic field and to study the correlation between ULF 

waves in the solar wind and FLRs. 

1.5 Objective and Main Goals 

The main goal of this study was to statistically determine which portion of 

Field Line Resonances (FLRs) in Earth’s Magnetic Field (Magnetosphere) 

between 0.5 mHz and 5mHz has their origin in the solar wind Ultra Low 

Frequency (ULF) waves.  

Another important goal of this study was to produce an automated 

algorithm to identify ULF waves using SuperDARN, and to create and validate a 

large database of FLRs from which to determine FLR statistics on classification of 

their characteristics, such as frequency, latitude, local time, m-value, etc.  It is 

worth mentioning that there have been recent attempts (simultaneous to, but 

independent from, this study) by Mangus [2009] and  Bland et al. [2014] to 

develop computer algoritms to automatically detect Pc5 using SuperDARN. The 

autor of this manuscript did not have knowledge of these efforts until the final 
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edits performed in this manuscript. Comparisons of the methodology used in this 

study and the other studies will be described at the end of Chapter 2.  

The methodology of systematic detection of ULF waves using SuperDARN 

will be explained in Chapter 2. In this chapter, an overview of the technical 

specifications of the SuperDARN radars will be given, as well as the signal 

processing techniques applied. Chapter 3 will present the methodology for the 

identification and classification of field line resonances from the ULF waves 

detected. An extensive analysis of the results, including the study of the latitude 

phase variation (standard/reverse; poleward/equatorward) and the longitudinal 

phase propagation, as well as the azimuthal wave numbers, will be presented in 

chapter 4. A detailed description of the signal processing techniques applied 

towards the study of coherence between FLRs and solar wind will be presented in 

Chapter 5 and the technical specifications of NASA ACE mission (that provides 

the solar wind measurements) will be given in that chapter. A summary of these 

results will be given at the end of the chapter. The general conclusion in chapter 6 

will close this manuscript.  
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Chapter 2 

Systematic Detection of ULF 
Waves Using the Super Dual 
Auroral Network  

One of the main goals of this thesis research was to create a large database 

of FLRs that provided statistics on their characteristics (e.g. resonant frequency 

distribution, latitude, magnetic local time, m-value, etc.) and would allow for the 

statistical analysis of their wave sources. Sections 1.3.3 and 1.3.4 summarized the 

discrepancies among results presented by several studies that contradict each 

other. The creation of a large library of FLRs systematically detected was crucial 

to conduct a methodic analysis of FLRs and their characteristics that could 

provide further information of these discrepancies. 

Past and current detection techniques that identify ULF waves using 

SuperDARN, which can later be tested for FLRs criteria, rely on visual inspection 

of Doppler velocity backscatter patterns. The visualization of these waves using 

SuperDARN requires a very well trained eye and might introduce some bias in 

the final FLR sample group. To eliminate that visual bias, the motivation for this 

study was to produce an automated code to identify ULF waves from SuperDARN 

data that were good candidates for FLR events. The automatization, which 

processed a large amount of data corresponding to an extended period of time (a 

year or longer), provided ‘blind detection’ of ULF waves, i.e. the events were not 
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identified a priori by eye nor the data was inspected before applying the 

identification process.  

The sections below describe in detail the concept behind the “ULF wave 

blind detection code”, while the processes of identification, classification, and 

characterization of FLRs are extensively described in the next chapter.  

2.1 General Information regarding 
SuperDARN 

The Super Dual Auroral Radar Network (SuperDARN) has successfully 

been used over the past 20 years to detect ULF waves that can be later identified 

as FLRs, due to its large coverage over the polar cap and auroral region. The 

radar network has proven to be more efficient than magnetometers in the 

detection of FLRs, since magnetometers do not detect very high-m waves [Wright 

et al., 1999; Wright and Yeoman, 1999; Yeoman et al., 2000; Baddeley et al., 

2005]: Radars have better spatial resolution, wider coverage and measure time 

delay, and/or amplitude of returned signal of ionosospheric processes related to 

ULF waves while magnetometers measure currents that are subject to the 

transition at the boundary between the ionosphere and the neutral atmosphere. 

However, radars measurements are limited to periods of times with good 

backscatter, depending on electron density fluctuations from day and 

geomagnetic variability [Ballatore et al., 2001], for which some FLR occurrences 

cannot be detected by the radars if they occur in times of poor backscatter 

conditions. 

SuperDARN is an international radar network that has been operational for 

over 20 years. A comprehensive description of the radars’ hardware, software, 

and capabilities can be found at Greenwald et al. [1985; 1993]. More information 

about the SuperDARN network, its capabilities and operation can be found in 

Chisham et al. [2007] and Lester [2013]. The sections below describe the location 
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of the stations, their principles of operation, and the availability of the data used 

in this study. 

 The SuperDARN Network 2.1.1

SuperDARN currently consists of over 30 backscatter radars, operating on 

frequencies between 8 and 30 MHz and observing processes in mid latitude and 

Polar Regions of the Earth. Figure 2.1 shows the location of all SuperDARN 

stations, operational and out of service.  

 
Figure 2.1: SuperDARN radars field of views for the northern hemisphere (left) 
and southern hemisphere (right). High-Latitude stations are show in blue, Mid-
latitude stations in red and radars covering the polar cap in green. The Falkland 
Island station, currently out of service, is show in gray (from 
http://superdarn.org/tiki-index.php?page=Radar+Overview). 

 

The first SuperDARN station, Goose Bay, was developed and deployed in 

1985 by The John Hopkins University Applied Physics Laboratory and served as 

the prototype for the current SuperDARN Radars. By 1995, the SuperDARN 

collaboration constituted 9 stations, 5 in the northern hemisphere and 3 in the 

southern hemisphere. Each station is operated and maintained by a research 

institution/university and has a Principal Investigator assigned to it. Some 

institutions/PIs run few stations. Table 2.1  and Table 2.2 (courtesy of the 
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SuperDARN Virginia Tech team) shows the geographical location of each station 

(geographic latitude, longitude and boresite), the station code, the PI/Institution 

in charge of operations, the magnetic coordinates (geomagnetic latitude, 

longitude and boresite), and other useful information. Currently, SuperDARN is 

formed by more than 30 radar stations in both northern and southern 

hemisphere. 

Table 2.1: Information regarding SuperDARN stations in the Southern 
Hemisphere (from SuperDARN Virginia Tech team, http://superdarn.org/tiki-
index.php?page=Radar+Overview) 
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Table 2.2: Information regarding SuperDARN stations in the Northern 
Hemisphere (from http://superdarn.org/tiki-index.php?page=Radar+Overview) 
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 Main characteristics of the SuperDARN radar 2.1.2

operations: Principles of Coherent scattering 

The general principles of radar coherent backscatter from ionospheric E-

region plasma irregularity is described in detail by  Schlegel [1995]. This section 

gives a brief description of the operation of SuperDARN radars. For a more in 

depth and comprehensive description of SuperDARN radar operation, beam 

steering, and processing of the signals collected, refer to Greenwald et al. [1985] , 

Ponomarenko et al. [2003], Danskin [2003], Hannah [2004], Healey [2005], 

Lointier et al.[2008], Ribeiro et al. [2013]. 

Plasma irregularities (electron density irregularities) in the ionosphere are 

magnetic field aligned. Following the Bragg condition, in order for a radar to 

detect a backscatter signal from a plasma irregularities, the wave transmitted by 

the radar must be directed normal to the irregularities in the region of interest, as 

shown in Figure 2.2, and the wavelength of the irregularity must be half of the 

wavelength of the radar [Schlegel, 1995]. In the high-latitude ionosphere, the 

normality condition can only be achieved if the ray path is refracted toward the 

horizontal as the wave enters the ionosphere. The refraction needed, obeying 

Snell’s law,  is sufficiently large that the radar must be operated at High 

Frequency (HF 3-30MHZ). It is important to mention that the high latitude 

ionosphere is affected by geomagnetic activity and diurnal variations and 

geomagnetic activity, for which different amounts of refraction in the course of a 

day would be expected for an HF wave of a given emission frequency [Greenwald 

et al., 1985]. Therefore, the SuperDARN radars utilize a range of HF waves 

(between 8 and 30 MHz) to ensure good backscatter, although some disturbances 

in the ionosphere related to severe geomagnetic activity might occasionally result 

in poor backscatter. 

Each SuperDARN radar is composed of an electronically steerable phased 

array of 16 log periodic antennas used both for transmission and reception 
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[Villain et al., 1987]. The antennas form a beam of half-power width of about 

3.24 degrees of azimuth that can be steered rapidaly in 16 directions. Therefore, 

each radar Field of View (FoV) generally comprises 16 “Beams” (0 being the most 

westwards and 15 the most eastwards) covering 52 degrees of azimuth. The 

beams are distributed in azimuth symmetrically about the scanning boresite 

direction. SuperDARN stations Christmas Valley East and West operate 

describing 24 beams; Adak Island East and West operate describing 22 beams. 

The Wallops Island Station used to operate describing 16 beams until March 12, 

2006 and now it describes 24. Fort Hays East and West stations used to operate 

describing 16 beams but after June 27 2010 they describe 22 beams. More details 

on beam steering can be found in Healey [2005]. 

The radars send multiple transmission (7 to 8 pulses over a 100 

milliseconds time period, each transmitted pulse with a duration of 300 μs) and 

multiple sequence repeated 30 to 70 times for a given beam position, to partially 

suppress the contributions from pulses that encounter other scattering regions at 

the same sampling times, maximizing the number of unique lags between the 

pulses. The detected backscatter signal is processed by on-site computers in real 

time 17-lag complex autocorrelation functions (ACFs), with a basic unit of lag of 

2400 μs. The ACFs calculated from all sequences are integrated to minimize 

interference and increase gain [Ribeiro et al., 2013]. ACFs provide measurements 

of the backscattered power, the spectral width, and the Doppler velocity (line-of-

sight velocity) associated with the ionospheric plasma drift speeds. Details of the 

signal processing techniques related to ACFs and measurements of spectral width 

and Doppler velocity (from the Doppler frequency measured) can be found in  

Villain et al. [1987] Danskin [2003], Hannah [2004], Lointier et al.[2008], and 

Ribeiro et al. [2013].  

The Doppler shift measurements generally reflect plasma motion, which 

usually represents ExB drift, where E is ionospheric electric field and B is 

geomagnetic field. Since plasma irregularities in the ionosphere are aligned to the 
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magnetic field lines of Earth’s magnetic field, the echoes of the signal that return 

to the radar are normal to the plasma irregularities and hence normal to the 

magnetic field lines. These measurements give insight on the properties of the 

standing waves that occur on the magnetosphere. 

 
Figure 2.2: Illustration of the path followed by HF and VHF radar signals as 
they enter the E and F regions of the ionosphere. The radar signals are scattered 
into space by ionospheric irregularities if the angle of incidence of the signal is 
not normal to the plasma irregularity. High frequency radar signals are refracted 
toward the horizontal as they enter the two ionospheric layers and if the angle of 
incidence to the plasma irregularity is 90°, the backscatter signal returns to the 
radar (From Greenwald et al., [1993]). 
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Figure 2.3: Field of View of the Kodiak station. The 16 beams described, which 
cover 52 degrees azimuth are outline, with beam 3 highlighted with black lines. 
The radar describes 75 range gates separated by 45 km, the first one located at 
180 km in height (from http://superdarn.jhuapl.edu/, old website 2008). 

The radars operate in a number of special modes, whose parameters 

(number of beams, sampling rate, frequencies etc.) are tuned to study a particular 

phenomenon, or generally in ‘normal mode’. During normal mode, the radars 

utilize a schedule of predefined operating times and frequencies, for which each 

radar describes 75 range gates, the first range gate located at 180 km, with a 

range gate separation of 45 km.  Figure 2.3 shows the FoV of the Kodiak station, 

with beam #3 outlined with black lines. The orientation of the range gates and 

beams described are also shown in that figure. 
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 Availability of Data and general format of data available 2.1.3

The data used in this study were acquired during 2003 by 15 SuperDARN 

stations located both in the Southern and Northern hemispheres, as shown in 

Table 2.3. The raw data, facilitated by the SuperDARN collaboration, was 

formatted in the old “fitacf” files. The Barnes’ OldFitOpen and OldFitRead IDL 

procedures were used to read the files and extract information needed from 

them. Table 2.4 summarizes the list of parameters and data extracted from the 

“fitacf” files for this study. 

Table 2.3: SuperDARN stations used in this study. The third column shows the data 
availability in which the code for identification was used 

Station Name 
(abbreviation) 

Station ID 
 

Hemisphere 
 

Months in 2003 
of data analyzed 

    

Goose Bay (GBR) 1 Northern Jan-Nov 

Kapuskasing (KAP) 3 Northern Jan-Dec 

Halley Station (HAL) 4 Southern Jan-Dec 

Saskatoon (SAS) 5 Northern Jan-Dec 

Prince George (PGR) 6 Northern Jan-Dec 

Kodiak (KOD) 7 Northern Jan-Dec 

Stokkseri (STO) 8 Northern Jan-Dec 

Pykkvibaer (PYK) 9 Northern Jan-Dec 

Hankasalmi (HAN) 10 Northern Jan-Dec 

Sanae (SAN) 11 Southern Jan-Dec 

Syowa South (SYS) 12 Southern Jan-Dec 

Syowa East (SYE) 13 Southern Jan-Dec 

Tiger (TIG) 14 Southern Jan-Dec 

Kerguelen (KER) 15 Southern Jan-Dec 

King Salomon (KSR) 16 Northern Jan-Dec 
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Table 2.4: Parameters and data loaded from the SuperDARN ‘.fit’ files 

Parameter/Variable Description 
  

prm.time.yr Year 
prm.time.mo Month 
prm.time.dy Date 
prm.time.hr Hour (UT) 
prm.time.mt Minute (UT) 
prm.time.sc Second (UT) 
prm.scan Scan mode 
prm.time.bmnum Beam number 
prm.time.intt.sc Integration time 
fit.qflg Quality Flag 
fit.v Velocity (m/s) 
fit.p_l SNR (Power from lambda fit) 
fit.w_l Width from lambda fit 
fit.gflg Ground Scatter Quality Flag 

   

2.2 Methodology for systematic detection 
of ULF waves using SuperDARN: 
Development of a new technique  

2.2.1 Current Methods for ULF detection using 

SuperDARN 

ULF pulsations in the E and F regions associated with field line resonances 

are observable in the range-time plots of the line-of-sight Doppler velocities. 

Fenrich et al. [1995], Fenrich [PhD Thesis, 1997], Ponomarenko et al. [2003] and 

Fenrich et al. [2006] have comprehensive descriptions of these methodologies. 

Figure 2.4 shows the Doppler velocity corresponding to the SuperDARN Kodiak 

for December 20th, 2003 which shows at 18:45-20:00 UT a visible ULF pattern 

for gates between 15 and 22, characterized by the alternative pattern of Doppler 

velocity, in this case between 100 m/s and -300 m/s. These ULF pulsations were 
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later confirmed to be an FLR of 1.1±0.3 mHz observed by the radar (see next 

chapter). These types of plots are commonly known in the SuperDARN 

community with the name of range- time plots. Current detection techniques to 

identify FLRs using SuperDARN include visual inspection of Doppler velocity 

backscatter patterns and visualization of the ULF signature in the time series 

requires a very well trained eye, which might introduce bias in the detection of 

events related to the individual capabilities of each person in identifying the 

visual patters. 

 
Figure 2.4: Doppler velocity time series for the SuperDARN Kodiak Station for 
December 20th, 2003, Beam 8. An ULF was also automatically detected by our 
technique at 18:45-20:00UT on that day. It was later determined that this ULF 
wave detected corresponded to an FLR at 1.1 mHz, by additional criteria. Current 
detection techniques to identify ULF waves using SuperDARN include visual 
inspection of Doppler velocity backscatter patterns like this one. 

2.2.2 Proposed methodology for FLR systematic 

detection, identification, and characterization 

A computer program was created in order to automatically detect a ULF 

coherent wave over a large area within the field of view (FoV) of a 

SuperDARN Radar Station that can be later categorized as a “Field Line 

Resonance”. This code is based on the “Cross-power-Cross-phase Technique” 
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developed by Fenrich and Waters [2008] to find coherence between ULF solar 

wind waves and ULF waves detected by SuperDARN. In that publication, they 

also applied the methodology to SuperDARN signals corresponding to two beams 

significantly separated in the FoV. They found that there was high cross-power 

and low variance in phase for the Doppler velocity signals of those beams. 

Therefore, this methodology takes that technique and systematically extends it to 

be generalized as a ULF detection methodology using SuperDARN signals.  

The computer program was developed in Interactive Data Language (IDL), 

a popular programming language in areas of science such as astrophysics, space 

science, and medical imaging. IDL shares a similar FORTRAN-like syntax, as well 

as many common commands, functions, and subroutines. IDL has the advantage 

to be very fast at doing vector operations and numerically heavy computations. 

Also, IDL gives great freedom in the creation of plots to visualize the results. The 

computer program is composed of three nested, independent codes. The first 

code reads the raw data and loads it into a hyper-matrix, the second code makes 

the calculations, and the third code applies the threshold of final selection of 

events, for a given station and year. By launching the third code, the other two 

are automatically called and launched. Currently, the computer program takes up 

to 2 weeks to analyze, in an Intel Xeon CPU @2.8GHz and RAM memory of 23.5 

GB, about 500 GB of data from all 15 stations for a given year, with an average 

time of less than 1 day per year of data for a given station. Appendix A contains 

full texts of the codes. 

The following paragraphs explain the computer program in detail. 

2.2.3 Automatic Algorithm 

The ULF detection computer program has been designed to analyze multi-

year data from multiple SuperDARN radars. The code outputs ‘flagged ULF 

candidates’ that could then be further examined and  established as a FLR with 
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additional characterization criteria. The code runs a loop for the year 2003 for 

the 15 stations. To provide continuity of the analysis, the data from consecutive 

days were concatenated. The “fitacf” files were read using the old Barnes’ 

procedures and to increase the efficiency of the algorithm only selected data was 

loaded in a hyper-matrix: In order to ensure uniformity of the spectral analysis 

band, selected data corresponded to “normal mode” operations (scan=0, 1) and 

beam integration time corresponding to sampling rate of 60 seconds with 

Nyquist frequency 8.33 mHz (prm.intt=3). Data corresponding to “special” mode 

operations and/or to sampling rate other than 60 seconds (e.g. 120 seconds) were 

not considered in this study. Table 2.5 enumerates the list of requirements to 

ensure the data quality and uniformity.  

 

Table 2.5: List of requirements to ensure the data quality and uniformity 
Condition # Criteria 

  

Condition 1 Normal mode (scan=0,1) 
Condition 2 Integration time (prm.intt=3), sampling rate ~ 1 min 
Condition 3 Ground scatter removed (Blanchard and Baker criteria) 
Condition 4 Spikes removed (v > 700m/s) 
Condition 5 46 good data points on 60 data point window for 1 hr. 

   

 

SuperDARN radars detect backscatter echoes from ground-scatter, E and F 

regions. The SuperDARN “fitacf” contain a quality flag (fit.qflg=0 is bad, 

fit.qflg=1 is good), and a ground-scatter flag (fit.gflg≥1 for ground-scatter, 

fit.gflg=0 for ionospheric scatter). However, these flags might discard some 

useful data (K. Sterne, AJ Ribeiro, E. Miller, private communication). A more 

comprehensive approached to remove ground-scatter was presented by 

Ponomarenko et al. [2007]: Figure 2.5 shows the relationship between velocity 

and spectral width, given by the autocorrelation functions, for each of the echoes 

of each region. Ponomarenko et al. [2007] explains that ground-scatter follows 

the Blanchard and Baker criteria (private communication with Ponomarenko) 
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given by equations 2.1 and 2.2, where G ≤ 0 corresponds to ground scatter 

echoes, VD is the ling-of-sight Doppler velocities and W is the spectral width. 

Ponomarenko et al. [2007] explain that echoes with |𝑉𝐷| ≥ 200 m/s represent the 

F-region scatter, the low-velocity enhancement across W = 100-200 m/s 

describes E-region scatter and the section corresponding to 𝑊 ≤ 100 m/s  and 

𝑉𝐷 ≤ 200 m/s consist of sea and mixed scatter echoes applying different 

thresholds to remove ground scatter for that particular study. 

 

                                                                                                                                    (2.1) 

 

Blanchard and Baker criteria: 
 

                                                                                                                              (2.2) 

 

 
Figure 2.5: Plot of Doppler velocity vs width. The ground-scatter and scatter 
from the E and F regions is shown (From: Ponomarenko et al. [2007]).                                           
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Figure 2.6: Doppler velocity raw data (top 2 panels) corresponding to Beams 7 
(top) and 11 (middle) both at gate 20 and cross-power (bottom) between beams 7 
and 11 for gate 20 for the Kodiak station on December 20th, 2003. The code 
automatically flagged the event as a ‘candidate’ given established criteria. 

 

In this study, data identified as ground-scatter was removed, following the 

Blanchard and Baker criteria removing backscatter where G ≤ 0  (equation 2.1) 

with values |𝑉𝐷| = 30 m/s and W =90 m/s (equation 2.2). Data points with 

speeds greater than 700 m/s were classified as spikes and removed from data-set. 

The Doppler velocity data were linearly interpolated to eliminate original gaps of 

few data-points existing in the data (due to poor backscatter) or gaps  created by 

the removal of ground scatter and single data-point spikes, with the conditions 

that at least 46 valid data points were available on the original data any given 1-

hour period (e.g. 14 or less data points had to be linearly interpolated to eliminate 
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gaps) and that there were less than 5 consecutive missing datapoints in any gap. 

The time series was de-trended by subtracting a 30-min sliding average, to 

remove low frequency trends corresponding to frequencies below 0.5 mHz, since 

the range of frequency of interest in this study was 0.5-5 mHz. Figure 2.6 shows 

the raw data and the data after being processed: data in black corresponds to the 

raw data, while data in blue corresponds to the data in which the ground-scatter 

and spikes were removed, and data were interpolated and de-trended.  

We applied cross-spectral analysis to the data separated by four beam 

widths: data for beam pairs that were separated by 4 (e.g. beam 4 gate 10 and 

beam 8 gate 10, etc.) were selected and the time series of the second beam 

(beam=n+4) was interpolated to the times of the first beam (beam=n). The Fast 

Fourier Transform of the two time series was calculated. The analysis was 

performed using a one hour sliding window for 1-hour periods of times with at 

least 46 valid data points on the original data. The frequency array, the frequency 

step, and Nyquist frequency determined by the FFT for 60 data-points in one 

hour are given by a frequency array of 0.556� ± n x 0.277� mHz (where n=0, 1, 2, 

…, 15), with a frequency step of ∆𝑓 = 1
𝑁∆𝑡

= 0.277� (N=60 data-points, ∆𝑡=60 

seconds) and a Nyquist frequency of 1
2∆𝑡

=8.333� mHz.  

The one hour dynamic power and dynamic phase were then calculated for 

the beam pair for the time interval on the sliding window, as follows: 

 

 

                                                                                                                                    (2.3) 

 

 
                                                                                                                                            (2.4) 
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                                                                                                                                   (2.5) 

 

                                                                                                                                   (2.6) 

 

The cross-phase was unwrapped: When computer programs calculate the 

phase using the arctangent (ATAN) routine, values might exceed the common 

phase range of –π to  +π, and the plot of phase vs. time or frequency  would show 

a phase wrapping, a sharp change from +π to –π; to correct that, any change 

exceeding 2π has been corrected (Ramirez, 1985), following standard signal 

processing techniques. The dynamic variance in the ‘unwrapped cross-phase’ 

was obtained by the calculation of the variance across one hour sliding window 

centered at the data point.  

Te code calculated the mean daily dynamic cross-power, cross-phase and 

variance in cross-phase for each frequency component and for each beam-pair. 

To detect a coherent ULF waves over a large area in the FoV of the radar, the code 

“flagged” the dynamic cross-power that corresponded to values above the daily 

mean+2σ and cross-phase variance that corresponded to values below mean-2σ, 

since these ‘unusual’ events respond to a threshold unlikely to be produced by 

random processes (such as random noise in the radar). Table 2.6 gives a full 

description of the selection criteria implemented for automatic detection of ULF 

waves using SuperDARN. 

Figure 2.7 shows plots of the daily dynamic cross-power and daily dynamic 

variance in the cross-phase between beams 7 and 11, both at gate 20, for the 

Kodiak station on December 20, 2003, for the frequency spectrum between 0.5-5 

mHz. Notice the area inside the red circle that shows the high cross-power and 

low variance in cross-phase with respect of the daily values.  
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Table 2.6: List of conditions included in the code criteria for automatic detection of 
ULF waves 

Condition # Criteria 
  

Condition 6 Dynamic Cross-power > Daily Mean + 2σ 
Condition 7 Dynamic Variance in Cross-phase > Daily Mean - 2σ 
Condition 8 3 adjacent beam-gate pairs and their respective 

conjugates that meet conditions 6 and 7 

   

 

 

  

 

Figure 2.7: Plots of crosspower and crossphase for beams 7 and 11 for gate 20 
corresponding to the Kodiak station on December 20, 2003 at 17:00-21:00 UT. 
We see that candidates for the 1.1 mHz and 2.5 have been found at 18:45-19:45 
UT and 19-20 UT respectively. 

2.2.4 Trials 

The successful rate of the code was defined as the ratio of the FLR classified 

over the ‘flagged occurences’. Early versions of parts of the code were tested, in 

the development phase, for two known FLR events: These two trials were run for 

the Prince George station data for November 20, 2003 and the Kodiak station 
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data for November 21, 2003, since these two events were extensively studied by 

Fenrich and Waters [2008].  

An early version of the code “flagged” occurrences in frequencies for which 

the dynamic cross-power was greater than the daily mean cross-power plus 2 

standard deviations and dynamic variance in cross-phase was less than the daily 

mean variance in cross-phase minus 2 standard deviations (as shown in figures 

2.6 and 2.7) for a beam-pair for one gate only, as seen in figure 2.8 (a). This early 

version was run for stations Kodiak and Prince George for the year 2003 in 

unknown data (e.g. not known events in that period). Even though the early 

version of the code produced some clear FLR events, the successful rate (# of 

FLRs/# of flags) was mediocre (<50%). 

The code was then refined by extending the criteria such that the conditions 

of cross-power and variance in cross-phase were met by beams pairs (beam 

separated by 4) simultaneously at 3 adjacent gates, as seen in figure 2.8 (b). This 

later version of the code was applied to all available data for the 14 stations and 

had better success rate (66.50% of the flags were FLRs). However, some FLR 

events identified with the first version of the code did not pass the new criteria: 

with more requirements, a new bias was introduced in the selection of ‘successful 

flags’. This limitation of the code is explained in detail in section 3.3. The list of 

results in the next chapter includes a list of FLRs found in the process of 

developing the criteria for the code, which did not make the final list produced by 

the latest version of the code. Therefore, it is important to emphasize that this 

methodology is successful to systematically ‘blind detect’ FLRs, without using 

visual techniques of inspection of backscatter patterns, since a high ratio of flags 

produce FLRs but it does not detect “all” FLR events in a particular year. 

 

It is worth mentioning that the outcome text file with flags would return 

numerous entries for the same event corresponding to multiple flags for different 

beam/gate pairs. Since FLRs have been reported in the past 20 years to last for 
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(a) (b) 

about one hour, a ‘unique flag’ was defined as a flag for a station, date, and 

frequency that has at least an hour difference with another ‘unique flag’. Flags 

with the same station, date and frequency within a 60 minute interval were 

considered to be part of the same ULF event, since FLRs have been reported in 

the past 20 years to last for about one hour. 

 

 
Figure 2.8: Schematics of the FoV of a SuperDARN radar and the condition 
used for early versions of the code (a) and the latest version of the code (b): 
Selection criteria was applied for a beam-pair for one gate only in early versions 
(a), while criteria had to be met simultaneously by beams pairs (beam separated 
by 4) at 3 adjacent gates in the latest version of the code (b). 

 

Figure 2.9 shows plots of the daily dynamic cross-power and daily dynamic 

variance in the cross-phase between beams 7 and 11, both at gate 20, 

corresponding a ULF wave 1.1±0.1 mHz detected by the code by the Kodiak 

Station on December 20, 2003. Between 18:45 UT and 19:30 UT, high dynamic 

cross-power was observed above the daily mean=371 (red line) and the mean+2σ 

= 1292 (blue line). At that same interval of time, the dynamic variance in cross-

phase is less than the daily mean variance in cross-phase=3.2 (red line) and the 

daily mean variance in cross-phase minus 2 standard deviations (2.2). The code 

automatically flagged the event (green lines) as a ‘candidate’ because the 

Gate +1 
Gate 
Gate -1 
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selection conditions were met in both beams for gates 19 to 21. Notice that at 

around that time, several data points also meet the threshold criteria for gate 20, 

but they were not flagged as candidates because they fail to meet the adjacency 

condition (gates 19 and 21).  

 
Figure 2.9: Plots of the dynamic cross-power (top) and dynamic variance in the 
cross-phase (bottom) for beams 7 and 11, at gate 20, from Kodiak on December 
20, 2003 for 1.1±0.1 mHz frequency component. Between 18:45UT and 19:30, 
high cross-power (top) and low cross-phase variance were observed. The code 
automatically flagged the event (green lines) as a ‘candidate’ given that the same 
threshold criteria were met for beams 7 and 11 for gates 19 to 21.   

 

A total of 161 flags were recorded using the methodology described in this 

chapter. Information on the ‘flagged candidates’ (station, date, time, frequency, 

beam, gate, magnetic latitude, magnetic longitude) was recorded automatically 

by the code (old and new version) in the output files. These ‘flagged ULF waves’ 

were individually analyzed to see if they met the “FLR criteria”. The procedure to 

analyze the FLR profile is the topic of the next chapter. The list of ‘flagged ULF 
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wave’, FLR candidates, are included in the next chapter, where successful events 

were analyzed and characterized.  

2.3. Summary 
In this chapter, the methodology for systematic detection of ULF wave with 

the SuperDARN radar network was explained in detail. The major achievement in 

the development of this methodology is the systematic detection of ULF waves 

without using the visual identification techniques utilized by Fenrich et al. 

[1995], Fenrich [PhD Thesis, 1997], Ponomarenko et al. [2003] and Fenrich et al. 

[2006].  

 

In the past decade, significant advances in the deployment and operations 

of the SuperDARN radars have occurred. The number of SuperDARN Radars 

increased from 6 operational radars in 1995 to 15 stations in 2003. Availability of 

a larger number of stations for this project provided a more comprehensive 

study, both in the northern and southern hemisphere. Moreover, computational 

capabilities have largely improved in the recent years, allowing advancing in data 

analysis, such as the development of this new technique: The processing of larger 

amounts of data made a systematic study possible and eliminated the need of 

visual techniques for identification of ULF waves that were good candidates to be 

tested for the FLR criteria. 

 

It is worth mentioning that the methodology explained in this chapter is not 

the only effort to systematically detect ULF waves: Bland et al. [2014] has 

recently published an effort for systematic detection of ULF waves using an 

alternative data processing technique with SuperDARN. However, that study 

does not target the detection of FLRs, a very small and specific subset of ULF 

waves in the magnetosphere, and it does not include any other further selection 

of data that might be useful in the detection of FLRs. Mangus [2009], in his PhD 
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thesis, developed an automatic algorithm to systematically detect ULF waves 

using SuperDARN. The algorithm found significant peaks in the power spectrum 

of a single beam-gate, instead of calculating the cross-power and variance in 

cross-phase for beam pairs significantely separated in the FoV of the radar, with a 

threshold of 3 standard deviations, instead of 2. The pulsation finder tagged 

beams with significant peaks in power spectrum for 3 contiguous range gates; 

events with significant peaks in non contiguous range gates were ignored. The 

study claimed that single records did not allow for the determination of special 

characteristics of the driver to identify a pulsation as field line resonance. This 

study reported over 10,000 pulsation events detected for the year of 2014 using 

15 SuperDARN stations but  confirmed the typical profile of FLRs for only one of 

the events but does not extend the characterization to any of the other pulsations. 

It is also unclear in that study if each of the pulsation found correspond to unique 

events in a 1-hour period of time, or if multiple flags for a radar station for a 1-

hour period of time are counted as individual pulsations. Furthermore, the study 

did not exclude ground or sea scatter. 

 

Overall, the methodology developed in this study yielded very good results: 

161 ULF waves were automatically detected, with a success rate of 66.50% for 

ULF waves resulting in FLRs: the analysis of results of ULF waves automatically 

detected and the criteria for FLR identification and characterization of each event 

is the main topic of the next chapter. 
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Chapter 3 

Observation of Field Line 
Resonances 

 

 Field Line Resonances are Ultra Low Frequency waves in the magnetosphere 

that meet additional criteria. As explained in section 1.3.3, FLRs exhibit a 

maximum in power at the latitudinal location of resonance and a 180 degrees 

decrease (low azimuthal wave number, m) or increase (high azimuthal wave 

number) in the latitudinal phase shift throughout the resonance maximum (see 

Figure 1.8). In the previous chapter, a technique for systematic detection of ULF 

waves using SuperDARN was presented. In this chapter, the techniques 

explained in Walker et al. [1992] and Fenrich et al. [1995] for identification of 

FLR profiles, using the SuperDARN Doppler velocity data, have been applied to 

the 161 ULF waves pre-selected to be further analyzed if they met the FLR criteria 

and to obtain their spectral characteristics and spatial variations. 

Each ULF wave ‘flagged candidate’ was carefully evaluated, using the cross-

spectral and analytic signal to determine if they corresponded to a FLR 

occurrence. For the cross-spectral technique, plots of the Doppler velocity as a 

function of range gates and time, in a time interval of two hours prior and after 

the flag (as shown in Figure 2.4), were produced for all beams of the radar and 

ULF wave patterns were visually inspected. The Doppler velocity time series and 

the power spectrum, around the time of the event, were examined for each 

flagged candidate. Figure 3.1 shows the power spectrum for the Kodiak station on 

December 20th, 2003, Beam 7 at gate 20, for the hourly window corresponding to 
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18:28-19:28 UT. A maximum in power is found at the 1.1±0.1 mHz frequency at 

that time interval.  

 

 
Figure 3.1: Plot of power spectrum corresponding to Beam 7 at gate 20 for the 
Kodiak station on December 20th, 2003, for the hourly window 18:28-19:28UT. A 
maximum of high power is found at the 1.1±0.1 mHz frequency. 

 

The sections below describe in detail the processes of identification of FLRs 

from the ULF wave database. 
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3.1 Profile of FLRs 1 

3.1.1 Basic profile criteria for FLRs 

For each flagged ULF wave, the Doppler velocity signal was bandpass 

filtered in the time domain, with a bandwidth of Δf (0.3 mHz) centered at the 

frequency of interest, to isolate the flagged frequency component. Figure 3.2 

shows a plot of the Doppler velocity (black) linearly interpolated, de-trended, de-

spiked, for beam 7 gate 11 corresponding to Kodiak on December 20, 2003 

between 16 UT and 22 UT. A bandpass filter (red) of 1.0 mHz < f < 1.3 mHz was 

applied to the signal to isolate the 1.1±0.1 mHz frequency component, which was 

the frequency flagged by the ULF identification code. A coherent wave around the 

time of the flags (18:56-19:01UT) is observed. A plot of the same filtered 

oscillation and its envelope, calculated as the amplitude of the analytic signal is 

shown in Figure 3.3.  

The analytic signal was calculated because “they are useful in the 

interpretation of signals which are quasi-monochromatic […] providing an 

objective estimate of the instantaneous amplitude and phase of them” Walker et 

al. [1992]. For a real time series f(t), the associated analytic signal is defined as 

𝐹(𝑡) = 𝑓(𝑡) − 𝑖𝐻𝑖(𝑡), where 𝐻𝑖(𝑡) is the Hilbert transform of f(t) [Walker et al., 1992; 

Bracewell, 1986]. The Hilbert transform, commonly used in mathematics and in 

signal processing, is a linear operator which takes a function f(t) and produces a 

function 𝐻𝑖(𝑡) with the same domain; it extends the real signal f(t) into the 

complex plane such that “the Fourier transform of 𝐻𝑖(𝑡) is the Fourier transform 

of f(t) with positive frequency components multiplied by i and negative 

frequency components multiplied by –i (…)” [Walker et al., 1992]. 

                                                        

1 All codes in this section are largely modified versions of the original codes 
developed by F. Fenrich (IDL based) 
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Figure 3.2:  Interpolated Doppler velocity (black) and the band-passed (1.0 
mHz < f < 1.3 mHz) signal (in red), for beam 7 gate 20 corresponding to the at 1.1 
±0.1 mHz  ULF wave detected by Kodiak on December 20, 2003.  

The instantaneous amplitude and instantaneous phase given by the analytic 

signal were examined as a function of magnetic latitude and longitude for the 

field of view of the radar. Figure 3.4 shows the FoV of the analytic signal 

bandpass filtered for frequency 1.1 ±0.1 mHz corresponding to Kodiak on 

December 20, 2003 at 18:49UT, around the time that the event started. Each 

beam/gate pair of a SuperDARN radar station has a tabulated AACGM magnetic 

latitude and longitude. To develop visualization of the analytic signal on the FoV 

of the radar, each beam-gate pair for the FoV was mapped to magnetic latitude 

and magnetic longitude and the analytic signal interpolated; a contour function 

was used to produce the plot. For magnetic latitudes between 64 and 70 degrees 

azimuth, the high amplitude (left panel) and wave front in phase (right panel) are 

observed. Plots corresponding to cross-sections for a fix magnetic longitude of 
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the analytic signal amplitude and phase as a function of latitude were carefully 

evaluated, as detailed in Fenrich et al. [2006]. An example of those cross-section 

plots are exemplified in Figure 3.5, which corresponds to the event shown in 

figures 3.1-3.4. 

 
Figure 3.3: Plot of the band passed signal (1.0 mHz < f < 1.3 mHz) and analytic 
signal, for beam 7 gate 20 corresponding to Kodiak on December 20, 2003. 
Filtered oscillation is shown in black and the envelope corresponding to the 
instantaneous analytic signal is shown in red. 
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Figure 3.4: Plot of the analytic signal amplitude (left) and phase (right) as a 
function of magnetic latitude and magnetic longitude for the field of view  (range 
gates 0-35) of Kodiak on December 20th, 2003 corresponding to 18:49 UT for the 
bandpass analytic signal for 1.1 ±0.1 mHz. For magnetic latitudes between 64 and 
70 degrees azimuth, the high amplitude (left panel) and wave front in phase 
(right panel) are observed. The event lasted for one hour. 

 
Figure 3.5: Latitude profile of the spectral power (left) and phase (right) at 1.1 
±0.1 mHz corresponding to the Kodiak station on December 20, 2003 
(Along -89 degrees magnetic longitude) at 19:49 UT. The maximum peak is 
observed at magnetic latitude 65 degrees. 
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Figure 3.6: Plot of the analytic signal amplitude (left) and phase (right) as a 
function of magnetic latitude and magnetic longitude for the field of view   (range 
gates 0-35) of Kodiak on December 20th, 2003 corresponding to 19:49 UT for the 
bandpass analytic signal for 1.1 ±0.1 mHz. For magnetic latitudes between 64 and 
70 degrees azimuth, the high amplitude (left panel) and wave front in phase 
(right panel) are observed. The event lasted for one hour. 

In order for a pre-selected ULF wave to be characterized as “Field Line 

Resonance”, it has to meet the basic “FLR Profile Criteria”, explained in 

Fenrich et al. [1995]: 

i) There should be a maximum in the wave analytic signal amplitude as a 

function of latitude (Figure 3.5, left panel) 

ii) There should be an analytic signal phase increase or decrease across the 

maximum latitude location corresponding to a minimum of 90 degrees, 

and an optimal of 180 degrees or more (Figure 3.5, right panel) 

The flagged ULF wave was successfully characterized as an FLR occurrence 

because a clear FLR profile was obtained from the analytic signal cross-sections, 

as shown in Figure 3.5. From the phase decrease across the maximum latitude 

location it can be seen that lower latitudes (corresponding to shorter field lines) 

“lead” in phase while higher latitude (corresponding to longer field lines) “lag” in 
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phase; we can then infer that the FLR is propagating polewards in the ionosphere 

and therefore radially outwards in the magnetosphere to increasing L-shells. 

Figure 3.6 shows the same FoV of the event at 19:49UT, from which the FLR 

profile was obtained. The event lasted for one hour. 

Each pre-selected ULF wave was cautiously evaluated if it met the “FLR 

Profile Criteria” by obtaining cross-sections of the analytic signal that showed an 

FLR profile at the time of the event. Plots of the analytic signal as a function of 

AACGM magnetic latitude and longitude, band-passed at the frequency 

component flagged by the ULF identification code, for the FoV of the radars were 

generated for a two hour span, centered at the time of the flagged ULF wave. 

Information produced by the flags was use to explore the magnetic location and 

its vicinity for the FLR profile. Cross-sectional plots of the analytic signal 

amplitude and phase as a function of latitude were generated for the flagged 

ULFs and the exact magnetic latitude/longitude location of the FLR occurrence 

was successfully obtained for a large majority of them.  

Figure 3.7 shows a compilation of plots corresponding to the FoV of Kodiak 

on December 20th 2003 from 19:30UT to 19:45 UT: The westward propagation 

and poleward phase variation of the FLR is noticeable in the phase plots (left 

panels). Please notice that the right color bars and magnetic latitude and 

longitude grids are identical to those on figure 3.4. 
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Figure 3.7: Series of plot of the analytic signal amplitude (left) and phase (right) 
for 19:30 UT to 19:45 UT similar to figures 3.4 and 3.6 (sidebards and magnetic 
grid identical to those plots) for the bandpass signal for 1.1 ±0.1 mHz. The 
westward propagation and poleward phase variation of the FLR is noticeable in 
the phase plots (left panels).  
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FLRs with a phase decrease across the maximum latitude location were 

characterized to have a ‘standard phase’ variation and for those with a phase 

increase across the maximum latitude location to have a ‘reverse phase’ variation, 

as tabulated in Fenrich and Samson [1995]. For the latest, lower latitudes 

(corresponding to shorter field lines) “lag” in phase while higher latitude 

(corresponding to longer field lines) “lead” in phase, and corresponds to FLR 

propagating equatorwards in the ionosphere and therefore radially inwards in the 

magnetosphere to lower L-shells. 

For the identified FLRs, propagation of the wave polewards or 

equatorwards, given the phase increase or decrease as a function of latitude was 

recorded and the Magnetic Local Time (MLT) of the events was calculated using 

the SuperDARN AACGM codes, from the information (date, time, magnetic 

longitude) of the occurrence wave.  

In future work, now that the ULF wave pre-selection technique was 

successfully implemented, the process for obtaining the FLR profile from a ULF 

wave flagged could be automatized as well. 

3.1.2 Properties of FLRs: Azimuthal wavenumber m 

Field Line Resonances (FLRs) are standing wave oscillations on the plasma 

tubes in the Earth’s magnetosphere, each with its own eigenfrequency; the waves’ 

electric field is given by 𝐸(𝑡) = |𝐸|𝑒𝑖(−𝜔𝑥𝑡+𝑚𝑚), where 𝜔𝑥 is the resonant 

eigenfrequency and x is the radial coordinate [Yeoman et al., 2010]. 

FLRs are sometimes characterized by an azimuthal wavenumber m (which 

it is determined by the exciting source) since it gives important information 

related to the scale lengths of the FLRs in the azimuthal direction: The azimuthal 

wavenumber provides the number of complete wave cycles that would fit around 

the Earth in the azimuthal direction by quantifying the phase change of the wave 

per degree of magnetic longitude. [Yeoman et al. 2000]. ULFs and FLRs with 
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large azimuthal scale lengths are called “Toroidal modes’ while “Poloidial modes” 

are waves with short azimuthal scale lengths. A mixture of the two is often found 

in the magnetosphere, as will be shown in the next chapter. 

 
Figure 3.8: Spectral Phase as a function of longitude gives the m-value of the 
wave at 1.1 ±0.1 mHz corresponding to the Kodiak station on December 20, 2003 
(along 66 degrees magnetic latitude) at 19:49UT. The slope of this plot gives the 
azimuthal wavenumber m of the FLRs, and for this event it was determined to be 
m=24.2±0.7. 

From the measurements of FLRs using SuperDARN, the slope of the 

instantaneous phase of the resonance versus the AACMG magnetic longitude 

gives a reliable measurement of the azimuthal wavenumber, m [Fenrich et al. 

1995]. For this study, a reliable azimuthal m-number measurement was 

determined from the slope of a plot of phase vs longitude, with r>0.80 

for all cases. It is important to mention that small slope values, and therefore 

small m values, generally have a larger percentage error associated with them due 

to the rounding to one significant figure for the uncertainty in the slope that 

results in an uncertainty comparible to the linear fit used to obtain the value of 

the slope. Figure 3.8 shows that the azimuthal wavenumber for the event 

exemplified throughout this thesis was m=24.2±0.7. 
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In the past 20 years, there have been several efforts to characterize FLRs by 

the azimuthal wavenumber m [Yeoman et al, 1990; Grant et al, 1992; Fenrich et 

al., 1995; Fenrich and Samson, 1997; Wright et al., 1997; Mann, 1998; Wright 

and Yeoman., 1999; Yeoman et al, 2000; Yeoman et al, 2010; Yeoman et al, 

2012]. The extensive characterization of FLRs in the database and their 

properties, including their m wavenumbers, is the topic of the next chapter. 

3.1.3 Results 

In this study, from the 161 automatically detected ULF waves that were 

recorded, we found that 66.50% of those flags were successfully confirmed to be 

FLRs. It is important to remark that the rest of the flags could correspond to 

either FLRs for which a profile could not be successfully retrieved or ULF 

propagating waves that are not FLRs. The next section is devoted to explain the 

challenges presented in obtaining the FLR profiles for some FLRs.  

Table 3.1 shows a list of the 107 ULF waves, pre-selected by the ULF 

identification code, for which the FLR profile was successfully obtained. The 

phase variation (standard/reverse) as a function of latitude, the azimuthal 

wavenumber m, the MLT and the propagation (towards the east or west, and 

towards the sun or away from the sun) of each FLR are also included in that 

table. Table 3.2 contains a list of the ULF waves for which the FLR profile was not 

obtained. That table outlines the visually identified FLRs for which profiles could 

not be obtained and flags that do not correspond to FLRs but rather to ULF wave 

activity. Flags in both tables are first arranged in chronological order (date, time) 

and then sorted in ascending frequency. 
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Table 3.1: Flags produced by the ULF identification code for which a FLR profile was obtained for the year 2003 

EVENT 
# 
 

Station 
 
 

Month 
 
 

Day 
 
 

Fq 
(mHz) 

 

Flag 
Hr 

 

Flag 
Min 

 

Beam 
 
 

Gate 
 
 

Event Time 
(UT) 

 

AACGM  
Longitude 

 

AACGM  
Latitude 

 

Phase  
variation 

vs 
latitude 

ma 

 

 

δm 
 
 

% 
Err 

 

R 
 
 

MLT 
 
 

e/
wb 

 

sun/
antic 

 
 

1 7 1 3 0.83 8 14 8 30 7:48-8:48 -83 70 standard 14 2 13 0.93 22 1 0 
2a 7 1 3 0.56 12 23 6 20 11:53-12:53 -86 67 standard 10 1 10 0.96 2 0 0 
2b 7 1 3 0.83 12 35 3 21 12:4-13:4 -94 70 standard 1 0.6 46 0.58 1 0 0 
3 7 1 3 4.17 16 41 2 19 16:40-17:40 -97 67 reverse 37 5 14 0.92 5 0 0 

04a 7 1 3 2.50 19 2 0 16 18:26-19:26 -89 66 standard 54 2 4 0.99 8 1 1 
4b 7 1 3 3.61 19 47 8 18 19:3-20:3 -89 68 standard 11 1 6 0.98 8 1 1 
4c 7 1 3 3.89 19 49 8 18 19:41-20:41 -90 66 standard 12 1 20 0.96 8 1 1 
4d 7 1 3 4.44 19 49 8 18 19:27-20:27 -90 66 standard 12 1 12 0.94 8 1 1 
5a 10 1 7 0.56 20 54 0 21 20:29-21:29 100 68 reverse 18 2 13 0.93 22 1 0 
5b 10 1 7 0.83 20 38 5 19 20:7-21:7 101 68 reverse 21 2 11 0.95 22 1 0 
5c 10 1 7 3.06 20 54 2 23 20:20-21:20 100 68 reverse 17 2 9 0.97 22 1 0 
5d 10 1 7 3.61 20 59 3 20 20:41-21:41 102 66 standard 51 6 12 0.94 22 1 0 
6 9 1 7 1.94 21 24 5 7 22:7-23:7 76 68.5 reverse 18 2 11 0.95 21 1 0 
7 8 1 7 1.11 23 7 8 7 22:52-23:52 62 70 reverse 13 1 4 0.99 22 1 0 
8 10 1 16 1.67 20 59 9 28 20:32-21:32 116 71.5 reverse 8 1 14 0.92 23 1 0 

9a 10 1 16 0.83 23 24 11 26 22:45-23:45 116 69 reverse 16 2 11 0.95 1 1 1 
9b 10 1 16 1.39 23 20 8 20 23:12-24:12 112 67.5 reverse 36 5 14 0.92 1 0 0 
9c 10 1 16 2.78 23 18 10 23 22:39-23:39 112 68 reverse 25 3 14 0.93 1 1 1 
10 8 1 19 2.78 17 48 4 13 17:29-18:29 59 70 standard 26 3 12 0.94 16 1 0 
11 14 1 21 1.11 11 41 3 26 11:13-12:13 -130 69 reverse 25 3 12 0.94 22 1 0 

    12 13 1 26 1.11 2 46 9 3 2:32-3:32 76 -68 standard 39 3 7 0.98 2 0 0 
                    

aAzimuthal wave number. The errors correspond to the linear 
square fit 

bPropagation: 0-eastwards; 1-westwards 
cPropagation: 0-sunwards; 1-antisunwards 
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Table 3.1: Flags produced by the ULF identification code for which a FLR profile was obtained for the year 2003 (cont.) 

EVENT 
# 
 

Station 
 
 

Month 
 
 

Day 
 
 

Fq 
(mHz) 

 

Flag 
Hr 

 

Flag 
Min 

 

Beam 
 
 

Gate 
 
 

Event Time 
(UT) 

 

AACGM  
Longitude 

 

AACGM  
Latitude 

 

Phase  
variation 

vs 
latitude 

ma 

 

 

δm 
 
 

% 
Err 

 

R 
 
 

MLT 
 
 

e/
wb 

 

sun/
antic 

 
                    

13a 3 1 29 0.83 23 57 1 5 23:56-24:56 -12.50 63.25 reverse 19 4 19 0.87 17 1 0 
13b 3 1 29 1.39 23 59 2 4 23:50-24:50 -12.00 63.00 reverse 28 3 12 0.94 17 1 0 
14 13 2 7 1.11 3 6 5 19 2:48-3:48 86 -72.5 standard 5 1 19 0.86 3 1 1 
15 10 2 19 0.56 0 0 0 25 0:40-1:40 100 67 reverse 16 1 9 0.96 1 1 1 

16a 13 2 19 0.56 21 7 4 13 20:42-21:42 80 -71 standard 9 1 17 0.89 21 0 1 
16b 13 2 19 0.83 21 4 6 15 21:28-22:28 83 -70.5 reverse 55 4 6 0.98 21 0? 1 
16c 13 2 19 2.22 21 25 5 11 21:12-22:12 82 -70 reverse 59 8 13 0.93 21 1 0 
16d 13 2 19 2.78 21 25 3 11 20:41-21:41 77 -71.25 reverse 22 5 23 0.83 21 1 0 
17 13 2 20 0.56 1 43 6 15 1:2-2:2 82 -72 standard 3 0.6 22 0.83 2 1 1 
18 11 2 23 0.83 1 21 3 18 1:5-2:5 35 -68 reverse 7 1 14 0.92 22 1 0 
19 13 3 3 1.94 1 7 6 17 0:43-1:43 82 -72.5 reverse 11 2 18 0.88 1 0 0 
20 13 3 3 0.56 2 47 6 17 2:8-3:8 82 -72 standard 6 1 21 0.85 3 0 0 
23 5 3 6 1.94 5 48 9 4 6:10-7:10 -41 64.5 reverse 67 5 8 0.97 22 1 0 
24 9 3 8 1.94 1 50 6 24 1:32-2:32 72 89 standard 7 1 21 0.85 2 1 1 
25 9 3 8 1.39 18 55 6 6 18:21-19:21 76 67.5 standard 14 2 13 0.96 19 1 0 
26 9 3 10 3.33 19 11 7 7 18:41-19:41 76 66.5 reverse 36 6 17 0.89 19 1 0 

27a 13 3 12 3.06 22 1 0 20 21:44-22:44 80 -74 reverse 18 5 21 0.79 22 0 1 
27b 13 3 12 0.56 23 3 4 17 22:18-23:18 82 -72.5 standard 6 1 15 0.91 23 1 0 
28 9 3 15 0.56 1 49 7 2 1:5-2:5 75 68 standard 52 6 12 0.94 1 0 0 
29 14 3 15 0.83 11 52 2 19 11:25-12:25 -133 -64 standard 16 1 5 0.99 22 1 0 

30a 13 3 17 1.11 2 55 3 16 2:55-3:55 83 -72.5 standard 10 1 13 0.93 3 0 0 
                    
aAzimuthal wave number. The errors correspond to the linear 
square fit 

bPropagation: 0-eastwards; 1-westwards 
cPropagation: 0-sunwards; 1-antisunwards 



 

                                                                                                                                                                                   66 
 

Table 3.1: Flags produced by the ULF identification code for which a FLR profile was obtained for the year 2003 (cont.) 

EVENT 
# 
 

Station 
 
 

Month 
 
 

Day 
 
 

Fq 
(mHz) 

 

Flag 
Hr 

 

Flag 
Min 

 

Beam 
 
 

Gate 
 
 

Event Time 
(UT) 

 

AACGM  
Longitude 

 

AACGM  
Latitude 

 

Phase  
variation 

vs 
latitude 

ma 

 

 

δm 
 
 

% 
Err 

 

R 
 
 

MLT 
 
 

e/
wb 

 

sun/
antic 

 
                    

30b 13 3 24 0.56 1 47 2 16 1:28-2:28 78 -71.5 standard 9 1 16 0.90 2 0 1 
32 9 3 29 0.56 18 56 0 6 18:22-19:22 73 67.5 reverse 23 3 13 0.94 19 0 1 

33a 8 3 29 1.39 19 2 8 4 18:35-19:35 64 68 reverse 35 5 14 0.92 18 1 0 
33b 8 3 29 4.17 19 3 8 7 18:30-19:30 62 68.5 reverse 47 8 17 0.89 18 1 0 
34b 6 4 1 3.33 2 1 8 7 2:1-3:1 -64 64 reverse 24 2 7 0.98 16 1 0 
35a 6 4 8 1.11 9 22 4 7 8:56-9:56 -71 63.5 reverse 21 2 11 0.95 23 1 0 
39 8 4 26 1.39 23 15 8 7 22:55-23:55 60 70 reverse 20 3 17 0.89 22 1 0 

42a 13 5 6 2.22 7 45 5 15 7:9-8:9 84 -72 standard 3 1 28 0.76 8 1 1 
42b 13 5 6 3.33 7 49 4 13 7:44-8:44 79 -71 standard 2 0.5 23 0.83 8 1 1 
42c 13 5 6 2.50 7 52 5 15 7:34-8:34 83 -72 standard 2 0.4 16 0.90 8 1 1 
42d 13 5 6 4.44 7 54 5 15 7:45-8:45 82 -72 standard 11 2 15 0.92 8 1 1 
44 6 5 18 1.11 6 49 4 20 6:23-7:23 -73 68.5 reverse 35 3 10 0.96 21 1 0 
47 7 5 31 0.83 12 49 3 25 12:12-13:12 -92 69 reverse 21 0.6 3 1 1 0 0 
49 9 6 3 1.11 2 44 8 7 2:3-3:3 76 67.25 standard 1 2 - 0.1 3 1 1 
50 6 6 8 0.83 5 18 2 5 4:35-5:35 -69 62.5 reverse 7 1 20 0.86 19 1 0 

51a 8 6 8 0.83 22 43 8 6 22:15-23:15 61.5 68.5 reverse 11 2 14 0.92 22 1 0 
51b 8 6 8 0.56 23 42 4 6 23:57-24:57 62 68.25 reverse 16 3 20 0.86 23 1 0 
52 8 6 15 0.56 2 49 3 6 2:36-3:36 60 67.5 reverse 13 3 20 0.86 2 0 0 

53a 5 6 15 1.39 9 12 4 9 8:40-9:40 -42 65.75 standard 9 1 14 0.92 2 2 2 
54 13 6 16 0.56 0 0 7 10 0:-42-0:18 78.00 -70.00 reverse 7 1 16 0.90 0 1 1 
57 8 7 1 1.11 4 43 2 6 4:25-5:25 62.00 67.75 reverse 26 2 9 0.97 4 1 1 

                    
aAzimuthal wave number. The errors correspond to the linear 
square fit 

bPropagation: 0-eastwards; 1-westwards 
cPropagation: 0-sunwards; 1-antisunwards 
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Table 3.1: Flags produced by the ULF identification code for which a FLR profile was obtained for the year 2003 (cont.) 

EVENT 
# 
 

Station 
 
 

Month 
 
 

Day 
 
 

Fq 
(mHz) 

 

Flag 
Hr 

 

Flag 
Min 

 

Beam 
 
 

Gate 
 
 

Event Time 
(UT) 

 

AACGM  
Longitude 

 

AACGM  
Latitude 

 

Phase  
variation 

vs 
latitude 

ma 

 

 

δm 
 
 

% 
Err 

 

R 
 
 

MLT 
 
 

e/
wb 

 

sun/
antic 

 
                    

60 6 7 9 3.61 9 43 8 23 9:10-10:10 -78 70.5 reverse 19 2 13 0.94 23 1 0 
61 13 7 26 4.17 3 20 4 15 2:52-3:52 82 -72 standard 55 6 11 0.95 3 1 1 
62 8 7 26 0.56 21 8 1 8 20:49-21:49 60.00 68.00 reverse 1 1 121 0.26 20 1 0 
65 6 7 31 1.67 5 48 0 6 5:8-6:8 -70.50 62.75 reverse 40 5 12 0.94 20 1 0 

68a 6 8 8 0.83 7 44 8 7 7:6-8:6 -66.00 64.00 standard 3 1 33 0.56 22 0 1 
69 8 8 8 0.83 23 49 3 9 23:12-24:12 57.00 67.50 reverse 39 6 16 0.90 22 0 1 
70 13 8 15 0.56 0 43 2 11 1:26-2:26 80 -71.5 reverse 8 1 8 0.97 1 0 0 

72a 8 8 22 0.83 2 27 8 9 1:42-2:42 58.00 68.50 reverse 26 5 19 0.87 1 0 0 
73 13 9 8 1.39 0 50 2 11 0:21-1:21 80.00 -72.00 reverse 5 0.7 14 0.92 1 0 0 
75 14 9 21 1.39 10 49 2 25 10:16-11:16 -136 -66.5 reverse 9 1 11 0.95 21 1 0 

76a 13 9 29 0.56 0 52 3 14 0:13-1:13 81 -72 reverse 3 0.6 23 0.82 2 0 0 
76b 13 9 29 1.11 1 14 2 14 0:44-1:44 79 -73 standard 23 2 8 0.97 1 0 0 
76c 13 9 29 2.50 1 39 10 13 0:57-1:57 82 -70.5 standard 30 2 7 0.98 2 0 0 
77 13 9 29 0.56 22 5 3 10 22:47-23:47 82 -70.5 standard 3 2 49 0.56 22 1 0 
78 13 9 29 0.56 23 5 3 17 22:47-23:47 87 -72 reverse 6 0.6 10 0.96 0 1 1 

80a 7 10 8 1.67 12 9 8 35 11:51-12:51 -80 74 standard 8 1 13 0.93 2 1 1 
81a 10 10 11 0.56 0 53 4 27 0:33-1:33 105 72 reverse 62 9 15 0.92 3 0 0 
81c 9 10 11 1.11 1 12 7 20 0:54-1:54 87 69 reverse 7 1 14 0.93 3 0 0 
83b 5 10 13 1.39 23 41 8 10 23:28-24:28 -37 66 reverse 4 3 73 0.41 16 0 1 
84 7 10 13 1.11 10 9 0 27 9:42-10:42 -94 69.5 reverse 17 1 5 0.99 23 1 0 

85a 5 10 14 1.39 11 45 3 8 11:35-12:35 -46.00 65.50 standard 20 2 11 0.95 4 0 0 
                    
aAzimuthal wave number. The errors correspond to the linear square 
fit 

bPropagation: 0-eastwards; 1-westwards 
cPropagation: 0-sunwards; 1-antisunwards 
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Table 3.1: Flags produced by the ULF identification code for which a FLR profile was obtained for the year 2003 (cont.) 

EVENT 
# 
 

Station 
 
 

Month 
 
 

Day 
 
 

Fq 
(mHz) 

 

Flag 
Hr 

 

Flag 
Min 

 

Beam 
 
 

Gate 
 
 

Event Time 
(UT) 

 

AACGM  
Longitude 

 

AACGM  
Latitude 

 

Phase  
variation 

vs 
latitude 

ma 

 

 

δm 
 
 

% 
Err 

 

R 
 
 

MLT 
 
 

e/
wb 

 

sun/
antic 

 
                    

85b 5 10 14 2.22 12 6 2 6 11:35-12:35 -44.00 66.00 reverse 37 2 6 0.99 4 0 0 
86a 5 10 16 1.94 23 57 6 10 23:44-24:44 -45 66.5 reverse 22 5 21 0.85 16 0 1 
86b 5 10 16 2.22 23 56 4 9 23:11-24:11 -40.00 66.50 standard 6 1 24 0.81 16 0 1 
89 7 10 27 3.61 7 4 7 11 6:27-7:27 -92 63 standard 31 3 9 0.96 20 1 0 

91a 6 11 7 0.83 2 5 4 19 1:24-2:24 -72 67 reverse 11 1 12 0.94 16 1 0 
91b 6 11 7 1.11 2 6 4 15 1:36-2:36 -72 66 reverse 8 2 20 0.86 16 1 0 
92 6 11 7 2.78 4 17 4 18 3:56-4:56 -78 68 standard 7 1 13 0.93 18 0 1 
93 10 11 7 4.44 5 40 4 23 5:11-6:11 103 68.5 reverse 7 0.6 9 0.97 8 0 0 
94 13 11 7 1.67 21 6 4 14 20:58-21:58 82 -71 reverse 6 0.8 13 0.93 21 0 1 
95 13 11 8 0.56 20 18 5 16 19:38-20:38 79 -73 standard 11 1 9 0.96 20 1 0 
96 5 11 20 1.67 11 45 7 6 11:10-12:10 -43.00 66.00 standard 24 2 9 0.96 4 0 0 
97 5 11 20 3.33 15 17 3 6 14:49-15:49 -44.00 64.50 standard 45 5 11 0.95 7 1 1 

99a 9 12 4 0.83 22 42 11 9 22:27-23:27 78.00 67.00 reverse 20 3 13 0.93 22 1 0 
99b 9 12 4 1.11 22 53 9 8 22:21-23:21 78.00 67.00 reverse 21 2 8 0.97 23 1 0 
100 5 12 5 0.83 0 0 7 30 0:-44-0:16 -24 72 reverse 25 4 15 0.91 17 1 0 
101 5 12 5 2.78 11 17 5 5 10:43-11:43 -43.00 64.25 standard 33 4 12 0.94 4 0 0 
102 8 12 11 0.56 21 17 4 9 21:14-22:14 60.5 67 reverse 9 1 15 0.91 20 1 0 
105 16 12 20 1.67 18 46 0 16 18:13-19:13 -113 64 reverse 17 1 7 0.98 6 1 1 

106a 7 12 20 1.11 18 56 7 20 18:28-19:28 -91 66 standard 18 0.5 3 1 7 1 1 
106b 7 12 20 2.78 19 56 7 19 20:37-21:37 -91 67 standard 61 2 3 0.99 8 1 1 
106c 7 12 20 1.67 20 5 7 18 20:36-21:36 -91 65.5 standard 34 2 6 0.99 9 1 1 

                    
aAzimuthal wave number. The errors correspond to the linear 
square fit 

bPropagation: 0-eastwards; 1-westwards 
cPropagation: 0-sunwards; 1-antisunwards 
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Table 3.2: Flags produced by the ULF identification code for which a valid FLR profile could not be retrieved 

EVENT # Station Year Month Day Fq (mHz) Flag Hr Flag Min Beam Gate 
          
13c 3 2003 1 29 3.61 23 59 9 5 
13d 3 2003 1 29 3.89 23 59 11 6 
13e 3 2003 1 29 4.72 23 58 9 4 
21 5 2003 3 5 0.56 1 33 8 12 

  22* 9 2003 3 6 0.56 4 53 4 5 
31 5 2003 3 28 0.56 1 38 10 8 

   33c* 8 2003 3 29 2.5 19 6 8 10 
 34a* 6 2003 4 1 0.56 1 48 0 9 
35b 6 2003 4 8 0.56 10 25 2 4 
36* 6 2003 4 10 0.56 9 52 2 10 
37 8 2003 4 17 1.11 2 5 1 5 
38 5 2003 4 23 3.06 3 47 8 23 
40 8 2003 5 1 0.56 7 20 4 10 

41a 3 2003 5 4 1.39 6 19 2 20 
41b 3 2003 5 4 0.83 6 40 0 23 
 43* 5 2003 5 10 1.67 3 38 8 5 
45 6 2003 5 18 1.67 12 19 5 23 
46 5 2003 5 30 3.61 11 49 3 6 
48 5 2003 6 2 1.94 9 31 3 3 
37 8 2003 4 17 1.11 2 5 1 5 
40 8 2003 5 1 0.56 7 20 4 10 

          
                     * Visually confirmed FLRs with no available profile 
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Table 3.2: Flags produced by the ULF identification code for which a valid FLR profile could not be retrieved (cont.)   

EVENT # Station Year Month Day Fq (mHz) Flag Hr Flag Min Beam Gate 
           
41a 3 2003 5 4 1.39 6 19 2 20 
41b 3 2003 5 4 0.83 6 40 0 23 
43 5 2003 5 10 1.67 3 38 8 5 
45 6 2003 5 18 1.67 12 19 5 23 
46 5 2003 5 30 3.61 11 49 3 6 
48 5 2003 6 2 1.94 9 31 3 3 

53b 5 2003 6 15 3.06 9 47 9 6 
55a 12 2003 6 22 0.56 18 4 6 5 
55b 8 2003 6 22 2.22 18 5 11 6 
56 12 2003 6 22 3.06 18 22 4 4 
58 12 2003 7 3 1.39 18 52 8 2 
59 6 2003 7 8 1.39 8 9 8 27 

 63* 5 2003 7 29 1.67 9 25 8 4 
 64* 8 2003 7 29 1.39 17 57 2 4 
66a 8 2003 8 1 2.22 4 20 0 7 
66b 8 2003 8 1 4.72 4 20 0 6 
67* 5 2003 8 8 2.5 10 36 7 6 
68b 6 2003 8 8 1.39 7 46 7 7 
68c 6 2003 8 8 0.56 7 52 8 8 
71* 10 2003 8 16 0.83 23 5 6 23 

72b* 9 2003 8 22 1.39 2 37 8 7 
          

          
                     * Visually confirmed FLRs with no available profile 
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Table 3.2: Flags produced by the ULF identification code for which a valid FLR profile could not be retrieved (cont.)   

EVENT # Station Year Month Day Fq (mHz) Flag Hr Flag Min Beam Gate 
 

            
74a 8 2003 9 16 1.94 21 46 4 11  
74b 8 2003 9 16 4.17 22 14 6 7  
79* 9 2003 10 6 2.22 5 16 3 18  
80b 7 2003 10 8 2.78 13 7 9 34  
81b 10 2003 10 11 3.61 1 5 7 26  
82 9 2003 10 11 0.83 22 43 4 22  

83a 5 2003 10 13 1.11 23 34 10 11  
   86c* 5 2003 10 16 2.5 23 59 5 9  
   86d* 5 2003 10 16 5 23 57 6 10  
  87a* 5 2003 10 17 0.56 0 1 5 11  

87b 5 2003 10 17 3.89 0 0 4 10  
88* 8 2003 10 18 4.44 1 36 3 9  
90* 9 2003 11 6 0.83 1 29 3 16  
98* 3 2003 11 20 4.72 23 56 5 7  
103 8 2003 12 12 1.94 17 31 4 11  
104 9 2003 12 20 0.83 17 11 7 6  

   107a* 9 2003 12 21 1.94 0 50 2 7  
   107b* 9 2003 12 21 2.22 1 9 0 8  

108 13 2003 12 30 0.56 23 3 2 7  
           
           
           

                              * Visually confirmed FLRs with no available profile 
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For simplicity, given that the outcome text file with ULF flags would often 

return numerous entries for the same event corresponding to multiple flags for 

different beam/gate pairs and that a ‘unique flag’ is defined as a flag for a station, 

date, and frequency that has at least an hour difference with another ‘unique 

flag’, tables 3.1 and 3.2 contain only the first entry flagged if corresponding to 

multiple flags for the same ULF wave event. Therefore, the beam/gate recorded 

in that table might not correspond to the center location of the FLR within the 

FoV of the radar. The AACGM magnetic latitude and longitude, reported in Table 

3.1, correspond to the location in which the profile exhibits the best match to the 

“FLR Profile Criteria”. Harmonics of the same event (different frequencies 

detected at the same time for the same radar) are identified in Tables 3.1 and 3.2 

by the same number and consecutive letters.  

Table 3.3: Results of flags, confirmed FLRs 

 

Table 3.3 summarizes the total number of flags, the number of FLRs 

successfully found with the further analysis and the number of flags for which a 

FLR profile was not obtained. Further inspection showed that a large number of 

flags for which the FLR profile could not be obtained corresponded to lower gates 

(0-14), where backscatter from the E-region is predominant. Taking into account 

only those flags detected at the low gates, the efficiency of this code when applied 

to those low gates was as low as 34%. If the lower gate flags were removed from 

the dataset, the efficiency of the code to pre-select ULF waves that can be further 

analyzed and characterized as FLRs improves to 91%, as shown in Table 3. 

Therefore, this methodology would be very efficient to find ULF waves 

corresponding to FLRs in the F-region at mid and high gates (15-60) of 

SuperDARN radars, but not efficient for lower gates. 
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3.2 Challenges in the identification of 
FLRs  

From a total of 161 ULF waves pre-selected by the code 33.50% flags did not 

return a valid FLR profile and therefore, they were not classified as such. Reasons 

for the unavailability of obtaining an FLR profile include: 

i) Problems in obtaining the FLR profile due to one beam working on a 

special mode near the location of the FLR; 

ii) Problems in obtaining the FLR profile due to the FLR event occurring 

too close to the edge of the FoV of the radar; 

iii) Detection by the code of an ULF wave activity on the radar signal that 

did not correspond to FLR activity but might correspond to ULF 

propagating waves or other interesting phenomena (26 % of the 

flags).  

iv) Problems in obtaining an azimuthal wave number for pure global 

toroidal mode FLRs, with polarward phase variation as a function of 

latitude was observed across the FoV of the radar (6 cases with FLR 

profile) 

As stated in the previous section, events corresponding to i) and ii) can be 

visually recognized as FLRs from their series of plots of the analytic signal 

amplitude and phase (as the one shown in Figure 3.7) but FLR profiles were not 

able to be retrieved.  

An example of an ULF wave pre-selected for which its FLR profile could not 

be obtained, as described in item i), is the ULF wave detected by the SuperDARN 

Pykkvibaer station on March 6th, 2003 corresponding to 4:48 UT at the resonant 

frequency of 0.6±0.1 mHz. The code flagged an ULF wave ‘candidate for FLR 

further analysis’ from beams 4 through 14 (except beam 5), range gates 4 to 8 

corresponding to a possible FLR centered at magnetic latitude 67 degrees, and 73 
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degrees azimuth for magnetic longitude. Figure 3.9 shows plots of the amplitude 

(left) and phase (right) as a function of magnetic latitude and magnetic longitude 

for the analytic signal, bandpass at 0.6±0.1 mHz, for FoV of the radar 

corresponding to beams 0 through 15 and range gates 0-20 at 4:48UT: At the 

time, beam 5 was working on a special mode (sample rate: 3 seconds) and all the 

other beams were working on normal mode. The white patch observed on the 

amplitude plot shows the location of Beam 5. Visual inspection of the plots in 

Figure 3.9 reveals a phase jump and amplitude maximum in latitude at the 

magnetic latitude and longitude corresponding to the beam-gates flagged, but in 

this particular case an FLR profile could not be obtained. It is worth mentioning 

that few ULF waves pre-selected corresponding to similar situations were able to 

return an FLR profile if the beam working in a different mode was located further 

from the FLR location. SuperDARN radar stations have the ability to run ‘special 

modes (all beams in a sampling period different than 60 seconds) and ‘stereo 

modes’, that is to say a beam has a different sampling period from the others; this 

is done to address specific scientific topics (such as rocket launches, ULF 

pulsations, E-region measurements, satellite conjunctions), directed by Principal 

Investigators requesting it [Baker, 2011].   

Figure 3.10 shows an example of a flagged candidate that occurred too close 

to the edge of the FoV of the radar, for which the profile of the FLR could not be 

obtained, as described in item ii). The code flagged an ULF wave as an ‘FLR 

candidate’ multiple times, at Pykkvibaer on March 28th, 2003 occuring between 

1:38 and 1:44 UT  at beams pairs 10 and 14 and 11 and 15, rage gates 7-9 (around 

magnetic latitude 65.5 degrees for magnetic longitude around -39.8 degrees 

azimuth). The plots in Figure 3.10 correspond to the analytic signal amplitude 

(left) and phases (right), bandpass at 0.6 mHz, as a function of magnetic latitude 

and magnetic longitude for beams 0-15 and range gates 5-15 of the field of view of 

the SuperDARN Pykkvibaer station on March 28th, 2003 corresponding to 1:38 

UT.  
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Figure 3.9: Plot of the analytic signal amplitude (left) and phase (right) as a 
function of magnetic latitude and magnetic longitude for the field of view 
(Beams: 0-15; Gates: 0-20) of the SuperDARN Pykkvibaer station on March 6th, 
2003 corresponding to 4:48 UT for the bandpass analytic signal for 0.6±0.1 mHz. 
Beam 5 was working on a special mode (white patch on the amplitude plot) and 
all the other beams were working on normal mode. 

 

 
Figure 3.10: Plot of the analytic signal amplitude (left) and phase (right) as a 
function of magnetic latitude and magnetic longitude for beams 0-15 and range 
gates 5-15 of the field of view of the SuperDARN Pykkvibaer station on March 
28th, 2003 corresponding to 1:38 UT, bandpass at 0.6±0.1 mHz. The code flagged 
a ‘candidate’ at magnetic latitude 65.5 degrees for magnetic longitude around -
39.8 degrees azimuth (beams pairs 10-14 and 11-15, both at rage gates 8). The 
event occurred too close to the edge of the radar and a profile could not be 
obtained. 
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3.3 Limitation of this technique 

In the previous chapter, it was explained that the new criteria for the code 

was made stricter to increase the success rate of the code for producing ULF flags 

that corresponded to FLRs and there were some good FLR events characterized 

from ULF flags (found while developing the early stages of the code) that did not 

meet the latest threshold criteria (e.g. they met the criteria for one gate but not 

for three adjacent gates).  

Additionally, the code flagged ULF events with values for cross-power and 

cross-phase variance above daily mean values. These daily mean values were 

arbitrarily calculated from 0 UT to 24 UT for each day with selected data (as 

explained in section 2.2) and this introduced another bias. Some FLRs occurred 

on days with poor backscatter echoes, for which the only good backscatter was 

observed by SuperDARN around the time of the event. Therefore, mean daily 

values on those days are close to the values of the events.  

 
Figure 3.11: Doppler velocity range-time plot for Prince George for October 
25th, 2003, Beam 2. A ULF wave patter is noticeable between 1UT and 2:30UT. 
An FLR of 2.2±0.1 mHz was later confirmed at 1:15-2:30UT for that day. 
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Figure 3.12: Plot of amplitude and phase as a function of magnetic latitude and 
magnetic longitude for the field of view of the SuperDARN Prince George station 
on October 25th, 2003 corresponding to 1:21UT for the bandpass analytic signal 
for 2.2±0.1 mHz. For magnetic latitudes between 63 and 67 degrees azimuth, the 
high amplitude (left panel) and wave front in phase (right panel) are observed. 
The event lasted one hour. 

 

 
Figure 3.13: Latitude profile of the amplitude and phase of the v signal at 
2.2±0.1 mHz corresponding to the Prince George station on October 25, 2003 
(along -74 degrees magnetic longitude) at 1:43UT. The maximum peak is 
observed at magnetic latitude 66.5 degrees. 
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A good example of this is a 2.2±0.1 mHz FLR occurrence detected on Beam 

2 at 1:15-2:30UT on Oct 25th 2013 by the SuperDARN Prince George Station. The 

backscatter Doppler velocity pattern, the FoV of the radar with the analytic signal 

at the time of the event, the cross-section plots with the latitude of the amplitude 

and phase of the analytic signal with the FLR profile, and the phase versus 

longitude (which gives the m azimuthal wavenumber) are shown in figures 3.11, 

3.12, 3.13 and 3.14.  

 

 
Figure 3.14: Spectral Phase as a function of longitude gives the m-value of the 
wave at 2.2±0.1 mHz corresponding to the Prince George on October 25, 2003 
(along 66.5 degrees magnetic latitude) at 1:43UT with m=4±1. 

 

Table 3.4 contains a summary of 15 FLRs that have been found during the 

developing of the code through early versions but that did not match the final 

threshold established for automatic detection of ULF wave candidates for FLRs. 
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Table 3.4: FLRs found during the development of the ULF identification code that did not met the final threshold established 
 

EVENT 
# Station Month Day 

Fq 
(mHz) 

Flag 
Hr 

Flag 
Min Beam Gate 

Event Time 
(UT) 

AACGM  
Longitude 

AACGM  
Latitude 

Phase  
variation 

vs 
latitude ma δm 

% 
Err R MLT 

e/
wb 

sun/
antic 

                    
109a 7 1 14 2.22 15 51 7 29 14:40-16:40 -77 71 standard 6 1 16 0.91 6 1 1 
109b 7 1 14 2.50 16 31 8 28 15:45-16:45 -75 71 standard 6 1 7 0.98 6.7 1 1 
110 11 1 17 2.22 6 31 2 24 6:15-7:0 38 -69 standard 31 2 7 0.98 4.3 0 0 
111 7 1 21 3.33 17 48 6 30 17:45-18:45 -80 71 standard 3 1 17 0.89 7.5 1 1 
112 14 2 19 1.39 13 9 2 27 12:45-13:20 -135 -69 standard 24 2 7 0.98 23.3 0 1 
113 11 2 23 2.22 4 23 6 13 4:0-5:0 37 -66 reverse 51 4 8 0.97 1.9 0 0 
114 13 3 3 1.39 3 5 3 10 2:45-3:30 88 -71 standard 7 1 12 0.94 4 1 1 
115 5 3 6 1.11 6 1 0 14 6:0-7:0 -49 68 reverse 8 1 8 0.98 21.8 1 0 
116 13 3 17 0.83 2 44 3 20 2:15-3:14 79 -70 standard 8 1 16 0.90 3.1 1 1 

117a 14 3 19 0.56 12 12 1 29 12:0-12:45 -137 -70 reverse 8 1 12 0.95 22.2 1 0 
117b 14 3 19 1.11 12 6 3 28 12:0-12:46 -137 -64 reverse 33 3 9 0.97 22.1 1 0 
118a 13 3 29 0.56 22 47 6 22 22:37-23:30 89 -74 standard 9 2 19 0.87 23.9 0 1 
118b 13 3 29 0.83 22 20 4 17 22:15-23:0 90 -73 reverse 9 1 8 0.97 23.5 0 1 
119 5 7 8 1.11 6 20 4 28 6:15-7:30 -41 74.5 standard 52 8 16 0.91 22.7 0 1 
120 6 10 25 2.22 1 54 2 17 1:0-2:40 -74 66.50 standard 4 1 12 0.94 16.3 0 1 

                    
                    
                    
                    
                    
aAzimuthal wave number. The errors correspond to the linear square fit 

bPropagation: 0-eastwards; 1-westwards 

cPropagation: 0-sunwards; 1-antisunwards 
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3.4 Summary 

In this chapter, the basic criteria for identification of FLRs, from the ULF 

waves identified by the code, has been explained in detail. The major 

achievement of this study is the development of a ‘non visual’ technique that 

efficiently allows, in an automatic way,  the identification of a large number ULF 

waves that result in FLRs, once the criteria is applied to the flags.  

The procedures by Bland et al. [2014] for systematic detection of ULF 

waves using an alternative data processing technique with SuperDARN does not 

target the detection of FLRs and it is not successful to identify specifically that 

phenomena. Mangus [2009] did target the identification of continuous 

pulsations, using SuperDARN, that are FLRs. However, the study does not 

confirm the typical profile of FLRs for the events did not exclude ground or sea 

scatter. For this reason, the efficiency of the code (# of FLRs/# continuous 

pulsations detected) cannot be evaluated for comparison reasons. 

The efficiency  of the methodology, defined as the number of events 

characterized as FLRs over the number of ULF waves flagged, is 66.50%. 

Efficiency improves to 91% when applied to gates higher than 14. Therefore, this 

study proves that this methodology is very useful to find a large number of FLRs 

using SuperDARN. 

A total of 121 FLRs have been identified during 2003 and their primary 

characteristics (MLT, frequency, propagation, phase variation with latitude, 

azimuthal wavenumber m) have been recorded and tabulated. A large database 

has been created to analyze the characteristics of FLRs and to study the 

coherence of solar wind ULF waves with the FLRs to establish their wave sources. 

The sample FLR event presented throughout these two chapters present an 

interesting result: In their study, Fenrich and Samson [1995] characterized FLRs 
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with azimuthal wavenumber m > 17 as “High-m” FLRs; all these events presented 

a reverse phase variation (increase latitudinal phase shift). Furthermore, FLRs 

with azimuthal wavenumbers m < 17 were called “Low-m” FLRs, characterized 

with a standard phase variation (decrease latitudinal phase shift). The event 

exemplified in this chapter has a standard phase variation and an azimuthal 

wavenumber m=24.2±0.7. This is not the only case in the database that presents 

this type of discrepancy. Furthermore, events in the database presented in this 

study show deviations for the characterizations proposed in Fenrich et al. [1995] 

in terms of the FLR propagations (sundwards-antisunwards; eastwards-

westwards) and location. It is clear that the FLRs identified in this study cannot 

be classified into the two distinct groups defined by Fenrich et al. [1995] and 

Fenrich and Samson [1997] based upon the size of the FLR azimuthal 

wavenumber m. 

In the next chapter, the characterization of FLRs will be explored and some 

case studies will be presented. Some studies [Yeoman et al, 1990; Grant et al, 

1992; Wright et al., 1997; 1999; Mann, 1998; Wright and Yeoman.; Yeoman et 

al, 2000; Yeoman et al, 2010; Yeoman et al, 2012] have presented alternatives to 

the classification suggested by Fenrich et al., [1995] and Fenrich and Samson 

[1997], and they proposed mechanisms for the excitation and growth of FLRs 

that suggests that more than two groups of FLRs coexists. 
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Chapter 4 

Classification and 
Characterization of Field 
Line Resonances  

 The second main goal of this thesis research was to systematically analyze 

the characteristics of FLRs and the statistics of their occurrences. Some of the 

interesting aspects of FLRs are for example: 

• their frequency distribution (Are some frequencies occurring more often 

than others?),  

• latitude of occurrences (How often is the same frequency observed at 

different latitudes?), 

• m-value (What are the differences between low-m FLRs and high-m 

FLRs?),  

• magnetic local time (Do low and high-m FLRs occur in the same MLT 

sector?), etc.  

 The sections below describe the processes of characterization of the FLRs in 

the database and the statistical results on these properties. Comparison with the  

results on the studies described in the literature review in section 1.3.2 will be 

presented.  
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4.1 Statistical Analysis of Field Line 
Resonances Detected 

4.1.1 Statistical Analysis of Occurrence vs Frequency 

Figure 4.1 shows the 121 FLRs occurrences, found in this study, as a 

function of frequency. The plot presents a 1/f frequency distribution. This result 

agrees with the results found by Mangus [2009] with his pulsation finder to 

detect ULF waves using SuperDARN, and the results found in Archer and 

Plaschke [2014]. It is also worth to remark that ‘magic frequencies’ (1.3, 1.9, 2.6 

and 3.4 mHz) were not particularly observed in the results of this study, in 

agreement with results reported by Mangus [2009] and Archer and Plaschke 

[2014].  

 
Figure 4.1: Event occurrence as a function of frequency of the event. 
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Significantly, the distribution reported in Fenrich et al. [1995] 

corresponded to a small sample, only 31 FLR events. Some might argue that 

study covered most of the solar cycle 22 (1988-1994), and that “the events were 

found to occur both the dayside and nightside of the magnetosphere during 

predominantly quiet days with most events occurring when Kp ≤ 3” [Fenrich et 

al., 1995] and that the magic frequencies would be noticeable in a distribution 

that follows those caracteristics.  

The year 2003, the object of this study, was a very geomagnetically active 

year, with 34 geomagnetic storms [Mazzino et al., 2008], for which some might 

argue that many mechanisms could affect the final distribution of the number of 

events vs. frequency. This year occurred during the declining phase of the solar 

cycle: a) the number of geomagnetic storms during this phase in a solar cycle is 

more than the number of geomagnetic storms in the minimum and inclining 

phase of the solar cycle; b) moreover, the number of geomagnetic storms during 

the declining phase is the same or more than the number of geomagnetic storms 

occur during solar maximum [Mazzino et al., 2008]. Therefore, FLRs observed in 

this study were indeed observed during both geomagnetic active times (Kp > 3) 

and in quiet times (Kp ≤ 3).  

Figure 4.2 shows the distribution of number of events vs. frequency 

separated by geomagnetic activity: 40% were observed during active times (Kp > 

3) and 60% during quiet times (Kp ≤ 3). The number of events found during 

quiet times (Kp ≤ 3), shown in blue, was double the amount reported in Fenrich 

et al. [1995]. In this distribution, ‘magic frequencies’ (1.3, 1.9, 2.6 and 3.4 mHz) 

were not particularly observed, and it is more likely to be a Poisson distribution 

(proper for the observation of ‘rare events). The distribution of events observed 

during active times (Kp > 3), shown in red, shows a power law. 
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Figure 4.2: Distribution of number of events vs. frequency separaded by 
geomagnetic activity. (red: active times; blue: quiet times). 

A direct comparison between the dataset from Archer and Plaschke [2014], 

Mangus [2009] and our study could provide further information on this topic. 

The extension of this methodology to all other years of the solar cycle 23 is the 

goal of future work. 

In the past decade, significant advances in the deployment and operations 

of the SuperDARN radars have occurred. The number of SuperDARN Radars 

increased from 6 operational radars in 1995 to 15 stations in 2003. The study 

conducted by Fenrich et al. [1995] used only three radars (Goose Bay, 

Kapuskasing and Saskatoon) all located on the east coast of North America. 

Availability of a larger number of stations for this project provided a more 

comprehensive study, both in the northern and southern hemisphere. A larger 

database compiled by a systematic and automatic detection system provides a 

more precise result than events identified by eye. 
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4.1.2 Phase variation across the localized position of 

resonance 

The phase shift as a function of latitude throughout the resonance 

maximum was computed for all FLRs in the database. Following the definition 

established by Fenrich et al. [1995], a decrease in the latitudinal phase shift 

throughout the resonance peak with latitude is defined as “standard”, while a 

phase increase with latitude is defined as “reverse”. Fenrich et al. [1995] and 

Fenrich [PhD Thesis, 1997] reported that all low-m (m < 17) FLRs in that study 

exhibited “standard” phase variation while all high-m (m ≥ 17) exhibited a 

“reverse” phase variation. Table 4.1 summarizes the results of all FLRs in the 

database following the classification by Fenrich et al. [1995].  

In this study, we observed that a little over one third of the high-m (m ≥ 17) 

presented “standard” phase variation while almost half of the low-m (m < 17) 

exhibited “reverse” phase variation. These results were puzzling. Further 

examinations of the phase shift, following the classification proposed by Yeoman 

et al. [2010; 2012], and revealed that most of the FLRs with azimuthal 

wavenumbers less than 4 had standard phase variation while about half of events 

with azimuthal wavenumbers between 4 ≤ m ≤ 14 had a reverse phase variation, 

as shown in Table 4.2. One third of the FLRs with azimuthal wavenumber m > 14 

exhibited “standard” phase. Changing the threshold produced deviation from 

these results, as seen in Table 4.3. 

The cause of these discrepancies might lay in the fact that the events found 

in Fenrich et al. [1995] occurred during quiet times with low Kp. Geomagnetic 

disturbances in Earth’s magnetic field, measured on variation of Kp, modifies the 

localization of the plasmapause. The sharp decrease in density in the 

plasmapause results in a sharp increase of the eigenfrequency of the field line, 
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since the frequency of the FLRs is inversely proportional to the field line plasma 

density, as shown in equation 1.18.  

Table 4.1: FLRs’ phase variation given their azimuthal wavenumber following 

classification by Fenrich et al. [1995] 

Phase shift m ≤ 17 m > 17 
   Standard 36 (58 %) 26 (42 %) 

Reverse 19 (42 %) 40 (68 %) 
 

 
Table 4.2: FLRs’ phase variation given their azimuthal wavenumber following 

classification by Yeoman et al. [2010] 

Phase shift m < 4 4 ≤ m ≤ 14 m > 14 

    Standard 9 (82%) 26 (55%) 20 (32%) 

Reverse 2 (18%) 21 (45%) 43 (68%) 
 

 
Table 4.3: FLRs’ phase variation given their azimuthal wavenumber  
Phase shift m < 7 7 ≤ m ≤ 14 m > 14 

    Standard 16 (73 %) 19 (31 %) 20 (53 %) 

Reverse 6 (27 %) 42 (69 %) 43 (68%) 
 
 

Table 4.4: Location of the events with respect of the plasmasphere  

Phase shift Inside 
Plasmasphere 

At 
plasmapause 

Beyond 
plasmapause 

    
Standard 0 (0 %) 0 (0 %) 55 (51 %) 

Reverse 0 (0 %) 13 (100 %) 53 (49 %) 
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In the plasmasphere, before the plasmapause is reached, where the plasma 

density is uniform, eigenfrequency decreases monotonically with latitude due to 

the decrease of B for larger L-shells. In the plasmapause, the eigenfrequency 

increases sharply in response to the sharp decrease in density. Beyond that, in the 

plasmathrough, the eigenfrequency decreases monotonically with latitude. This 

characteristic variation of eigenfrequency with latitude is known as the 

eigenfrequency continuum and was first introduced by Orr and Hanson [1981]. 

Figure 4.3, taken from Orr and Hanson [1981], represents the eigenfrequency 

continuum and illustrates how the sharp decrease in density found in the 

plasmapause would produce a ‘reverse’ phase variation in the FLR profile. The 

dashed horizontal lines show a particular driving frequency (ωf). As a result, 

three separate geomagnetic field lines may be resonantly excited at locations A 

(Plasmasphere), B (Plasmaspause) and C (Plasmathrough). Observations of the 

continuum of eigenfrequencies are used to determine equatorial plane plasma 

mass densities, and thus to study large scale cold plasma dynamics within the 

magnetosphere [Dent, 2003]. 

Experimental evidence of this eigenfrequency continuum has been 

presented using data 53 recorded using ground-based magnetometers [Obayashi 

and Jacobs, 1958; Glassmeier et al., 1984], and satellites [Takahashi and 

McPherron, 1982; Takahashi et al., 1984]. First radar observations by the 

Sweden and Britain auroral Radar Experiment (SABRE) where reported and 

discussed in Waldock et al. [1983] and Poulter et al., [1984].   

In the study by Waldock et al. [1983], the occurrence probability of 

polewards and equatorward moving bands found in the beams backscatter 

profiles was investigated as a function of UT time. The conclusion of that study 

was that the reversal phase variation might be linked to the movements of the 

plasmapause. 
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Titan et al. [1991] also analyzed 157 Pc 5 pulsations detected by SABRE 

during a 5-year period (1985-1989) and concluded that that events with poleward 

propagation corresponded to field lines resonances within the plasmatrough 

while equatorward propagating events corresponded to resonant structures at the 

plasmapause.  

It is clear that it would be possible to find FLRs for the natural resonant 

frequencies for cases A, B, and C if available detection instrumentation is 

available for those latitudes, such as the recently deployed mid-latitude 

SuperDARN radars. More importantly, significant changes in the plasmasphere 

structure, due to geomagnetic disturbances in Earth’s magnetic field, would 

signify that the latitude location of the natural resonant frequencies for cases A, 

B, and C would increase if the location of the magnetopause is extended to higher 

L-shells. 

 
Figure 4.3: Schematic representation, by Orr and Hanson [1981], of the 
eigenfrequency continuum: the variation of field line resonance frequency with 
latitude. 
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Pierrard and Stegen [2008], developed a three-dimensional physical 

dynamic model of the plasmasphere2, constrained by realistic data, which takes 

into account both the rotation of the plasmasphere and the geomagnetic activity’s 

level that defines the plasmapause region’s position and width. The kinetic 

models used in their plasmasphere’s model also feature the erosion of the 

plasmasphere during geomagnetic storms and substorms, based on work by 

Pierrard and Lemaire [1996; 2001; 2004], Pierrard and Cabrera [2005; 2006], 

among others. The dynamic code that calculates the position of the plasmapause 

versus MLT, every hour UT using values of Kp, can be run in the European Space 

Weather Portal, where simulations for the whole day can be downloaded.  

In this study, we explored this idea in all FLRs in the database, looking for 

the location of the plasmaspause at the MLT of occurrence, to explain 

discrepancies regarding some of the FLR’s phase variations. For each FLR, their 

corresponding L-shell location was obtained by introducing the height (obtained 

from the slant range calculated from the gate number) and the magnetic 

coordinates (calculated by the SuperDARN software) into the NASA OMNIweb 

interface for the “Corrected geomagnetic coordinates IGRF/DGRF model 

parameters”. Simulations from the European Space Weather Portal (ESWP) on 

the localization of the plasmasphere and plasmapause were downloaded for the 

date of each event. The location of the plasmapause at the UT time, L-shell and 

MLT location of the event was obtained by observing the animations and 1-hour 

snap shots produced by the simulations created by Pierrard and Stegen [2008]. 

                                                        

2 The plasmaspheric simulations shown in this chapter have been developed at 
the Belgian Institute for Space Aeronomy by V. Pierrard and K. Borremans with 
funding from the European Union's Seventh Programme for Research, 
Technological Development and Demonstration (www.swiff.eu FP7 SWIFF). 
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The above information was used in this study to test the theory by Orr and 

Hanson [1981] that the ‘reverse’ phase variation in an FLR profile is due to the 

sudden decrease of plasma density corresponding to the magnetopause, and that 

the “standard” phase variation corresponds to regions with smooth decrease in 

the field line’s eigenfrequency, such as the plasmasphere or the plasmatrough or 

beyond. Table 4.4 summarizes these findings.  

None of the events in the FLR database occurred inside of the 

plasmasphere; for the 13 FLRs that occurred in the magnetopause, all showed a 

reverse phase variation, despite that 4 of them featured azimuthal wave numbers 

m < 17.  

The rest of the events occurred in the plasmathrough, with half of the 

events showing a “standard” phase variation and the other half showing a 

“reverse”.  

The 1.1±0.1 mHz FLR event detected by Kodiak on December 20, 2003 at 

18:50 UT, featured throughout this thesis, agrees with this theory: in the previous 

chapter, the phase variation for this event was presented as “standard” due to the 

decrease of phase change as a function of latitude (Figure 3.7); however, the 

event was classified as a high-m since m=24.2±0.7 (Figure 3.8). Figure 4.4, 

downloaded from the European Space Weather Portal (ESWP) and courtesy of 

Pierrard and Stegen [2008], shows Kp=5 at around that time (top) and the 

simulation of the location of the plasmasphere (blue, green, yellow, see electron 

density scale on figure), plasmapause (purple diamonds) and plasmatrough (red) 

for the time of the event from a polar view (bottom, left) and from the equator 

view (bottom, right). The event was localized in the L =7.07 at MLT=7.  For 

MLT=7, the plasmapause is located at around L=5 Re, for which the event’s phase 

variation is compatible to a phase variation of an event located beyond the 

plasmatrough. 
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Figure 4.4: (Top) Plot of Kp variation and (bottom) location of the 
plasmasphere, in Re scale, as view from a pole (left) and equator (right) 
corresponding to the 1.11 mHz event detected by Kodiak on December 20, 2003 
at 18:50 UT, L-shell=7.07 and MLT=7. Purple diamonds mark the plasmapause. 
Low plasma density regions (in red) show the position of the plasmathrough. 
(Picture courtesy of Pierrard and Stegen [2008], downloaded from the European 
Space Weather Portal, ESA) 
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Another example that agrees with the theory by Orr and Hanson [1981] is 

the 1.1±0.1 mHz FLR event detected by Prince George on November 7, 2003 at 

2:06 UT, L-shell=6.86 and MLT=16. Figure 4.5 shows the FLR profile, along -72 

degrees magnetic longitude for the amplitude (left) and the phase variation 

(right) as a function of latitude: The maximum peak is observed at the magnetic 

latitude 66 degrees and this event presented as “reverse” due to the increase of 

phase variation as a function of latitude. The event was classified as a low-m since 

m=8±2 (Figure 4.6). The event was localized in the L-shell=6.86 at MLT=16. 

Figure 4.7, also downloaded from the ESWP and courtesy of Pierrard and Stegen 

[2008], shows Kp=6 at around that time (top) and the simulation shows that the 

plasmapause location (purple diamonds) is at L ~ 7 due to a plume around 

MLT=16. This explains why the FLR event was classified as low-m, yet presents a 

“reverse” phase variation due to the sharp density decrease at the plasmapause. 

 
Figure 4.5: Latitude profile of the spectral power (left) and phase (right) at 
1.1±0.1 mHz corresponding to the Prince George station on November 7, 2003 
(Along -72 degrees magnetic longitude) at  2:06 UT, L-shell=6.86 and MLT=16. 
The maximum peak is observed at magnetic latitude 66 degrees. 
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Figure 4.6: Spectral Phase as a function of longitude gives the m-value of the 
wave at 1.1 (±0.1) mHz corresponding to Prince George on November 7, 2003 
(along 66 degrees magnetic latitude) at 2:06 UT, L-shell=6.86 and MLT=16. The 
slope of this plot gives the azimuthal wavenumber m of the FLRs, and for this 
event it was determined to be m=8±2. 

For the 55 events in this region featuring “standard” phase change, 35 of 

them had m < 17, but the rest were events with m ≥ 17, believed to be driven by 

particle enhancement that could couple with the waves. Inspection of these 

events revealed depletion of the plasmasphere and plumes, as well as high Kp, 

indicating some sort of storm-substorm conditions present at that time, which 

agrees with that scenario. The puzzling matter is why they all showed “standard” 

phase change profile and that all but 2 occurred in the flanks (characteristics of 

low-m events), if these events were driven by wave-particle interactions 

(characteristics of high-m events). Those events should be the object of a more 

carefully and throughout study.  

Finally, for the 53 events, occurring in this region, with “reverse” phase 

change, 31 of them had m ≥ 17, which agrees with explanation given for high-m 

events by previous studies; the rest, 22 events, had m < 17 with all but one event 

occurring in the night sector also suggesting that substorm activity might be 
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responsible for their occurrence and they should each be further examined as 

‘case studies’. 

 

 
Figure 4.7: (Top) Plot of Kp variation and (bottom) location of the 
plasmasphere, in Re, as view from a pole (left) and side (right) corresponding to 
the  1.11 mHz event detected by  Prince George on November 7, 2003 at  2:06 UT, 
L-shell=6.86 and MLT=16. Purple diamonds mark the plasmapause. Observe the 
plume at the MLT=16 Low plasma density regions (in red) show the position of 
the plasmathrough. (Picture courtesy of Pierrard and Stegen [2008] for the 
global plasmasphere. Belgian Institute for Space Aeronomy). 
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Plot of a distribution of FLRs (Figure 4.8, top) by magnetic latitude vs. 

frequency, given that ground scattering was substracted from the data, shows 

that the frequencies, including the most low ones, occurred in a wide range of 

magnetic latitude (with only one event occurring in an open field line). 

Considering only  FLR events with  “standard” phase change, low-m FLRs are 

localized in higher latitudes and high-m FLRs are localized in lower latitudes 

(Figure 4.8, right); on the other hand, FLRs with “reverse” phase variation, both 

low-m and high-m, are evenly distributed across all latitudes. Finding a 

frequency at different latitudes is compatible with the changes in the length of the 

field lines (compression/elongation) due to deformities of the magnetospheric 

cavity produced by the solar wind dynamic pressure, as well as dynamic changes 

in B strength and plasma density inside the magnetosphere due to geomagnetic 

activity. 

In terms of the theory suggested by Manger et al. [2009] that intends to 

explain the reverse phase variations on FLRs due to an alternating currents 

associated with substorm-injected proton clouds drifting in the magnetosphere in 

the azimuthal direction, the analysis of particle analysis and substorm activity for 

the events in the current database is beyond the scope of this thesis, but it would 

be interesting to be considered in future studies. 
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Figure 4.8: (Top) Distribution of FLRs by magnetic latitude vs frequency. 
(Bottom, left) FLRs with “reverse” phase change; (Bottom, right) FLRs with 
“standard” phase change. 
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To summarize, it is clear that all 13 events located in the plasmapause 

exhibit a “reverse” phase change, regardless of their azimuthal wavenumber m, 

and that further in-depth study is needed for the 108 events that occurred in the 

plasmatrough, to examine that ‘anomalies’ found with respect of the 

classification given by previous literature that showed that events with low 

azimuthal wavenumbers located in the plasmatrough should exhibit a “standard” 

phase variation with latitude. 

4.1.3 Statistical Analysis of Occurrence vs MLT  

Previous studies [Fenrich et al., 1995; Fenrich, PhD Thesis, 1997; Fenrich 

and Samson, 1997] have reported that all the FLRs with azimuthal wavenumbers 

m < 17 occurred in the dusk/dawn ‘flanks’ of the magnetosphere, while most of 

the FLRs with azimuthal wavenumbers m ≥ 17 occurred in the dusk-midnight 

sector  an day sector.  

In this study, FLRs were not observed at the noon sector since density 

variations in the ionosphere at MLT noon result in poor backscatter. We found 

that FLR events are evenly distributed in all other MLT sectors, regardless the 

value of their azimuthal wavenumber m. Figures 4.9 and 4.10 show a 

representation of the MLT occurrences of the events: high-m events correspond 

to FLRs with azimuthal wavenumbers m ≥ 17 and low-m events to those with m < 

17. In those figures, the radial position is proportional to their magnetic latitude 

(outer signifies lower latitude; inwards signifies higher latitudes). This 

distribution raises the question of the significance of the geomagnetic activity and 

its role in the transformation of the magnetospheric environment (plasma 

density, background magnetic field strength, compression of the 

magnestosphere), added to the effects of wave-particle interaction, and the 

importance of a case study, in the future, for each of the FLR events found in this 

study. 
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Figure 4.9: Distribution of events as a function of the Magnetic Local Time. The 
radial position is proportional to their magnetic latitude (outer signifies lower 
latitude, closer to the equator; inwards signifies higher latitudes, closer to the 
pole). 

 

Figure 4.10: Distribution of events as a function of the Magnetic Local Time. 
Left: high-m FLRs; right: low-m FLRs.  
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Figure 4.11: Distribution of FLRs as a function of the Magnetic Local Time by 
frequency (left: high-m, right: low-m).  

Lastly, the distribution of FLRs as a function of the Magnetic Local Time by 

frequency (Figure 4.11) shows that the majority of low frequency events occurred 

at midnight, which agrees with the fact that field lines in the night sector are 

stretched. 

4.1.4 Statistical Analysis of occurrences vs. Frequency 

depending on azimuthal wavenumber 

The distribution of FLR occurrences as a function of frequency for FLRs with 

azimuthal wavenumbers m < 17 (Figure 4.12) is similar to the general distribution 

of events in the database: The frequency with more occurrences in this study is 

the first frequency of the array, 0.6±0.1 mHz. This result shows good agreement 

with ground magnetometer observations as presented by Murphy et al. [2011]. In 

that study, 14 years of magnetometer data during solar cycle 23 were analyzed to 

produce hourly power spectral density (PSD); plots of PSD vs. frequency, for each 

of the solar cycle phases, all show monotonous decrease, which agrees with 
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results shown in Figure 4.12. It is worth mentioning that ground magnetometers 

successfully detect low-m ULF waves but they do not detect high-m ULF waves 

due to, for example, the screening in the ionosphere, for which the comparison of 

these results cannot be extended to the distribution of FLR occurrences for high-

m FLRs. 

 
Figure 4.12: Low-m (62 events) FLRs occurrence as a function of frequency of 
the event.  

 

Figure 4.13: High- m (59 events) FLRs occurrence as a function of frequency of 
the event.  
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Interestingly, the distribution for FLRs with azimuthal wavenumbers m ≥ 

17 (Figure 4.13) shows a maximum around the frequency 1.1 ±0.1 mHz FLR. 

These events should be the focus of future work that will include particle analysis 

and substorm activity, since a case-to-case study of the events in the database is 

beyond the scope of this thesis work. 

4.1.5 Propagation of FLRs  

  Another interesting result of this study is the analysis of the propagation 

(westward/eastwards, sunwards/antisunwards) of FLRs in the database. 

In their studies, Fenrich et al. [1995] and Fenrich [PhD Thesis, 1997] 

reported that all observed low-m (m < 17) FLRs propagated antisunwards. This 

propagation of low-m FLRs was attributed to the fact that they were believed to 

be originated by surface waves in the flanks, propagating in the same direction 

that convecting open-field lines. The studies also reported that all observed high-

m (m ≥ 17) but one propagated westwards and were believed to be originated by 

west-drifting ions in the ring current. 

In this study, we found that half of the low-m FLRs propagated 

antisunwards, while the other half propagates towards the sun (Figure 4.14, left). 

Further inspection revealed that most of those events (26 out of 29) exhibited a 

“reverse” phase variation (Figure 4.14, right).  On the other hand, two-thirds of 

the high-m FLRs propagated westwards (Figure 4.15, left), with the high-m FLRs 

propagated eastwards mostly located in the night-to-dawn sector  (a large 

number of those latest events, 10 out of 21,  displaying a “standard” phase 

variation). However, there were numerous occurrences (9 out of 37) of westward 

propagating high-m FLRs that exhibited a “standard” phase variation as well. 
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Figure 4.14: Distribution of FLRs with low-m as a function of the Magnetic 
Local Time. Left: FLRs propagating eastwards or westwards; Right: FLRs with 
reverse or standard phase change 

 

 

Figure 4.15: Distribution of FLRs with high-m as a function of the Magnetic 
Local Time. Left: FLRs propagating eastwards or westwards; Right: FLRs with 
reverse or standard phase change. 
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Figure 4.16: Distribution of FLRs as a function of azimuthal wavenumber m. 
Black: FLRs propagating sunwards. Gray: FLR propagating antisunwards.  

 
Figure 4.17: Distribution of FLRs as a function of azimuthal wavenumber m. 
Black: FLRs propagating eastwards. Gray: FLR propagating westwards. 
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Also among the results, we observed that both sunward and antisunward 

low-m are concentrated around m=8 (Figure 4.16). FLRs propagating eastward 

also peaked around m=8, while FLRs propagating westward ranged from a wide 

range of azimuthal wavenumbers (Figure 4.17).  

4.2 Summary 

In this chapter, we described the process of characterization of the FLRs in 

the database, as well as the statistical results on these properties. We also 

provided comparisons with previous characterization studies, presented in the 

introduction. Interesting aspects of FLRs, which were found in this study, 

included frequency distribution, latitude of occurrences, m-value, magnetic local 

time. 

In terms of frequency distribution, we particularly study if some frequency 

occurred more often than others. This is an important question, since the 

repetitive observation of the so called “magic frequencies” are the argument that 

one uses to find sources of both high-m and low-m in ULF waves in the solar 

wind, but their repetitive, discrete nature is not undisputed. 

For the 121 FLRs found in this study, ‘magic frequencies’ (1.3, 1.9, 2.6 and 

3.4 mHz) were not particularly observed. The frequency with more occurrences 

in this study is the first frequency of the array, 0.6±0.1 mHz, with a decreasing 

trend for increasing frequency. This is compatible with the recent study by 

Archer and Plaschke [2014] on distribution of magnetopause surface waves 

observed throughout an entire solar cycle. 

For FLRs with m < 17 we saw a decreasing trend for increasing frequency, 

which agrees with ground magnetometer observations reported by Murphy et al. 

[2011]. The distribution for FLRs with azimuthal wavenumbers m ≥ 17 presented 
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a maximum around the frequency 1.1 ±0.1 mHz FLR. These events should be the 

focus of future work, since a case-to-case study of the events in the database is 

beyond the scope of this thesis work, because it would involve studies of particle 

injection due to substorm activity. 

With respect to their magnetic local time for their occurrence, we saw that 

all FLRs are evenly scattered in all MLT locations, with exception of the noon 

sector. For the FLRs presented in our database, there was no preference for 

events to be localized in a specific MLT sector depending on their azimuthal 

wavenumbers m. We did find that low-m events with low frequencies are 

localized in the night sector. 

We also examined the classification of FLRs given their m-values and the 

phase variations as a function of latitude, since this is a topic that presents 

controversy in the field. For the events in our database, results showed that all 

the events occurring in the magnetopause, as located using the simulations by 

Pierrard and Stegen [2008], exhibited ‘reverse’ phase variation regardless of 

their azimuthal wavenumber m. We also saw that for events in the plasmatrough, 

two-thirds of the FLRs with “reverse” phase change had m ≥ 17, while the rest 

with < 17 (exhibited “standard” phase change), most of them located between 

magnetic latitude 65 and 72 degrees; likewise, two-thirds of the FLRs with 

“standard” phase change, most of them located at lower magnetic latitude (62-66 

degree), had m < 17, while the rest with m ≥ 17 (exhibited “reverse” phase 

change). 

We also studied how often the same frequency is observed at different 

latitudes and in our results we found the same frequency extended throughout a 

wide range of latitudes. We infered that variation of plasma density in the tubes, 

as well as MLT location of the events (due to dynamics in the plasmasphere and 
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convection of field lines due to solar wind dynamic pressure) might play an 

important role in finding the same frequency in different latitudes. 

In terms of the FLRs’ propagation, we found that a half of the low-m FLRs 

propagated antisunwards; the other half propagates towards the sun and most of 

the events exhibited a “reverse” phase variation. On the other hand, two-thirds of 

the high-m FLRs propagated westwards, with the high-m FLRs propagated 

eastwards mostly located in the night-to-dawn sector, a large number of those 

latest events displaying a “standard” phase variation. However, there were 

numerous occurrences of westward propagating high-m FLRs that exhibited a 

“standard” phase variation as well, which it is puzzling. 

There are several questions arising from this study. Previous studies might 

generalize certain characteristics of FLRs, but a large database shows that 

discrepancies with these generalizations stress the importance of a case-to-case 

study of all events, which, given the amount of FLRs currently in the database, 

will extend for a long period of time and it is beyond the time allocated to this 

thesis research. 

Most importantly, significant advances in the deployment and operations of 

the SuperDARN radars in the past decade as well as improvements in the 

computational capabilities in the recent years, allow advance data analysis, such 

the development of the new technique for identification of ULF waves pre-

selected for further FLR characterization. A large database compiled by a 

systematic and automatic detection system provides more precise results than 

events identified by eye (which might be prone to visual bias in terms of how the 

group sample is selected) and reveals the urgent need of further in-depth studies 

of FLRs. 
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4.3 Conclusions 

The new findings in this chapter include: 

1) FLRs occurring in the magnetopause (located using the simulations by 

Pierrard and Stegen [2008]), exhibited ‘reverse’ phase variation regardless of 

their azimuthal wavenumber m. These results are an important observational 

validation of the theory proposed by Orr and Hanson [1981] and the early 

radar observations by Waldock et al. [1983]. 

2) ‘Magic frequencies’ (1.3, 1.9, 2.6 and 3.4 mHz) reported in previous studies 

corresponded to periods of low geomagnetic activity (low Kp), being a special 

subset of the larger spectrum of FLRs occurring during quiet and active 

geomagnetic times. Our study corresponded to a broader range of geomagnetic 

activity, both with low and high Kp values. The frequency distribution did not 

depict magic frequency preferences but rather showed a decreasing trend of 

occurrences for increasing frequency, compatible with the recent study by 

Archer and Plaschke [2014] on the distribution of magnetopause surface 

waves observed throughout an entire solar cycle and with the study by Mangus 

[2009]. The distribution of FLRs for different geomagnetic activity (measured 

by the Kp index) did not reveal magic frequencies either but rather showed a 

poisson distribution for events detected during quiet geomagnetic activity and 

a power law for events occurring during geomagnetic active times. 
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Chapter 5 

ULF waves in the solar wind 
as possible sources of Field 
Line Resonances 

The third and final main goal of this thesis research was to test what 

percentage of FLRs in the database were driven directly by ULF waves in the 

solar wind. Several case studies have been conducted in the past 20 years which 

showed that the ULF waves in the magnetosphere appeared to be directly driven 

by ULF waves in the solar wind [Stephenson and Walker, 2002; Kepko et al., 

2002; Kepko and Spence, 2003; Fenrich and Waters, 2008; Viall et al., 2009; 

Mthembu et al., 2009; Stephenson and Walker, 2010]. The motivation of this 

hypothesis was initially based on the claim that discrete, stable FLRs were often 

observed in Earth’s magnetosphere [Fenrich and Waters, 2008; Fenrich and 

Samson, 1997]. It is disputed that these ‘magic frequencies’ occurred more often 

than others. The results presented in the previous chapter made a strong case for 

the contrary. However, the large FLR database collected in this study was the 

perfect tool to systematically test the hypothesis that FLRs are directly driven by 

ULF waves in the solar wind. 

The FLRs’ wave sources have been under debate for over 15 years and 

numerous authors have proposed possible mechanisms. Dungey [1954] proposed 

Kelvin-Helmholtz vortices, excited by solar wind, travel along the 

magnetosphere. Surface waves can be created by the flow of the solar wind 
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around the magnetopause. Compressional coupling of field lines at the 

magnetopause and field lines inside the magnetosphere would set the latter into 

oscillations, while receiving energy from the former. The theoretical studies of 

these processes were conducted by Southwood [1974] as well as Chen and 

Hasegawa [1974]. Successful observations of this mechanism were reported 

using ground observations [Samson and Rostoker, 1972] and spacecraft 

observations [Perraut et al., 1978; Takahashi and McPherron, 1982; Takahashi, 

McPherron and Hugues, 1984]. Kelvin-Helmholtz instabilities in the magnetic 

field of the Earth fails to explain, however, the reproducibility of the observed 

discrete frequencies of ULF pulsations [Provan and Yeoman, 1997; Fenrich and 

Samson, 1997]. 

Kivelson and Southwood [1985] and Allan and Poulter [1989] suggested a 

cavity mode responsible for discrete FLRs. In this scenario, the magnetosphere is 

a cavity that can resonate at its discrete frequencies as the magnetosphere 

responds to abrupt changes in solar wind dynamic pressure. This theory failed to 

explain stable, discrete FLRs claimed by some studies: The magnetosphere 

changes size continuously, due to solar wind variability and a continuum of 

frequencies should be observed.   

Given the lack of observational evidence [Mthembu et al., 2009] for the 

cavity mode theory in mid-80’s and early 90’s, Walker [1992] proposed that the 

magnetosphere was not a closed cavity but rather an open-ended waveguide with 

boundaries in the magnetopause and turning points where the Alfven waves are 

reflected. This new theory of the open-ended waveguide was supported by 

observations [Mathie and Mann, 2001; Engebretson et al, 1992]. 

The sections below describe the methodology used to evaluate the 

coherence between ULF waves in the solar wind and FLRs in four steps: First, the 

correlation of the times series was evaluated (section 5.1.1.); second, the power 
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spectra of the series was inspected (section 5.1.2.); third, an evaluation of the 

band-pass signal and analytic signal was conducted (section 5.1.3); finally, the 

cross-power and cross-phase of both series were calculated and assessed to 

establish the level of coherence (section 5.1.4). Results are discussed in section 

5.2 and the chapter is closed with a summary in section 5.3.

5.1 Methodology 

In this thesis, solar wind properties were studied using measurements 

taken on board the Advanced Composition Explorer (ACE), a mission launched 

by NASA in 1997. ACE is located in the Sun-Earth Lagrangian Point 1 (L-1) about 

1.5 million km (0.1 AU; 235 Re) from Earth and 148.5 million km from the Sun. 

ACE carries three instruments: the “Solar Wind Electron Proton Alpha Monitor” 

(SWEPAM), the “Energetic, Proton and Alpha particle Monitor” (EPAM), and 

two magnetometers (MAG). Further details of the ACE spacecraft and the 

instruments on board can be found in Stone et al. [1998], McComas et al. [1998], 

and Smith et al. [1998].  

Table 5.1: Solar wind parameters as recorded by spacecraft ACE   
Solar Parameter Units Instrument 

  
Proton Density cm-3 SWEPAM 
Proton Speed km/s SWEPAM 

Vx km/s SWEPAM 
Vy km/s SWEPAM 
Vz km/s SWEPAM 

Magnetic Field nT MAG 
Bx nT MAG 
 By nT MAG 
 Bz nT MAG 
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Table 5.1 shows a list of solar parameters used, in this project, to study solar 

wind coherence with FLR events. SWEPAM gives 64-second Average Solar Wind 

Ion Parameters, while MAG gives 16-second Averaged Interplanetary Magnetic 

Field Data. Level 2 raw data, in binary form, was directly downloaded from the 

ACE website and processed using IDL procedures. 

In the study of correlation and coherence of the solar wind time series and 

the SuperDARN Doppler velocity time series, delay-times corresponding to solar 

wind travel times from the satellite to the magnetopause, plus propagation times 

of the compressional waves throughout the magnetosphere, should be taken into 

account.  

Solar wind travel times from the location of ACE to the magnetopause vary 

with solar wind speeds [Weimer et al. 2004]. Usually, travel times range from 30 

minutes to 80 minutes. Table 5.2 shows some travel time’s estimates for typical 

solar wind speeds, calculated from ACE’s location to an average magnetopause 

location of 10 Re, following the study in Weimer et al. [2004]. These are only 

estimates, since magnetopause location varies with solar wind dynamic pressure 

which depends not only on solar wind speeds but also on solar wind ion density. 

Table 5.2: Estimate of travel times from ACE to magnetopause   
Solar Wind Speed 

(km/s) 
Travel time 
(Minutes) 

  
300 80 
400 60 
400 60 
500 48 
600 40 
700 34 
800 30 
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Figure 5.1: From top to bottom and from left to right, plots of the solar wind proton density, proton speed, Vx, Vy, 
Vz, Dynamic Pressure, Magnetic field, Bx,  By, Bz, corresponding to December 20th 2003. Dotted lines correspond to 
intervals between 30-80 minutes prior the beginning of the one hour 1.1 mHz FLR event detected by Kodiak.
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When comparing ACE solar wind measurements with observations from 

SuperDARN, there should also be an extra time delay, added to the travel time, to 

account for propagation times of compressional waves through the 

magnetosphere to resonant field lines. Propagation times from the bow shock 

nose through the magnetosheath and through the magnetopause to the ground 

depend on local Alfvén speeds and they have been reported in similar correlation 

and/or coherence studies to range between few minutes (2 minutes for Mthembu 

et al. [2009], 5 minutes for Kepko et al. [2002]) to several minutes (15 minutes 

for Fenrich and Waters [2008]). For their study, Fenrich and Waters [2008] 

stated that changing the propagation time, throughout the magnetosphere, from 

1 minute to 30 minutes did not change their result of coherence.  

In this study, solar wind data were interpolated to fill in gaps corresponding 

to bad or missing data-points flagged in the dataset. Figure 5.1 shows plots of the 

proton density, proton speed, Vx, Vy, Vz, Magnetic Field, Bx, By, and Bz, 

corresponding to the Dec 20th 2003 event. Dotted lines in the solar parameter 

plots correspond to interval of times 30-80 minutes prior the FLR event. The 

following sections explain the methodology used to study the possible coherence 

between ULF waves in the solar wind with FLRs. 

5.1.1 Step 1: Correlation of the time series in the time 

domain 

The first step in the study of the coherence between solar wind ULF waves 

and FLRs in the magnetosphere was to evaluate the correlation among the time 

series.  

Kepko et al. [2002] studied the correlation between the time-series of solar 

wind number density and dynamic pressure measured by the Wind spacecraft 

with the ULF pulsations detected by the geosynchronous GOES satellite. In their 

study, they presented two events in which both solar wind time-series ( number 
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density and dynamic pressure) exhibited high correlation coefficients, of the 

order of R~0.9, with the ULF measurements inside the magnetosphere, when 

appropriately time-shifted. These results, added to the excellent agreement they 

found on the power spectral peaks, led them to the conclusion that the solar wind 

is, at least in some cases, a direct source for discrete ULF pulsations in the 

magnetosphere. 

 In general, correlation coefficients below 0.5 correspond to ‘poor 

correlation’, correlation coefficients between 0.5-0.7 correspond to ‘good 

correlation’ and correlation coefficients above 0.7 are considered ‘excellent 

correlation’. For each FLR event, the raw solar wind time-series of each solar 

wind parameters were interpolated to the times for the SuperDARN Doppler 

velocity corresponding to the event, given that the time resolution for some solar 

parameters was either 64 minutes or 16 minutes.  A one-hour Doppler velocity 

sliding window corresponding to the FLR event was overlap to a one-hour 

segment of the solar wind parameter and the correlation was calculated. Records 

of the correlation coefficients were collected as the Doppler velocity window slid 

through the solar parameter dataset.  

The maximum correlation corresponding to lags between 80 minutes and 

30 minutes prior the beginning of the event (defined as ‘default time interval’) 

was automatically detected and registered. Additionally, the maximum 

correlation coefficient within the time interval centered at the delay-time 

(defined as the time elapse between lags corresponding to travel time and the lags 

corresponding to the addition of the travel time and the propagation time) was 

automatically found. The travel time from ACE to the magnetopause for each of 

the events was calculated following the minimum variance method of Weimer et 

al. [2003]. For this procedure, a one-hour solar wind average calculated with the 

data between two hours to one hour prior the beginning of the FLR event was 

used. The propagation time was estimated to be half hour. Therefore, to account 
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for varying propagation times within the magnetosphere, an interval of half hour 

was added to the travel time to obtain the delay-time.  

Figure 5.2 shows a plot of the solar wind proton density as measured by 

ACE-SWEPAM (top panel) and the SuperDARN Doppler velocity time series 

(second panel). The bottom panel on this figure shows the cross-correlation of 

the one-hour moving window with the time signal. The correlation coefficient 

corresponding to lags between -80 and -30 (80 minutes to 30 minutes prior the 

occurrence of the FLR event) was found at lag -58 minutes and the correlation 

coefficient corresponding to that lag was to be R=0.23, which shows no 

correlation between the proton density and the Doppler velocity time series.   

For this FLR event, the travel time was calculated to be 55 minutes and 

therefore the delay-time interval was set in the interval 70±15 minutes (between 

85 minutes and 55 minutes) prior the event, to account for propagation of the 

wave inside the magnetosphere. The lag that corresponds to the largest value of 

correlation in that delay-time interval and the corresponding correlation 

coefficient were coincidentally 58 minutes prior the event and R=0.23 

respectively, given that the delay-time interval mostly overlaps with the default 

time interval.  Notice that there is another relative maximum peak in the interval 

between -30 and 0 minutes, but was not considered because it falls outside of the 

delay-time interval. 

For this event, similar poor-correlation was exhibited for all the other solar 

parameters. The correlation coefficients within the delay-time calculated for the 

event were: for proton speed, R= 0.47 (at lag -76); for Vx, R =0.38 (at lag -84); for 

Vy, R = 0.25 (at lag -76); for Vz, R =0.33 (at lag -58); for Bx, R =0.35 (at lag -83); 

for By, R = 0.28 (at lag -76) ; for Bz, R =0.5 (at lag -80); for magnetic field 

magnitude R =0.22 (at lag -56); lastly for the dynamic pressure was R = 0.29 (at 

lag -55).  
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Figure 5.2: Plot of the solar wind proton density component (top panel), the 
Kodiak Doppler velocity backscatter (second panel), one-hour window used for 
the correlation (third panel) and the correlation plot (bottom panel). Poor 
correlation (R=0.23) was found between the solar wind proton density signal and 
the one-hour window corresponding to the FLR event with a delay of 58 minutes 
between the 1.1 mHz solar wind proton density wave and the FLR. 
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The maximum correlation coefficients found for the default time interval 

(absolute-maximum correlation coefficient found any time between 80 and 30 

minutes prior the event) were: proton speed, R= 0.47 (coincidentally at lag -76); 

for Vx, R =0.24 (at lag -32); for Vy, R =0.44 (at lag -31); for Vz, R =0.33 

(coincidentally at lag -58); for Bx, R =0.26 (at lag -32); for By, R = 0.41 (at lag -

31); for Bz, R =0.5 (coincidentally at lag -80); for magnetic field magnitude R 

=0.27 (at lag -40); lastly for the dynamic pressure was R =0.34 (at lag -43). 

The procedure was systematically applied to all FLR events. Results and 

discussions of this methodology will be presented in the results’ section, section 

5.2. 

5.1.2 Step 2: Power spectra evaluation  

The second step in the study of the coherence between solar wind ULF 

waves and FLRs in the magnetosphere was to evaluate the power spectra of the 

two time series.  

Step 1 was conducted just to compare the results of Kepko et al. [2002] with 

the implementation of that methodology in the large database of FLRs. However, 

correlation between two times-series is often not a good indicator of the 

similarities between two signals and does not indicate causality: Spectral analysis 

could produce good agreement at a specific frequency, while in the time-domain 

poor correlation is found.  

In the case of Field Line Resonances, the hypothesis to be tested is if solar 

wind ULF waves ‘drive’ the FLRs, which implies that the driven frequency found 

in the solar wind should match the natural eigenfrequency of the field line. If the 

eigenfrequency of the field line is not found in solar wind ULF waves, within 

some physical-reasonable delay-time (travel + propagation), then the cause of 

the FLR is other than ULF waves in the solar wind, or at least other mechanisms 

are necessary to complement the process of excitation of FLRs. This technique 
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was conducted to compare results with the studies conducted by Viall et al. 

[2009]. The study referred to statistical analysis of spectral distributions for long 

periods of times in the solar wind and the FLR occurrences (such as the ones 

conducted by Mann et al., 2004; Pahud et al., 2009; Murphy et al., 2011) and 

stated that similarity in enhancement in the occurrence distribution of spectral 

peaks suggested a physical relationship between frequencies observed in the solar 

wind number density and those observed in the magnetosphere did not 

demonstrate causality . Viall et al. [2009] pointed out that to make an important 

connection between solar wind waves and FLRs, an estimate of how often the 

solar wind drives discrete oscillations in the magnetosphere was needed. The 

authors asserted they found significant spectral peaks both in the solar wind and 

in the magnetosphere for 54% of the cases for 11 cases analyzed in that study. 

 

Figure 5.3: Spectrogram of Kodiak Doppler velocity backscatter. 
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Figure 5.4: Kodiak Doppler velocity backscatter power spectrum corresponding 
to December 20, 2013 for frequency 1.1 mHz, between 17-21 UT. 

 
Figure 5.5: Power spectrum of the solar wind proton density corresponding to 
December 20, 2013 for frequency 1.1 mHz, between 17-21 UT. 
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Figure 5.6: Spectrogram of the solar wind proton density corresponding to 
proton density a) normalized to the power for 0.6 mHz local maximum at 
approximately 17:30 UT and b) normalized to the power for the 1.1 mHz local 
maximum at around 18:29 UT 

For the spectral evaluation, the data series for both the solar wind and 

SuperDARN were linearly interpolated to eliminate gaps; the data were also 

detrended, to eliminate low frequency trends, by subtracting a half-hour running 

average. The dynamic power was obtained by calculating the discrete-time short-

term fast Fourier transform with a Hanning weighting and a 1 point shift (to 

reduce the spectral leakage created by the one hour sliding window utilized to 

calculate the dynamic power). 

Figure 5.3 shows a plot of the spectrogram for Kodiak Doppler velocity 

backscatter corresponding to beam 7, gate 20 on December 20, 2003 between 

17UT and 22UT. Around this time, four FLRs were identified and classified, as 

detailed in chapters 3 and 4, corresponding to events 105 and 106a-c. The FLRs 

had frequencies of 1.7 mHz (18:13-19:13 UT), 1.1 mHz (18:28-19:28 UT), 2.8 mHz 

(20:37-21:37 UT), and 1.7 mHz (20:36-21:36 UT), respectively. Dominant 

frequencies for all 4 FLRs are visible in the spectrogram for Kodiak Doppler 

a) b) 
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velocity backscatter, although event 105 (f=1.7 mHz starting at at 18:13 UT) is less 

prominent in the spectrogram than the other three FLRs because of 

normalization of the power within the period plotted. The maximum power 

observed in this 4-hour interval is found for event 106b corresponding to the 1.1 

mHz FLR occurring between 18:28-19:28 UT. 

The cross-section of the power spectrum at 1.1 mHz for the Kodiak Doppler 

velocity backscatter normalized power, corresponding to event 106b, is shown in 

figure 5.4: The maximum power for the 1.1 mHz frequency in this 4-hour interval 

is found at 19:02 UT.  

Similar normalized power spectrum was obtained for the proton density for 

1.1 mHz in that time interval: figure 5.5 shows that the proton density dynamic 

power exhibits a prominent local maximum at 18:29 UT. Even though these two 

power spectra seem to agree at first sight, the time delay (time difference) 

between both maxima is below the travel time of the ULF wave from ACE to the 

magnetopause, calculated to be at least 55 minutes.  Furthermore, the 

spectrogram for the proton density shows that the 1.1 mHz local maximum at 

around that time only lasts for a short period of time and is not the dominant 

frequency in the solar wind in this 4-hour time interval; rather, the dominant 

frequency in this 4-hour time interval is 0.6 mHz at around 17:15-18 UT, as 

shown in figure 5.6 (a). A possible candidate to drive the FLR at 1.1 mHz is an 

enhancement of power found in the proton density spectrogram at the 1.1 mHz 

frequency at around 17:50 UT, with a value of 0.25 in the normalized scale shown 

on the figure 5.6 (b). Notice that the power enhancement at that time for that 

frequency is not a local maximum. It is puzzling that a 0.6 mHz solar wind ULF 

wave with strong power between 17-18 UT excites no FLR in the magnetosphere, 

while, an hour later, a 1.1 mHz solar wind ULF wave with less power would be 

able to drive a discrete FLR. These results might suggest that some specific 

magnetospheric configurations (such as uniform plasma distribution in the flux 

tubes or previous excitation of the magnetosphere at the driven frequency) would 
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need to be met to drive FLRs and/or that additional mechanisms (such as surface 

waves), other than ULF waves in the solar wind, should be involved in driving the 

FLRs.  

5.1.3 Step 3 : Examination of the Band-pass signal and 

Analytic signal  

The third step in the study of the coherence between solar wind ULF waves 

and FLRs in the magnetosphere was to examine the band-pass and analytic 

signals for both ACE and SuperDARN at around the time of the event.  

When a modulating signal (in this case the time series for ACE and 

SuperDARN) is bandpass with some passband concentrated about a Carrier 

frequency fc, the modulated signal has a spectral magnitude that is nonzero for 

frequencies corresponding to that passband. The narrowband signal, then, will 

describe wave-packets corresponding to fc  if there is a wave of this frequency in 

the period considered. The calculation of the analytic signal of the narrowband 

signal describes the envelop enclosing the wave-packets; the amplitude and phase 

of the analytic signal represent the instantaneous amplitude and instantaneous 

phase of the signal, respectively. The packet structure grows and decays in time 

with the analytic signal’s amplitude, and the frequency is remarkably constant 

when the amplitude is large [Walker et al., 1992]. 

Chapter 3 of this thesis focused on the application of these properties to find 

FLRs in the magnetosphere. Moreover, these properties have been utilized in the 

study of ULF waves in the solar wind and in the magnetosphere around the 

frequency of interest. Stephenson and Walker [2002] used this technique to 

calculate the instantaneous energy flux in the solar wind, as measured by WIND, 

in bands corresponding to frequencies of four FLRs detected by the SuperDARN 

SHARE radar on April 1997. By finding the same frequencies in the solar wind, 

with a compatible delay time of 70 minutes, they concluded that there was 
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“evidence that, at least on this occasion, the field line resonances were directly 

driven by oscillatory power incident on the solar wind”. Years later, Stephenson 

and Walker [2010] repeated their studies with another FLR detected by SHARE 

in June 2000, with similar results. In this study, the correlation on two signals 

with a very narrow band passed filter was utilized to study the delay times 

between wave packets in the solar wind and those in the magnetosphere that 

correspond to FLRs. 

The time series for both ACE and SuperDARN were bandpass around the 

FLR’s frequency, with a passband corresponding to frequencies in the interval 

defined as fFLR-0.14< fFLR< fFLR+0.14. The analytic signal was obtained as 

described in chapter 3. Figure 5.7 shows a plot of the band-pass signal 

corresponding to the proton density (top panel, a), the Kodiak Doppler velocity 

backscatter (middle panel), and the correlation plot (bottom panel) for the 18:28-

19:28 UT sliding window of the SuperDARN signal over the solar wind signal. 

The highest correlation (R=0.96) is found at a time difference of 45 minutes 

between wave packets, outside of the delay time interval (lag: -70±15) while 

correlation seems to be in its minimum for the throughout the delay time 

interval.  
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Figure 5.7: Plot of the band-pass signal corresponding to the proton density 
(top panel), the Kodiak Doppler velocity backscatter (middle panel), and the 
correlation plot (bottom panel) for the 18:28-19:28 UT sliding window of the 
SuperDARN signal over the solar wind signal. The highest correlation (0.9) is 
found at a time difference of 45 minutes in the wave packets, while correlation 
seems to be in its minimum throughout the delay time interval (lag: -70±15). 
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Figure 5.8: (a) Plot of the proton density band-pass signal (top panel, a) and the 
Kodiak Doppler velocity backscatter band-pass signal (bottom panel, a), centered 
at fFLR =1.1 mHz, between 16 UT and 20UT on December 20, 2003.  Time 
difference between wave packets is 26 minutes, less than the travel time. (b) 
Same plot as (a). Time difference between the event and the large wave package 
in the solar wind is 137 minutes, much larger than the calculated delay time 
interval (70±15 min). 

(a) 

(b) 
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Figure 5.7 (a) shows the same band-pass signals, corresponding to the 

proton density (top panel, a), the Kodiak Doppler velocity backscatter (bottom 

panel, a), with a time difference of 26 minutes between the maximum amplitude 

of both wave packets. Please notice the large wave package corresponding to fsw= 

1.1 mHz for the solar wind is found at approximately 16:50 UT, 137 minutes prior 

the FLR event (Figure 5.7, b).  If ULF waves in the solar wind drive FLRs in the 

magnetosphere, wave packets in the solar wind corresponding to a driving 

frequency matching the natural frequency of the FLR would be found in a 

physically compatible time interval. If that is to be true, this event shows that the 

calculation of the travel time is not accurate and longer or shorter time travels 

should occur. 

5.1.4 Step 4: Cross-power and Cross-phase evaluation3 

The fourth and final step in the study of the coherence between solar wind 

ULF waves and FLRs in the magnetosphere was to evaluate the cross-power and 

cross-phase of the two signals, a technique developed by Fenrich and Waters 

[2008]. In their study, Fenrich and Waters [2008] showed a 1.7 mHz FLR 

detected by the SuperDARN station Kodiak on November 21, 2003 that exhibited 

phase coherence with a 1.7 mHz ULF proton density wave, as detected by ACE 

SWE. The authors explained that ‘if two data sets are correlated and exhibit a 

high degree of phase coherence as a specific frequency then the cross-phase 

measurements will be approximately constant with time’, since ‘the cross-power 

spectrum of two time series is the discrete Fourier transform of their cross-

correlation and the cross-phase yields the phase difference between the two time 

series at each frequency [Ramirez, 1985]’.  

                                                        

3  All codes in this section are largely modified versions of the original codes 
developed by F. Fenrich (IDL based) 
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For their event, Fenrich and Waters [2008] calculated a travel time of the 

solar wind proton density as approximated 50 minutes and they added a 15 

minutes to account for propagation time within the magnetosphere. After shifting 

the proton density signal by the 65 minute time-lag, they observed high dynamic 

cross-power and low dynamic variance in cross-phase among the two signals at 

the time and frequency of the event, compared to simulated proton density and 

Doppler velocity red noise. Red noise was used in the study to show the 5% 

significance levels because it is characterized by a 1
𝑓2

 power law, similar to solar 

wind, as shown in Goldstein and Roberts [1999].  Fenrich and Waters [2008] 

stated that ‘delay-times between 51 minutes and 80 minutes yielded similar 

results’. 

In their studies, Fenrich and Waters [2008] found that not only the proton 

density exhibited coherence with the FLR but also ACE total magnetic field 

measurements showed coherence as well. The total magnetic field was 180° out 

of phase, which was an indication of a slow mode type compressional MD wave 

possibly responsible to drive the FLR. The IMF By was dominant, indicating 

reconnection in the flanks; the FLR had westward phase propagation from dusk 

which was ‘consistent with a source such as solar wind MHD compressional 

wave transmission through a dusk flank reconnection region’ [Fenrich and 

Waters, 2008]. 

In this current study, we followed, step-by-step, the procedure detailed in 

Fenrich and Waters [2008], with the addition that the cross-power and cross-

phase technique was systematically implemented, for comparison reasons, using 

three different time-lags, illustrated in the schematics shown in figure 5.9:  

  a) The solar wind time-lag was determined by 15 minutes added to the 

travel time calculated using the minimum variance method of Weimer et al. 

[2003] (to replicate the study by Fenrich and Waters [2008]),   
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  b) The time lag was determined as the time difference between the FLR 

occurrence and the maximum power in the solar wind found within the period of 

time corresponding to the delay-time interval (travel time + 30 minutes for 

propagation time) and the travel time.  

  c) The time lag was determined as the time difference between the signals’ 

dynamic power maxima, for which the maximum power in solar wind was 

detected between the FLR occurrence (maximum power) and the lag 

corresponding to the delay-time (travel time + 30 minutes for propagation time). 

The reason that this item was included in the study was that local maximum in 

the solar wind there were observed in periods inferior to the calculated travel 

time using the minimum variance method of Weimer et al. [2003]. 

The methodology was as follows: The time signals were individually 

interpolated to avoid data gaps and the normalized dynamic power was 

calculated as detailed in section 5.1.2. Maxima in power for solar wind 

parameters were found for lags described in the previous paragraph. The time 

signals were detrended by subtracting a half-hour running average, as specified 

in section 5.1.1 and the solar wind data was then interpolated to match the times 

corresponding to the SuperDARN time-series. The solar wind data was shifted by 

the time lag specified in the previous paragraph, and the dynamic Fast Fourier 

Transform (FFT) cross-power and cross-phase between ACE and SuperDARN 

was calculated using a one hour FFT window with a Hanning weighting and a 1 

point shift.  The variance in cross-phase over one hour intervals  
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Figure 5.9: Schematics of the three time lags used to shift the solar wind dataset 
prior to calculating of the cross-power and cross-phase among ACE and 
SuperDARN datasets. 

at each frequency and time was calculated to quantify the degree of phase 

coherence. Given that random noise might generate low cross-phase variance 

with the sliding FFT window method 5000 four-hour, red noise data sets were 

simulated for the solar wind and SuperDARN using the equation 𝑥𝑖 = 𝑥𝑖−1 +

𝑟𝑟𝑟𝑟𝑟𝑟(𝑠𝑒𝑒𝑟) ×  𝜎 × 0.65, where σ is the standard deviation of the detrended 

four-hour ACE dataset, reproducing the study in Fenrich and Waters [2008]. 

Values for local maximum in cross-power and local minimum in dynamic cross-

phase variance at the time of the event were recorded for the frequency of the 

event, and the results were compared to the values of red noise. 
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Figure 5.10: (Left) Plot of the dynamic power corresponding to the proton 
density (solid-green line) and Kodiak Doppler velocity backscatter (dash-blue 
line), normalized to the power of the local maximum occurred at 17:52 UT on 
December 20, 2003. The local maximum corresponds to the delay-time 
calculated for this event. (Right) proton density dynamic power (solid-green line) 
shifted 70 minutes corresponding to the delay-time and Kodiak Doppler velocity 
backscatter (dash-blue line): The solar wind and SuperDARN signals aligned 
when shifted. Notice the other higher power local maxima in solar wind prior and 
after. 

 Figure 5.10 (left) shows the normalized dynamic power of Kodiak in 

dashed-blue line, with a maximum observed around the center of the event at 

19:02 UT. In this example, the delay-time was 70 minutes (55 minutes for the 

travel time plus 15 minutes for propagation inside the magnetosphere). 

Coincidentally, the normalized dynamic power of proton density, shown in solid-

green line, exhibits a local maximum precisely at the time considered for the 

delay-time, at around 17:52 UT. Notice that this dynamic power local maximum 

is lower than the adjacent local maxima observed an hour prior (16:30 UT) and 

an hour after (at 18:29 UT). 
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Figure 5.11: Plot of the cross-power (left) and variance in cross-phase (right) 
corresponding to the proton density (shifted by 70 minutes) and Kodiak Doppler 
velocity backscatter for the 1.1 mHz FLR event. Black lines correspond to the 5% 
significant level curves. 

The proton density time-series was shifted by 70 minutes (shift shown in 

Figure 5.10, right). The calculation of dynamic cross-power and dynamic cross-

phase variance among the delayed proton density signal and the Kodiak signal, as 

well as the simulated red noise, was performed as explained earlier in this 

section. High cross-power (6.07) above the 5 % confidence level to red noise 

(3.74) and low variance (2.15) above the 5 % confidence level to red noise (4.52) 

for 1.1 mHz are observed at around 18:45-19:00 UT (Figure 5.11). The other FLRs 

found in this 4-hour time interval, 1.7 mHz (18:13-19:13 UT),  2.8 mHz (20:37-

21:37 UT), and 1.7 mHz (20:36-21:36 UT) also exhibit some enhancement in 

cross-power and cross-phase in low variance, even though there are not as 

prominent as the 1.1 mHz maximum at 18:45 UT due to the normalization scale. 

Dynamic pressure was also examined for this case study. The dynamic 

pressure is a very important solar wind parameter because sudden increase in it 
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produces compressional waves that get transmitted internally and give “a strong 

kick to the magnetic field lines which then oscillate with different frequencies at 

different latitudes” [Mthembu et al., 2009]. On the other hand, the dynamic 

pressure ULF oscillatory changes slowly affect the size of the magnetospheric 

cavity. “The magnetospheric field increases or decreases as needed to balance 

the internal magnetic pressure against the external dynamic pressure. In this 

manner, oscillatory variations of the dynamic pressure lead directly to 

oscillatory changes in the magnetospheric magnetic field strength” [Kepko et 

al., 2002].  

The normalized dynamic power of dynamic power, shown in solid-green 

line in figure 5.12 (top: non-shifted, bottom: shifted), exhibits a local maximum 

also at the time considered for the delay-time, at around 17:52 UT. The dynamic 

cross-power among the 70-minutes delayed dynamic pressure signal and the 

Kodiak signal shows (Figure 5.13) high cross-power (1.77) above the 5 % 

confidence level to red noise (1.07), while and dynamic cross-phase variance 

exhibits low variance (2.42) compared to the 5 % confidence level to red noise 

(4.52) for 1.1 mHz are observed at around 18:45-19:00 UT. 

Equally important, the dynamic cross-power for both the 70-minutes 

delayed magnetic field Bz and magnetic field By signal with the Kodiak signal 

(Figure 5.14 and Figure 5.15 respectively) shows high cross-power (12.93 and 

20.50 respectively) above the 5 % confidence level to red noise (5.70 and 7.99, 

respectively), while and dynamic cross-phase variance exhibits low variance (2.53 

and 2.49, respectively) compared to the 5 % confidence level to red noise (4.52 

for both) for 1.1 mHz are observed at around 18:45-19:00 UT. In this event, Bz is 

first dominant, suggesting that reconnection mechanisms at the nose of the 

magnetosphere were important half hour prior the event. Furthermore, By 

becomes later dominant: As discussed in the previous chapter (Chapter 4), the 1.1 

mHz FLR detected on December 20, 2003 at around 19 UT occurred at the dawn 

sector, at 7 MLT and L=7, exhibits a westward (anti-sunward) propagation which 
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is consistent with a source as solar wind MHD compressional wave transmission 

through flank reconnection. 

  The local maximum with most significant dynamic power for solar wind 

proton density in the interval of 90 minutes prior the time of the occurrence of 

the FLR event occurs at 18:29 UT. Figure 5.16 shows the normalized dynamic 

power of Kodiak in dashed-blue line, with a maximum observed around the 

center of the event at 19:02 UT. The delay time is 33 minutes, less than the time 

travel calculated. 

 Figure 5.17 shows a plot of cross-power (left) and variance in cross-phase 

(right) corresponding to a time shift of 33 minutes for the proton density: High 

cross-power (6.07) above the 5 % confidence level to red noise (3.74) and low 

variance (2.15) above the 5 % confidence level to red noise (4.52) is observed at 

around 19 UT for fFLR=1.1 mHz (18:28-19:28 UT). Interestingly enough, high 

power is observed at nearby 18:30UT for f=0.6 mHz, at around 19:20 UT for 

f=1.9 mHz, and at nearby 19:50UT for f=0.6 mHz, matching the other FLRs 

occurring in this 4-hr time interval. Notice that local minima exhibits stronger 

relative normalized power than in the plot corresponding to the delay time. 
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Figure 5.12: (Top) Plot of the dynamic power corresponding to solar wind 
dynamic pressure (solid-green line) and Kodiak Doppler velocity backscatter 
(dash-blue line) normalized to the power of the local maximum occurred at 17:52 
UT on December 20, 2003. A local maximum is found at a time corresponding to 
the delay-time calculated for this event. (Bottom) Solar wind dynamic pressure 
dynamic power (solid-green line) shifted 70 minutes corresponding to the delay-
time and Kodiak Doppler velocity backscatter (dash-blue line): The solar wind 
and SuperDARN signals aligned when shifted. Notice the other local maxima in 
solar wind with higher power prior and after the local maximum chosen for the 
delay-time. 
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Figure 5.13: Plot of the cross-power (left) and variance in cross-phase (right) 
corresponding to the dynamic pressure (shifted by 70 minutes) and Kodiak 
Doppler velocity backscatter for the 1.1 mHz FLR event. Black lines correspond to 
the 5% significant level curves. 

  
Figure 5.14: Plot of the cross-power (left) and variance in cross-phase (right) 
corresponding to the magnetic field Bz (shifted by 70 minutes) and Kodiak 
Doppler velocity backscatter for the 1.1 mHz FLR event. Black lines correspond to 
the 5% significant level curves. 
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Figure 5.15: Plot of the cross-power (left) and variance in cross-phase (right) 
corresponding to the magnetic field By (shifted by 70 minutes) and Kodiak 
Doppler velocity backscatter for the 1.1 mHz FLR event. Black lines correspond to 
the 5% significant level curves. 

 
Figure 5.16: Plot of the dynamic power corresponding to the proton density 
(green) and Kodiak Doppler velocity backscatter (blue). 
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Figure 5.17: Plot of the cross-power (left) and variance in cross-phase (right) 
corresponding to the proton density and Kodiak Doppler velocity backscatter for 
the 1.1 mHz FLR event. Black lines correspond to the 5% significant level curves. 

5.2 Discussion of Results 

The methodology outlined in the previous section was systematically 

applied to all the events. From the 122 FLRs in the database, solar wind available 

data was found for analysis for only 116 events. The rest of the events 

corresponded to periods of time where solar wind data was either bad or missing 

and data from other spacecraft should be used to analyze those FLRs. For time 

constrains, we only analyzed the events for which ACE data was good. For each of 

the steps described in section 5.1, additional requirements on number of valid 

data-points were needed; therefore, results for fewer than 116 events were 

available for each step of the methodology. The subsections below detail the 

results found in them. 
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5.2.1. Results for correlation of the time series in the time 

domain    

The first step in the methodology, delineated in the previous section, 

consisted in the study of the correlation of the time series corresponding to solar 

wind and SuperDARN around the time period of the FLRs in the database, as 

described in section 5.1.1. This step intended to apply the methodology detailed in 

the study of Kepko et al. [2002] and compare our results to those on that study. 

Correlation coefficient corresponding to two different time intervals, 

between -80 and -30 minutes prior the occurrence of the FLR event, denoted as 

LAG-A, and within the delay-time interval (delay-time ± 15 minutes), called 

LAG-B, were found.  The maximum correlation coefficients of each period were 

recorded. Appendix B contains a complete list of those results. 

Figure 5.18 shows plots of the maximum correlation coefficients 

corresponding to the study of correlation between Proton density and 

SuperDARN found in two time intervals:  On the left, the correlation coefficients 

correspond to maximum found in time interval noted as LAG-A, between -80 and 

-30 minutes prior the occurrence of the FLR event; on the right, the correlation 

coefficients correspond to maximum found in time interval noted as LAG-B, 

within the delay-time interval (delay-time ± 15 minutes). In both plots, the blue 

vertical dotted-line corresponds to R=0.5 while the green vertical dotted-line 

corresponds to R=0.7. The red crosses in the left plot show agreement of times 

for maximum correlation found for Lag-A and Lag-B, while the red crosses in the 

plots in to right plot show times for maximum found in the Lag-B interval that 

coincide with the travel-time calculated for the event.  
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Figure 5.18: Plot of the correlation coefficients corresponding to the study of 
correlation between Proton density and SuperDARN, for time intervals LAG-A 
(Left), between -80 and -30 minutes prior the occurrence of the FLR event, and  
LAG-B (right), within the delay-time interval (delay-time ± 15 minutes). Blue 
vertical dotted-line corresponds to R=0.5 while green vertical dotted-line 
corresponds to R=0.7. Red crosses in the left plot show agreement of Lag-A and 
Lag B times for maximum correlation coefficients, while red crosses in right plots 
show agreement between travel time and time for maximum found in the Lag B 
interval. 
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Figure 5.19: Plot of the correlation coefficients corresponding to the study of 
correlation between solar parameters and SuperDARN, for time intervals LAG-A, 
between -80 and -30 minutes prior the occurrence of the FLR event. 
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Figure 5.20: Plot of the correlation coefficients corresponding to the study of 
correlation between solar parameters and SuperDARN, for time interval LAG-B, 
within the delay-time interval (delay-time ± 15 minutes).  
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For the proton density and dynamic pressure, solar wind data were 

available for time periods corresponding to 90 FLRs, while for the rest of the 

solar parameters, there was data available for 106 FLRs. In this analysis, we 

found that 9 out of 90 (10%) FLRs show good correlation with solar wind proton 

density in an interval of 80 to 30 minutes prior the FLR occurrence (figure 5.18, 

left), while good correlation found inside the delay-time interval (figure 5.18 

right) is less than 10% (7 out of 90 FLRs). We can infer, then, that the successful 

rate of correlation of solar wind proton density with FLR events, as detected with 

SuperDARN, is very low.  

Table 5.3: Results for correlation analysis   
Solar Parameter 

 
Events with good 
correlation, Lag-A 

Events with good 
correlation, Lag-B 

   
Proton Density 9 7 
Proton Speed 8 7 

Vx 13 7 
Vy 4 3 
Vz 5 4 

Magnetic Field 7 8 
Bx 6 3 
 By 8 7 
 Bz 6 1 

 Dynamic Pressure 7 8 
   

 
 

Similar results were found for all the other solar parameters: correlation 

between FLR wave structure and solar wind vx time series turned out to be 

excellent for only for one event in an interval of 80 to 30 minutes prior the FLR 

occurrence, while none of the other solar parameters reported a correlation 

coefficient above R=0.7. Moreover, in the delay-time interval prior the FLR, 

correlation turned out to be excellent for only for one event occurrence between 

FLR wave structure and solar wind vx   and for another event occurrence between 

FLR wave structure and solar wind Bx, while none of the other solar parameters 
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reported a correlation coefficient above R=0.7. Good correlation was found for 

less than 13% in all solar parameters within both lags of time intervals. For all 

solar parameters, the times for maximum found in Lag A and Lag B match 

approximately 2/3 of the times (Figure 5.19, red cruces), while the times for 

maximum found in Lag B rarely match the travel-time (Figure 5.20, red cruces) 

Table 5.3 summarizes the number of FLR events which exhibit good 

correlation with solar wind parameters. It is fair, then, to infer from this results 

that that either: 

a) Solar wind might drive FLRs in the magnetosphere in rare cases, or  

b) The correlation analysis is not a good method to establish coherence 

between solar wind and FLRs. 

 

5.2.2. Results for  examination of the Band-pass signal and 

analytic signal 

The second step in the methodology, delineated in the previous section, 

involved the examination of the band-pass and analytic signals. Appendix C 

contains a complete list of those results. This evaluation permits the examination 

of wave packets in the solar wind of the same frequency as the natural frequency 

of the FLRs.  

For the proton density and the radar bandpass signals, as expected, over 

70% show agreement at the FLR frequency: good correlation coefficients were 

found in 32% while excellent correlation coefficients were found in 38% of the 

cases (figure 5.21, left). The reminding 29% showed poor correlation, which 

implies that the wave packets corresponding to the detected FLRs did not good 

agreement with the wave packets found in the solar wind within the interval time. 

In a similar token, the proton density wave packets maximum values found 

between the two hours prior to the event agreed only in 2 occasions with the 
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maximum values found in the delay time interval. Furthermore, for a majority of 

the events the maximum was found outside of the delay time interval (figure 5.21, 

right): most of the events showed a maximum value corresponding for time 

intervals between proton density and radar maxima shorter than the delay time, 

while few showed time intervals longer than the delay time. 

 

Figure 5.21: (Left) Plot of the correlation coefficients corresponding to the study 
of correlation between the analytic signal Proton density and analytic signal 
SuperDARN, for time intervals LAG-A, between -80 and -30 minutes prior the 
occurrence of the FLR event. Blue vertical dotted-line corresponds to R=0.5 while 
green vertical dotted-line corresponds to R=0.7. (Right) Time intervals LAG-A vs 
time difference between absolute Maxima between wave packets. Dotted slope 
shows good agreement. 

 

The other solar parameters revealed similar results. Figure 5.22 shows the 

plot of the correlation coefficients corresponding to the study of correlation 

between the analytic signal of the other solar parameters and the analytic signal 

SuperDARN, for time intervals LAG-A, between -80 and -30 minutes prior the 

occurrence of the FLR event, while the blue vertical dotted-line and green  
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Figure 5.22: Plot of the correlation coefficients corresponding to the study of 
correlation between the analytic signal of other solar parameters and analytic 
signal SuperDARN, for time intervals LAG-A, between -80 and -30 minutes prior 
the occurrence of the FLR event. Blue vertical dotted-line corresponds to R=0.5 
while green vertical dotted-line corresponds to R=0.7.  
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Figure 5.23: Time intervals LAG-A vs time difference between the analytic 
signal of the other solar parameters and analytic signal SuperDARN wave packets 
absolute maxima for the other solar parameters. 
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vertical dotted-line correspond to correlation values above R=0.5 and R=0.7, 

respectively. It is important to remark that for all other solar parameters, similar 

percentages of poor correlation among wave packets are found. Figure 5.23: 

shows the time interval LAG-A vs time difference between the analytic signal of 

the other solar parameters and analytic signal SuperDARN wave packets absolute 

maxima for the other solar parameters. These plots show similar percentages as 

the proton density results. 

5.2.3. Results for  power spectra examination, evaluation 

of the cross-power and the cross-phase variance  

   The last step in the methodology, detailed in the previous section, 

comprised the examination of the power spectra and the evaluation of the cross-

power and cross-phase variance. The main goal of this step was to study the 

correlation and degree of phase coherence between the two data sets.  

 Table 5.4: Available solar wind data for cross-power/cross-phase analysis   

Solar Parameter 
 
 

 
Events with  
good solar  
wind data  

Lag-A 
 

Events with  
good solar  
wind data  

 Lag-B 
 

 
Events with  
good solar  
wind data  

 Lag-C 
 

    
Proton Density 104 120 120 
Proton Speed 104 120 120 

Vx 104 120 120 
Vy 104 120 120 
Vz 103 118 118 

Magnetic Field 110 118 118 
Bx 110 118 118 
 By 110 118 118 
 Bz 110 118 118 

 Dynamic Pressure 103 118 118 
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 The methodology was extended to the 120 FLR occurrences where solar 

wind data were available (there was not solar wind available data for all solar 

parameters event 34b). For the three different lags and for some individual solar 

parameters, the calculated values of cross-power and cross-phase variance were 

not able to be returned due to bad or missing data for that particular period of 

time and solar parameter. Table 5.4 summarizes the number of events with good 

solar wind data for each solar parameter for each individual lag. 

For all three lags, the majority of FLRs exhibited values of high cross-power 

and a low cross-phase variance compared to the red noise 5% confidence level 

randomly generated. A summary of the number of events that exhibit coherence 

are shown in table 5.5 for each of the solar parameters, with their respective 

percentages. Two thirds of the events exhibited good coherence with solar 

parameters for most of the solar parameters for all lags. As expected, percentages 

are slightly higher for results corresponding to LAG B compared to LAG A: Lag A 

corresponds to calculations with the solar wind parameter shifted by the delay 

time while calculations using Lag B corresponds the solar wind parameter shifted 

by the time difference between the event and the maximum found in the solar 

wind power in the delay-time interval. These results confirm that the statement 

by Fenrich and Waters [2008] that ‘delay-times between 51 minutes and 80 

minutes yielded similar results’ can be generalized for all the events. It is worth 

mentioning that in general, only one third of the power spectral maximum time 

of occurrence corresponding to time shifts for LAG B are coincidental with the 

time of occurrence corresponding to time shifts LAG A, as demonstrated in 

figures 5.24, 5.26, 5.27 and 5.28, which indicates that the methodology to study 

coherence with LAG B is more refined and exhibits slightly better results. 
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Table 5.5: Summary of the number of events that exhibit coherence 

Solar Parameter 

 

LAG A 
Number of  
Events (and %) 
compared to  
red noise 

LAG B 
Number of  
Events (and %) 
compared to  
red noise 

LAG C 
Number of  
Events (and %) 
compared to  
red noise 

Proton Density 71 (68%) 88 (73%) 91 (76%) 
Proton Speed 73 (70%) 88 (73%) 89 (74%) 

Vx 74 (71%) 91 (76%) 90 (75%) 
Vy 74 (71%) 88 (73%) 94 (78%) 
Vz 67 (65%) 86 (73%) 94 (80%) 

Magnetic Field 73 (66%) 81 (69%) 92 (78%) 
Bx 80 (73%) 87 (74%) 89 (75%) 
By 70 (64%) 83 (70%) 93 (79%) 
Bz 72 (65%) 81 (69%) 85 (72%) 

Dynamic Pressure 70 (68%) 87 (74%) 90 (76%) 

     

Results of good coherence percentages yielded from LAG C are slightly 

higher than those found with LAG B (and therefore significantly higher than 

those found for LAG A) with approximately only half of the cases having both lags 

to agree in the shifted time, as seen in figures 5.25, 5.29, 5.30 and 5.31. This 

result is puzzling since for a large number of events the times found in LAG C 

yielded a time shift less than the 15 minutes needed for propagation from the 

magnetopause to Earth, which might infer that there might be an unforeseen bias 

in the methodology that needs to be addressed. 
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Figure 5.24: (Left) Plot of the power spectral maxima found in the study of time 
intervals LAG-B vs LAG-A; results of good coherence between solar parameter 
and SuperDARN are shown in green. (Right) Plot of good coherence results 
corresponding to LAG-B vs LAG-A; lags within a 5-min interval are shown in 
blue. 

 
Figure 5.25: (Left) Plot of the power spectral maxima found in the study of time 
intervals LAG-C vs LAG-B. (Right). Plot of good coherence results corresponding 
to LAG-A vs LAG-B. For both plots, lags within a 15-min interval are shown in 
blue. 
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Figure 5.26: (Left panels) Plot of the power spectral maxima for LAG-B vs LAG-
A for proton speed (top), dynamic pressure (middle) and magnetic field 
(bottom); good coherence is shown in green. (Right panels) Good coherence 
results corresponding to LAG-A vs LAG-B; lags within a 5-min interval are shown 
in blue. 
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Figure 5.27: (Left panels) Plot of the power spectral maxima for LAG-B vs LAG-
A for flow speed vx (top), vy (middle) and vz (bottom); good coherence is shown in 
green. (Right panels) Good coherence results corresponding to LAG-A vs LAG-B; 
lags within a 5-min interval are shown in blue. 
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Figure 5.28: (Left panels) Plot of the power spectral maxima for LAG-B vs LAG-
A for Bx (top), By (middle), Bz (bottom); good coherence is shown in green. (Right 
panels) Good coherence results corresponding to LAG-A vs LAG-B; lags within a 
5-min interval are shown in blue. 
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Figure 5.29: (Left) Plot of the power spectral maxima found in the study of time 
intervals LAG-C vs LAG-B for proton speed (top), magnetic field (middle) and 
dynamic pressure (bottom). (Right) Plot of good coherence results corresponding 
to LAG-A vs LAG-B. For all plots, lags within a 15-min interval are shown in blue. 
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Figure 5.30: (Left) Plot of the power spectral maxima found in the study of time 
intervals LAG-C vs LAG-B vx (top), vy (middle) and vz (bottom). (Right) Plot of 
good coherence results corresponding to LAG-A vs LAG-B. For all plots, lags 
within a 15-min interval are shown in blue. 
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Figure 5.31: (Left) Plot of the power spectral maxima found in the study of time 
intervals LAG-C vs LAG-B for Bx (top), By (middle), Bz (bottom). (Right) Plot of 
good coherence results corresponding to LAG-A vs LAG-B. For all plots, lags 
within a 15-min interval are shown in blue. 
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Results yielded from LAG C might also suggest that sudden increase in 

dynamic pressure [Mthembu et al., 2009] and/or surface waves [Southwood, 

1974; Archer and Plaschke, 2014] in the magnetopause might play, after all, an 

important role in preparing the magnetospheric conditions needed for the solar 

wind to directly drive FLRs in the magnetosphere. 

 

5.3 Summary 

In this chapter, we used four different techniques as methodology to 

evaluate the coherence between ULF waves in the solar wind and FLRs in four 

steps. 

 The methodology outlined in the previous sections was systematically 

applied to all 120 events for which solar wind data was available. The rest of the 

events corresponded to periods of time where solar wind data was either bad or 

missing and data from other spacecraft should be used to analyze those FLRs. For 

the first technique, explained in section 5.1, additional requirements on number 

of valid data-points were needed; therefore, results for fewer than 116 events 

were available for each step of this technique. For time constrains, we only 

analyzed systematically the events for which ACE data was good. In future work, 

a deep and through study of each of the FLRs in the database would provide 

further insight in the particular physical characteristics of each of the events. 

Solar wind properties were studied using measurements taken on board of 

the Advanced Composition Explorer (ACE). When comparing ACE solar wind 

measurements with observations done by SuperDARN, we accounted for solar 

wind travel times from the location of ACE to the magnetopause calculated 

following the minimum variance method of Weimer et al. [2003] and added an 
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extra time delay of 15 minutes to account for propagation times of compressional 

waves through the  magnetosphere to resonant field lines. 

First, we evaluated the correlation of the times series (section 5.1.1.). For 

this section, we followed the technique presented in the studies of correlation 

between the time-series of solar wind conducted by Kepko et al. [2002]. 

Correlation coefficient were found for two different time intervals, the first 

corresponding to the times between -80 and -30 minutes prior the occurrence of 

the FLR event, denoted as LAG-A, and the second corresponding to times within 

the delay-time interval (delay-time ± 15 minutes), called LAG-B.  The maximum 

correlation coefficients of each period were recorded. In this analysis, we found 

that 9 out of 90 (10%) FLRs show good correlation with solar wind proton 

density in an interval of 80 to 30 minutes prior the FLR occurrence, while good 

correlation inside the delay-time interval is found in less than 10% (7 out of 90 

FLRs). We found similar results in all solar parameters and references to the 

individual percentages for the other solar parameters can be found in the result 

section. We inferred, then, that the successful rate of correlation of solar wind 

proton density and other solar parameters with FLR events detected with 

SuperDARN is very low. Therefore, we concluded that either a) Solar wind might 

drive FLRs in the magnetosphere in rare cases, or b) The correlation analysis is 

not a good method to establish coherence between solar wind and FLRs. 

Second, we inspected the power spectra of the time series (section 5.1.2.), 

both for the FLRs and the solar parameters in a 4 hour interval surrounding the 

FLR occurrence. Prominent local maxima were found for the dynamic power of 

all solar parameters and were compared with their corresponding FLRs' power 

maxima. The time of prominent maxima on solar parameters, found prior the 

respective occurrences of FLRs were used in the fourth step. A case study of 

power spectra comparison between solar wind proton density and case of 4 FLRs 

occurring in the same time interval was presented. The results yielded that 

proton density local power maxima was found within the delay time prior the 
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events but most prominent proton density power maxima was found around 30 

minutes prior the event, outside the delay time interval (delay-time ± 15 min). 

These results suggest that a) some specific magnetospheric configurations (such 

as uniform plasma distribution in the flux tubes or previous excitation of the 

magnetosphere at the driven frequency) might play an important role in driving 

the FLRs and/or b) additional mechanisms, other than ULF waves in the solar 

wind should be involved in driving the FLRs. 

Third, we examined the band-pass and analytic signals for both ACE and 

SuperDARN at around the time of the event. (Section 5.1.3). This evaluation 

permitted the examination of wave packets in the solar wind of the same 

frequency as the natural frequency of the FLR, most specifically the time delay 

between them. For solar wind proton density, good correlation coefficients were 

found in 32% while excellent correlation coefficients were found in 38% of the 

cases. The reminding 29% showed poor correlation, which implies that the wave 

packets corresponding to the detected FLRs did not show good agreement with 

the wave packets found in the solar wind within the delay interval time, but 

rather with wave packets outside a physically possible time delay. Moreover, the 

proton density wave packets maximum values found between the two hours prior 

to the event agreed only in 2 occasions with the maximum values found in the 

delay time interval. Furthermore, for a majority of the events the maximum was 

found outside of the delay time interval: most of the events showed a maximum 

value corresponding for time intervals between proton density and radar maxima 

shorter than the delay time, while few showed time intervals longer than the 

delay time. These results agreed with the results found in the previous steps that 

additional mechanisms, such as wave packets ULF waves in the solar wind 

previous to the FLR occurrence, might be critical in setting specific 

magnetospheric configurations to allow the solar wind to drive the FLRs. 

Fourth and lastly, we systematically calculated and assessed the cross-

power and cross-phase of both series, a generalization of a technique introduced 
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and developed by Fenrich and Waters [2008] in a case study, to establish the 

level coherence (section 5.1.4). In this current study, we followed, step-by-step, 

the procedure detailed in Fenrich and Waters [2008], with the addition that the 

cross-power and cross-phase technique was systematically implemented using 

the time-lag defined in that study (Lag A) and also in two different time-lags (Lag 

B and Lag C), for comparison purposes. The majority of FLRs exhibited values of 

high cross-power and a low cross-phase variance compared to the red noise 5% 

confidence level, randomly generated, when solar parameter data was shifted by 

the delay time (Lag A) or the maximum found within 15-minute interval 

surrounding the delay-time interval (Lag b).   

Results of good coherence percentages yielded from LAG C are slightly 

higher than those found with LAG B (and therefore significantly higher than 

those found for LAG A) with approximately only half of the cases having both lags 

to agree in the shifted time. However, since for a large number of events the times 

found in LAG C yielded a time shift less than the 15 minutes needed for 

propagation from the magnetopause to Earth. These results should be further 

examined in depth because they a) could point to an unforeseen bias in the 

technique that needs to be addressed or b) previous wave packets in the solar 

wind matching the natural frequency of the flux tube, are indeed essential in 

setting specific magnetospheric configurations to allow the solar wind to drive 

the FLRs. This could suggest that sudden increase in dynamic pressure 

[Mthembu et al., 2009] and/or surface waves [Southwood, 1974; Archer and 

Plaschke, 2014] in the magnetopause are conditions necessary for the solar wind 

to directly drive FLRs in the magnetosphere.  

Overall, this chapter presented a thorough, systematic evaluation of 

different techniques, applied to the large FLR database, for studying the 

coherence between solar wind and FLRs. The statistical results presented in this 

chapter are important considerations to be taken into account when applying an 
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individual techniques in case studies and introduce new ideas on the approach of 

the study of solar coherence for FLRs.

5.4 Conclusions 

The new findings in this chapter include: 

1) The correlation analysis was shown to be a poor method of establishing 

coherence between the solar wind fluctuations and FLRs. 

2) The studies of power spectra and wave packets found by the band-passed 

analytic signal produced important results and were proven to be a good 

methodology to study coherence between solar wind and FLRs. 

3) The cross-power and variance in cross-phase technique was demonstrated 

to be an inconclusive technique if applied in isolation. 

4) Prior wave packets in the solar wind matching the natural frequency of the 

flux tube play an important role on setting specific magnetospheric 

configurations to allow the solar wind to drive the FLRs.  
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Chapter 6 

Conclusions and future work  

The main goal of this study was to statistically determine what percentage 

of Field Line Resonances (FLR) in Earth’s Magnetic Field (Magnetosphere) 

between 0.5 mHz and 5 mHz had origin in the solar wind Ultra Low Frequency 

(ULF) waves.  The second main goal of this thesis research was to systematically 

analyze the characteristics of FLRs and the statistics of their occurrences (such as 

frequency, latitude, local time, m-value, to name a few). To achieve those goals, it 

was important, as a secondary goal of this study, to produce an automated code 

to identify ULF waves using SuperDARN to create a large database of FLRs from 

which to study the coherence among FLRs and solar wind ULF waves and from 

which to determine FLR statistics on classification of their characteristics.   

Many studies of FLRs have reported, in the past decades, the repetitiveness 

and discreteness nature of FLRs, in addition to their unresolved source of 

excitation. Recent work has indicated that discrete, continuous ULF waves in the 

solar wind are responsible to drive these FLRs. However, the existence, 

significance, and stability of the “magic frequencies” is disputed: many other 

studies, cited in this thesis, found no evidence of stable, recurring, discrete 

frequencies in the Pc5 range. This thesis work aimed to shed light on these issues. 

The premise of this study was that “magic frequencies” existed and the intent was 

to test the hypothesis that discrete ULF waves in the solar wind directly drove 

those FLRs. 
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Chapter 1 of this thesis provided useful background information and theory 

regarding FLRs and the SuperDARN radar network. 

In chapter 2, the methodology for systematic detection of ULF wave, with 

SuperDARN, was explained in detailed. We successfully created a code to 

automatically detect ULF coherent waves over a large area within the field of view 

(FoV) of any SuperDARN radar station that could be later categorized as a “Field 

Line Resonance”. The code was based on the “Cross-power-Cross-phase 

Technique” developed by Fenrich and Waters [2008] to find coherence between 

ULF solar wind waves and ULF waves detected by SuperDARN.  The ULF 

detection code was designed to analyze multi-year data from multiple 

SuperDARN radars. The code analyzed data for the year 2003 for the 15 stations. 

The code output were ‘flagged ULF candidates’ that were later individually 

examined to past the established FLR characterization criteria. The major 

achievement of the development of this methodology was the systematic 

detection of ULF waves without using the cross-spectral techniques, utilized until 

now.  

In chapter 3, the 161 ULF flags recorded using the methodology described 

in chapter 2 were examined using the cross-spectral and analytic signal the 

techniques explained in Walker et al. [1992] and Fenrich et al. [1995] for 

identification of FLRs using the SuperDARN Doppler velocity data. A total of 121 

FLRs were identified during 2003 and their primary characteristics (frequency, 

propagation, phase variation with latitude, azimuthal wavenumber m, MLT, etc) 

were recorded and tabulated. A large database was created to analyze the 

characteristics of FLRs and to study the coherence of solar wind ULF waves with 

the FLRs to establish their wave sources. The efficiency of the methodology was: 

66.50% of the ULF waves pre-selected were further characterized as FLRs and 

91% of the ULF waves pre-selected were further characterized as FLRs when 

methodology was applied to only gates higher than 14.  
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In chapter 4, we described the processes of characterization of the FLRs in 

the database, as well as the statistical results on these properties. We also 

provided comparisons with previous characterization studies, presented in the 

introduction and at the beginning of that chapter.  

Interesting aspects of the characteristics of the FLRs in the database 

included frequency distribution, latitude of occurrences, m-value, and magnetic 

local time, to name a few. The events in the database, presented in this study, 

showed some deviations for the characterizations proposed in Fenrich et al. 

[1995] in terms of the FLR phase variation vs. magnetic latitude, propagation 

(sundwards-antisunwards; eastwards-westwards) and location. A conclusion was 

drawn that the FLRs identified in this study were not able to be classified into the 

two distinct groups defined by Fenrich et al. [1995] and Fenrich and Samson 

[1997] based upon the size of the FLR azimuthal wavenumber m, but rather the 

classification involved many other variables. 

In terms of frequency distribution, we asked ourselves if some frequency 

occurring more often than others. This was an important question, since the 

repetitive observation of “magic frequencies” was the premise assumed to find 

sources of both high-m and low-m in ULF waves in the solar wind. 

For the 121 FLRs found in this study, ‘magic frequencies’ (1.3, 1.9, 2.6 and 

3.4 mHz) were not particularly observed. The frequency with more occurrences 

in this study was the first in the array, 0.6±0.1 mHz. The observation of other 

frequencies showed a decreasing trend of observation of occurrences for 

increasing frequency. This result was compatible with the recent study by Archer 

and Plaschke [2014] on distribution of magnetopause surface waves observed 

throughout an entire solar cycle. 

For FLRs with m < 17 we saw the decreasing trend for increasing frequency, 

which it was agreeable with ground magnetometer observations reported by 

Murphy et al. [2011]; however, the distribution for FLRs with azimuthal 
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wavenumbers m ≥ 17 presented that maximum around the frequency 1.1±0.1 

mHz FLR. These events should be the focus of future work, since a case-to-case 

study of the events in the database was beyond the scope of this thesis work. 

With respect to their magnetic local time for their occurrence, we saw that 

all FLRs are evenly scattered in all MLT locations, with exception of the noon 

sector. For the FLRs presented in our database, there was not preference for 

events to be localized in a specific MLT sector depending on their azimuthal 

wavenumbers m. We also found that low-m events with low frequencies were 

localized in the night sector. 

We also examined the classification of FLRs given their m-values and the 

phase variations as a function of latitude, since this was a topic of disagreements 

in the field. For the events in our database, results showed that all the events 

occurring in the magnetopause, as located using the simulations by Pierrard and 

Stegen [2008], exhibited ‘reverse’ phase variation regardless of their azimuthal 

wavenumber m. We also saw that for events in the plasmatrough and beyond, 

two-thirds of the FLRs with “reverse” phase change had m ≥ 17, while the rest 

exhibited “standard” phase change, most of them located between magnetic 

latitude 65 and 72 degrees; likewise, two-thirds of the FLRs with “standard” 

phase change had m < 17, while the rest exhibited “reverse” phase change, most 

of them located at lower magnetic latitude (62-66 degree). 

We studied, as well, how often the same frequency was observed at different 

latitudes: in our results we found the same frequency extended throughout a wide 

range of latitudes. We found that variation of plasma density in the tubes, as well 

as MLT location of the events (due to dynamics in the plasmasphere and 

convection of field lines due to solar wind dynamic pressure) played an important 

role on finding the same frequency in different latitudes. 

In terms of the propagation of the FLRs in our database, we found that  half 

of the low-m FLRs propagated antisunwards; the other half propagated towards 
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the sun and most of those events exhibited a “reverse” phase variation. On the 

other hand, two-thirds of the high-m FLRs propagated westwards, with the high-

m FLRs propagated eastwards mostly located in the night-to-dawn sector, a large 

number of those latest events displaying a “standard” phase variation. There 

were, however, numerous occurrences of westward propagating high-m FLRs 

that exhibited a “standard” phase variation as well, which it was puzzling. 

There were several questions resulting from this study in terms of the 

characteristics of the FLRs that formed the large database. Previous studies have 

generalized certain characteristics of FLRs but results found in this study have 

raised questions on these generalizations. The discrepancies stress the 

importance of the individual study of the physics dynamics of each events, 

including studies on particle dynamics and substorm activity in the 

magnetosphere, which it was beyond the scope of this thesis research but will be 

the topic of future studies. 

Finally, to close this research study, we presented in chapter 5 four 

different, complementary techniques as methodology to evaluate the coherence 

between ULF waves in the solar wind and FLRs. Solar wind properties were 

studied using measurements taken on board of the Advanced Composition 

Explorer (ACE). The methodology outlined in that chapter was systematically 

applied to the 120 events for which solar wind data was available. The rest of the 

events corresponded to periods of time where solar wind data was either bad or 

missing and data from other spacecraft should be used to analyze those FLRs. For 

the first technique, explained in section 5.1, additional requirements on number 

of valid data-points were needed; therefore, results for fewer than 116 events 

were available for each step of this technique. For time constrains, we only 

analyzed systematically the events for which ACE data was good. In future work, 

a deep and throughout study of each of the FLRs in the database would provide 

further insight in the particular physical characteristics of each of the events. 
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First, we evaluated the correlation of the times series. This technique was 

utilized by Kepko et al. [2002] to show high correlation between solar wind 

waves and magnetospheric ULF waves. The aim of systematically applying the 

technique to all solar parameters and all FLRs in the database was to find the 

lever for which this technique can be used in the study of coherence between 

solar wind and magnetospheric waves and to study the delay times among both. 

In this step, correlation coefficient were found for two different time intervals for 

comparison reasons. The first corresponded to the times between -80 and -30 

minutes prior the occurrence of the FLR event, denoted as LAG-A, and the 

second corresponded to times within the delay-time interval (delay-time ± 15 

minutes), called LAG-B.  Good correlation was rarely found (10% of the times, 9 

out of 90 cases) between solar wind proton density and SuperDARN in an 

interval denoted as LAG-A. Less than 10% (7 out of 90) FLRs  showed good 

correlation with solar wind proton density for LAG-B. All solar parameters 

yielded similar results. These results infer that either a) Solar wind might be the 

driver of FLRs in the magnetosphere in rare cases, or b) The correlation analysis 

might not be a good method to establish coherence between solar wind and FLRs. 

Second, we inspected the power spectra of the time series, in a 4 hour 

interval surrounding the FLR occurrence, both for the FLRs and the solar 

parameters. The results on  the delay time between the maxima corresponding to 

the FLRs and the prominent maxima found on solar parameters prior the 

respective occurrences of FLRs were utilized in the fourth step. A case study of 4 

FLRs occurring in the same time interval was presented and the time delay 

among the dynami power maxima for the most dominant FLR and few solar wind 

parameters was presented. The results in this step yielded that proton density 

local power maxima was found within the delay time prior the events but most 

prominent proton density power maxima was found around 30 minutes prior the 

event, outside the delay time interval (delay-time ± 15 min). Similar results were 

found for all other solar parameters. We concluded that a) some specific 

magnetospheric configurations might play an important role in allowing the field 
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lines to be driven, and/or b) additional mechanisms, other than ULF waves in the 

solar wind, should be the drivers of the FLRs. 

Third, we examined the band-pass and analytic signals for both ACE and 

SuperDARN at around the time of the event in the search of wave packets in the 

solar wind with the same frequency as the natural frequency of the FLRs. Results 

demostrated that the wave packets corresponding to the detected FLRs did not 

show good agreement with the wave packets found in the solar wind within the 

interval time. Most of the events showed a maximum value between the solar 

parameters and radar maxima corresponding for time intervals shorter than the 

delay time, while few showed time intervals longer than the delay time. These 

results are in agreement with the results found in the previous steps and 

strengthen the idea that additional mechanisms and/or specific magnetospheric 

configurations are needed to allow the solar wind to drive the FLRs. 

The fourth and last step was to systematically calculate and assessee the 

cross-power and cross-phase of both series, as presented by Fenrich and Waters 

[2008]. This was done to establish the level coherence. We applied the technique 

detailed in that study, with the addition that the cross-power and cross-phase 

technique for  three different lags (Lag A, Lag B and Lag C, Lag A being the one 

established in Fenrich and Waters [2008]).  

All lags yielded levels of high cross-power and a low cross-phase variance 

compared to the red noise 5% confidence level, randomly generated but results of 

good coherence percentages yielded from LAG C were slightly higher than those 

found with LAG B (and therefore significantly higher than those found for LAG 

A). Only half of the cases having both lags to agree in the shifted time. Moreover, 

the times found in LAG C yielded a time shift less than the 15 minutes needed for 

propagation from the magnetopause to Earth for a large number of events. These 

outcomes of this methodology should be further examined in depth because they 

a) might reveal an unforeseen bias in the technique or b) imply that previous 

wave packets in the solar wind matching the natural frequency of the flux tube 
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are indeed essential in setting specific magnetospheric configurations to allow 

other mechanisms to drive the FLRs. 

Possible avenues in future studies include: 

1) Refining the methodology for ULF systematic detection of FLR candidates 

presented in chapter 2. This methodology had a success rate of 66.50% for 

which ULF waves were later classified as FLRs. The unsuccessful flags 

corresponded to either FLRs for which a profile could not be successfully 

retrieved or ULF propagating waves that are not FLRs. A success rate of 91% 

was obtained if the detection technique was applied only to data 

corresponding to gates greater than 14 (above 900 km). Code improvement 

could include: 

a) Pre-selecting data that includes good scatter for all beams and gates, 

to avoid detection of FLRs with no profile available, especially for lower 

gates. 

b) Refining the threshold established to flag events: Instead of using a 

cross-power and variance in cross-phase calculated daily mean, the 

threshold could be established to be a 24-hour running mean cross-

power and variance in cross-phase centered in the time of the event, 

with the addition of comparisons of those values with monthly and/or 

annual means for each radar and each beam-gate pair. 

2) Developing an automated technique to characterize the FLRs by obtaining 

the profile from the analytic signal to eliminate eye-profiling, presented in 

chapter 3. The local maximum in analytic amplitude, with its corresponding 

phase difference and m, could be automatically found in the surrounding 

area to the beam-gate flag. Further studies would include what range of 

beam-gate pairs would maximize the success rate of FLR detection. The 



CHAPTER 6. CONCLUSIONS    

171 

 

database presented in this thesis could serve as a testing ground for this 

“profiling technique”. 

3) Analyzing in detail the reverse phase characterization of FLRs located in 

the plasmapause, as introduced in chapter 4. Collaboration with BISA has 

been established to produce simulations for times corresponding to high Kp 

activity. Information on the location of the plasmapause due to plumes in the 

plasmasphere will be used as time flags to search for FLRs that could 

produce statistics in terms of occurrences of FLRs with reverse phase in the 

plasmapause. 

4) Extensively studying FLRs with azimuthal wavenumbers m ≥ 10 in an 

effort to understand: 

a) The distribution for maximum around the frequency 1.1 ±0.1 mHz 

for FLRs with azimuthal wavenumbers m ≥ 17, 

b) The significance of wave-particle interactions on both low-m and 

high-m events, 

c) The occurrence of substorm-induced FLRs, simultaneous low-m and 

high-m events, to understand the dynamics of location and 

propagation of FLRs. 

5) Examining in more depth FLR case studies where wave packets in the 

solar wind corresponding to the FLR frequency were present for time lags 

below the delay-time, as reported in chapter 5, to establish the significance 

of pre-existing configurations of the magnetosphere that are needed for the 

solar wind ULF waves to drive FLRs in the magnetosphere. 

Overall, this thesis presented a thorough, systematic evaluation of different 

techniques both to detect FLRs at large scale, to characterize FLRs and to study 
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their wave sources in the solar wind. Most importantly, the statistical results gave 

important considerations to be taken into account when applying the individual 

techniques in case studies and introduced new ideas on the approach of the study 

of solar coherence for FLRs. 
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Appendix A 

Automated algorithm or code (IDL based) 

;  pro identification_FLR_07 
;  Written by  Laura Mazzino 
;  Created on January 11th, 2010 
;  Big modification: March, 2011 
;  Modified on: October, 2011 
;  Modified on: Nov, 2011 
;  Modified on: Oct, 2012 
;  Last Big modified on: Oct, 2014 
;  This program loads data from SuperDARN files, for a desire date and 
time, calls a procedure that loads the 
;  data from fitac files and returns the crosspower, and find average in 
crosspower organized in a daily basis. 
;  This program, as the original writen by F. Fenrich, removes ground 
scatter (v lt 30 or w lt 40). 
;  Started the idea on August 6th, 2009 based on a program by Frances 
Fenrich called read_fmt_wind11_an_p 
;  Last version before major changes (generalization to any date, any 
station) can be found in identification_FLR_05 
;   
;  The difference between FLR05 and FLR06 is that all problems in matrix 
definitions, ground scatter, flags (both q and g), and no data, have been 
all solved.  
;  The difference between FLR06 and FLR07 is that additional conditions 
have been imposed on adjacent gates to ensure identification of events is 
efective... 
;  Plot version of this code (plot on demand, in date, radar, beam, gate) 
available at test_identificationFLR01.pro 
;==================================================================== 
; WARNING! WARNING! WARNING! WARNING!WARNING! WARNING! WARNING! WARNING! 
;==================================================================== 
; MAKE SURE YOU COMPILE STARTUP BEFORE RUNNING THIS PROGRAM 
C:\IDL\startup by typing in console "@startup" 
;==================================================================== 
@/local/home/mazzino/IDL/crosspowerphase03.pro 
@/local/home/mazzino/IDL/save_jpg.pro 
@/local/home/mazzino/IDL/converttime 
pro identificationFLR07 
for j= 1, 16  DO BEGIN ;Loop in 16 stations 
   year  = 2003 
     for i=1, 12 do begin  
      month = i 
  ;  ======Default ============ 
    if (i eq 1 or i eq 3 or i eq 5 or i eq 7 or i eq 8 or i eq 10 or i eq 
12) then date1 = 31 else date1 =30 
      if i eq 2 then date1=28 
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      if i eq 2 and year eq 1996 then date1=29 
     dummy=identification_FLR07(j, date1, month, year) 
     endcode: 
   endfor  
 endfor; 
 
end 
         
function identification_FLR07, station, date1, month, year 
;==================================================================== 
 
main_directory    ='/local/home/mazzino/IDL/00_SuperDARN/' 
station_ids = ['_','gbr', 'sch', 'kap', 'hal', 'sas', 'pgr', 'kod', 
'sto', 'pyk', 'han', 'san', 'sys', $ 
                'sye', 'tig', 'ker', 'ksr'] 
                  ; --------- set  name of input file and load data -----
--------  
 st_id = ['_','g', 's', 'k', 'h', 't', 'b', 'a', 'w', 'e', 'f', 'd', 'j', 
'n', 'r', 'p', 'c'] 
 names_stations =['_', 'Goose Bay', 'Schefferville', 'Kapuskasing', 
'Halley', 'Saskatoon', 'Prince George', $ 
                 'Kodiak','Stokkseyri', 'Pykkvibaer', 'Hankasalmi', 
'Sanae', 'Syowa South',$ 
                 'Syowa East', 'Tiger',  $ 
                 'Kerguelen', 'King Salomon']  
  
 j=station  
 beginning_date=1 
if (year eq 1996 and month eq 1) then beginning_date= 2 else 
beginning_date=1 
 
o=0L 
ii=0L 
for ii=beginning_date, date1 do begin ;loop in days 
   ref_month = month 
   ref_year  = year 
   ref_day   = ii 
   station=station 
 
errorfile=main_directory+'Results/FLR/IDL_identification_errorfile_IFLR07
.txt'  
get_lun, p 
  openw, p, errorfile 
   printf, p, 'station ', station, ' ', 'beginning_date ', 
beginning_date, ' ',  'end date ', date1, ' ', $ 
   'date (month, m/y/d/, ii)', month, ' ', ref_month, ' ', ref_year, ' ', 
ref_day, ii 
 
o=o+1 
 
close, p 
free_lun, p 
 
   ;account for gaps in database (SuperDARN data not available for those 
days) 
   ;create files with null data for dates with gaps in data 
   if (year eq 2003 or year eq 2002  or  year eq 2001  or  year eq 2000  
or  year eq 1996  or  year eq 1997  or  year eq 1998) $ 
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    then begin 
     if  $ 
     (year eq 1996 and ( $ 
     (station eq 1 and ((month eq 1  and (ii ge 27 and ii le 29)) or 
(month eq 2  and (ii ge 10 and ii le 12)) $ 
      or (month eq 4  and (ii ge 27 and ii le 29)) or (month eq 5  and 
(ii ge 29)) or (month eq 6  and (ii ge 16 and ii le 19)) )) or $ 
      (station eq 2) or (station eq 3 and (month eq 9  and (ii ge 25 and 
ii le 30))) OR $ 
      (station eq 4 and (month eq 1  and (ii ge 2 and ii le 20)) )  $ 
      OR (station eq 5 and (month eq 3  and (ii ge 15 and ii le 18))) OR 
(station eq 6)  $ 
      OR (station eq 7 ) OR (station eq 8 and ((month eq 2 and (ii le 
11)) OR (month eq 3  and (ii ge 19 and ii le 22)) OR $ 
      (month eq 9  and (ii ge 6 and ii le 9)) ))  or $ 
      (station eq 11 OR station eq 12 OR station eq 13 OR station eq 14 
OR station eq 15 OR station eq 16)  )) or  $ 
       
     (year eq 1997 and ($ 
     (station eq 1 and ((month eq 9  and (ii ge 6 and ii le 8 or ii ge 15 
and ii le 17 or ii ge 27 and ii le 29)) $ 
      or (month eq 2  and (ii ge 12 )) or (month eq 3  ) or (month eq 4  
and (ii ge 26 and ii le 28)) or $ 
       (month eq 7  and (ii ge 18 and ii le 21))  or $  
       (month eq 11  and (ii ge 14 and ii le 28)))) or $ 
      ;or (month eq 2  and (ii ge 10 and ii le 12)) $ 
      (station eq 2) or $ 
      (station eq 3 and  ((month eq 4  and (ii ge 7 and ii le 12 or ii ge 
17 and ii le 19 )) or  $ 
       (month eq 5  and (ii ge 9 and ii le 11)) or  $ 
       (month eq 6 and (ii ge 19 and ii le 21 or ii ge 23 and ii le 30 
)))  ) or $  
      (station eq 4 and  ((month eq 1  and (ii ge 25 and ii le 29)) or 
(month eq 8  and (ii ge 2 and ii le 4)) ) ) or $  
      (station eq 5 and ((month eq 1  and (ii ge 1 and ii le 2 or ii ge 8 
and ii le 10)) or $ 
       (month eq 2  and (ii ge 2 and ii le 4)) ) ) OR $ 
      (station eq 6) OR  (station eq 7 ) OR $ 
      (station eq 8 and (month eq 3  and (ii ge 26 and ii le 28)) ) or  $ 
      (station eq 9 and ((month eq 4  and (ii ge 19 and ii le 21)) or 
(month eq 6  and (ii ge 20 and ii le 23)))) OR $      
      (station eq 10 and ((month eq 1  and (ii ge 12 and ii le 14))  or 
(month eq 6  and (ii ge 22 and ii le 24))  or $  
       (month eq 7  and (ii ge 31)) or (month eq 8 and (ii ge 1 and ii le 
8))  )) OR $  
      (station eq 11 and ((month eq 1 OR month eq 2 )) )  or $ 
      (station eq 14 OR station eq 15 OR station eq 16)  )) or  $ 
       
      (year eq 1998 and ( $  
      (station eq 1 and ((month eq 1  and (ii le 10))  or $ 
       (month eq 2  and (ii ge 26 and ii le 28)) or $ 
       (month eq 3  and (ii le 2 or ii ge 15 and ii le 17 )) ) ) OR $ 
      (station eq 3 and (month eq 2  and (ii ge 7 and ii le 9))) OR $ 
      (station eq 4 and ((month eq 2  and (ii ge 22 and ii le 28))or $ 
       (month eq 3  and (ii eq 1)))) OR $ 
      (station eq 8 and (month eq 1  and (ii ge 13 and ii le 17 or ii ge 
19 and ii le 21 ))) OR $ 
      (station eq 9 and (month eq 1  and (ii ge 2 and ii le 4))) )) or  $   
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     (year eq 2003 and ( $  
     (station eq 1 and ((month eq 1  and (ii ge 6 and ii le 12 )) or 
(month eq 2  and (ii ge 19 and ii le 28)) or $ 
                       (month eq 4  and (ii ge 3 and ii le 5)) or (month 
eq 6  and (ii ge 22 and ii le 24)) or $ 
                       (month eq 9  and (ii ge 8 and ii le 15)) or (month 
eq 10  and (ii ge 16 and ii le 28 or ii eq 31)) $ 
                         or (month eq 11  and (ii ge 1 and ii le 6 or ii 
ge 10 and ii le 13 )) or (month eq 12) )) or $ 
     (station eq 2) or $      
     (station eq 3 and ((month eq 1  and (ii ge 4 and ii le 6)) or (month 
eq 3  and (ii ge 1 and ii le 1)))) or $; 
     (station eq 4 and ((month eq 4  and (ii ge 13 and ii le 30)) or 
(month eq 5  and (ii ge 1 and ii le 1)))) or $      
     (station eq 6 and ((month eq 1  and (ii ge 22 and ii le 25)) or 
(month eq 7  and (ii ge 11 and ii le 12)) or  $  
                        (month eq 9  and (ii ge 22 and ii le 24)) or 
(month eq 10  and ((ii ge 2 and ii le 7) or $ 
                        (ii ge 23 and ii le 24)) or (ii ge 20 and ii le 
23)))) or $ 
     (station eq 7 and ((month eq 7 and ((ii ge 5 and ii le 9) or (ii ge 
30 and ii le 31))) $ 
                        or (month eq 8 and (ii eq 1 and ii le 2)))) or $   
     (station eq 8 and ((month eq 5  and (ii ge 8 and ii le 11)) )) or $       
     (station eq 9 and ((month eq 2  and (ii ge 21 and ii le 28)) or 
(month eq 8  and (ii ge 30 and ii le 31)) $ 
                         or (month eq 4  and (ii ge 25 and ii le 27)) or 
(month eq 7  and (ii ge 6 and ii le 10 or ii ge 21 and ii le 23)) $ 
                         or (month eq 9  and (ii eq 1)) or (month eq 10  
and (ii ge 12 and ii le 15)) )) or $  
     (station eq 10 and (month eq 8  and (ii ge 2 and ii le 9)) ) or $ 
     (station eq 11 and ((month eq 3  and (ii ge 22 and ii le 24)) or 
(month eq 4  and (ii ge 13 and ii le 30)) or $ 
        (month eq 5  and (ii ge 1 and ii le 1 or ii ge 23 and ii le 25)) 
or (month eq 9  and (ii ge 26 and ii le 28)) $ 
         or (month eq 10  and (ii eq 31)) or (month eq 11 and (ii ge 1 
and ii le 2)) )) or $  
     (station eq 12 and ((month eq 2  and (ii ge 19 and ii le 21))  or $ 
                         (month eq 4  and (ii ge 13 and ii le 30)) or 
(month eq 5  and (ii ge 1 and ii le 1)) or $ 
                        (month eq 8  and (ii ge 12 and ii le 15 or ii ge 
23 and ii le 31)) or $ 
                        (month eq 9  and (ii ge 1 and ii le 5 or ii ge 10 
and ii le 18)) )) or $  
     (station eq 13 and ((month eq 4  and (ii ge 13 and ii le 30)) or 
(month eq 5  and (ii ge 1 and ii le 1)) or $ 
                         (month eq 6  and (ii ge 6 and ii le 8 or ii ge 
11 and ii le 15 )) or $ 
                          (month eq 12  and (ii ge 11 and ii le 16)) )) 
or $ 
     (station eq 14 and ( (month eq 4  and (ii ge 29 and ii le 30)) or 
(month eq 5  and (ii ge 1 and ii le 5)) or  $ 
           (month eq 6  and (ii ge 2 and ii le 4 )) or (month eq 10  and 
(ii ge 7 and ii le 13)) or $ 
            (month eq 11  and (ii ge 6 and ii ge 10 or ii le 16 and ii le 
19)) or $ 
     (month eq 12  and (ii ge 21 and ii le 23 )) )) $          
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    or (station eq 15 and ((month eq 2  and (ii ge 17 and ii le 19)) or 
(month eq 3  and (ii eq 31)) or $ 
              (month eq 4 or (ii ge 13 and ii le 30)) or (month eq 5  and 
(ii ge 1 and ii le 1)) or (month eq 12  and (ii eq 31)) )) or $   
     (station eq 16 and ((month eq 1  and (ii eq 1 or ii ge 7 and ii le 9 
or ii ge 21 and ii le 27)) or (month eq 2  and (ii ge 4 and ii le 9 or $ 
                           ii ge 15 and ii le 17)) $ 
         or (month eq 3  and (ii ge 2 and ii le 4 or ii ge 7 and ii le 
31)) $ 
         or (month eq 4  and (ii ge 19 and ii le 21  or ii ge 25 and ii 
le 30)) or (month eq 5  and (ii ge 1 and ii le 5 or ii ge 10 and ii le 13 
OR $ 
         ii ge 18 and ii le 28)) or (month eq 6  and (ii ge 7 and ii le 
14 or ii ge 16 and ii le 24))  or (month eq 7  and (ii ge 24)) or $ 
       (month eq 8  and (ii ge 1 and ii le 13 or ii ge 15 and ii le 18 or 
ii ge 22 and ii le 31)) $ 
             or (month eq 9  and (ii ge 3 and ii le 5 or ii ge 13)) or 
(month eq 10  and (ii ge 1 and ii le 16)) $ 
       or (month eq 11  and (ii ge 6 )) or (month eq 12  and (ii eq 1 or 
ii ge 28 and ii le 31)) )) )) $   
 
;       or (year eq 2002 and ( $ 
;       (station eq 1 and  ((month eq 7 and (ii ge 3 and ii le 18 or ii 
ge 28 )) or (month eq 8 and (ii ge 1 and ii le 12)) $ 
;       or (month eq 9 and (ii ge 25)) or (month eq 10)  or (month eq 11 
and ii ge 14)  or (month eq 12 and (ii le 11 and ii ge 15 or ii le 18 $ 
;       or ii ge 21 )) )) or $ 
;       (station eq 2) or (station eq 3 and ((month eq 1 and (ii ge 12 
and ii le 14)) or (month eq 9 and (ii ge 13)) or (month eq 10 or month eq 
11) )) or $ 
;       (station eq 4 and ((month eq 1 and (ii ge 1 and ii le 1)) or 
(month eq 2  and (ii ge 2 and ii le 4 or ii ge 10 and ii le 12 or ii ge 
27)) or $ 
;       or (month eq 3 and (ii ge 1 and ii le 1)) ))or $ 
;       (station eq 5 and (month eq 1 and (ii ge 29 and ii le 31)) ) or $ 
;       (station eq 6 and (month eq 1 and (ii ge 4 and ii le 6 or ii ge 
15 and ii le 17) )) or  $ 
;       (station eq 7 and ((month eq 1 and (ii ge 24)) or (month eq 2 and 
(ii eq 1)) or (month eq 5 and (ii ge 25)) or $ 
;       (month eq 6 and (ii ge 1 and ii le 2)) or (month eq 12 and (ii ge 
21)) )) or  $  
;       (station eq 8 and ((month eq 1 and (ii ge 24 and ii le 26 )) or 
(month eq 3 and (ii ge 24 and ii le 31)) or (month eq 4 and (ii ge 1 and 
ii le 19)) )) or  $  
;       (station eq 9 and (month eq 1 and (ii ge 2 and ii le 4  or ii ge 
28 and ii le 30) )) or  $ 
;       (station eq 10  and ((month eq 1 and (ii ge   3 and ii le 5 or ii 
ge 8  and ii le 10 or  $ 
;       ii ge 20  and ii le 22 )) or (month eq 7 and (ii ge 5 and ii le 
7)))) or $ 
;        (station eq 11  and ((month eq 1 and (ii eq 1 or ii ge 10 and ii 
le 17 )) or (month eq 9 and (ii ge 8 and ii le 11 )) $ 
;       or (month eq 2 and ((ii ge 12 and ii le 14) or (ii ge 20 and ii 
le 22))) or (month eq 7 and (ii ge 1 and ii le 3)) $ 
;        or (month eq 10 and (ii ge 4 and ii le 7)) )) $ 
;       or (station eq 12  and ((month eq 1 and (ii eq 1)) or (month eq 2 
and $ 



APPENDIX A      AUTOMATED ALGORITHM OR CODE (IDL BASED) 

190 

 

;        (ii ge 1 and ii le 3 or ii ge 9 and ii le 12 or ii ge 18 and ii 
le 21 or ii ge 25 and ii le 27)) $ 
;       or (month eq 5 and (ii ge 11 and ii le 27 or ii eq 31)) or (month 
eq 6 or month eq 7) )) $ 
;       or (station eq 13  and ((month eq 1 and (ii eq 1)) or (month eq 2 
and (ii ge 7 and ii le 9 or ii ge 15 and ii le 17 or ii ge 23 and ii le 
25))$ 
;       or (month eq 5 and (ii ge 26 and ii le 28)) )) $ 
;       or (station eq 14  and ((month eq 2 and (ii ge 8 and ii le 12 or 
ii ge 26 and ii le 28)) or (month eq 5 and (ii ge 22 and ii le 29)) $ 
;       or (month eq 6 and (ii ge 8 and ii le 13)) or (month eq 8 and (ii 
ge 12 and ii le 15))  or (month eq 9 and (ii ge 3 and ii le 5)) $ 
;        or (month eq 10 and (ii ge 19 and ii le 27)) or (month eq 11 and 
(ii ge 10 and ii le 12)) )) $ 
;       or (station eq 15  and ((month eq 1 and (ii eq 1)) or (month eq 2 
and (ii ge 5 and ii le 7 or ii ge 13 and ii le 15 or ii ge 21 and ii le 
23)))) $ 
;        (station eq 16  and ((month eq 1 and (ii ge 1 and ii le 31)) or 
(month eq 2) or (month eq 3 and (ii ge 4 and ii le 12)) $ 
;       or (month eq 4 and (ii ge 4 and ii le 8 or ii ge 16)) or (month 
eq 5 and (ii ge 1 and ii le 18)) $ 
;       or (month eq 6 and (ii ge 9)) or (month eq 7 or month eq 8) or 
(month ge 9 and month le 12) ))  )) $  
;            
       or (year eq 2001 and ( $ 
       (station eq 1 and ((month eq 2 and (ii ge 23)) or (month  eq 3 and 
(ii le 4)) or $ 
       (month  eq 4 and (ii ge 24 and ii le 26)) or (month  eq 5 and (ii 
ge 9 and ii le 11)) or (month  eq 6 and (ii ge 25 and ii le 27)) $ 
       or (month  eq 9 and (ii le 4))       )) or $ 
       (station eq 2) $ 
       or (station eq 3 and ((month eq 4 and (ii le 5 )) or (month  eq 7 
and (ii ge 26 and ii le 28)) or (month  eq 9 and (ii eq 30)) $ 
       or  (month eq 10 and (ii le 2 )) )) $ 
      or  (station eq 4 and ((month eq 4 and (ii ge  7 and ii le 9))  or 
$ 
      (month  eq 5 and (ii ge 22 and ii le 25)) or (month  eq 9 and (ii 
ge 14 and ii le 19)) $ 
       or (month  eq 11 and (ii ge 30)) or (month  eq 12) ))  $ 
      or (station eq 5 and ((month eq 4 and (ii ge  23 and ii le 25))     
)) or  $ 
       (station eq 6 and ((month eq 4 and (ii ge  14 and ii le 16)) or 
(month  eq 7 and (ii ge 14 and ii le 16)) )) or  $ 
       (station eq 7 and ((month eq 3 and (ii ge 24 and ii le 26)) or 
(month  eq 7 and (ii ge 2 and ii le 7)) )) or $ 
       (station eq 8 and (month eq 4 and (ii ge 25 and ii le 27)) ) $ 
      or  (station eq 9 and ((month eq 4 and (ii ge 25 and ii le 29))   $ 
       or (month  eq 5 and (ii ge 26 and ii le 28)) or (month  eq 12 and 
(ii ge 24 and ii le 26))   )) $ 
       or (station  eq 10 and ((month  eq 1 and (ii le 6)) or  (month eq 
2 and (ii ge 10 and ii le 13 )) or  (month eq 4 and (ii ge 3 and ii le 5 
) or $  
         (ii ge 28 ))   or (month  eq 5 and (ii eq 1)) or (month  eq 8 
and (ii ge 17 and ii le 21)) or (month  eq 9 and (ii ge 12 and ii le 19)) 
$ 
          or (month  eq  10  and (ii ge 19 and ii le 21))  or (month  eq  
11  and (ii ge 4 and ii le 6 or ii ge 21 and ii le 28))  )) $ 
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       or  (station  eq 11 and ((month  eq 1 and (ii ge 7 and ii le 13  
or ii eq 31)) or (month eq 2 and (ii le 2 ))or  $ 
        (month eq 3 and (ii ge 17 and ii le 23)) or (month  eq 6 and (ii 
ge 24)) or (month  eq 7 and (ii ge 10 and ii le 12)) or  $ 
        (month  eq 9 and (ii ge 06 and ii le 11 or ii ge 21 and ii le 
24))   or (month  eq  10  and (ii ge 28)) $ 
        or (month  eq  11  and (ii le 3 or ii ge 19 and ii le 25 or ii ge 
30)) or (month  eq  12 )  )) $ 
       or (station eq 12 and ((month eq 4 and (ii ge 6 and ii le 10)) or 
(month  eq  10  and (ii ge 26 and ii le 29)) $ 
         or (month  eq  11  and (ii ge 30))  or (month  eq  12 ) ))  $ 
        or (station eq 13 and ((month  eq  11  and (ii ge 30)) or (month  
eq  12 ) ) )$ 
       or (station  eq 14 and ( (month  eq 1 and (ii le 4)) or  (month eq 
2 and (ii ge 21 )) or  (month eq 3 and (ii le 14 or ii ge 21 )) $ 
        or  (month eq 4 and (ii le 11 or ii ge 25 and ii le 28))  or 
(month  eq 7 and (ii ge 15 and ii le 17)) or $ 
         (month  eq 8 and (ii ge 16 and ii le 24)))) or (station eq 15) 
or $ 
         (station eq 16  and ( (month eq 12 and (ii ge 17 )) )) $ 
;       or (month eq 4 and (ii ge 4 and ii le 8 or ii ge 16)) or (month 
eq 5 and (ii ge 1 and ii le 18)) $ 
;       or (month eq 6 and (ii ge 9)) or (month eq 7 or month eq 8) or 
(month ge 9 and month le 12) )) 
         ))  $   
             
        or (year eq 2000 and ( $ 
        (station eq 2) or  (station eq 3 and (month eq 8 and (ii le 2 or 
ii ge 8 and ii le 17 or ii ge 26 and ii le 28))) or $ 
        (station eq 6 and ((month eq 12 and (ii ge  8 and ii le 11))))   
or $  
        (station eq 7 and ((month eq 9 and (ii ge  18 and ii le 20 or ii 
ge  28))))   or (station eq 8 and ((month eq 10  and (ii ge 30)) or $ 
              (month eq 11  and (ii le 2 or ii ge 18 and ii le 24)) or 
(month eq 12  and (ii ge 13 and ii le 18)) )) or $ 
        (station eq 9 and ((month eq 9  and (ii ge 10 and ii le 15 or ii 
ge 24 and ii le 26 )))) or $ 
        (station eq 10 and ((month eq 9  and (ii ge 23 and ii le 25)) or 
(month eq 10  and (ii ge 28 and ii le 30)) or $ 
                (month eq 11  and (ii ge 11 and ii le 18)) or (month eq 
12  and (ii ge 11 and ii le 13 or ii ge 29)) )) or $ 
         (station eq 11 and ((month eq 8 and (ii ge 8 and ii le 12 or ii 
ge 20 and ii le 22 or ii ge 24 and ii le 27)) or $ 
            (month eq 9  and (ii ge 13 and ii le 15)) or (month eq 10  
and (ii ge 23 and ii le 25)))) or $  
         (station eq 12 and ((month eq 9  and (ii ge 10 and ii le 12 or 
ii ge 14 and ii le 16)) )) or $  
         (station eq 14 and ((month eq 8 and (ii le 14 or ii ge 24 and ii 
le 29)) or (month eq 12  and (ii ge 23)) ))  or $ 
         (station eq 15 and ((month eq 8 and ( ii ge 2 and ii le 6 or ii 
ge 11 and ii le 13 or ii ge 18 and ii le 20)) or $ 
         (month eq 10  and (ii ge 25)) or (month eq 11  and (ii eq 1)) or 
(month eq 12  and (ii ge 31)) )) or $ 
         (station eq 16 and (month eq 8 or month eq 9 or month eq 10 or 
month eq 11 or month eq 12 ) ) ))  then begin  
         print, 'no data this day ', names_stations[station], '      date 
=> Year =', ref_year, ' month =',  ref_month , ' day= ', ref_day  
        ref_day   = ii 
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        ref_year  = year 
        ref_month_label=string(ref_month, format='(I02)') 
        ref_year_label=string(ref_year, format='(I04)') 
 
  ; Prepare directories to store results: 
results_files= 
main_directory+'Results/FLR/'+station_ids[station]+'/'+ref_year_label+'/'
+ref_month_label+'/' 
   ;help, results_files 
     picture_directory    = main_directory 
+'Plots/'+station_ids[station]+'/' 
     dummy=Label_Date(Date_format='%N %M %H:%I') 
      ; ===================== ==================  
     ; ===================== Define output files  
      ;temp_file1: crosspower AND crossphase condition                    
     temp_file1= string(results_files, 
station_ids[station],'_FLR_',ref_day,'_', $ 
                   ref_month,'_',ref_year, '_IFLR07.txt', $ 
                     format='(A61, A3, A5, I02,  A1, I02, A1, I4, A11)') 
                     ;print, temp_file1               
                get_lun, s 
                   openw, s, temp_file1 ;both conditions 
                    printf, s, 0. 
           goto, end_days 
      endif  else begin 
       
      codebegin: 
  ref_hour  = 0 
  ref_hour1 = 23 
  ref_month_label=string(ref_month, format='(I02)') 
  ref_year_label=string(ref_year, format='(I04)') 
 
   print, 'working on  station ', station, '  ', names_stations[station], 
'  date => Year =', ref_year, ' month =',  ref_month , ' day= ', ref_day  
 
 ; Prepare directories to store results: 
results_files= main_directory 
+'Results/FLR/'+station_ids[station]+'/'+ref_year_label+'/'+ref_month_lab
el+'/' 
picture_directory    = main_directory +'Plots/'+station_ids[station]+'/' 
 ; dummy=Label_Date(Date_format='%N %M %H:%I') 
  ;temp_file1: crosspower AND crossphase condition                    
  temp_file1= string(results_files, 
station_ids[station],'_FLR_',ref_day,'_', $ 
                   ref_month,'_',ref_year, '_IFLR07.txt', $ 
                     format='(A61, A3, A5, I02,  A1, I02, A1, I4, A11)')     
 
                     ;print, temp_file1    
                   
;create an index for events 
event_index=0 
b=0 
j=0 
w=0 
                get_lun, s 
                   openw, s, temp_file1 ;both conditions 
printf, s, ' ' 
lb   =    0 ; lower beam 
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hb   =   15 ; Higher beam 
lg   =    0 ; lower gate 
hg   =   60 ; higher gate 
nb   = hb - lb+1 
ng   = hg - lg+1 
beam_names= STRARR(nb) ;create an array that holds names for all beams 
gate_names= STRARR(ng) ;create an array that holds names for all beams 
for i=0, nb-1 do begin 
  beam_names[i]=string(i+lb , format='(I2)') 
endfor 
 
for i=0, ng-1 do begin 
  gate_names[i]=string(i+lg , format='(I2)') 
endfor 
 
date=julday(ref_month, ref_day, ref_year, 00, 00, 00) 
   input=crosspowerphase03(station, date, cpow_ephe, cpow, cpha, vcpha, 
time_array, data, bmnum) 
   ; => ephe is a matrix that returns ephemerides, including time and 
beam, as a function of record number (i) 
   ; => cpw1 is a 3D matrix that returns crosspower, frequency and time. 
   ;  All above is a funtion of beam range and gate range 
         data_file =  
string('/local/home/mazzino/IDL/00_SuperDARN/Data/', ref_year, '/', 
ref_month,'/',$ 
                 ref_year, ref_month, ref_day, '00', st_id[station], 
'C.fit', $ 
                format='(A42, I04,  A1, I02, A1, I04, I02, I02, A2, A1, 
A5)') 
length=LON64ARR(24) 
  if N_elements(cpow_ephe) le 1 then length[*]=0 else begin 
   if (n_elements(cpow_ephe[*,1]) eq 0 or n_elements(cpow_ephe[*,1]) eq 
1) then length[*]=0 else begin 
       for i=0, 23 do begin 
        hourly0=Julday(ref_month, ref_day, ref_year, i, 00, 00) 
         hourly1=Julday(ref_month, ref_day, ref_year, i+1, 00, 00) 
           dummy=where(cpow_ephe[*,1] ge hourly0 and cpow_ephe[*,1] lt 
hourly1, lengthy) 
             if lengthy eq 0 then length[i]=0 else begin 
                  dummy2=where(Finite(cpow[dummy, *,*]) ne 0, 
count_length) 
                  dummy3=Where(Finite(vcpha[dummy, *,*]) ne 0, 
count_length1) 
                  ;print, count_length, count_length1 
                  length[i]= count_length 
             endelse 
       endfor 
     endelse 
   endelse 
 
j=0 
;print number of events measured by Superdarn for the day 
 printf, s, length 
if n_elements(cpow_ephe) gt 1 then begin ;{ 
beam = reform(cpow_ephe[*,0]) 
time = reform(cpow_ephe[*,1]) 
;create the frequency array 
        deltat=60 
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        freqarr = dindgen(30) 
        deltaf = 1./(60.*deltat) 
        freqarr=freqarr*deltaf 
        ;print, freqarr    
  ;create matrix to hold partial results and data of interest       
Meancpow1    =fltarr(nb, ng, 19) 
Meancpha     =fltarr(nb, ng, 19) 
Meanvcpha    =fltarr(nb, ng, 19) 
Variancecpow =fltarr(nb, ng, 19) 
Variancecpha =fltarr(nb, ng, 19) 
Variancevcpha=fltarr(nb, ng, 19) 
Meancpow1[*, *, *]=  !VALUES.F_NAN  
Meancpha[*, *, *]=   !VALUES.F_NAN  
Meanvcpha[*, *, *]=  !VALUES.F_NAN  
Variancecpow[*, *, *] =!VALUES.F_NAN 
Variancecpha[*, *, *]=!VALUES.F_NAN 
Variancevcpha[*, *, *]=!VALUES.F_NAN 
 
;number of events can't be more than number of data points. Later on, 
when events are identified, data_interest will be reformed and printed in 
an output file with the data. 
  for w = 2, 18 do begin   ; begin loop in frequency 
    for j = 0, ng-1 do begin ;begin loop in gate 
     for b = lb, hb-4 do begin ;begin loop in beam 
       beam_index= where(beam eq b, bindex) ;select index for data in the 
same beam 
        if bindex le 1 then goto, nextbeam1 
                    ; ------------- calculate mean crosspower ---------- 
result=0 
result1=0 
result2=0 
 
         ; -------------- calculate crosspower ---------- 
              result=Moment(cpow[beam_index, j, w], /NaN) 
               Meancpow1[b-lb, j, w]=result[0] 
                 Variancecpow[b-lb, j, w]= result[1] 
         ;         help, Mean_cpow,Variancecpow 
 
             ; -------------- calculate crossphase ---------- 
                ;Meancpha[b-lb, j, w]=Mean(cpha[beam_index, j, w], /NaN) 
                result1=Moment(cpha[beam_index, j, w], /NaN) 
                 Variancecpha[b-lb, j, w]= result1[1] 
                 Meancpha[b-lb, j, w]=result1[0] 
         ;         help, Mean_cpha,Variancecpha 
                 ;Meanvcpha[b-lb, j, w]=Mean(alog10(vcpha[beam_index, j, 
w]), /NaN) 
         ; -------------- calculate variance in crossphase ---------- 
                result2=Moment(alog10(vcpha[beam_index, j, w]), /NaN) 
                 Variancevcpha[b-lb, j, w]= result2[1] 
                Meanvcpha[b-lb, j, w]=result2[0] 
 
;                 print,'mean variance in crossphase',  mean_vcpha 
;                 print, 'variance in crossphase', Variancevcpha 
;                 print, 'threshold', Mean_vcpha-2*(Variancevcpha)^0.5 
;======================================================================== 
;======================================================================== 
                nextbeam1: 
            endfor ; end loop in beam 
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        endfor ;end loop in gate   
    endfor ;end loop in frequency              
     
 for w = 2, 18 do begin   ; begin loop in frequency 
    for j = 2, ng-3 do begin ;begin loop in gate 
     for b = lb, hb-4 do begin ;begin loop in beam 
              beam_index= where(beam eq b, bindex) ;select index for data 
in the same beam 
              if bindex le 1 or finite(meancpow1[b-lb, j, w]) eq 0 or 
finite(Meancpha[b, j, w]) eq 0 $ 
                     or  finite(Meanvcpha[b, j, w]) eq 0 then goto, 
nextbeam 
     
 ;   =============== determine data of interest ======== 
      for k=j-1, j+1 do begin 
         if (meancpow1[b-lb, k, w] eq 0 or Meancpha[b-lb, k, w] eq 0 $ 
         or Meanvcpha[b-lb, k, w] eq 0) then begin 
;print, 'no data of interest beam', beam[beam_index[0]], ' going to next 
beam ' 
                   goto, nextbeam 
                 endif   
             endfor 
                   ;============================= 
                    ;find events with different criteria   
                    vcphase    
=dblarr(N_elements(alog10(vcpha[beam_index, j, w])), 5) 
    crossvalue =dblarr(N_elements(cpow[beam_index, j, w]), 5) 
    cphase     =dblarr(N_elements(cpow[beam_index, j, w]), 5) 
             ;help, vcphase 
                    for k=0, 4 do begin 
                   vcphase[*, k]    = alog10(vcpha[beam_index,j-2+k , w]) 
                       crossvalue[*, k] = cpow[beam_index, j-2+k, w] 
                        cphase[*, k]     = cpha[beam_index, j-2+k, w] 
                    endfor              
                    timevalue = time[beam_index] 
                    frequencies= (round(freqarr[w]*100000.)*0.01) 
                     gates = j+lg 
                     l=0L 
                    maxcrossvalue=dblarr(bindex-1) 
                    crossphase_value=dblarr(bindex-1) 
                    time_value=dblarr(bindex-1) 
                    ;help, Meanvcpha[b-lb, j, w] 
                     ;help, Variancevcpha[b-lb, j, w] 
                      for h=0L, n_elements(crossvalue[*, 2])-1 do begin 
                         if $ 
;(vcphase[h, 0] le abs(Meanvcpha[b-lb, j-2, w]-2*(Variancevcpha[b-lb, j-
2, w]^0.5))) and $ 
(vcphase[h, 1] le abs(Meanvcpha[b-lb, j-1, w]-2*(Variancevcpha[b-lb, j-1, 
w]^0.5))) and $ 
(vcphase[h, 2] le abs(Meanvcpha[b-lb, j, w]-2*(Variancevcpha[b-lb, j, 
w]^0.5))) and $ 
(vcphase[h, 3] le abs(Meanvcpha[b-lb, j+1, w]-2*(Variancevcpha[b-lb, j+1, 
w]^0.5))) and $ 
 (abs(crossvalue[h, 1]-Meancpow1[b-lb, j-1, w]) ge 2*(variancecpow[b-lb, 
j-1, w]^0.5)) and $ 
 (abs(crossvalue[h, 2]-Meancpow1[b-lb, j, w]) ge 2*(variancecpow[b-lb, j, 
w]^0.5)) and $ 
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(abs(crossvalue[h, 3]-Meancpow1[b-lb, j+1, w]) ge 2*(variancecpow[b-lb, 
j+1, w]^0.5)) and $ 
           (crossvalue[h, 1] gt Meancpow1[b-lb, j-1, w]) and $ 
                 (crossvalue[h, 2] gt Meancpow1[b-lb, j, w])  and $ 
                 (crossvalue[h, 3] gt Meancpow1[b-lb, j+1, w]) $  
                       then begin   ;and $                                        
                                                      
         caldat, timevalue[h], Month , Day , Year , Hour , Minute 
                           crossvalue_data=crossvalue[h,2] 
                           vcphase_data= vcphase[h,2] 
                           Meancpow1_data=Meancpow1[b-lb, j, w] 
                  cross_dif_data=(crossvalue[h,2]-Meancpow1[b-lb, j, w]) 
                         variance_data=02*(variancecpow[b-lb, j, w]^0.5) 
                        abs_meanvariance_data=abs(Meanvcpha[b-lb, j, w]) 
   abs_meanvariancediff_data= abs(Meanvcpha[b-lb, j, w]-
2*(Variancevcpha[b-lb, j, w]^0.5)) 
                   
 printf, s, Month , Day , Year , Hour , Minute, timevalue[h], b, gates, 
frequencies, crossvalue_data, vcphase_data, Meancpow1_data,$ 
 cross_dif_data, variance_data, abs_meanvariance_data, 
abs_meanvariancediff_data, $ 
  format='(I02, I4, I6, I4, I4, f14.5, I3, I3, f6.2, e12.5, f7.2 , e12.5, 
e12.5, e12.5, f6.2, f7.2)'  
                            
       print, '===================    @@@@@@@@@@@@@@    ==============='   
     print, '================  FLR Candidate found on:  ==============='    
    print, '===================    @@@@@@@@@@@@@@    ==============='   
print, Month , Day , Year , Hour , Minute, timevalue[h], $ 
  b, gates, frequencies, crossvalue[h,2], vcphase[h,2], Meancpow1[b-lb, 
j, w], $ 
 abs(crossvalue[h,2]-Meancpow1[b-lb, j, w]),$ 
      2*(variancecpow[b-lb, j, w]^0.5), abs(Meanvcpha[b-lb, j, w]), $ 
        abs(Meanvcpha[b-lb, j, w]-2*(Variancevcpha[b-lb, j, w]^0.5)), $ 
   format='(I02, I4, I6, I4, I4, f14.5, I3, I3, f6.2, e12.5, f5.2 , 
e12.5, e12.5, e12.5, f6.2, f20.2)'  
 print, '===================    @@@@@@@@@@@@@@    ==============='   
                          endif  
                      endfor                  
                  cphase=0 
                  timevalue=0 
                  crossvalue =0 
                endcrops2: 
              ;  endif 
                  nextbeam: 
            endfor ; end loop in beam 
        endfor ;end loop in gate   
    endfor ;end loop in frequency 
    j=0 
    w = 0 
     b = 0 
     h=0 
 
 ;free memory 
data_interest=0 
cpow=0 
cpow_ephe=0 
cpha=0 
vcpha=0 
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Meancpow1=0 
Meancpha=0 
Meanvcpha=0 
Min_subscript=0 
maxcrossvalue=0 
maxcrossvalues=0 
timevalue=0 
crossphase_values=0 
crossphase_value=0 
timevalues=0 
windownumber=0 
 endif 
 end_days: 
close, s 
 free_lun, s  
 g=0 
 u=0 
 s=0 
 
    endelse 
  endif 
 endfor 
  
 print, '====================== end of code =======================' 
end 
 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 
 
; crosspowerphase03.pro 
; ============== 
; Author: Laura Mazzino (July 2010, University of Alberta) 
; Last modification: November 11, 2011 
; For more details on the original procedure, see readfitacf01 
; This program loads data from SuperDARN files and calculates and returns 
crosspower 
; Same as crosspowerphase, but runs for any station, any date. 
@/local/home/mazzino/IDL/readfitacf09.pro 
function crosspowerphase03, station, date, cpow_ephe, cpow, 
cpha, vcpha, time_array, data, bmnum 
 
     
     
;---------  load SuperDarn Stations ---------  
names_stations =['_', 'Goose Bay', 'Schefferville', 'Kapuskasing', 
'Halley', 'Saskatoon', 'Prince George', $ 
'Kodiak','Stokkseyri', 'Pykkvibaer', 'Hankasalmi', 'Sanae', 'Syowa 
South',$ 
               'Syowa East', 'Tiger',  $ 
     'Kerguelen', 'King Salomon']     
station_ids = ['_','gbr', 'sch', 'kap', 'hal', 'sas', 'pgr', 'kod', 
'sto', 'pyk', 'han', 'san', 'sys', $ 
                'sye', 'tig', 'ker', 'ksr'] 
     ; --------- set  name of input file and load data -------------  
 st_id = ['_','g', 's', 'k', 'h', 't', 'b', 'a', 'w', 'e','f',  'd', 'j', 
'n', 'r', 'p', 'c']                
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;---------  load directories ---------  
      main_directory    ='/local/home/mazzino/IDL/00_SuperDARN/' 
      data_files        = main_directory + '/Data/' 
      results_files     = main_directory + 'Results/' 
      picture_directory  = main_directory 
+'Plots/'+station_ids[station]+'/' 
       
caldat, date,  ref_month, ref_day, ref_year 
;print, date,  ref_month, ref_day, ref_year 
 
    ;read data from raw files 
     print, 'Reading data from station: ',format='( A39)' 
     print, names_stations[station], ' on ', ref_day , '/', ref_month, 
'/',ref_year ,format='( A15, A6, I02, A1,I02, A1, I04)' 
 
 
 if ref_day eq 1 then begin  ;account for previous month 
   if ref_month eq 1 then begin ; account for January when previous month 
is Dec previous year 
    ref_year1  = ref_year-1 
    ref_month1 = 12 
    ref_day1   = 31 
    ;print, 'here1' 
   endif else begin 
   if ref_month eq 3 then begin ;account for March, when previous month 
is February 
     ref_day1 = 28 
     ref_year1= ref_year 
     ref_month1= ref_month-1 
     if ref_month eq 3 and ref_year eq 1996 then ref_day1 = 29 
     ;print, 'here2' 
   endif 
    if (ref_month eq 5 or ref_month eq 7 or ref_month eq 10 or $ 
     ref_month eq 12)  then begin ;account for months which previous 
months have 30 days 
     ref_day1 = 30 
     ref_year1= ref_year 
     ref_month1= ref_month-1 
     ;print, 'here3' 
   endif  
   if (ref_month eq 2 or ref_month eq 4 or ref_month eq 6 or ref_month eq 
8 or $ 
     ref_month eq 9 or ref_month eq 11 )  then begin ;account for months 
which previous months have 31 days 
     ref_day1 = 31 
     ref_year1= ref_year 
     ref_month1= ref_month-1  
     ;print, 'here4' 
   endif  
   endelse 
  data_file =  string('/local/home/mazzino/IDL/00_SuperDARN/Data/', 
ref_year1, '/', ref_month1,'/',$ 
        ref_year1, ref_month1, ref_day1, '00', st_id[station], 'C.fit', $ 
         format='(A42, I04, A1, I02, A1, I04, I02, I02, A2, A1, A5)') 
 endif else begin            
   data_file =  string('/local/home/mazzino/IDL/00_SuperDARN/Data/', 
ref_year, '/', ref_month,'/',$ 
        ref_year, ref_month, ref_day-1, '00', st_id[station], 'C.fit', $ 
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            format='(A42, I04, A1, I02, A1, I04, I02, I02, A2, A1, A5)') 
endelse 
   dummy=readfitacf09(data_file, param0,fitdata0) 
 ;  dummy=readfitacf08(data_file, param0,fitdata0) 
   help, param0,fitdata0 
 
  data_file =  string('/local/home/mazzino/IDL/00_SuperDARN/Data/', 
ref_year,  '/', ref_month,'/',$ 
        ref_year, ref_month, ref_day, '00', st_id[station], 'C.fit', $ 
         format='(A42, I04, A1, I02, A1, I04, I02, I02, A2, A1, A5)') 
  ;read file 
   dummy=readfitacf09(data_file, param1,fitdata1) 
   ;help, param1,fitdata1 
; account for end of month 
if ((ref_day eq 28 and ref_month eq 2) or ((ref_month eq 4 or $ 
    ref_month eq 6 or ref_month eq 9 or ref_month eq 11) and  ref_day eq 
30) or (ref_month eq 12 and ref_day eq 31)) then begin 
 if (ref_month eq 2 and ref_day eq 28) or ((ref_month eq 4 or $ 
 ref_month eq 6 or ref_month eq 9 or ref_month eq 11) and ref_day eq 30) 
then begin 
data_file =  string('/local/home/mazzino/IDL/00_SuperDARN/Data/', 
ref_year, '/', ref_month+1,'/',$ 
              ref_year, ref_month+1, 1, '00', st_id[station], 'C.fit', $ 
            format='(A42, I04,  A1, I02, A1, I04, I02, I02, A2, A1, A5)') 
 endif  
  
 if (ref_month eq 12 and ref_day eq 31) then begin ;account for December 
   data_file =  string('/local/home/mazzino/IDL/00_SuperDARN/Data/', 
ref_year+1, '/', 01,'/',$ 
                 ref_year+1, 01, 1, '00', st_id[station], 'C.fit', $ 
        format='(A42, I04,  A1, I02, A1, I04, I02, I02, A2, A1, A5)')  
 endif 
 
 endif else begin 
   data_file =  string('/local/home/mazzino/IDL/00_SuperDARN/Data/', 
ref_year, '/', ref_month,'/',$ 
        ref_year, ref_month, ref_day+1, '00', st_id[station], 'C.fit', $ 
          format='(A42, I04,  A1, I02, A1, I04, I02, I02, A2, A1, A5)') 
if ((ref_month eq 1 or ref_month eq 3 or ref_month eq 5 or ref_month eq  
7 or $ 
 ref_month eq 8 or ref_month eq 10) and ref_day eq 31) then begin 
;account for months that finish in 31 days 
   data_file =  string('/local/home/mazzino/IDL/00_SuperDARN/Data/', 
ref_year, '/', ref_month+1,'/',$ 
         ref_year, ref_month+1, 1, '00', st_id[station], 'C.fit', $ 
           format='(A42, I04,  A1, I02, A1, I04, I02, I02, A2, A1, A5)') 
 endif        
 endelse 
  ;read file 
   dummy=readfitacf09(data_file, param2, fitdata2) 
   ;help, param2,fitdata2 
   help, param0, param1, param2, fitdata0,fitdata1, fitdata2 
 param   =[param0, param1, param2] 
 fitdata =[fitdata0,fitdata1, fitdata2] 
  
 cleaning = where (Finite(param[*, 0]) ne 0 and Finite(param[*, 1]) ne 0 
and Finite(param[*, 2]) ne 0 and Finite(param[*, 3]) ne 0 and 
Finite(param[*, 4]) ne 0 and $ 
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Finite(param[*, 5]) ne 0 and Finite(param[*, 6]) ne 0 and Finite(param[*, 
7]) ne 0 and Finite(param[*, 8]) ne 0, count) 
 
;print, 'size of  data vector out', N_elements(param[cleaning, 8]) 
print, 'number of data points', count 
if count lt 60 then begin 
print, 'not enough points' 
 goto, endcodeend 
endif 
;help, param[cleaning ,* ] 
;help, fitdata[cleaning, *, *] 
if N_elements(cleaning) gt 1 then begin 
param   = reform(param[cleaning, *]) 
fitdata = reform(fitdata[cleaning, *, *]) 
endif  
;print,  param, fitdata 
;help, param , fitdata 
 
  
    ;beam and gate range 
smax =   700 ; spike maximum 
lb   =     0 ; lower beam 
hb   =    15; Higher beam 
lg   =     0 ; lower gate 
hg   =    60 ; higher gate 
 nb     = 0 
 ng     = 0 
 
nb=hb-lb+1 ; number of beams 
ng=hg-lg+1 ; number of gates 
beam_names= STRARR(nb) ;create an array that holds names for all beams 
gate_names= STRARR(ng) ;create an array that holds names for all beams 
for i=0, nb-1 do begin 
  beam_names[i]=string(i+lb , format='(I2)') 
endfor 
 
for i=0, ng-1 do begin 
  gate_names[i]=string(i+lg , format='(I2)') 
  ;print, 'gate name', gate_names[i] 
endfor 
 
  ;Prepare matrix that retrives data from file 
 year  =    param[*, 0] 
 month =    param[*, 1] 
 day   =    param[*, 2] 
 hour  =    param[*, 3] 
 mn    =    param[*, 4] 
 sec   =    param[*, 5] 
 scan  =    param[*, 6] 
 bmnum =    param[*, 7] 
 intt  =    param[*, 8] 
 v     =    reform(fitdata[*, 0, lg:hg]) 
 p     =    reform(fitdata[*, 1, lg:hg]) 
 w     =    reform(fitdata[*, 2, lg:hg]) 
 qflg  =    reform(fitdata[*, 3, lg:hg]) 
 gflg  =    reform(fitdata[*, 4, lg:hg]) 
help, v  
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date_label=string(names_stations[station], ref_year, ref_month, ref_day, 
$ 
 format='(A15, I6, "/" , I02, "/", I02, "   ")')  
print, 'working on ', date_label 
 
;free some memory 
param=0 
fitdata=0 
 
 tsize=N_elements(bmnum) 
 data               = fltarr(tsize, ng) 
 time_array         = dblarr(tsize) 
 ;interpolated_data  = fltarr(tsize, ng) 
 data[*,*]          = -1e10 
  
;print, 'time array  ', tsize 
;help, tsize, nb 
;print, '************************************************' 
 
i=0L 
for i=0L, tsize-1 do begin ;{     
   ;convert time array into Julian Day 
;========================================================================
========================================== 
      time_array[i]=Julday(month[i], day[i],year[i], hour[i], mn[i], 
sec[i]) 
;========================================================================
========================================= 
        for j=0, ng-1 do begin ;{ 
                data[i, j] = float(v[i, j])   
        endfor;} 
     endloop: 
 endfor 
 ;help, v, data 
;Despike data according to input spike max 
 for j=0, ng-1 do begin 
       spike=where(abs(data[*,j]) gt smax or (Finite(v[*, j]) eq 0), 
county)  
        if county gt 0 then begin 
           data[spike, j]=-1e10 
          ; x=x+1 
        endif 
      endfor 
;interpolate (linear) data for gaps 
for b= lb, hb do begin ;start loop in beams 
  index_interp= where (bmnum eq b, beamcount) 
      if beamcount le 0 then begin ;check if there is not data loaded 
         ;print, 'beam', b, 'counts', beamcount 
         ;print, 'no data in beam', b 
         goto, endcrosp0 
      endif 
  for j=0,ng-1 do begin  ;start loop in gate 
  interp_data = reform(data[index_interp, j]) 
  time_ar     = time_array[index_interp] 
    if n_elements(interp_data) ne n_elements(time_array[index_interp]) 
then stop 
    bad=where(interp_data[*] eq -1e10,bcount) 
    if bcount gt 0 then begin 
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    ;if first or last point is bad, set them to zero 
    if bad[0] eq 0 then interp_data[0]=0.0 
     if bad[bcount-1] eq n_elements(interp_data)-1 then $ 
        interp_data[n_elements(interp_data)-1] = 0.0 
      bad=where(interp_data eq -1e10, bcount) 
       while bcount ne 0 do begin 
          prev=bad[0]-1 
           next=bad[0]+1 
            while interp_data[next] eq -1e10 do begin 
              next=next+1 
            endwhile 
          deltay=interp_data[next]-interp_data[prev] 
          deltax=time_array[index_interp[next]]-
time_array[index_interp[prev]]           
time_ar(prev))/deltax   
         interp_data[prev:next]=$ 
            
interp_data[prev]+deltay*(time_array[index_interp[prev:next]]-
time_array[index_interp[prev]])/deltax       
         bad=where(interp_data eq -1e10, bcount) 
       endwhile 
     endif    
      data[index_interp, j] = interp_data  
   endfor 
   endcrosp0: 
 endfor 
 
 
 ;print, 'detrend low frequency noise' 
 ;Detrend data to remove low frequency noise 
 bm=0 
 index_trend=0 
 for bm= lb, hb do begin ;start loop in beams 
   index_trend= where (bmnum eq bm, trendcount) 
    ;print, 'index', beamcount 
    ; print, 'data', data[index, *] 
if trendcount le 0 then goto, endcrosp3 ;check if there is not data 
loaded 
            for j=0, ng-3 do begin  ;start loop in gate 
             interp_data = data[index_trend, j] 
             int_data_ave_noise=fltarr(trendcount) 
             int_data_ave_noise[*]=!VALUES.F_NAN  
              for r=0L, trendcount-1 do begin 
  if r lt 15 or r gt trendcount-16 then 
int_data_ave_noise[r]=interp_data[r] else begin 
                 average=Mean(interp_data[r-15:r+15], /NaN) 
                 int_data_ave_noise[r]=interp_data[r]-average 
        ;         print, interp_data[r], average, int_data_ave_noise[r] 
                endelse 
              endfor   
              data[index_trend, j]= int_data_ave_noise 
    endfor 
     endcrosp3: 
  endfor 
;~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 ;print, '--------------------------------------------------------------- 
 ;print, '                  Calculating Crosspower' 
 ;print, '--------------------------------------------------------------- 



APPENDIX A      AUTOMATED ALGORITHM OR CODE (IDL BASED) 

203 

 

 
 
 cpow      = dblarr(tsize, ng, 30) 
 cpha      = dblarr(tsize, ng, 30) 
 cpow_ephe = dblarr(tsize, 2) 
 cpow[*,*,*]= !VALUES.F_NAN  
cpha[*,*,*]= !VALUES.F_NAN  
cpow_ephe[*,*] =  !VALUES.F_NAN  
;begin windowing in one hour intervals 
t=0L 
        for i = 0, nb-5 do begin ;loop in beam 
           bindex  = 0 
           bindex4 = 0 
              beam_index = Where(bmnum eq i+lb, bindex) 
               beam_index4= Where(bmnum eq i+lb+4, bindex4) 
                if bindex lt 1 or bindex4 lt 1 then goto, endcrossp   
                   time_beam = time_array[beam_index]  
                   time_beam4 = time_array[beam_index4]               
                     for z=0, bindex-1 do begin 
                        difference=abs(bindex-bindex4)                                          
                            if difference gt 0 then begin 
                           ; print, bindex, bindex4  
                            minimumloop=Min(bindex, bindex4) 
                           ; endloop=(minimumloop-difference-31)  
                            endloop=(minimumloop-32)  
                            print, 'end of loop ', endloop 
          if bindex lt 1 or bindex4 lt 1 then goto, endcrossp   
                           endif else endloop=(bindex-32)  
                               
        if (z lt 29 or z ge endloop) then begin                                     
        cpow_ephe[beam_index[z],0]  = i+lb 
          cpow_ephe[beam_index[z],1]  = time_array[beam_index[z]]  
          cpow[beam_index[z], *, *]   = !VALUES.F_NAN 
         cpha[beam_index[z], *, *]   = !VALUES.F_NAN 
                                goto, endloop_bindex                                                 
                            endif else begin              
                            
difference_time=abs(hour[beam_index[z+30]]*3600+ 
mn[beam_index[z+30]]*60.+ sec[beam_index[z+30]] $ 
  - (hour[beam_index[z-29]]*3600+mn[beam_index[z-
29]]*60.+sec[beam_index[z-29]]))                                 
 if (hour[beam_index[z-29]]) eq 23 then $ 
                                  
difference_time=abs((24+hour[beam_index[z+30]])*3600+ 
mn[beam_index[z+30]]*60.+ sec[beam_index[z+30]] $ 
- (hour[beam_index[z-29]]*3600+mn[beam_index[z-29]]*60.+sec[beam_index[z-
29]])) 
   if (difference_time gt 3601 or difference_time lt 2000) then begin                                     
            cpow_ephe[beam_index[z],0]  = i+lb 
            cpow_ephe[beam_index[z],1]  = time_array[beam_index[z]]  
           cpow[beam_index[z], *, *]   = !VALUES.F_NAN 
           cpha[beam_index[z], *, *]   = !VALUES.F_NAN                   
                                goto, endloop_bindex                                                 
                                endif else begin                              
      cpow_ephe[beam_index[z],0]  =  i+lb 
   cpow_ephe[beam_index[z],1]  =  time_array[beam_index[z]]                          
     for j = 0, ng-1 do begin ;begin loop in gate  
        ;   print, 'HERE <=========' 
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       set=Finite(v[beam_index[z-29:z+30], j]) 
        set4=Finite(v[beam_index4[z-29:z+30], j]) 
         good_data=where(set[*] ne 0, count1) 
           good_data4=where(set4[*] ne 0, count2) 
      ;========== Begin editing ============= 
       if count1 eq 0 or count2 eq 0 then begin 
         cpow[beam_index[z], j, *]   = !VALUES.F_NAN 
        cpha[beam_index[z], j, *]   = !VALUES.F_NAN 
          goto,  endcrossp1 
          endif 
 if (n_elements(set[good_data])) le 45 or (n_elements(set4[good_data4])) 
le 45 then begin 
         cpow[beam_index[z], j, *]   = !VALUES.F_NAN 
         cpha[beam_index[z], j, *]   = !VALUES.F_NAN 
            goto,  endcrossp1 
               endif 
;========== End of editing ============= 
    if (n_elements(set[good_data])) le 45 or 
(n_elements(set4[good_data4])) le 45 then begin 
     array_length=60 
     data_ave_4 = fltarr(array_length, 1) 
      data_ave_4[*, 0] = !VALUES.F_NAN 
                                                                         
data_ave_4[*, 0]  =     $                               
Interpol(data[beam_index4[z-29:z+30], j], $ 
time_array[beam_index4[z-29:z+30]] , $ 
      time_array[beam_index[z-29:z+30]]) 
                    
                                      
;======================================================================== 
; ---------  Calculate Crosspower and Crossphase  ------------- 
;======================================================================== 
             y_v = FFT(data(beam_index[z-29:z+30], j-lg), -1) 
             yy_v = FFT(data_ave_4[*], -1) 
     rcrosspec=float( y_v)*float(yy_v)+imaginary( y_v)*imaginary(yy_v) 
     icrosspec=imaginary( y_v)*float(yy_v)-float( y_v)*imaginary(yy_v) 
     crossp=(rcrosspec^2+icrosspec^2)^0.5 
     crossph=(Atan(icrosspec , rcrosspec))*180/!PI  
     cpow[beam_index[z], j, *] = crossp[0:29] 
     cpha[beam_index[z], j, *] = crossph[0:29] 
                              endcrossp1:                          
                                    endfor ; finalizes loop in gate  
                                 t += 1  
                              endelse 
                            endelse 
                  endloop_bindex: 
                endfor      ;finalizes loop on tsize   
              endcrossp:  
            endfor    ; finalizes the loop in beam    
 
;print, 'total records of crosspower/crossphase/variance in crosssphase 
data points', t 
if t eq 0 then begin 
cpow_ephe=fltarr(1,1) 
cpow_ephe[0,0] = 0 
  cpow      = 0 
  cpha      = 0 
  vcpha     = 0 
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  goto, endcode 
endif 
 
vcpha=dblarr(tsize, ng, 30) ; define matrix to hold data dynamic variance 
in cross phase 
vcpha[*, *, *]= !VALUES.F_NAN  
;print, ' ============================' 
;======================================================================== 
; -------  Correct for phase unwrapping in Crossphase at each frequency   
;======================================================================== 
bindex=0 
for beamind = 0, nb-5 do begin ;loop in beam 
       ;  print, 'beam => ', beamind+lb 
          beam_index = Where(cpow_ephe[*,0] eq beamind+lb, bindex)      
           for i=1, bindex-1 do begin 
            for j=0, ng-1 do begin;loop in gate 
              for q=0, 29 do begin ;loop in frequency 
               dif= cpha[beam_index[i], j, q]-cpha[beam_index[i-1], j, q] 
                if Finite(dif) ne 0 then begin 
      if (dif lt -180.) then cpha[beam_index[i:bindex-1], j, 
q]=cpha[beam_index[i:bindex-1], j, q]+360. 
   if (dif gt  180.) then cpha[beam_index[i:bindex-1], j, 
q]=cpha[beam_index[i:bindex-1], j, q]-360. 
                endif  
               endfor 
             endfor 
            endfor 
endfor    ; finalizes the loop in beam   
 
;======================================================================== 
; -------  Calculate dynamice variance in cross phase  ------- 
;========================================================================  
            l=0L 
            bindex1=0 
            increment=30    
                  for beamind = 0, nb-5 do begin ;loop in beam 
                   ;   print, 'beam => ', beamind+lb 
      beam_index1 = Where(cpow_ephe[*,0] eq beamind+lb, bindex1)  
                         if bindex1 eq 0 then goto,  endcrossp8 
       for c=0, bindex1-1 do begin 
         for j=0, ng-1 do begin;loop in gate 
          for q=0, 29 do begin ;loop in frequency 
           if (c le 29 or c gt bindex1-31) then begin ; define end points 
                           vcpha[beam_index1[c], j, q] = !Values.F_NAN 
                                   endif else begin 
                                     
dummy3=where(finite(cpha[beam_index1[c-increment:c+increment], j , q]) ne 
0, condition_count3) 
                         if condition_count3 le 50 then $ 
          vcpha[beam_index1[c], j, q]=!Values.F_NAN else begin                              
                                                 
result=moment(cpha[beam_index1[c-increment:c+increment], j , q], /NaN) 
           vcpha[beam_index1[c], j, q]=result(1) 
          if result(1) le 0 then vcpha[beam_index1[c], j, q]=0.1^35.  
                                               endelse 
                                   endelse 
                                endfor 
                             endfor 
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                         endfor  
                        endcrossp8: 
                   endfor    ; finalizes the loop in beam  
                
 
;print, '================== all data ======================' 
;help, cpow_ephe 
;help, cpow 
;help, vcpha 
;print, '============ here ===========' 
;print, '=============================' 
;print, '================== Remove all data where original NaN data 
======================' 
    for beam=lb, hb-4 do begin 
;    print, '=====================================here============' 
;    print, 'working on beam: ', beam 
        beam_index=where(bmnum eq beam, count) 
          beam_index4=where(bmnum eq beam+4, count4) 
          if count le 0 or count4 le 30 then goto,  nextbeamloop   
        condition=where(Finite(v[beam_index, j]) eq 0  or 
Finite(v[beam_index4, j]) eq 0, condition_counter) 
                         ;   help, condition_counter              
      if condition_counter gt 0 then begin  
     cpha[beam_index[condition], j, *]   =!Values.F_NAN       
     cpow[beam_index[condition], j, *]   =!VALUES.F_NAN  
     vcpha[beam_index[condition], j, *]  =!VALUES.F_NAN    
                       endif           
         if (count gt count4 and count-31 gt endingcount) then begin  
           cpha[beam_index[endingcount:count-31], j, *]   =!Values.F_NAN       
            cpow[beam_index[endingcount:count-31], j, *]   =!VALUES.F_NAN  
            vcpha[beam_index[endingcount:count-31], j, *]  =!VALUES.F_NAN 
                      endif 
           if (count4 gt count and count-31 gt endingcount-32) then begin 
                       ;print,'#############' 
               ;  help, beam_index, endingcount, count-31, j, cpha 
 cpha[beam_index[endingcount-32:count-31], j, *]   =!VALUES.F_NAN        
cpow[beam_index[endingcount-32:count-31], j, *]   =!VALUES.F_NAN  
         vcpha[beam_index[endingcount-32:count-31], j, *]  =!VALUES.F_NAN 
                      endif 
                        for c=30, endingcount-32 do begin                         
condition1=where(Finite(v[beam_index[c-30:c+29], j]) eq 0, 
condition_count1) 
condition2=where(Finite(v[beam_index4[c-30:c+29], j]) eq 0, 
condition_count2) 
                               if condition_count1 gt 15 or 
condition_count2 gt 15  or intt[c] ne 3 then begin $ 
                    cpha[beam_index[c], j, *]   =!Values.F_NAN       
                    cpow[beam_index[c], j, *]   =!VALUES.F_NAN  
                    vcpha[beam_index[c], j, *]  =!VALUES.F_NAN  
                              endif                        
                         endfor 
 
           endfor 
         nextbeamloop:    
    endfor 
     
        
caldat, cpow_ephe[0, 1], month, day, year, hour, min 
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;print, 'beginning', month, day, year, hour, min 
caldat, cpow_ephe[N_elements(cpow_ephe[*,1])-1, 1], month, day, year, 
hour, min 
;print, 'end', month, day, year, hour, min 
   dayshr = Julday(  ref_month, ref_day, ref_year,  0 , 0, 00 ) 
   dayehr = Julday(  ref_month, ref_day, ref_year, 23, 59, 59) 
return_index= where(cpow_ephe[*,1] ge dayshr and cpow_ephe[*,1] le dayehr 
, indi) 
if indi eq 0 then begin 
  cpow_ephe = 0 
  cpow      = 0 
  cpha      = 0 
  vcpha    = 0 
goto, endcode 
endif 
;print, 'selected data' 
;help, cpow_ephe[return_index, *] 
;help, cpow[return_index] 
;help, vcpha[return_index] 
;help, indi 
if indi ne 0 then begin 
  cpw_ephe = dblarr(indi, 2) 
  cpw      = fltarr(indi, ng, 30) 
  cpa      = fltarr(indi, ng, 30) 
  vcpa     = fltarr(indi, ng, 30) 
  cpw_ephe[0:indi-1, *]    = reform(cpow_ephe[return_index[0:indi-1], *]) 
    cpw[0:indi-1, *, *]      = reform(cpow[return_index[0:indi-1], *, *]) 
    cpa[0:indi-1, *, *]      = reform(cpha[return_index[0:indi-1], *, *]) 
   vcpa[0:indi-1, *, *]     = reform(vcpha[return_index[0:indi-1], *, *]) 
 
  cpow_ephe = 0 
  cpow      = 0 
  cpha      = 0 
  vcpha     = 0 
   
  cpow_ephe = dblarr(indi, 2) 
  cpow      = fltarr(indi, ng, 30) 
  cpha      = fltarr(indi, ng, 30) 
  vcpha     = dblarr(indi, ng, 30) 
  cpow_ephe = cpw_ephe 
  cpow      = cpw  
  cpha      = cpa  
  vcpha     = vcpa  
 
;print, 'returning crosspower data' 
endcode: 
;help, cpow_ephe 
;help, cpow 
;help, vcpha 
  ;print, 'velocity vector' 
  ;help, v 
   dayshr = Julday(  ref_month, ref_day, ref_year,  0 , 0, 00 ) 
   dayehr = Julday(  ref_month, ref_day, ref_year, 23, 59, 00) 
   keep= where(time_array ge dayshr and time_array le dayehr, keepers) 
   
 return, cpow_ephe 
 return, cpow 
 return, cpha 
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 return, vcpha 
 return, bmnum[keep] 
 return, time_array[keep] 
 return, data(keep, *) 
endif 
 
 ;free memory 
cpow_ephe = 0 
cpow = 0 
cpha = 0 
vcpha = 0 
vpa=0 
t=0 
  cpw_ephe = 0 
  cpw      = 0 
  cpa      = 0 
  vcpa     = 0 
  data_file = 0 
  bmnum[keep]= 0 
  time_array[keep]= 0 
  data(keep, *)= 0 
  keep=0 
   year  =    0 
 month =     0 
 day   =     0 
 hour  =      0 
 mn    =      0 
 sec   =     0 
 scan  =      0 
 bmnum =      0 
 intt  =      0 
 v     =     0 
 p     =      0 
 w     =      0 
 qflg  =      0 
 gflg  =      0 
  endcodeend: 
end 
 
pro trend,y,n 
 
sumx=0.0 
sumy=0.0 
sumxx=0.0 
sumyy=0.0 
sumxy=0.0 
for i=0,n-1 do begin 
  sumx= sumx+float(i+1) 
  sumy= sumy+y(i) 
  sumxx=sumxx+float(i+1)*float(i+1) 
  sumyy=sumyy+y(i)*y(i) 
  sumxy=sumxy+float(i+1)*y(i) 
endfor 
del=float(n)*sumxx-sumx*sumx 
a=(sumxx*sumy-sumx*sumxy)/del 
b=(float(n)*sumxy-sumx*sumy)/del 
;print, ' ' 
;print,'Best fit trend = ',a,' + ',b,'x' 



APPENDIX A      AUTOMATED ALGORITHM OR CODE (IDL BASED) 

209 

 

 
;...  remove trend 
 
for i=0,n-1 do begin 
   y(i)=y(i)-a-b*float(i+1) 
  endfor 
end 
 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 
; readfitacf09.pro 
; ============== 
; Author of original procedure (readfitacf.pro): R.J.Barnes 
; Modified on:  Laura Mazzino (October 2011, University of Alberta) 
; Last modified by: Laura Mazzino (June 2014, University of Alberta) 
; This program reads  fitacf files, and prints data to file in .txt 
format. Same as readfitacf07,  
; but reads any file from any station for any date. 
; This program is the same than readfitacf08 but also  
; incorporates two other conditions: fit.qflg eq 1 and fit.gflg eq 0 
;@/home/mmazzino/IDL/startup.pro 
function readfitacf09, data_file1, param, fitdata 
 
inp=0 
s=0 
prm=0 
fit=0 
param=0L 
fitdata =0L 
 counter=0L 
param   = fltarr(90000, 9); 24 hours, 60 seconds in a min, 86400 data 
points, rounded to 90000 
     param[*,*]=!VALUES.F_NAN  
     fitdata = fltarr(90000, 5, 61) 
     fitdata[*,*,*]=!VALUES.F_NAN  
      Print, 'opening file' 
       inp=OldFitOpen(data_file1) 
         print, 'reading',  data_file1 
         while OldFitRead(inp, prm, fit) ne -1 do begin ;{ 
; Load data with hour ,minute ,sec ,beam number, scan, beamnumber,  
integration time ,velocity ,power  ,width 
if ((prm.scan[0] eq 1 or prm.scan[0] eq 0) and prm.intt.sc[0] eq 3) then 
begin 
              param[counter, 0] = prm.time.yr[0]  ;year 
              param[counter, 1] = prm.time.mo[0]  ;month 
              param[counter, 2] = prm.time.dy[0]  ;day 
              param[counter, 3] = prm.time.hr[0] 
              param[counter, 4] = prm.time.mt[0] 
              param[counter, 5] = prm.time.sc[0] 
              param[counter, 6] = prm.scan[0] 
              param[counter, 7] = prm.bmnum[0] 
              param[counter, 8] = prm.intt.sc[0] 
 
                for i=0,60 do begin 
;Remove ground scatter:  Ponomarenko 2007, Section 4.1 and calculate the 
average Doppler velocity and (fit.gflg[i] eq 0) 
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                     Vmax=30 
                     Wmax=90   
 if ((fit.qflg[i] eq 1) ) and (abs(fit.v[i]) - Vmax * (1 - 
abs(fit.w_l[i]/Wmax)) gt 0.0) then begin ;{ 
                                fitdata[counter, 0, i] = fit.v[i] 
                                fitdata[counter, 1, i] = fit.p_l[i] 
                                fitdata[counter, 2, i] = fit.w_l[i] 
                                fitdata[counter, 3, i] = fit.qflg[i] 
                                fitdata[counter, 4, i] = fit.gflg[i] 
                      endif 
               endfor  
 
               counter += 1 
        endif 
        endwhile    ; 
s=OldFitClose(inp) 
 inp=0 
 s=0 
;remove unfilled lines: 
cleaning = where(Finite(param[*, 0]) ne 0 and Finite(param[*, 1]) ne 0 
and Finite(param[*, 2]) ne 0 and Finite(param[*, 3]) ne 0 and 
Finite(param[*, 4]) ne 0 and $ 
Finite(param[*, 5]) ne 0 and Finite(param[*, 6]) ne 0 and Finite(param[*, 
7]) ne 0 and Finite(param[*, 8]) ne 0, count) 
print, 'size of  data vector out', N_elements(param[cleaning, 8]) 
if N_elements(cleaning) gt 1 then begin 
param   = reform(param[cleaning, *]) 
fitdata = reform(fitdata[cleaning, *, *]) 
endif else begin 
param   = param[cleaning, *] 
fitdata = fitdata[cleaning, *, *] 
endelse 
 
return, param 
return, fitdata 
;print, param[*, 8] 
;free some memory 
counter=0 
fitdata = 0 
data_file1=0 
param=0 
 
s=0 
u=0 
end 
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Appendix B 

Maximum correlation coefficients of the time 
series corresponding to solar wind and 

SuperDARN 
   
# Internal ID number for Event 
ST Station Number 
M Month 
D Day 
H Hour 
MI MInute 
Freq Frequency 

P Solar     Parameter ID 
Delay A   Time difference between max. for Lag A 
CC A        Correlation Coefficient for Lag A 
CDT         Calculated Delay time 
Delay B   Time difference between max. for Lag B 
CC B         Correlation Coefficient for Lag B 
 

   
#     ST    M     D   Year        H   Mi    Freq      P    Delay A  CC A        CDT   Delay B  CC B 
1  7  1  3 2003  8 14 0.83  0  -61  0.23   53  -61  0.23 
1  7  1  3 2003  8 14 0.83  1  -46  0.51   53  -68  0.39 
1  7  1  3 2003  8 14 0.83  2  -61  0.35   53  -61  0.35 
1  7  1  3 2003  8 14 0.83  3  -71  0.34   53  -71  0.34 
1  7  1  3 2003  8 14 0.83  4  -73  0.22   53  -73  0.22 
1  7  1  3 2003  8 14 0.83  5  -74  0.40   53  -74  0.40 
1  7  1  3 2003  8 14 0.83  6  -74  0.34   53  -74  0.34 
1  7  1  3 2003  8 14 0.83  7  -46  0.29   53  -83  0.09 
1  7  1  3 2003  8 14 0.83  8  -61  0.39   53  -61  0.39 
1  7  1  3 2003  8 14 0.83  9  -61  0.18   53  -83  0.21 
2  7  1  3 2003 12 23 0.56  0  -65  0.22   48  -65  0.22 
2  7  1  3 2003 12 23 0.56  1  -52  0.30   48  -52  0.30 
2  7  1  3 2003 12 23 0.56  2  -37  0.25   48  -68  0.12 
2  7  1  3 2003 12 23 0.56  3  -74  0.25   48  -74  0.25 
2  7  1  3 2003 12 23 0.56  4  -66  0.27   48  -66  0.27 
2  7  1  3 2003 12 23 0.56  5  -37  0.47   48  -61  0.22 
2  7  1  3 2003 12 23 0.56  6  -50  0.19   48  -50  0.19 
2  7  1  3 2003 12 23 0.56  7  -50  0.27   48  -50  0.27 
2  7  1  3 2003 12 23 0.56  8  -45  0.29   48  -64  0.25 
2  7  1  3 2003 12 23 0.56  9  -65  0.27   48  -65  0.27 
3  7  1  3 2003 12 35 0.83  0  -45  0.22   48  -65  0.19 
3  7  1  3 2003 12 35 0.83  1  -49  0.36   48  -49  0.36 
3  7  1  3 2003 12 35 0.83  2  -68  0.29   48  -68  0.29 
3  7  1  3 2003 12 35 0.83  3  -77  0.30   48  -77  0.30 
3  7  1  3 2003 12 35 0.83  4  -67  0.33   48  -67  0.33 
3  7  1  3 2003 12 35 0.83  5  -61  0.42   48  -61  0.42 
3  7  1  3 2003 12 35 0.83  6  -50  0.25   48  -50  0.25 
3  7  1  3 2003 12 35 0.83  7  -50  0.32   48  -50  0.32 
3  7  1  3 2003 12 35 0.83  8  -45  0.27   48  -50  0.26 
3  7  1  3 2003 12 35 0.83  9  -45  0.23   48  -48  0.19 
4  7  1  3 2003 16 41 4.17  0  -58  0.22   46  -58  0.22 
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#     ST    M     D   Year        H   Mi    Freq      P    Delay A  CC A        CDT   Delay B  CC B 
4  7  1  3 2003 16 41 4.17  1  -70  0.48   46  -70  0.48 
4  7  1  3 2003 16 41 4.17  2  -63  0.32   46  -63  0.32 
4  7  1  3 2003 16 41 4.17  3  -63  0.45   46  -63  0.45 
4  7  1  3 2003 16 41 4.17  4  -52  0.38   46  -52  0.38 
4  7  1  3 2003 16 41 4.17  5  -31  0.31   46  -67  0.24 
4  7  1  3 2003 16 41 4.17  6  -30  0.33   46  -46  0.18 
4  7  1  3 2003 16 41 4.17  7  -63  0.39   46  -63  0.39 
4  7  1  3 2003 16 41 4.17  8  -42  0.25   46  -47  0.19 
4  7  1  3 2003 16 41 4.17  9  -58  0.29   46  -58  0.29 
5  7  1  3 2003 19  2 2.50  0  -34  0.39   46  -48  0.33 
5  7  1  3 2003 19  2 2.50  1  -61  0.29   46  -61  0.29 
5  7  1  3 2003 19  2 2.50  2  -51  0.44   46  -51  0.44 
5  7  1  3 2003 19  2 2.50  3  -51  0.32   46  -51  0.32 
5  7  1  3 2003 19  2 2.50  4  -60  0.32   46  -60  0.32 
5  7  1  3 2003 19  2 2.50  5  -49  0.36   46  -49  0.36 
5  7  1  3 2003 19  2 2.50  6  -52  0.45   46  -52  0.45 
5  7  1  3 2003 19  2 2.50  7  -52  0.34   46  -52  0.34 
5  7  1  3 2003 19  2 2.50  8  -49  0.32   46  -49  0.32 
5  7  1  3 2003 19  2 2.50  9  -34  0.31   46  -48  0.30 
6  7  1  3 2003 19 47 3.61  0  -61  0.28   46  -61  0.28 
6  7  1  3 2003 19 47 3.61  1  -46  0.28   46  -46  0.28 
6  7  1  3 2003 19 47 3.61  2  -52  0.23   46  -52  0.23 
6  7  1  3 2003 19 47 3.61  3  -33  0.33   46  -52  0.18 
6  7  1  3 2003 19 47 3.61  4  -80  0.26   46  -60  0.24 
6  7  1  3 2003 19 47 3.61  5  -31  0.27   46  -46  0.09 
6  7  1  3 2003 19 47 3.61  6  -52  0.44   46  -52  0.44 
6  7  1  3 2003 19 47 3.61  7  -80  0.25   46  -52  0.21 
6  7  1  3 2003 19 47 3.61  8  -61  0.26   46  -61  0.26 
6  7  1  3 2003 19 47 3.61  9  -46  0.27   46  -46  0.27 
7  7  1  3 2003 19 49 3.89  0  -65  0.25   46  -65  0.25 
7  7  1  3 2003 19 49 3.89  1  -47  0.38   46  -47  0.38 
7  7  1  3 2003 19 49 3.89  2  -53  0.34   46  -53  0.34 
7  7  1  3 2003 19 49 3.89  3  -53  0.29   46  -53  0.29 
7  7  1  3 2003 19 49 3.89  4  -46  0.41   46  -46  0.41 
7  7  1  3 2003 19 49 3.89  5  -31  0.37   46  -48  0.13 
7  7  1  3 2003 19 49 3.89  6  -53  0.44   46  -53  0.44 
7  7  1  3 2003 19 49 3.89  7  -55  0.36   46  -55  0.36 
7  7  1  3 2003 19 49 3.89  8  -46  0.32   46  -46  0.32 
7  7  1  3 2003 19 49 3.89  9  -47  0.30   46  -47  0.30 
8  7  1  3 2003 19 49 4.44  0  -69  0.28   46  -69  0.28 
8  7  1  3 2003 19 49 4.44  1  -47  0.36   46  -47  0.36 
8  7  1  3 2003 19 49 4.44  2  -53  0.34   46  -53  0.34 
8  7  1  3 2003 19 49 4.44  3  -33  0.29   46  -53  0.23 
8  7  1  3 2003 19 49 4.44  4  -46  0.29   46  -46  0.29 
8  7  1  3 2003 19 49 4.44  5  -31  0.32   46  -48  0.16 
8  7  1  3 2003 19 49 4.44  6  -53  0.44   46  -53  0.44 
8  7  1  3 2003 19 49 4.44  7  -80  0.27   46  -55  0.20 
8  7  1  3 2003 19 49 4.44  8  -38  0.28   46  -61  0.24 
8  7  1  3 2003 19 49 4.44  9  -46  0.33   46  -46  0.33 
9 10  1  7 2003 20 54 0.56  1  -61  0.46   72  -84  0.16 
9 10  1  7 2003 20 54 0.56  2  -71  0.46   72  -72  0.44 
9 10  1  7 2003 20 54 0.56  3  -61  0.32   72  -99  0.27 
9 10  1  7 2003 20 54 0.56  4  -61  0.42   72  -92  0.09 
9 10  1  7 2003 20 54 0.56  5  -76  0.35   72  -76  0.35 
9 10  1  7 2003 20 54 0.56  6  -68  0.30   72  -73  0.19 
9 10  1  7 2003 20 54 0.56  7  -34  0.27   72  -90  0.07 
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#     ST    M     D   Year        H   Mi    Freq      P    Delay A  CC A        CDT   Delay B  CC B 
 9 10  1  7 2003 20 54 0.56  8  -40  0.34   72  -97  0.21 
10 10  1  7 2003 20 38 0.83  1  -55  0.51   72  -73  0.26 
10 10  1  7 2003 20 38 0.83  2  -64  0.50   72  -87  0.17 
10 10  1  7 2003 20 38 0.83  3  -75  0.41   72  -75  0.41 
10 10  1  7 2003 20 38 0.83  4  -55  0.44   72  -72  0.25 
10 10  1  7 2003 20 38 0.83  5  -64  0.48   72  -97  0.14 
10 10  1  7 2003 20 38 0.83  6  -55  0.18   72  -89  0.15 
10 10  1  7 2003 20 38 0.83  7  -38  0.18   72  -75  0.10 
10 10  1  7 2003 20 38 0.83  8  -32  0.43   72 -102  0.19 
11 10  1  7 2003 20 54 3.06  1  -34  0.36   72 -100  0.28 
11 10  1  7 2003 20 54 3.06  2  -66  0.42   72  -88  0.42 
11 10  1  7 2003 20 54 3.06  3  -77  0.33   72  -77  0.33 
11 10  1  7 2003 20 54 3.06  4  -77  0.22   72  -77  0.22 
11 10  1  7 2003 20 54 3.06  5  -64  0.33   72  -94  0.42 
11 10  1  7 2003 20 54 3.06  6  -50  0.31   72  -83  0.27 
11 10  1  7 2003 20 54 3.06  7  -31  0.19   72  -78  0.05 
11 10  1  7 2003 20 54 3.06  8  -62  0.41   72  -77  0.36 
12 10  1  7 2003 20 59 3.61  1  -79  0.35   72  -84  0.43 
12 10  1  7 2003 20 59 3.61  2  -66  0.24   72  -94  0.24 
12 10  1  7 2003 20 59 3.61  3  -78  0.37   72  -83  0.40 
12 10  1  7 2003 20 59 3.61  4  -78  0.24   72  -86  0.35 
12 10  1  7 2003 20 59 3.61  5  -66  0.33   72  -94  0.39 
12 10  1  7 2003 20 59 3.61  6  -50  0.33   72  -94  0.07 
12 10  1  7 2003 20 59 3.61  7  -80  0.28   72  -81  0.29 
12 10  1  7 2003 20 59 3.61  8  -39  0.23   72  -88  0.24 
13  9  1  7 2003 21 24 1.94  1  -50  0.29   75  -75  0.27 
13  9  1  7 2003 21 24 1.94  2  -68  0.17   75  -81  0.23 
13  9  1  7 2003 21 24 1.94  3  -54  0.28   75  -96 -0.01 
13  9  1  7 2003 21 24 1.94  4  -76  0.35   75  -76  0.35 
13  9  1  7 2003 21 24 1.94  5  -68  0.06   75  -86  0.24 
13  9  1  7 2003 21 24 1.94  6  -60  0.05   75  -76  0.02 
13  9  1  7 2003 21 24 1.94  7  -38  0.24   75  -76  0.23 
13  9  1  7 2003 21 24 1.94  8  -39  0.27   75 -100  0.16 
14  8  1  7 2003 23  7 1.11  1  -69  0.20   73  -94  0.15 
14  8  1  7 2003 23  7 1.11  2  -38  0.22   73 -103  0.19 
14  8  1  7 2003 23  7 1.11  3  -54  0.29   73  -74  0.09 
14  8  1  7 2003 23  7 1.11  4  -42  0.30   73 -101  0.26 
14  8  1  7 2003 23  7 1.11  5  -72  0.15   73  -73  0.13 
14  8  1  7 2003 23  7 1.11  6  -69  0.56   73  -73  0.21 
14  8  1  7 2003 23  7 1.11  7  -37  0.37   73 -103  0.11 
14  8  1  7 2003 23  7 1.11  8  -36  0.35   73  -98  0.14 
18 10  1 16 2003 20 59 1.67  1  -50  0.41   75 -101  0.29 
18 10  1 16 2003 20 59 1.67  2  -64  0.45   75  -95  0.29 
18 10  1 16 2003 20 59 1.67  3  -56  0.33   75  -95  0.30 
18 10  1 16 2003 20 59 1.67  4  -56  0.31   75  -96  0.24 
18 10  1 16 2003 20 59 1.67  5  -76  0.52   75  -76  0.52 
18 10  1 16 2003 20 59 1.67  6  -64  0.48   75  -95  0.24 
18 10  1 16 2003 20 59 1.67  7  -60  0.41   75  -95  0.43 
18 10  1 16 2003 20 59 1.67  8  -55  0.38   75  -98  0.05 
16 10  1 16 2003 23 24 0.83  1  -50  0.29   75  -78  0.29 
16 10  1 16 2003 23 24 0.83  2  -43  0.33   75  -85  0.15 
16 10  1 16 2003 23 24 0.83  3  -53  0.23   75  -90  0.15 
16 10  1 16 2003 23 24 0.83  4  -63  0.40   75  -83  0.31 
16 10  1 16 2003 23 24 0.83  5  -66  0.21   75  -85  0.24 
16 10  1 16 2003 23 24 0.83  6  -63  0.36   75  -84  0.18 
16 10  1 16 2003 23 24 0.83  7  -30  0.15   75  -99  0.07 
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#     ST    M     D   Year        H   Mi    Freq      P    Delay A  CC A        CDT   Delay B  CC B 
16 10  1 16 2003 23 24 0.83  8  -63  0.30   75  -82  0.20 
17 10  1 16 2003 23 20 1.39  1  -75  0.19   75  -89  0.34 
17 10  1 16 2003 23 20 1.39  2  -61  0.50   75  -79  0.18 
17 10  1 16 2003 23 20 1.39  3  -30  0.22   75 -103  0.32 
17 10  1 16 2003 23 20 1.39  4  -77  0.61   75  -77  0.61 
17 10  1 16 2003 23 20 1.39  5  -80  0.44   75  -81  0.45 
17 10  1 16 2003 23 20 1.39  6  -61  0.46   75  -80  0.33 
17 10  1 16 2003 23 20 1.39  7  -30  0.22   75  -97  0.27 
17 10  1 16 2003 23 20 1.39  8  -60  0.40   75  -77  0.38 
19 10  1 16 2003 23 18 2.78  1  -51  0.29   75  -89  0.17 
19 10  1 16 2003 23 18 2.78  2  -59  0.30   75  -77  0.27 
19 10  1 16 2003 23 18 2.78  3  -30  0.21   75  -84  0.07 
19 10  1 16 2003 23 18 2.78  4  -76  0.36   75  -76  0.36 
19 10  1 16 2003 23 18 2.78  5  -31  0.34   75  -96  0.18 
19 10  1 16 2003 23 18 2.78  6  -78  0.29   75  -78  0.29 
19 10  1 16 2003 23 18 2.78  7  -30  0.30   75  -89 -0.02 
19 10  1 16 2003 23 18 2.78  8  -76  0.29   75  -76  0.29 
20  8  1 19 2003 17 48 2.78  0  -50  0.27   43  -50  0.27 
20  8  1 19 2003 17 48 2.78  1  -52  0.27   43  -52  0.27 
20  8  1 19 2003 17 48 2.78  2  -44  0.38   43  -44  0.38 
20  8  1 19 2003 17 48 2.78  3  -51  0.40   43  -51  0.40 
20  8  1 19 2003 17 48 2.78  4  -54  0.31   43  -54  0.31 
20  8  1 19 2003 17 48 2.78  5  -79  0.22   43  -61  0.07 
20  8  1 19 2003 17 48 2.78  6  -54  0.25   43  -54  0.25 
20  8  1 19 2003 17 48 2.78  7  -65  0.35   43  -65  0.35 
20  8  1 19 2003 17 48 2.78  8  -39  0.34   43  -62  0.33 
20  8  1 19 2003 17 48 2.78  9  -52  0.27   43  -52  0.27 
21 14  1 21 2003 11 41 1.11  0  -66  0.36   37  -66  0.36 
21 14  1 21 2003 11 41 1.11  1  -37  0.26   37  -37  0.26 
21 14  1 21 2003 11 41 1.11  2  -30  0.32   37  -64  0.20 
21 14  1 21 2003 11 41 1.11  3  -63  0.42   37  -63  0.42 
21 14  1 21 2003 11 41 1.11  4  -50  0.33   37  -50  0.33 
21 14  1 21 2003 11 41 1.11  5  -70  0.30   37  -67  0.15 
21 14  1 21 2003 11 41 1.11  6  -37  0.23   37  -37  0.23 
21 14  1 21 2003 11 41 1.11  7  -54  0.23   37  -54  0.23 
21 14  1 21 2003 11 41 1.11  8  -42  0.43   37  -42  0.43 
21 14  1 21 2003 11 41 1.11  9  -66  0.31   37  -66  0.31 
22 13  1 26 2003  2 46 1.11  0  -70  0.29   35  -42  0.20 
22 13  1 26 2003  2 46 1.11  1  -61  0.47   35  -61  0.47 
22 13  1 26 2003  2 46 1.11  2  -55  0.39   35  -55  0.39 
22 13  1 26 2003  2 46 1.11  3  -53  0.16   35  -53  0.16 
22 13  1 26 2003  2 46 1.11  4  -32  0.43   35  -61  0.31 
22 13  1 26 2003  2 46 1.11  5  -40  0.25   35  -40  0.25 
22 13  1 26 2003  2 46 1.11  6  -63  0.50   35  -63  0.50 
22 13  1 26 2003  2 46 1.11  7  -75  0.34   35  -35  0.34 
22 13  1 26 2003  2 46 1.11  8  -75  0.43   35  -52  0.22 
22 13  1 26 2003  2 46 1.11  9  -68  0.24   35  -48  0.21 
23  3  1 29 2003 23 57 0.83  0  -38  0.33   58  -74  0.24 
23  3  1 29 2003 23 57 0.83  1  -80  0.38   58  -80  0.38 
23  3  1 29 2003 23 57 0.83  2  -31  0.25   58  -69  0.19 
23  3  1 29 2003 23 57 0.83  3  -80  0.20   58  -87  0.26 
23  3  1 29 2003 23 57 0.83  4  -40  0.29   58  -69  0.23 
23  3  1 29 2003 23 57 0.83  5  -56  0.46   58  -58  0.25 
23  3  1 29 2003 23 57 0.83  6  -30  0.28   58  -71  0.20 
23  3  1 29 2003 23 57 0.83  7  -80  0.24   58  -80  0.24 
23  3  1 29 2003 23 57 0.83  8  -30  0.31   58  -71  0.23 
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#     ST    M     D   Year        H   Mi    Freq      P    Delay A  CC A        CDT   Delay B  CC B 
23  3  1 29 2003 23 57 0.83  9  -38  0.28   58  -74  0.23 
24  3  1 29 2003 23 59 1.39  0  -41  0.36   58  -61  0.27 
24  3  1 29 2003 23 59 1.39  1  -78  0.32   58  -78  0.32 
24  3  1 29 2003 23 59 1.39  2  -67  0.15   58  -67  0.15 
24  3  1 29 2003 23 59 1.39  3  -77  0.21   58  -77  0.21 
24  3  1 29 2003 23 59 1.39  4  -34  0.21   58  -68  0.19 
24  3  1 29 2003 23 59 1.39  5  -49  0.23   58  -79  0.08 
24  3  1 29 2003 23 59 1.39  6  -34  0.15   58  -83  0.10 
24  3  1 29 2003 23 59 1.39  7  -40  0.22   58  -81  0.23 
24  3  1 29 2003 23 59 1.39  8  -74  0.22   58  -74  0.22 
24  3  1 29 2003 23 59 1.39  9  -40  0.31   58  -63  0.25 
28 13  2  7 2003  3  6 1.11  0  -37  0.33   48  -58  0.18 
28 13  2  7 2003  3  6 1.11  1  -79  0.31   48  -48  0.30 
28 13  2  7 2003  3  6 1.11  2  -32  0.26   48  -55  0.25 
28 13  2  7 2003  3  6 1.11  3  -37  0.45   48  -56  0.28 
28 13  2  7 2003  3  6 1.11  4  -37  0.47   48  -62  0.12 
28 13  2  7 2003  3  6 1.11  5  -80  0.37   48  -65  0.33 
28 13  2  7 2003  3  6 1.11  6  -33  0.35   48  -56  0.28 
28 13  2  7 2003  3  6 1.11  7  -37  0.48   48  -57  0.17 
28 13  2  7 2003  3  6 1.11  8  -36  0.44   48  -62  0.21 
28 13  2  7 2003  3  6 1.11  9  -37  0.29   48  -58  0.19 
31 13  2 19 2003 21  7 0.56  0  -65  0.52   45  -65  0.52 
31 13  2 19 2003 21  7 0.56  1  -75  0.42   45  -75  0.42 
31 13  2 19 2003 21  7 0.56  2  -55  0.66   45  -55  0.66 
31 13  2 19 2003 21  7 0.56  3  -46  0.32   45  -46  0.32 
31 13  2 19 2003 21  7 0.56  4  -44  0.41   45  -54  0.39 
31 13  2 19 2003 21  7 0.56  5  -59  0.53   45  -59  0.53 
31 13  2 19 2003 21  7 0.56  6  -73  0.33   45  -73  0.33 
31 13  2 19 2003 21  7 0.56  7  -65  0.56   45  -65  0.56 
31 13  2 19 2003 21  7 0.56  8  -34  0.64   45  -63  0.26 
31 13  2 19 2003 21  7 0.56  9  -65  0.52   45  -65  0.52 
32 13  2 19 2003 21  4 0.83  0  -76  0.29   45  -75  0.28 
32 13  2 19 2003 21  4 0.83  1  -43  0.50   45  -56  0.40 
32 13  2 19 2003 21  4 0.83  2  -71  0.37   45  -71  0.37 
32 13  2 19 2003 21  4 0.83  3  -56  0.43   45  -56  0.43 
32 13  2 19 2003 21  4 0.83  4  -58  0.43   45  -58  0.43 
32 13  2 19 2003 21  4 0.83  5  -61  0.23   45  -61  0.23 
32 13  2 19 2003 21  4 0.83  6  -39  0.49   45  -56  0.18 
32 13  2 19 2003 21  4 0.83  7  -68  0.60   45  -68  0.60 
32 13  2 19 2003 21  4 0.83  8  -70  0.50   45  -70  0.50 
32 13  2 19 2003 21  4 0.83  9  -76  0.32   45  -75  0.27 
33 13  2 19 2003 21 25 2.22  0  -63  0.31   45  -63  0.31 
33 13  2 19 2003 21 25 2.22  1  -73  0.36   45  -73  0.36 
33 13  2 19 2003 21 25 2.22  2  -33  0.25   45  -46  0.11 
33 13  2 19 2003 21 25 2.22  3  -43  0.44   45  -54  0.39 
33 13  2 19 2003 21 25 2.22  4  -54  0.44   45  -54  0.44 
33 13  2 19 2003 21 25 2.22  5  -44  0.45   45  -50  0.44 
33 13  2 19 2003 21 25 2.22  6  -65  0.33   45  -65  0.33 
33 13  2 19 2003 21 25 2.22  7  -68  0.33   45  -68  0.33 
33 13  2 19 2003 21 25 2.22  8  -33  0.33   45  -71  0.29 
33 13  2 19 2003 21 25 2.22  9  -63  0.34   45  -63  0.34 
34 13  2 19 2003 21 25 2.78  0  -64  0.54   45  -64  0.54 
34 13  2 19 2003 21 25 2.78  1  -73  0.37   45  -73  0.37 
34 13  2 19 2003 21 25 2.78  2  -55  0.66   45  -55  0.66 
34 13  2 19 2003 21 25 2.78  3  -46  0.35   45  -46  0.35 
34 13  2 19 2003 21 25 2.78  4  -45  0.38   45  -45  0.38 
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#     ST    M     D   Year        H   Mi    Freq      P    Delay A  CC A        CDT   Delay B  CC B 
34 13  2 19 2003 21 25 2.78  5  -52  0.50   45  -52  0.50 
34 13  2 19 2003 21 25 2.78  6  -72  0.32   45  -72  0.32 
34 13  2 19 2003 21 25 2.78  7  -64  0.51   45  -64  0.51 
34 13  2 19 2003 21 25 2.78  8  -33  0.60   45  -63  0.18 
34 13  2 19 2003 21 25 2.78  9  -64  0.52   45  -64  0.52 
47 13  3  3 2003  2 47 0.56  0  -77  0.44   68  -77  0.44 
47 13  3  3 2003  2 47 0.56  1  -40  0.37   68  -68  0.12 
47 13  3  3 2003  2 47 0.56  2  -31  0.22   68  -83  0.34 
47 13  3  3 2003  2 47 0.56  3  -41  0.49   68  -72  0.43 
47 13  3  3 2003  2 47 0.56  4  -60  0.23   68  -88  0.28 
47 13  3  3 2003  2 47 0.56  5  -30  0.38   68  -87  0.66 
47 13  3  3 2003  2 47 0.56  6  -32  0.45   68  -84  0.47 
47 13  3  3 2003  2 47 0.56  7  -71  0.42   68  -71  0.42 
47 13  3  3 2003  2 47 0.56  8  -32  0.34   68  -83  0.50 
47 13  3  3 2003  2 47 0.56  9  -77  0.36   68  -77  0.36 
50  5  3  6 2003  5 48 1.94  0  -49  0.64   47  -49  0.64 
50  5  3  6 2003  5 48 1.94  1  -46  0.65   47  -47  0.61 
50  5  3  6 2003  5 48 1.94  2  -65  0.43   47  -65  0.43 
50  5  3  6 2003  5 48 1.94  3  -47  0.66   47  -47  0.66 
50  5  3  6 2003  5 48 1.94  4  -56  0.57   47  -56  0.57 
50  5  3  6 2003  5 48 1.94  5  -79  0.29   47  -76  0.29 
50  5  3  6 2003  5 48 1.94  6  -65  0.41   47  -65  0.41 
50  5  3  6 2003  5 48 1.94  7  -48  0.59   47  -48  0.59 
50  5  3  6 2003  5 48 1.94  8  -31  0.29   47  -57  0.26 
50  5  3  6 2003  5 48 1.94  9  -48  0.65   47  -48  0.65 
52  9  3  8 2003 18 55 1.39  0  -71  0.24   57  -71  0.24 
52  9  3  8 2003 18 55 1.39  1  -71  0.30   57  -71  0.30 
52  9  3  8 2003 18 55 1.39  2  -53  0.06   57  -87  0.19 
52  9  3  8 2003 18 55 1.39  3  -60  0.10   57  -60  0.10 
52  9  3  8 2003 18 55 1.39  4  -37  0.19   57  -86  0.27 
52  9  3  8 2003 18 55 1.39  5  -32  0.21   57  -69  0.18 
52  9  3  8 2003 18 55 1.39  6  -49  0.08   57  -87  0.19 
52  9  3  8 2003 18 55 1.39  7  -76  0.11   57  -76  0.11 
52  9  3  8 2003 18 55 1.39  8  -66  0.18   57  -86  0.28 
52  9  3  8 2003 18 55 1.39  9  -71  0.26   57  -71  0.26 
53  9  3 10 2003 19 11 3.33  0  -77  0.52   62  -77  0.52 
53  9  3 10 2003 19 11 3.33  1  -78  0.30   62  -78  0.30 
53  9  3 10 2003 19 11 3.33  2  -56  0.39   62  -85  0.34 
53  9  3 10 2003 19 11 3.33  3  -38  0.19   62  -77  0.16 
53  9  3 10 2003 19 11 3.33  4  -51  0.34   62  -89  0.35 
53  9  3 10 2003 19 11 3.33  5  -79  0.24   62  -92  0.31 
53  9  3 10 2003 19 11 3.33  6  -51  0.41   62  -85  0.40 
53  9  3 10 2003 19 11 3.33  7  -36  0.25   62  -76  0.17 
53  9  3 10 2003 19 11 3.33  8  -52  0.46   62  -87  0.31 
53  9  3 10 2003 19 11 3.33  9  -77  0.52   62  -77  0.52 
54 13  3 12 2003 22  1 3.06  0  -73  0.29   54  -73  0.29 
54 13  3 12 2003 22  1 3.06  1  -68  0.31   54  -68  0.31 
54 13  3 12 2003 22  1 3.06  2  -45  0.23   54  -84  0.06 
54 13  3 12 2003 22  1 3.06  3  -45  0.32   54  -80  0.28 
54 13  3 12 2003 22  1 3.06  4  -59  0.15   54  -59  0.15 
54 13  3 12 2003 22  1 3.06  5  -67  0.27   54  -67  0.27 
54 13  3 12 2003 22  1 3.06  6  -64  0.31   54  -64  0.31 
54 13  3 12 2003 22  1 3.06  7  -43  0.35   54  -83  0.16 
54 13  3 12 2003 22  1 3.06  8  -46  0.38   54  -80  0.21 
54 13  3 12 2003 22  1 3.06  9  -70  0.26   54  -70  0.26 
55 13  3 12 2003 23  3 0.56  0  -70  0.22   52  -70  0.22 
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#     ST    M     D   Year        H   Mi    Freq      P    Delay A  CC A        CDT   Delay B  CC B 
55 13  3 12 2003 23  3 0.56  1  -54  0.22   52  -54  0.22 
55 13  3 12 2003 23  3 0.56  2  -76  0.26   52  -76  0.26 
55 13  3 12 2003 23  3 0.56  3  -45  0.19   52  -78  0.17 
55 13  3 12 2003 23  3 0.56  4  -59  0.17   52  -59  0.17 
55 13  3 12 2003 23  3 0.56  5  -40  0.40   52  -67  0.11 
55 13  3 12 2003 23  3 0.56  6  -72  0.26   52  -72  0.26 
55 13  3 12 2003 23  3 0.56  7  -76  0.31   52  -76  0.31 
55 13  3 12 2003 23  3 0.56  8  -43  0.31   52  -77  0.30 
55 13  3 12 2003 23  3 0.56  9  -70  0.25   52  -70  0.25 
57 14  3 15 2003 11 52 0.83  0  -49  0.45   40  -49  0.45 
57 14  3 15 2003 11 52 0.83  1  -77  0.43   40  -40  0.37 
57 14  3 15 2003 11 52 0.83  2  -46  0.23   40  -46  0.23 
57 14  3 15 2003 11 52 0.83  3  -70  0.40   40  -70  0.40 
57 14  3 15 2003 11 52 0.83  4  -49  0.31   40  -49  0.31 
57 14  3 15 2003 11 52 0.83  5  -49  0.60   40  -49  0.60 
57 14  3 15 2003 11 52 0.83  6  -79  0.55   40  -40  0.32 
57 14  3 15 2003 11 52 0.83  7  -80  0.34   40  -56  0.30 
57 14  3 15 2003 11 52 0.83  8  -38  0.18   40  -54  0.17 
57 14  3 15 2003 11 52 0.83  9  -49  0.39   40  -49  0.39 
58 13  3 17 2003  2 55 1.11  0  -71  0.52   35  -60  0.40 
58 13  3 17 2003  2 55 1.11  1  -33  0.12   35  -44  0.03 
58 13  3 17 2003  2 55 1.11  2  -80  0.55   35  -57  0.39 
58 13  3 17 2003  2 55 1.11  3  -53  0.33   35  -53  0.33 
58 13  3 17 2003  2 55 1.11  4  -57  0.49   35  -57  0.49 
58 13  3 17 2003  2 55 1.11  5  -79  0.47   35  -53  0.23 
58 13  3 17 2003  2 55 1.11  6  -33  0.34   35  -35  0.27 
58 13  3 17 2003  2 55 1.11  7  -33  0.35   35  -35  0.18 
58 13  3 17 2003  2 55 1.11  8  -33  0.16   35  -35  0.10 
58 13  3 17 2003  2 55 1.11  9  -71  0.50   35  -60  0.39 
61  9  3 29 2003 18 56 0.56  0  -55  0.30   60  -62  0.23 
61  9  3 29 2003 18 56 0.56  1  -56  0.26   60  -80  0.20 
61  9  3 29 2003 18 56 0.56  2  -48  0.24   60  -69  0.22 
61  9  3 29 2003 18 56 0.56  3  -56  0.26   60  -80  0.11 
61  9  3 29 2003 18 56 0.56  4  -67  0.26   60  -67  0.26 
61  9  3 29 2003 18 56 0.56  5  -51  0.29   60  -72  0.23 
61  9  3 29 2003 18 56 0.56  6  -48  0.31   60  -74  0.23 
61  9  3 29 2003 18 56 0.56  7  -57  0.30   60  -80  0.21 
61  9  3 29 2003 18 56 0.56  8  -48  0.28   60  -74  0.24 
61  9  3 29 2003 18 56 0.56  9  -55  0.33   60  -62  0.21 
62  8  3 29 2003 19  2 1.39  0  -75  0.46   62  -75  0.46 
62  8  3 29 2003 19  2 1.39  1  -72  0.30   62  -72  0.30 
62  8  3 29 2003 19  2 1.39  2  -62  0.22   62  -91  0.28 
62  8  3 29 2003 19  2 1.39  3  -75  0.37   62  -75  0.37 
62  8  3 29 2003 19  2 1.39  4  -58  0.28   62  -92  0.29 
62  8  3 29 2003 19  2 1.39  5  -65  0.23   62  -65  0.23 
62  8  3 29 2003 19  2 1.39  6  -65  0.29   62  -65  0.29 
62  8  3 29 2003 19  2 1.39  7  -75  0.47   62  -75  0.47 
62  8  3 29 2003 19  2 1.39  8  -63  0.40   62  -63  0.40 
62  8  3 29 2003 19  2 1.39  9  -75  0.47   62  -75  0.47 
63  8  3 29 2003 19  3 4.17  0  -78  0.24   62  -78  0.24 
63  8  3 29 2003 19  3 4.17  1  -56  0.39   62  -62  0.23 
63  8  3 29 2003 19  3 4.17  2  -39  0.14   62  -89  0.07 
63  8  3 29 2003 19  3 4.17  3  -60  0.30   62  -62  0.23 
63  8  3 29 2003 19  3 4.17  4  -30  0.17   62  -87  0.13 
63  8  3 29 2003 19  3 4.17  5  -52  0.30   62  -69  0.26 
63  8  3 29 2003 19  3 4.17  6  -38  0.36   62  -88  0.21 
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#     ST    M     D   Year        H   Mi    Freq      P    Delay A  CC A        CDT   Delay B  CC B 
63  8  3 29 2003 19  3 4.17  7  -60  0.31   62  -62  0.20 
63  8  3 29 2003 19  3 4.17  8  -40  0.21   62  -89  0.28 
63  8  3 29 2003 19  3 4.17  9  -78  0.22   62  -78  0.22 
66  6  4  1 2003  2  1 3.33  0  -37  0.15   48  -50 -0.05 
66  6  4  1 2003  2  1 3.33  1  -56  0.34   48  -56  0.34 
66  6  4  1 2003  2  1 3.33  2  -45  0.01   48  -54 -0.03 
66  6  4  1 2003  2  1 3.33  3  -45  0.15   48  -66  0.06 
66  6  4  1 2003  2  1 3.33  4  -37  0.09   48  -68  0.01 
66  6  4  1 2003  2  1 3.33  5  -33  0.37   48  -63  0.27 
66  6  4  1 2003  2  1 3.33  6  -45  0.09   48  -75  0.02 
66  6  4  1 2003  2  1 3.33  7  -45  0.09   48  -75 -0.05 
66  6  4  1 2003  2  1 3.33  8  -80  0.31   48  -55  0.20 
66  6  4  1 2003  2  1 3.33  9  -40  0.21   48  -55 -0.03 
68  6  4  8 2003  9 22 1.11  0  -53  0.33   57  -87  0.21 
68  6  4  8 2003  9 22 1.11  1  -56  0.45   57  -57  0.44 
68  6  4  8 2003  9 22 1.11  2  -30  0.23   57  -85  0.12 
68  6  4  8 2003  9 22 1.11  3  -59  0.47   57  -59  0.47 
68  6  4  8 2003  9 22 1.11  4  -74  0.26   57  -74  0.26 
68  6  4  8 2003  9 22 1.11  5  -78  0.49   57  -78  0.49 
68  6  4  8 2003  9 22 1.11  6  -39  0.36   57  -70  0.11 
68  6  4  8 2003  9 22 1.11  7  -61  0.36   57  -87  0.53 
68  6  4  8 2003  9 22 1.11  8  -77  0.16   57  -77  0.16 
68  6  4  8 2003  9 22 1.11  9  -53  0.34   57  -87  0.19 
77  8  4 26 2003 23 15 1.39  0  -64  0.27   58  -64  0.27 
77  8  4 26 2003 23 15 1.39  1  -62  0.36   58  -62  0.36 
77  8  4 26 2003 23 15 1.39  2  -68  0.22   58  -68  0.22 
77  8  4 26 2003 23 15 1.39  3  -76  0.23   58  -86  0.23 
77  8  4 26 2003 23 15 1.39  4  -54  0.48   58  -68  0.21 
77  8  4 26 2003 23 15 1.39  5  -30  0.21   58  -83  0.27 
77  8  4 26 2003 23 15 1.39  6  -68  0.23   58  -68  0.23 
77  8  4 26 2003 23 15 1.39  7  -76  0.29   58  -76  0.29 
77  8  4 26 2003 23 15 1.39  8  -54  0.45   58  -58  0.21 
77  8  4 26 2003 23 15 1.39  9  -64  0.33   58  -64  0.33 
82 13  5  6 2003  7 45 2.22  0  -69  0.27   37  -47  0.26 
82 13  5  6 2003  7 45 2.22  1  -74  0.30   37  -53  0.26 
82 13  5  6 2003  7 45 2.22  2  -64  0.27   37  -64  0.27 
82 13  5  6 2003  7 45 2.22  3  -64  0.51   37  -64  0.51 
82 13  5  6 2003  7 45 2.22  4  -45  0.34   37  -45  0.34 
82 13  5  6 2003  7 45 2.22  5  -77  0.25   37  -64  0.12 
82 13  5  6 2003  7 45 2.22  6  -53  0.30   37  -53  0.30 
82 13  5  6 2003  7 45 2.22  7  -53  0.34   37  -53  0.34 
82 13  5  6 2003  7 45 2.22  8  -37  0.23   37  -37  0.23 
82 13  5  6 2003  7 45 2.22  9  -53  0.36   37  -53  0.36 
83 13  5  6 2003  7 49 3.33  0  -47  0.17   37  -47  0.17 
83 13  5  6 2003  7 49 3.33  1  -74  0.26   37  -53  0.20 
83 13  5  6 2003  7 49 3.33  2  -64  0.27   37  -64  0.27 
83 13  5  6 2003  7 49 3.33  3  -56  0.39   37  -56  0.39 
83 13  5  6 2003  7 49 3.33  4  -45  0.30   37  -45  0.30 
83 13  5  6 2003  7 49 3.33  5  -35  0.18   37  -37  0.17 
83 13  5  6 2003  7 49 3.33  6  -53  0.40   37  -53  0.40 
83 13  5  6 2003  7 49 3.33  7  -53  0.31   37  -53  0.31 
83 13  5  6 2003  7 49 3.33  8  -37  0.29   37  -37  0.29 
83 13  5  6 2003  7 49 3.33  9  -73  0.17   37  -47  0.15 
85 13  5  6 2003  7 52 2.50  0  -47  0.19   37  -47  0.19 
85 13  5  6 2003  7 52 2.50  1  -73  0.30   37  -53  0.25 
85 13  5  6 2003  7 52 2.50  2  -64  0.24   37  -64  0.24 
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#     ST    M     D   Year        H   Mi    Freq      P    Delay A  CC A        CDT   Delay B  CC B 
85 13  5  6 2003  7 52 2.50  3  -64  0.37   37  -64  0.37 
85 13  5  6 2003  7 52 2.50  4  -45  0.29   37  -45  0.29 
85 13  5  6 2003  7 52 2.50  5  -35  0.15   37  -38  0.15 
85 13  5  6 2003  7 52 2.50  6  -53  0.30   37  -53  0.30 
85 13  5  6 2003  7 52 2.50  7  -53  0.37   37  -53  0.37 
85 13  5  6 2003  7 52 2.50  8  -37  0.21   37  -37  0.21 
85 13  5  6 2003  7 52 2.50  9  -73  0.28   37  -47  0.21 
86 13  5  6 2003  7 54 4.44  0  -47  0.20   37  -47  0.20 
86 13  5  6 2003  7 54 4.44  1  -74  0.27   37  -53  0.23 
86 13  5  6 2003  7 54 4.44  2  -56  0.31   37  -56  0.31 
86 13  5  6 2003  7 54 4.44  3  -56  0.41   37  -56  0.41 
86 13  5  6 2003  7 54 4.44  4  -45  0.29   37  -45  0.29 
86 13  5  6 2003  7 54 4.44  5  -35  0.17   37  -38  0.14 
86 13  5  6 2003  7 54 4.44  6  -53  0.40   37  -53  0.40 
86 13  5  6 2003  7 54 4.44  7  -53  0.33   37  -53  0.33 
86 13  5  6 2003  7 54 4.44  8  -37  0.20   37  -37  0.20 
86 13  5  6 2003  7 54 4.44  9  -74  0.28   37  -47  0.19 
101  7  5 31 2003 12 49 0.83  0  -70  0.18   36  -43  0.14 
101  7  5 31 2003 12 49 0.83  1  -64  0.24   36  -64  0.24 
101  7  5 31 2003 12 49 0.83  2  -70  0.32   36  -56  0.10 
101  7  5 31 2003 12 49 0.83  3  -70  0.41   36  -53  0.07 
101  7  5 31 2003 12 49 0.83  4  -79  0.20   36  -56  0.08 
101  7  5 31 2003 12 49 0.83  5  -57  0.60   36  -57  0.60 
101  7  5 31 2003 12 49 0.83  6  -65  0.29   36  -65  0.29 
101  7  5 31 2003 12 49 0.83  7  -78  0.41   36  -59  0.34 
101  7  5 31 2003 12 49 0.83  8  -45  0.19   36  -45  0.19 
101  7  5 31 2003 12 49 0.83  9  -44  0.21   36  -44  0.21 
105  9  6  3 2003  2 44 1.11  0  -73  0.23   31  -42  0.21 
105  9  6  3 2003  2 44 1.11  1  -38  0.12   31  -38  0.12 
105  9  6  3 2003  2 44 1.11  2  -65  0.33   31  -48  0.18 
105  9  6  3 2003  2 44 1.11  3  -30  0.45   31  -31  0.22 
105  9  6  3 2003  2 44 1.11  4  -50  0.32   31  -50  0.32 
105  9  6  3 2003  2 44 1.11  5  -30  0.24   31  -31  0.17 
105  9  6  3 2003  2 44 1.11  6  -58  0.11   31  -58  0.11 
105  9  6  3 2003  2 44 1.11  7  -33  0.27   31  -33  0.27 
105  9  6  3 2003  2 44 1.11  8  -80  0.17   31  -56  0.16 
105  9  6  3 2003  2 44 1.11  9  -73  0.21   31  -42  0.19 
106  6  6  8 2003  5 18 0.83  0  -72  0.15   32  -62  0.10 
106  6  6  8 2003  5 18 0.83  1  -65  0.35   32  -62  0.25 
106  6  6  8 2003  5 18 0.83  2  -54  0.40   32  -54  0.40 
106  6  6  8 2003  5 18 0.83  3  -78  0.32   32  -35  0.22 
106  6  6  8 2003  5 18 0.83  4  -66  0.37   32  -62  0.11 
106  6  6  8 2003  5 18 0.83  5  -45  0.37   32  -45  0.37 
106  6  6  8 2003  5 18 0.83  6  -64  0.33   32  -62  0.31 
106  6  6  8 2003  5 18 0.83  7  -66  0.55   32  -47  0.32 
106  6  6  8 2003  5 18 0.83  8  -78  0.32   32  -53  0.19 
106  6  6  8 2003  5 18 0.83  9  -63  0.20   32  -62  0.19 
107  8  6  8 2003 22 43 0.83  0  -77  0.40   34  -43  0.34 
107  8  6  8 2003 22 43 0.83  1  -67  0.39   34  -43  0.34 
107  8  6  8 2003 22 43 0.83  2  -75  0.44   34  -57  0.29 
107  8  6  8 2003 22 43 0.83  3  -34  0.46   34  -34  0.46 
107  8  6  8 2003 22 43 0.83  4  -30  0.34   34  -34  0.24 
107  8  6  8 2003 22 43 0.83  5  -43  0.28   34  -43  0.28 
107  8  6  8 2003 22 43 0.83  6  -66  0.46   34  -42  0.38 
107  8  6  8 2003 22 43 0.83  7  -74  0.58   34  -41  0.24 
107  8  6  8 2003 22 43 0.83  8  -55  0.44   34  -55  0.44 
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#     ST    M     D   Year        H   Mi    Freq      P    Delay A  CC A        CDT   Delay B  CC B 
107  8  6  8 2003 22 43 0.83  9  -43  0.44   34  -43  0.44 
108  8  6  8 2003 23 42 0.56  0  -66  0.16   36  -66  0.16 
108  8  6  8 2003 23 42 0.56  1  -63  0.38   36  -63  0.38 
108  8  6  8 2003 23 42 0.56  2  -76  0.57   36  -48  0.36 
108  8  6  8 2003 23 42 0.56  3  -59  0.21   36  -59  0.21 
108  8  6  8 2003 23 42 0.56  4  -74  0.40   36  -50  0.31 
108  8  6  8 2003 23 42 0.56  5  -50  0.30   36  -50  0.30 
108  8  6  8 2003 23 42 0.56  6  -36  0.18   36  -36  0.18 
108  8  6  8 2003 23 42 0.56  7  -38  0.16   36  -38  0.16 
108  8  6  8 2003 23 42 0.56  8  -60  0.48   36  -60  0.48 
108  8  6  8 2003 23 42 0.56  9  -66  0.20   36  -66  0.20 
109  8  6 15 2003  2 49 0.56  0  -34  0.36   45  -49  0.26 
109  8  6 15 2003  2 49 0.56  1  -76  0.54   45  -75  0.53 
109  8  6 15 2003  2 49 0.56  2  -61  0.55   45  -61  0.55 
109  8  6 15 2003  2 49 0.56  3  -37  0.35   45  -75  0.27 
109  8  6 15 2003  2 49 0.56  4  -79  0.24   45  -49  0.11 
109  8  6 15 2003  2 49 0.56  5  -71  0.60   45  -71  0.60 
109  8  6 15 2003  2 49 0.56  6  -61  0.62   45  -61  0.62 
109  8  6 15 2003  2 49 0.56  7  -37  0.35   45  -75  0.18 
109  8  6 15 2003  2 49 0.56  8  -39  0.21   45  -68  0.16 
109  8  6 15 2003  2 49 0.56  9  -34  0.34   45  -46  0.34 
110  5  6 15 2003  9 12 1.39  0  -77  0.42   47  -77  0.42 
110  5  6 15 2003  9 12 1.39  1  -59  0.28   47  -59  0.28 
110  5  6 15 2003  9 12 1.39  2  -48  0.33   47  -48  0.33 
110  5  6 15 2003  9 12 1.39  3  -58  0.25   47  -58  0.25 
110  5  6 15 2003  9 12 1.39  4  -60  0.33   47  -60  0.33 
110  5  6 15 2003  9 12 1.39  5  -43  0.26   47  -55  0.18 
110  5  6 15 2003  9 12 1.39  6  -48  0.27   47  -48  0.27 
110  5  6 15 2003  9 12 1.39  7  -54  0.24   47  -54  0.24 
110  5  6 15 2003  9 12 1.39  8  -60  0.20   47  -60  0.20 
110  5  6 15 2003  9 12 1.39  9  -77  0.39   47  -77  0.39 
112 13  6 16 2003  0  0 0.56  0  -36  0.36   41  -41  0.27 
112 13  6 16 2003  0  0 0.56  1  -75  0.19   41  -54  0.19 
112 13  6 16 2003  0  0 0.56  2  -39  0.09   41  -69  0.04 
112 13  6 16 2003  0  0 0.56  3  -73  0.29   41  -69  0.25 
112 13  6 16 2003  0  0 0.56  4  -73  0.31   41  -45  0.24 
112 13  6 16 2003  0  0 0.56  5  -58  0.36   41  -58  0.36 
112 13  6 16 2003  0  0 0.56  6  -54  0.60   41  -54  0.60 
112 13  6 16 2003  0  0 0.56  7  -73  0.23   41  -68  0.18 
112 13  6 16 2003  0  0 0.56  8  -73  0.24   41  -71  0.18 
112 13  6 16 2003  0  0 0.56  9  -36  0.34   41  -43  0.27 
118  8  7  1 2003  4 43 1.11  0  -46  0.42   37  -46  0.42 
118  8  7  1 2003  4 43 1.11  1  -33  0.39   37  -65  0.35 
118  8  7  1 2003  4 43 1.11  2  -41  0.44   37  -41  0.44 
118  8  7  1 2003  4 43 1.11  3  -52  0.47   37  -52  0.47 
118  8  7  1 2003  4 43 1.11  4  -52  0.58   37  -52  0.58 
118  8  7  1 2003  4 43 1.11  5  -66  0.38   37  -66  0.38 
118  8  7  1 2003  4 43 1.11  6  -33  0.37   37  -65  0.32 
118  8  7  1 2003  4 43 1.11  7  -68  0.38   37  -67  0.26 
118  8  7  1 2003  4 43 1.11  8  -62  0.33   37  -62  0.33 
118  8  7  1 2003  4 43 1.11  9  -46  0.31   37  -46  0.31 
121  6  7  9 2003  9 43 3.61  0  -33  0.28   60  -84  0.21 
121  6  7  9 2003  9 43 3.61  1  -57  0.26   60  -60  0.21 
121  6  7  9 2003  9 43 3.61  2  -42  0.07   60  -83  0.07 
121  6  7  9 2003  9 43 3.61  3  -67  0.27   60  -67  0.27 
121  6  7  9 2003  9 43 3.61  4  -30  0.21   60  -76  0.04 
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#     ST    M     D   Year        H   Mi    Freq      P    Delay A  CC A        CDT   Delay B  CC B 
121  6  7  9 2003  9 43 3.61  5  -67  0.21   60  -67  0.21 
121  6  7  9 2003  9 43 3.61  6  -36  0.22   60  -60  0.19 
121  6  7  9 2003  9 43 3.61  7  -33  0.37   60  -75  0.24 
121  6  7  9 2003  9 43 3.61  8  -59  0.25   60  -68  0.21 
121  6  7  9 2003  9 43 3.61  9  -33  0.29   60  -84  0.17 
122 13  7 26 2003  3 20 4.17  1  -67  0.47   75  -92  0.28 
122 13  7 26 2003  3 20 4.17  2  -62  0.45   75  -79  0.41 
122 13  7 26 2003  3 20 4.17  3  -67  0.17   75  -90  0.21 
122 13  7 26 2003  3 20 4.17  4  -32  0.45   75  -90  0.19 
122 13  7 26 2003  3 20 4.17  5  -46  0.40   75  -86  0.09 
122 13  7 26 2003  3 20 4.17  6  -79  0.48   75  -79  0.48 
122 13  7 26 2003  3 20 4.17  7  -66  0.30   75  -90  0.27 
122 13  7 26 2003  3 20 4.17  8  -36  0.42   75  -90  0.30 
123  8  7 26 2003 21  8 0.56  0  -42  0.28   50  -65  0.25 
123  8  7 26 2003 21  8 0.56  1  -32  0.45   50  -59  0.26 
123  8  7 26 2003 21  8 0.56  2  -37  0.16   50  -70  0.03 
123  8  7 26 2003 21  8 0.56  3  -66  0.37   50  -66  0.37 
123  8  7 26 2003 21  8 0.56  4  -53  0.36   50  -53  0.36 
123  8  7 26 2003 21  8 0.56  5  -48  0.05   50  -77  0.02 
123  8  7 26 2003 21  8 0.56  6  -55  0.46   50  -55  0.46 
123  8  7 26 2003 21  8 0.56  7  -80  0.21   50  -80  0.21 
123  8  7 26 2003 21  8 0.56  8  -63  0.32   50  -63  0.32 
123  8  7 26 2003 21  8 0.56  9  -65  0.24   50  -65  0.24 
126  6  7 31 2003  5 48 1.67  0  -33  0.32   31  -33  0.32 
126  6  7 31 2003  5 48 1.67  1  -47  0.27   31  -47  0.27 
126  6  7 31 2003  5 48 1.67  2  -65  0.40   31  -53  0.25 
126  6  7 31 2003  5 48 1.67  3  -53  0.35   31  -53  0.35 
126  6  7 31 2003  5 48 1.67  4  -56  0.32   31  -56  0.32 
126  6  7 31 2003  5 48 1.67  5  -52  0.31   31  -52  0.31 
126  6  7 31 2003  5 48 1.67  6  -42  0.22   31  -42  0.22 
126  6  7 31 2003  5 48 1.67  7  -73  0.35   31  -33  0.24 
126  6  7 31 2003  5 48 1.67  8  -79  0.36   31  -42  0.16 
126  6  7 31 2003  5 48 1.67  9  -41  0.33   31  -41  0.33 
130  6  8  8 2003  7 44 0.83  0  -39  0.30   38  -39  0.30 
130  6  8  8 2003  7 44 0.83  1  -51  0.39   38  -51  0.39 
130  6  8  8 2003  7 44 0.83  2  -60  0.34   38  -60  0.34 
130  6  8  8 2003  7 44 0.83  3  -48  0.28   38  -48  0.28 
130  6  8  8 2003  7 44 0.83  4  -58  0.37   38  -58  0.37 
130  6  8  8 2003  7 44 0.83  5  -66  0.26   38  -66  0.26 
130  6  8  8 2003  7 44 0.83  6  -60  0.40   38  -60  0.40 
130  6  8  8 2003  7 44 0.83  7  -79  0.31   38  -40  0.29 
130  6  8  8 2003  7 44 0.83  8  -56  0.37   38  -56  0.37 
130  6  8  8 2003  7 44 0.83  9  -39  0.32   38  -39  0.32 
133  8  8  8 2003 23 49 0.83  0  -43  0.35   34  -43  0.35 
133  8  8  8 2003 23 49 0.83  1  -79  0.45   34  -50  0.28 
133  8  8  8 2003 23 49 0.83  2  -71  0.52   34  -54  0.13 
133  8  8  8 2003 23 49 0.83  3  -70  0.45   34  -45  0.25 
133  8  8  8 2003 23 49 0.83  4  -30  0.39   34  -45  0.25 
133  8  8  8 2003 23 49 0.83  5  -67  0.22   34  -40  0.18 
133  8  8  8 2003 23 49 0.83  6  -67  0.33   34  -64  0.14 
133  8  8  8 2003 23 49 0.83  7  -71  0.31   34  -55  0.22 
133  8  8  8 2003 23 49 0.83  8  -30  0.43   34  -44  0.31 
133  8  8  8 2003 23 49 0.83  9  -43  0.34   34  -43  0.34 
136  8  8 22 2003  2 27 0.83  0  -33  0.34   32  -33  0.34 
136  8  8 22 2003  2 27 0.83  1  -55  0.38   32  -55  0.38 
136  8  8 22 2003  2 27 0.83  2  -46  0.20   32  -46  0.20 
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#     ST    M     D   Year        H   Mi    Freq      P    Delay A  CC A        CDT   Delay B  CC B 
136  8  8 22 2003  2 27 0.83  3  -65  0.30   32  -41  0.26 
136  8  8 22 2003  2 27 0.83  4  -79  0.20   32  -34  0.10 
136  8  8 22 2003  2 27 0.83  5  -51  0.18   32  -51  0.18 
136  8  8 22 2003  2 27 0.83  6  -55  0.34   32  -55  0.34 
136  8  8 22 2003  2 27 0.83  7  -54  0.33   32  -54  0.33 
136  8  8 22 2003  2 27 0.83  8  -66  0.25   32  -47  0.23 
136  8  8 22 2003  2 27 0.83  9  -33  0.36   32  -33  0.36 
145 13  9 16 2003 20 30 0.56  0  -73  0.65   54  -73  0.65 
145 13  9 16 2003 20 30 0.56  1  -43  0.32   54  -81  0.26 
145 13  9 16 2003 20 30 0.56  2  -61  0.29   54  -61  0.29 
145 13  9 16 2003 20 30 0.56  3  -77  0.37   54  -77  0.37 
145 13  9 16 2003 20 30 0.56  4  -31  0.47   54  -75  0.41 
145 13  9 16 2003 20 30 0.56  5  -57  0.42   54  -57  0.42 
145 13  9 16 2003 20 30 0.56  6  -56  0.39   54  -56  0.39 
145 13  9 16 2003 20 30 0.56  7  -61  0.28   54  -61  0.28 
145 13  9 16 2003 20 30 0.56  8  -55  0.48   54  -55  0.48 
145 13  9 16 2003 20 30 0.56  9  -73  0.68   54  -73  0.68 
146 14  9 21 2003 10 49 1.39  0  -74  0.40   42  -70  0.33 
146 14  9 21 2003 10 49 1.39  1  -61  0.34   42  -61  0.34 
146 14  9 21 2003 10 49 1.39  2  -46  0.35   42  -46  0.35 
146 14  9 21 2003 10 49 1.39  3  -48  0.31   42  -48  0.31 
146 14  9 21 2003 10 49 1.39  4  -50  0.26   42  -50  0.26 
146 14  9 21 2003 10 49 1.39  5  -75  0.27   42  -72  0.19 
146 14  9 21 2003 10 49 1.39  6  -61  0.17   42  -61  0.17 
146 14  9 21 2003 10 49 1.39  7  -37  0.47   42  -44  0.28 
146 14  9 21 2003 10 49 1.39  8  -76  0.10   42  -55  0.05 
146 14  9 21 2003 10 49 1.39  9  -74  0.35   42  -70  0.24 
151 13  9 29 2003 22  5 0.56  1  -80  0.13   85  -85  0.16 
151 13  9 29 2003 22  5 0.56  2  -70  0.28   85 -113  0.11 
151 13  9 29 2003 22  5 0.56  3  -43  0.34   85  -99  0.24 
151 13  9 29 2003 22  5 0.56  4  -44  0.36   85 -107  0.16 
151 13  9 29 2003 22  5 0.56  5  -37  0.18   85  -96  0.10 
151 13  9 29 2003 22  5 0.56  6  -68  0.28   85 -113  0.18 
151 13  9 29 2003 22  5 0.56  7  -63  0.22   85  -99  0.23 
151 13  9 29 2003 22  5 0.56  8  -43  0.21   85 -104  0.29 
152 13  9 29 2003 23  5 0.56  1  -75  0.20   84  -84  0.25 
152 13  9 29 2003 23  5 0.56  2  -70  0.39   84  -99  0.21 
152 13  9 29 2003 23  5 0.56  3  -36  0.30   84  -98  0.36 
152 13  9 29 2003 23  5 0.56  4  -36  0.35   84  -96  0.20 
152 13  9 29 2003 23  5 0.56  5  -30  0.20   84  -96  0.10 
152 13  9 29 2003 23  5 0.56  6  -66  0.34   84  -98  0.19 
152 13  9 29 2003 23  5 0.56  7  -66  0.46   84  -98  0.31 
152 13  9 29 2003 23  5 0.56  8  -37  0.30   84  -98  0.38 
154  7 10  8 2003 12  9 1.67  0  -30  0.29   43  -61  0.26 
154  7 10  8 2003 12  9 1.67  1  -79  0.34   43  -59  0.28 
154  7 10  8 2003 12  9 1.67  2  -52  0.42   43  -52  0.42 
154  7 10  8 2003 12  9 1.67  3  -30  0.34   43  -71  0.31 
154  7 10  8 2003 12  9 1.67  4  -61  0.35   43  -61  0.35 
154  7 10  8 2003 12  9 1.67  5  -72  0.44   43  -72  0.44 
154  7 10  8 2003 12  9 1.67  6  -52  0.42   43  -52  0.42 
154  7 10  8 2003 12  9 1.67  7  -30  0.39   43  -52  0.37 
154  7 10  8 2003 12  9 1.67  8  -31  0.28   43  -61  0.24 
154  7 10  8 2003 12  9 1.67  9  -61  0.33   43  -61  0.33 
161  5 10 13 2003 23 41 1.39  0  -42  0.36   51  -79  0.27 
161  5 10 13 2003 23 41 1.39  1  -80  0.30   51  -80  0.30 
161  5 10 13 2003 23 41 1.39  2  -32  0.17   51  -54  0.10 
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#     ST    M     D   Year        H   Mi    Freq      P    Delay A  CC A        CDT   Delay B  CC B 
161  5 10 13 2003 23 41 1.39  3  -39  0.28   51  -71  0.20 
161  5 10 13 2003 23 41 1.39  4  -52  0.25   51  -52  0.25 
161  5 10 13 2003 23 41 1.39  5  -36  0.28   51  -73  0.17 
161  5 10 13 2003 23 41 1.39  6  -80  0.20   51  -80  0.20 
161  5 10 13 2003 23 41 1.39  7  -30  0.22   51  -52  0.21 
161  5 10 13 2003 23 41 1.39  8  -78  0.21   51  -78  0.21 
161  5 10 13 2003 23 41 1.39  9  -42  0.35   51  -79  0.31 
162  5 10 13 2003 23 43 2.22  0  -42  0.37   51  -79  0.25 
162  5 10 13 2003 23 43 2.22  1  -80  0.25   51  -80  0.25 
162  5 10 13 2003 23 43 2.22  2  -54  0.27   51  -54  0.27 
162  5 10 13 2003 23 43 2.22  3  -39  0.29   51  -51  0.16 
162  5 10 13 2003 23 43 2.22  4  -50  0.19   51  -51  0.19 
162  5 10 13 2003 23 43 2.22  5  -34  0.23   51  -58  0.14 
162  5 10 13 2003 23 43 2.22  6  -31  0.11   51  -80  0.10 
162  5 10 13 2003 23 43 2.22  7  -52  0.20   51  -52  0.20 
162  5 10 13 2003 23 43 2.22  8  -71  0.20   51  -71  0.20 
162  5 10 13 2003 23 43 2.22  9  -30  0.36   51  -79  0.26 
163  7 10 13 2003 10  9 1.11  1  -58  0.27   73  -87  0.07 
163  7 10 13 2003 10  9 1.11  2  -65  0.18   73  -73  0.09 
163  7 10 13 2003 10  9 1.11  3  -33  0.23   73  -74  0.16 
163  7 10 13 2003 10  9 1.11  4  -61  0.36   73  -75  0.16 
163  7 10 13 2003 10  9 1.11  5  -31  0.18   73  -73  0.16 
163  7 10 13 2003 10  9 1.11  6  -44  0.24   73  -86  0.15 
163  7 10 13 2003 10  9 1.11  7  -43  0.12   73  -86  0.14 
163  7 10 13 2003 10  9 1.11  8  -38  0.27   73  -98  0.21 
164  5 10 14 2003 11 45 1.39  0  -57  0.37   53  -57  0.37 
164  5 10 14 2003 11 45 1.39  1  -54  0.38   53  -54  0.38 
164  5 10 14 2003 11 45 1.39  2  -36  0.31   53  -82  0.37 
164  5 10 14 2003 11 45 1.39  3  -56  0.24   53  -56  0.24 
164  5 10 14 2003 11 45 1.39  4  -56  0.29   53  -56  0.29 
164  5 10 14 2003 11 45 1.39  5  -76  0.30   53  -76  0.30 
164  5 10 14 2003 11 45 1.39  6  -44  0.36   53  -54  0.31 
164  5 10 14 2003 11 45 1.39  7  -38  0.25   53  -80  0.24 
164  5 10 14 2003 11 45 1.39  8  -38  0.30   53  -83  0.24 
164  5 10 14 2003 11 45 1.39  9  -56  0.37   53  -56  0.37 
165  5 10 14 2003 12  6 2.22  0  -56  0.30   53  -56  0.30 
165  5 10 14 2003 12  6 2.22  1  -56  0.43   53  -56  0.43 
165  5 10 14 2003 12  6 2.22  2  -36  0.39   53  -62  0.17 
165  5 10 14 2003 12  6 2.22  3  -57  0.25   53  -57  0.25 
165  5 10 14 2003 12  6 2.22  4  -57  0.27   53  -57  0.27 
165  5 10 14 2003 12  6 2.22  5  -76  0.29   53  -76  0.29 
165  5 10 14 2003 12  6 2.22  6  -56  0.46   53  -56  0.46 
165  5 10 14 2003 12  6 2.22  7  -36  0.28   53  -78  0.12 
165  5 10 14 2003 12  6 2.22  8  -40  0.35   53  -81  0.07 
165  5 10 14 2003 12  6 2.22  9  -56  0.40   53  -56  0.40 
166  5 10 16 2003 23 57 1.94  0  -52  0.26   42  -52  0.26 
166  5 10 16 2003 23 57 1.94  1  -47  0.28   42  -47  0.28 
166  5 10 16 2003 23 57 1.94  2  -35  0.29   42  -62  0.03 
166  5 10 16 2003 23 57 1.94  3  -57  0.20   42  -57  0.20 
166  5 10 16 2003 23 57 1.94  4  -45  0.17   42  -45  0.17 
166  5 10 16 2003 23 57 1.94  5  -46  0.08   42  -46  0.08 
166  5 10 16 2003 23 57 1.94  6  -47  0.28   42  -47  0.28 
166  5 10 16 2003 23 57 1.94  7  -74  0.26   42  -69  0.17 
166  5 10 16 2003 23 57 1.94  8  -78  0.36   42  -72  0.28 
166  5 10 16 2003 23 57 1.94  9  -52  0.27   42  -52  0.27 
167  5 10 16 2003 23 56 2.22  0  -30  0.22   42  -53  0.11 
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#     ST    M     D   Year        H   Mi    Freq      P    Delay A  CC A        CDT   Delay B  CC B 
167  5 10 16 2003 23 56 2.22  1  -52  0.21   42  -52  0.21 
167  5 10 16 2003 23 56 2.22  2  -47  0.32   42  -47  0.32 
167  5 10 16 2003 23 56 2.22  3  -72  0.18   42  -72  0.18 
167  5 10 16 2003 23 56 2.22  4  -30  0.49   42  -72  0.27 
167  5 10 16 2003 23 56 2.22  5  -30  0.30   42  -43  0.06 
167  5 10 16 2003 23 56 2.22  6  -52  0.19   42  -52  0.19 
167  5 10 16 2003 23 56 2.22  7  -30  0.19   42  -52  0.05 
167  5 10 16 2003 23 56 2.22  8  -76  0.18   42  -62  0.06 
167  5 10 16 2003 23 56 2.22  9  -53  0.18   42  -53  0.18 
174  7 10 27 2003  7  4 3.61  0  -43  0.42   53  -82  0.22 
174  7 10 27 2003  7  4 3.61  1  -35  0.22   53  -70  0.20 
174  7 10 27 2003  7  4 3.61  2  -50  0.24   53  -54  0.22 
174  7 10 27 2003  7  4 3.61  3  -53  0.43   53  -53  0.43 
174  7 10 27 2003  7  4 3.61  4  -69  0.31   53  -69  0.31 
174  7 10 27 2003  7  4 3.61  5  -71  0.22   53  -71  0.22 
174  7 10 27 2003  7  4 3.61  6  -73  0.32   53  -73  0.32 
174  7 10 27 2003  7  4 3.61  7  -54  0.43   53  -54  0.43 
174  7 10 27 2003  7  4 3.61  8  -46  0.21   53  -73  0.18 
174  7 10 27 2003  7  4 3.61  9  -43  0.41   53  -82  0.23 
176  6 11  7 2003  2  5 0.83  0  -32  0.32   44  -47  0.12 
176  6 11  7 2003  2  5 0.83  1  -53  0.27   44  -53  0.27 
176  6 11  7 2003  2  5 0.83  2  -64  0.40   44  -64  0.40 
176  6 11  7 2003  2  5 0.83  3  -33  0.29   44  -53  0.12 
176  6 11  7 2003  2  5 0.83  4  -77  0.39   44  -73  0.16 
176  6 11  7 2003  2  5 0.83  5  -77  0.33   44  -73  0.25 
176  6 11  7 2003  2  5 0.83  6  -64  0.28   44  -64  0.28 
176  6 11  7 2003  2  5 0.83  7  -67  0.43   44  -67  0.43 
176  6 11  7 2003  2  5 0.83  8  -77  0.29   44  -74  0.17 
176  6 11  7 2003  2  5 0.83  9  -32  0.30   44  -47  0.16 
177  6 11  7 2003  2  6 1.11  0  -35  0.29   44  -74  0.20 
177  6 11  7 2003  2  6 1.11  1  -30  0.14   44  -44  0.09 
177  6 11  7 2003  2  6 1.11  2  -67  0.51   44  -67  0.51 
177  6 11  7 2003  2  6 1.11  3  -72  0.34   44  -72  0.34 
177  6 11  7 2003  2  6 1.11  4  -79  0.42   44  -72  0.29 
177  6 11  7 2003  2  6 1.11  5  -69  0.40   44  -69  0.40 
177  6 11  7 2003  2  6 1.11  6  -68  0.41   44  -68  0.41 
177  6 11  7 2003  2  6 1.11  7  -67  0.44   44  -67  0.44 
177  6 11  7 2003  2  6 1.11  8  -76  0.34   44  -74  0.20 
177  6 11  7 2003  2  6 1.11  9  -35  0.20   44  -74  0.14 
178  6 11  7 2003  4 17 2.78  0  -70  0.52   44  -70  0.52 
178  6 11  7 2003  4 17 2.78  1  -41  0.31   44  -68  0.28 
178  6 11  7 2003  4 17 2.78  2  -63  0.41   44  -63  0.41 
178  6 11  7 2003  4 17 2.78  3  -72  0.34   44  -72  0.34 
178  6 11  7 2003  4 17 2.78  4  -35  0.23   44  -72  0.22 
178  6 11  7 2003  4 17 2.78  5  -55  0.30   44  -55  0.30 
178  6 11  7 2003  4 17 2.78  6  -64  0.27   44  -64  0.27 
178  6 11  7 2003  4 17 2.78  7  -32  0.32   44  -45  0.24 
178  6 11  7 2003  4 17 2.78  8  -71  0.32   44  -71  0.32 
178  6 11  7 2003  4 17 2.78  9  -70  0.52   44  -70  0.52 
179 10 11  7 2003  5 40 4.44  0  -58  0.21   45  -58  0.21 
179 10 11  7 2003  5 40 4.44  1  -48  0.44   45  -48  0.44 
179 10 11  7 2003  5 40 4.44  2  -58  0.36   45  -58  0.36 
179 10 11  7 2003  5 40 4.44  3  -59  0.34   45  -59  0.34 
179 10 11  7 2003  5 40 4.44  4  -39  0.22   45  -52  0.22 
179 10 11  7 2003  5 40 4.44  5  -64  0.30   45  -64  0.30 
179 10 11  7 2003  5 40 4.44  6  -79  0.25   45  -61  0.24 
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#     ST    M     D   Year        H   Mi    Freq      P    Delay A  CC A        CDT   Delay B  CC B 
179 10 11  7 2003  5 40 4.44  7  -38  0.30   45  -60  0.28 
179 10 11  7 2003  5 40 4.44  8  -48  0.23   45  -48  0.23 
179 10 11  7 2003  5 40 4.44  9  -45  0.22   45  -45  0.22 
180 13 11  7 2003 21  6 1.67  0  -52  0.37   56  -56  0.12 
180 13 11  7 2003 21  6 1.67  1  -57  0.26   56  -57  0.26 
180 13 11  7 2003 21  6 1.67  2  -52  0.15   56  -83  0.09 
180 13 11  7 2003 21  6 1.67  3  -44  0.16   56  -86  0.14 
180 13 11  7 2003 21  6 1.67  4  -64  0.32   56  -64  0.32 
180 13 11  7 2003 21  6 1.67  5  -68  0.34   56  -68  0.34 
180 13 11  7 2003 21  6 1.67  6  -38  0.18   56  -83  0.13 
180 13 11  7 2003 21  6 1.67  7  -54  0.33   56  -83  0.22 
180 13 11  7 2003 21  6 1.67  8  -53  0.20   56  -74  0.15 
180 13 11  7 2003 21  6 1.67  9  -53  0.35   56  -56  0.18 
181 13 11  8 2003 20 18 0.56  0  -75  0.37   56  -75  0.37 
181 13 11  8 2003 20 18 0.56  1  -64  0.56   56  -64  0.56 
181 13 11  8 2003 20 18 0.56  2  -74  0.21   56  -74  0.21 
181 13 11  8 2003 20 18 0.56  3  -39  0.36   56  -56  0.09 
181 13 11  8 2003 20 18 0.56  4  -48  0.35   56  -82  0.28 
181 13 11  8 2003 20 18 0.56  5  -40  0.39   56  -65  0.28 
181 13 11  8 2003 20 18 0.56  6  -60  0.43   56  -60  0.43 
181 13 11  8 2003 20 18 0.56  7  -35  0.40   56  -82  0.17 
181 13 11  8 2003 20 18 0.56  8  -60  0.35   56  -60  0.35 
181 13 11  8 2003 20 18 0.56  9  -50  0.39   56  -75  0.34 
182  5 11 20 2003 11 45 1.67  0  -76  0.26   35  -36  0.25 
182  5 11 20 2003 11 45 1.67  1  -66  0.19   35  -65  0.17 
182  5 11 20 2003 11 45 1.67  2  -48  0.24   35  -48  0.24 
182  5 11 20 2003 11 45 1.67  3  -59  0.23   35  -59  0.23 
182  5 11 20 2003 11 45 1.67  4  -63  0.24   35  -63  0.24 
182  5 11 20 2003 11 45 1.67  5  -59  0.26   35  -59  0.26 
182  5 11 20 2003 11 45 1.67  6  -60  0.28   35  -60  0.28 
182  5 11 20 2003 11 45 1.67  7  -59  0.31   35  -59  0.31 
182  5 11 20 2003 11 45 1.67  8  -35  0.24   35  -35  0.24 
182  5 11 20 2003 11 45 1.67  9  -76  0.27   35  -36  0.24 
183  5 11 20 2003 15 17 3.33  0  -30  0.30   39  -59  0.18 
183  5 11 20 2003 15 17 3.33  1  -72  0.13   39  -66  0.13 
183  5 11 20 2003 15 17 3.33  2  -55  0.21   39  -55  0.21 
183  5 11 20 2003 15 17 3.33  3  -30  0.19   39  -60  0.17 
183  5 11 20 2003 15 17 3.33  4  -42  0.21   39  -42  0.21 
183  5 11 20 2003 15 17 3.33  5  -30  0.12   39  -46  0.08 
183  5 11 20 2003 15 17 3.33  6  -66  0.21   39  -66  0.21 
183  5 11 20 2003 15 17 3.33  7  -51  0.07   39  -51  0.07 
183  5 11 20 2003 15 17 3.33  8  -33  0.07   39  -51  0.06 
183  5 11 20 2003 15 17 3.33  9  -30  0.24   39  -59  0.18 
185  9 12  4 2003 22 42 0.83  0  -65  0.21   70  -86  0.35 
185  9 12  4 2003 22 42 0.83  1  -48  0.40   70  -86  0.38 
185  9 12  4 2003 22 42 0.83  2  -72  0.55   70  -72  0.55 
185  9 12  4 2003 22 42 0.83  3  -61  0.32   70  -86  0.16 
185  9 12  4 2003 22 42 0.83  4  -44  0.37   70  -70  0.22 
185  9 12  4 2003 22 42 0.83  5  -53  0.22   70  -96  0.22 
185  9 12  4 2003 22 42 0.83  6  -72  0.48   70  -72  0.48 
185  9 12  4 2003 22 42 0.83  7  -61  0.37   70 -100  0.15 
185  9 12  4 2003 22 42 0.83  8  -35  0.24   70  -85  0.26 
185  9 12  4 2003 22 42 0.83  9  -48  0.40   70  -86  0.40 
186  9 12  4 2003 22 53 1.11  0  -59  0.30   70  -89  0.30 
186  9 12  4 2003 22 53 1.11  1  -58  0.27   70  -87  0.47 
186  9 12  4 2003 22 53 1.11  2  -74  0.43   70  -74  0.43 
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#     ST    M     D   Year        H   Mi    Freq      P    Delay A  CC A        CDT   Delay B  CC B 
186  9 12  4 2003 22 53 1.11  3  -30  0.32   70  -86  0.22 
186  9 12  4 2003 22 53 1.11  4  -45  0.38   70  -75  0.35 
186  9 12  4 2003 22 53 1.11  5  -53  0.24   70  -96  0.05 
186  9 12  4 2003 22 53 1.11  6  -74  0.34   70  -74  0.34 
186  9 12  4 2003 22 53 1.11  7  -31  0.33   70  -98  0.24 
186  9 12  4 2003 22 53 1.11  8  -75  0.29   70  -84  0.34 
186  9 12  4 2003 22 53 1.11  9  -59  0.36   70  -88  0.29 
187  5 12  5 2003  0  0 0.83  1  -58  0.11   70  -76 -0.07 
187  5 12  5 2003  0  0 0.83  2  -74  0.36   70  -74  0.36 
187  5 12  5 2003  0  0 0.83  3  -35  0.28   70  -76  0.23 
187  5 12  5 2003  0  0 0.83  4  -33  0.26   70  -75  0.19 
187  5 12  5 2003  0  0 0.83  5  -74  0.12   70  -74  0.12 
187  5 12  5 2003  0  0 0.83  6  -74  0.38   70  -74  0.38 
187  5 12  5 2003  0  0 0.83  7  -30  0.32   70  -76  0.19 
187  5 12  5 2003  0  0 0.83  8  -33  0.29   70  -75  0.13 
188  5 12  5 2003 11 17 2.78  0  -66  0.33   54  -66  0.33 
188  5 12  5 2003 11 17 2.78  1  -47  0.33   54  -63  0.17 
188  5 12  5 2003 11 17 2.78  2  -34  0.26   54  -66  0.20 
188  5 12  5 2003 11 17 2.78  3  -57  0.25   54  -57  0.25 
188  5 12  5 2003 11 17 2.78  4  -77  0.26   54  -77  0.26 
188  5 12  5 2003 11 17 2.78  5  -34  0.12   54  -70  0.07 
188  5 12  5 2003 11 17 2.78  6  -48  0.33   54  -61  0.09 
188  5 12  5 2003 11 17 2.78  7  -39  0.21   54  -64  0.19 
188  5 12  5 2003 11 17 2.78  8  -70  0.26   54  -70  0.26 
188  5 12  5 2003 11 17 2.78  9  -55  0.22   54  -55  0.22 
189  8 12 11 2003 21 17 0.56  0  -78  0.18   30  -54  0.16 
189  8 12 11 2003 21 17 0.56  1  -33  0.45   30  -33  0.45 
189  8 12 11 2003 21 17 0.56  2  -78  0.54   30  -51  0.35 
189  8 12 11 2003 21 17 0.56  3  -51  0.53   30  -51  0.53 
189  8 12 11 2003 21 17 0.56  4  -34  0.71   30  -34  0.71 
189  8 12 11 2003 21 17 0.56  5  -33  0.25   30  -33  0.25 
189  8 12 11 2003 21 17 0.56  6  -36  0.47   30  -36  0.47 
189  8 12 11 2003 21 17 0.56  7  -71  0.46   30  -40  0.20 
189  8 12 11 2003 21 17 0.56  8  -53  0.25   30  -53  0.25 
189  8 12 11 2003 21 17 0.56  9  -32  0.30   30  -32  0.30 
192 16 12 20 2003 18 46 1.67  0  -51  0.16   55  -69  0.11 
192 16 12 20 2003 18 46 1.67  1  -70  0.48   55  -70  0.48 
192 16 12 20 2003 18 46 1.67  2  -65  0.35   55  -65  0.35 
192 16 12 20 2003 18 46 1.67  3  -56  0.14   55  -56  0.14 
192 16 12 20 2003 18 46 1.67  4  -33  0.20   55  -56  0.19 
192 16 12 20 2003 18 46 1.67  5  -52  0.20   55  -55  0.18 
192 16 12 20 2003 18 46 1.67  6  -33  0.25   55  -65  0.18 
192 16 12 20 2003 18 46 1.67  7  -58  0.11   55  -58  0.11 
192 16 12 20 2003 18 46 1.67  8  -33  0.30   55  -58  0.17 
192 16 12 20 2003 18 46 1.67  9  -69  0.19   55  -69  0.19 
193  7 12 20 2003 18 56 1.11  0  -58  0.23   55  -58  0.23 
193  7 12 20 2003 18 56 1.11  1  -76  0.47   55  -76  0.47 
193  7 12 20 2003 18 56 1.11  2  -32  0.24   55  -84  0.38 
193  7 12 20 2003 18 56 1.11  3  -31  0.44   55  -76  0.25 
193  7 12 20 2003 18 56 1.11  4  -58  0.33   55  -58  0.33 
193  7 12 20 2003 18 56 1.11  5  -40  0.28   55  -56  0.19 
193  7 12 20 2003 18 56 1.11  6  -32  0.24   55  -83  0.37 
193  7 12 20 2003 18 56 1.11  7  -31  0.41   55  -76  0.29 
193  7 12 20 2003 18 56 1.11  8  -58  0.23   55  -58  0.23 
193  7 12 20 2003 18 56 1.11  9  -43  0.34   55  -75  0.29 
194  7 12 20 2003 19 56 2.78  0  -79  0.24   56  -83  0.25 



APPENDIX B MAXIMUM CORRELATION COEFFICIENTS OF THE TIME SERIES 
CORRESPONDING TO SOLAR WIND AND SUPERDARN 

228 

 

#     ST    M     D   Year        H   Mi    Freq      P    Delay A  CC A        CDT   Delay B  CC B 
194  7 12 20 2003 19 56 2.78  1  -52  0.19   56  -73  0.12 
194  7 12 20 2003 19 56 2.78  2  -64  0.19   56  -64  0.19 
194  7 12 20 2003 19 56 2.78  3  -62  0.12   56  -82  0.17 
194  7 12 20 2003 19 56 2.78  4  -44  0.32   56  -70  0.16 
194  7 12 20 2003 19 56 2.78  5  -66  0.24   56  -66  0.24 
194  7 12 20 2003 19 56 2.78  6  -64  0.20   56  -64  0.20 
194  7 12 20 2003 19 56 2.78  7  -71  0.20   56  -71  0.20 
194  7 12 20 2003 19 56 2.78  8  -45  0.32   56  -62  0.17 
194  7 12 20 2003 19 56 2.78  9  -41  0.33   56  -83  0.17 
195  7 12 20 2003 20  5 1.67  0  -63  0.31   53  -63  0.31 
195  7 12 20 2003 20  5 1.67  1  -53  0.31   53  -53  0.31 
195  7 12 20 2003 20  5 1.67  2  -80  0.28   53  -81  0.29 
195  7 12 20 2003 20  5 1.67  3  -76  0.19   53  -83  0.36 
195  7 12 20 2003 20  5 1.67  4  -71  0.34   53  -71  0.34 
195  7 12 20 2003 20  5 1.67  5  -60  0.23   53  -60  0.23 
195  7 12 20 2003 20  5 1.67  6  -80  0.23   53  -80  0.23 
195  7 12 20 2003 20  5 1.67  7  -71  0.28   53  -83  0.40 
195  7 12 20 2003 20  5 1.67  8  -68  0.28   53  -68  0.28 
195  7 12 20 2003 20  5 1.67  9  -50  0.38   53  -53  0.30 
200  7  1 14 2003 15 51 2.22  0  -58  0.43   63  -63  0.14 
200  7  1 14 2003 15 51 2.22  1  -33  0.35   63  -66 -0.14 
200  7  1 14 2003 15 51 2.22  2  -72  0.26   63  -91  0.29 
200  7  1 14 2003 15 51 2.22  3  -56  0.45   63  -63  0.24 
200  7  1 14 2003 15 51 2.22  4  -76  0.42   63  -83  0.44 
200  7  1 14 2003 15 51 2.22  5  -71  0.37   63  -87  0.37 
200  7  1 14 2003 15 51 2.22  6  -71  0.31   63  -71  0.31 
200  7  1 14 2003 15 51 2.22  7  -48  0.17   63  -82  0.18 
200  7  1 14 2003 15 51 2.22  8  -80  0.31   63  -82  0.35 
200  7  1 14 2003 15 51 2.22  9  -40  0.37   63  -63  0.08 
201  7  1 14 2003 16 31 2.50  0  -59  0.26   63  -80  0.16 
201  7  1 14 2003 16 31 2.50  1  -38  0.22   63  -79  0.04 
201  7  1 14 2003 16 31 2.50  2  -76  0.22   63  -76  0.22 
201  7  1 14 2003 16 31 2.50  3  -45  0.23   63  -82  0.26 
201  7  1 14 2003 16 31 2.50  4  -69  0.23   63  -69  0.23 
201  7  1 14 2003 16 31 2.50  5  -68  0.24   63  -87  0.24 
201  7  1 14 2003 16 31 2.50  6  -70  0.43   63  -70  0.43 
201  7  1 14 2003 16 31 2.50  7  -60  0.15   63  -82  0.36 
201  7  1 14 2003 16 31 2.50  8  -79  0.27   63  -79  0.27 
201  7  1 14 2003 16 31 2.50  9  -59  0.24   63  -80  0.13 
202 11  1 17 2003  6 31 2.22  1  -57  0.44   76  -85  0.53 
202 11  1 17 2003  6 31 2.22  2  -30  0.55   76  -94  0.34 
202 11  1 17 2003  6 31 2.22  3  -57  0.44   76 -100  0.45 
202 11  1 17 2003  6 31 2.22  4  -34  0.40   76  -76  0.35 
202 11  1 17 2003  6 31 2.22  5  -64  0.35   76  -93  0.37 
202 11  1 17 2003  6 31 2.22  6  -78  0.30   76  -78  0.30 
202 11  1 17 2003  6 31 2.22  7  -76  0.45   76  -76  0.45 
202 11  1 17 2003  6 31 2.22  8  -36  0.55   76  -76  0.36 
203  7  1 21 2003 17 48 3.33  0  -39  0.25   37  -39  0.25 
203  7  1 21 2003 17 48 3.33  1  -32  0.23   37  -62  0.13 
203  7  1 21 2003 17 48 3.33  2  -39  0.14   37  -39  0.14 
203  7  1 21 2003 17 48 3.33  3  -59  0.17   37  -59  0.17 
203  7  1 21 2003 17 48 3.33  4  -32  0.25   37  -39  0.22 
203  7  1 21 2003 17 48 3.33  5  -33  0.19   37  -44  0.14 
203  7  1 21 2003 17 48 3.33  6  -32  0.27   37  -61  0.11 
203  7  1 21 2003 17 48 3.33  7  -41  0.23   37  -41  0.23 
203  7  1 21 2003 17 48 3.33  8  -37  0.23   37  -37  0.23 
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#     ST    M     D   Year        H   Mi    Freq      P    Delay A  CC A        CDT   Delay B  CC B 
203  7  1 21 2003 17 48 3.33  9  -39  0.15   37  -39  0.15 
204 14  2 19 2003 13  9 1.39  0  -61  0.32   48  -61  0.32 
204 14  2 19 2003 13  9 1.39  1  -33  0.42   48  -72  0.23 
204 14  2 19 2003 13  9 1.39  2  -38  0.21   48  -68  0.15 
204 14  2 19 2003 13  9 1.39  3  -58  0.49   48  -58  0.49 
204 14  2 19 2003 13  9 1.39  4  -58  0.47   48  -58  0.47 
204 14  2 19 2003 13  9 1.39  5  -75  0.25   48  -75  0.25 
204 14  2 19 2003 13  9 1.39  6  -59  0.40   48  -59  0.40 
204 14  2 19 2003 13  9 1.39  7  -73  0.58   48  -73  0.58 
204 14  2 19 2003 13  9 1.39  8  -61  0.42   48  -61  0.42 
204 14  2 19 2003 13  9 1.39  9  -61  0.31   48  -61  0.31 
205 11  2 23 2003  4 23 2.22  0  -76  0.27   41  -41  0.24 
205 11  2 23 2003  4 23 2.22  1  -55  0.39   41  -55  0.39 
205 11  2 23 2003  4 23 2.22  2  -71  0.40   41  -71  0.40 
205 11  2 23 2003  4 23 2.22  3  -58  0.26   41  -58  0.26 
205 11  2 23 2003  4 23 2.22  4  -52  0.23   41  -52  0.23 
205 11  2 23 2003  4 23 2.22  5  -35  0.24   41  -71  0.20 
205 11  2 23 2003  4 23 2.22  6  -56  0.34   41  -56  0.34 
205 11  2 23 2003  4 23 2.22  7  -34  0.38   41  -70  0.24 
205 11  2 23 2003  4 23 2.22  8  -70  0.45   41  -70  0.45 
205 11  2 23 2003  4 23 2.22  9  -41  0.33   41  -41  0.33 
206 13  3  3 2003  3  5 1.39  0  -75  0.52   66  -75  0.52 
206 13  3  3 2003  3  5 1.39  1  -39  0.34   66  -86  0.14 
206 13  3  3 2003  3  5 1.39  2  -79  0.62   66  -79  0.62 
206 13  3  3 2003  3  5 1.39  3  -37  0.47   66  -67  0.40 
206 13  3  3 2003  3  5 1.39  4  -80  0.54   66  -80  0.54 
206 13  3  3 2003  3  5 1.39  5  -78  0.65   66  -78  0.65 
206 13  3  3 2003  3  5 1.39  6  -79  0.80   66  -79  0.80 
206 13  3  3 2003  3  5 1.39  7  -68  0.47   66  -68  0.47 
206 13  3  3 2003  3  5 1.39  8  -79  0.70   66  -79  0.70 
206 13  3  3 2003  3  5 1.39  9  -74  0.46   66  -74  0.46 
207  5  3  6 2003  6  1 1.11  0  -66  0.12   49  -66  0.12 
207  5  3  6 2003  6  1 1.11  1  -68  0.56   49  -68  0.56 
207  5  3  6 2003  6  1 1.11  2  -58  0.37   49  -58  0.37 
207  5  3  6 2003  6  1 1.11  3  -32  0.06   49  -78  0.00 
207  5  3  6 2003  6  1 1.11  4  -38  0.15   49  -61  0.10 
207  5  3  6 2003  6  1 1.11  5  -56  0.32   49  -56  0.32 
207  5  3  6 2003  6  1 1.11  6  -58  0.37   49  -58  0.37 
207  5  3  6 2003  6  1 1.11  7  -32  0.09   49  -74 -0.03 
207  5  3  6 2003  6  1 1.11  8  -48  0.23   49  -75  0.22 
207  5  3  6 2003  6  1 1.11  9  -66  0.33   49  -66  0.33 
208 13  3 17 2003  2 44 0.83  0  -65  0.25   35  -65  0.25 
208 13  3 17 2003  2 44 0.83  1  -77  0.58   35  -35  0.24 
208 13  3 17 2003  2 44 0.83  2  -65  0.49   35  -65  0.49 
208 13  3 17 2003  2 44 0.83  3  -74  0.61   35  -48  0.34 
208 13  3 17 2003  2 44 0.83  4  -61  0.32   35  -61  0.32 
208 13  3 17 2003  2 44 0.83  5  -50  0.43   35  -50  0.43 
208 13  3 17 2003  2 44 0.83  6  -76  0.44   35  -35  0.36 
208 13  3 17 2003  2 44 0.83  7  -35  0.46   35  -35  0.46 
208 13  3 17 2003  2 44 0.83  8  -74  0.64   35  -49  0.41 
208 13  3 17 2003  2 44 0.83  9  -42  0.18   35  -42  0.18 
209 14  3 19 2003 12 12 0.56  0  -72  0.35   38  -38  0.31 
209 14  3 19 2003 12 12 0.56  1  -45  0.33   38  -45  0.33 
209 14  3 19 2003 12 12 0.56  2  -55  0.43   38  -55  0.43 
209 14  3 19 2003 12 12 0.56  3  -42  0.19   38  -42  0.19 
209 14  3 19 2003 12 12 0.56  4  -72  0.32   38  -46  0.19 
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#     ST    M     D   Year        H   Mi    Freq      P    Delay A  CC A        CDT   Delay B  CC B 
209 14  3 19 2003 12 12 0.56  5  -54  0.30   38  -54  0.30 
209 14  3 19 2003 12 12 0.56  6  -46  0.34   38  -46  0.34 
209 14  3 19 2003 12 12 0.56  7  -64  0.33   38  -64  0.33 
209 14  3 19 2003 12 12 0.56  8  -64  0.46   38  -64  0.46 
209 14  3 19 2003 12 12 0.56  9  -72  0.36   38  -38  0.29 
210 14  3 19 2003 12  6 1.11  0  -61  0.47   38  -61  0.47 
210 14  3 19 2003 12  6 1.11  1  -46  0.42   38  -46  0.42 
210 14  3 19 2003 12  6 1.11  2  -52  0.45   38  -52  0.45 
210 14  3 19 2003 12  6 1.11  3  -39  0.48   38  -39  0.48 
210 14  3 19 2003 12  6 1.11  4  -70  0.62   38  -68  0.44 
210 14  3 19 2003 12  6 1.11  5  -53  0.66   38  -53  0.66 
210 14  3 19 2003 12  6 1.11  6  -46  0.54   38  -46  0.54 
210 14  3 19 2003 12  6 1.11  7  -52  0.54   38  -52  0.54 
210 14  3 19 2003 12  6 1.11  8  -64  0.43   38  -64  0.43 
210 14  3 19 2003 12  6 1.11  9  -61  0.51   38  -61  0.51 
211 13  3 29 2003 22 47 0.56  0  -70  0.42   63  -70  0.42 
211 13  3 29 2003 22 47 0.56  1  -59  0.39   63  -85  0.64 
211 13  3 29 2003 22 47 0.56  2  -75  0.51   63  -75  0.51 
211 13  3 29 2003 22 47 0.56  3  -43  0.33   63  -78  0.08 
211 13  3 29 2003 22 47 0.56  4  -44  0.35   63  -71  0.32 
211 13  3 29 2003 22 47 0.56  5  -78 -0.07   63  -78 -0.07 
211 13  3 29 2003 22 47 0.56  6  -75  0.47   63  -75  0.47 
211 13  3 29 2003 22 47 0.56  7  -44  0.23   63  -79  0.08 
211 13  3 29 2003 22 47 0.56  8  -73  0.40   63  -73  0.40 
211 13  3 29 2003 22 47 0.56  9  -70  0.34   63  -85  0.49 
212 13  3 29 2003 22 20 0.83  0  -52  0.56   63  -91  0.34 
212 13  3 29 2003 22 20 0.83  1  -66  0.67   63  -66  0.67 
212 13  3 29 2003 22 20 0.83  2  -53  0.58   63  -79  0.13 
212 13  3 29 2003 22 20 0.83  3  -49  0.12   63  -79  0.01 
212 13  3 29 2003 22 20 0.83  4  -54  0.50   63  -74  0.09 
212 13  3 29 2003 22 20 0.83  5  -43  0.10   63  -82  0.10 
212 13  3 29 2003 22 20 0.83  6  -54  0.57   63  -79  0.25 
212 13  3 29 2003 22 20 0.83  7  -54  0.25   63  -82  0.12 
212 13  3 29 2003 22 20 0.83  8  -52  0.54   63  -79  0.15 
212 13  3 29 2003 22 20 0.83  9  -67  0.48   63  -67  0.48 
213  5  7  8 2003  6 20 1.11  0  -34  0.16   53  -82  0.18 
213  5  7  8 2003  6 20 1.11  1  -50  0.16   53  -60  0.14 
213  5  7  8 2003  6 20 1.11  2  -66  0.19   53  -66  0.19 
213  5  7  8 2003  6 20 1.11  3  -31  0.29   53  -82  0.21 
213  5  7  8 2003  6 20 1.11  4  -58  0.19   53  -58  0.19 
213  5  7  8 2003  6 20 1.11  5  -35  0.27   53  -82  0.18 
213  5  7  8 2003  6 20 1.11  6  -53  0.26   53  -53  0.26 
213  5  7  8 2003  6 20 1.11  7  -70  0.23   53  -70  0.23 
213  5  7  8 2003  6 20 1.11  8  -45  0.22   53  -69  0.11 
213  5  7  8 2003  6 20 1.11  9  -31  0.17   53  -82  0.18 
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Appendix C 

Results for the examination of the band-
pass and analytic signals for both ACE and 

SuperDARN  
 
# Internal ID number for Event 
ST Station Number 
M Month 
D Day 
H Hour 
MI MInute 

Freq Frequency 
P Solar Parameter ID 
B Beam 
G Gate 
D Delay: Time difference between max. 
 

 
  # ST M D Year  H Mi Freq P  B  G   Delay   
  1  7  1  3 2003  8 14 0.83 0  8 27   0.38 
  1  7  1  3 2003  8 14 0.83 1  8 27   0.38 
  1  7  1  3 2003  8 14 0.83 2  8 27   0.38 
  1  7  1  3 2003  8 14 0.83 3  8 27  32.38 
  1  7  1  3 2003  8 14 0.83 4  8 27   0.38 
  1  7  1  3 2003  8 14 0.83 9  8 27   0.38 
  2  7  1  3 2003 12 23 0.56 0 12 33  38.38 
  2  7  1  3 2003 12 23 0.56 1 12 33  59.72 
  2  7  1  3 2003 12 23 0.56 2 12 33  59.72 
  2  7  1  3 2003 12 23 0.56 3 12 33  22.38 
  2  7  1  3 2003 12 23 0.56 4 12 33  42.65 
  2  7  1  3 2003 12 23 0.56 9 12 33  31.98 
  3  7  1  3 2003 12 35 0.83 0 12 25 100.78 
  3  7  1  3 2003 12 35 0.83 1 12 25 100.78 
  3  7  1  3 2003 12 35 0.83 2 12 25 100.78 
  3  7  1  3 2003 12 35 0.83 3 12 25 100.78 
  3  7  1  3 2003 12 35 0.83 4 12 25 100.78 
  3  7  1  3 2003 12 35 0.83 9 12 25 100.78 
  4  7  1  3 2003 16 41 4.17 0 16 40   0.58 
  4  7  1  3 2003 16 41 4.17 1 16 40   3.78 
  4  7  1  3 2003 16 41 4.17 2 16 40   3.78 
  4  7  1  3 2003 16 41 4.17 3 16 40  10.18 
  4  7  1  3 2003 16 41 4.17 4 16 40   6.98 
  4  7  1  3 2003 16 41 4.17 9 16 40  72.05 
  5  7  1  3 2003 19  2 2.50 0 19  5  48.52 
  5  7  1  3 2003 19  2 2.50 1 19  5  48.52 
  5  7  1  3 2003 19  2 2.50 2 19  5  48.52 
  5  7  1  3 2003 19  2 2.50 3 19  5  57.05 
  5  7  1  3 2003 19  2 2.50 4 19  5  52.78 
  5  7  1  3 2003 19  2 2.50 9 19  5  16.52 

  # ST M D Year  H Mi  Freq    B  G   Delay  
  6  7  1  3 2003 19 47 3.61 0 19 51 108.38 
  6  7  1  3 2003 19 47 3.61 1 19 51   0.65 
  6  7  1  3 2003 19 47 3.61 2 19 51   0.65 
  6  7  1  3 2003 19 47 3.61 3 19 51  93.45 
  6  7  1  3 2003 19 47 3.61 4 19 51   0.65 
  6  7  1  3 2003 19 47 3.61 9 19 51  28.38 
  7  7  1  3 2003 19 49 3.89 0 19 52  16.58 
  7  7  1  3 2003 19 49 3.89 1 19 52   0.58 
  7  7  1  3 2003 19 49 3.89 2 19 52   0.58 
  7  7  1  3 2003 19 49 3.89 3 19 52  89.12 
  7  7  1  3 2003 19 49 3.89 4 19 52   0.58 
  7  7  1  3 2003 19 49 3.89 9 19 52  27.25 
  8  7  1  3 2003 19 49 4.44 0 19 50 102.05 
  8  7  1  3 2003 19 49 4.44 1 19 50  90.32 
  8  7  1  3 2003 19 49 4.44 2 19 50  90.32 
  8  7  1  3 2003 19 49 4.44 3 19 50  66.85 
  8  7  1  3 2003 19 49 4.44 4 19 50  63.65 
  8  7  1  3 2003 19 49 4.44 9 19 50   9.25 
 20  8  1 19 2003 17 48 2.78 0 17 42  25.28 
 20  8  1 19 2003 17 48 2.78 1 17 42  23.15 
 20  8  1 19 2003 17 48 2.78 2 17 42  22.08 
 20  8  1 19 2003 17 48 2.78 3 17 42  30.62 
 20  8  1 19 2003 17 48 2.78 4 17 42  21.02 
 20  8  1 19 2003 17 48 2.78 9 17 42  25.28 
 21 14  1 21 2003 11 41 1.11 0 11 29  14.95 
 21 14  1 21 2003 11 41 1.11 1 11 29   0.02 
 21 14  1 21 2003 11 41 1.11 2 11 29   0.02 
 21 14  1 21 2003 11 41 1.11 3 11 29  17.08 
 21 14  1 21 2003 11 41 1.11 4 11 29   8.55 
 21 14  1 21 2003 11 41 1.11 9 11 29  11.75 
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   # ST M D Year  H Mi Freq P  B  G   Delay  
 22 13  1 26 2003  2 46 1.11 0  2 59  72.43 
 22 13  1 26 2003  2 46 1.11 1  2 59  61.77 
 22 13  1 26 2003  2 46 1.11 2  2 59  62.83 
 22 13  1 26 2003  2 46 1.11 3  2 59 106.57 
 22 13  1 26 2003  2 46 1.11 4  2 59  63.90 
 22 13  1 26 2003  2 46 1.11 9  2 59  67.10 
 23  3  1 29 2003 23 57 0.83 0  0 18   8.50 
 23  3  1 29 2003 23 57 0.83 1  0 18  17.03 
 23  3  1 29 2003 23 57 0.83 2  0 18  17.03 
 23  3  1 29 2003 23 57 0.83 3  0 18  10.63 
 23  3  1 29 2003 23 57 0.83 4  0 18  12.77 
 23  3  1 29 2003 23 57 0.83 9  0 18   1.03 
 24  3  1 29 2003 23 59 1.39 0  0 26  25.03 
 24  3  1 29 2003 23 59 1.39 1  0 26  25.03 
 24  3  1 29 2003 23 59 1.39 2  0 26  25.03 
 24  3  1 29 2003 23 59 1.39 3  0 26  13.30 
 24  3  1 29 2003 23 59 1.39 4  0 26  25.03 
 24  3  1 29 2003 23 59 1.39 9  0 26  25.03 
 28 13  2  7 2003  3  6 1.11 0  3 18  32.80 
 28 13  2  7 2003  3  6 1.11 1  3 18   9.33 
 28 13  2  7 2003  3  6 1.11 2  3 18   9.33 
 28 13  2  7 2003  3  6 1.11 3  3 18  15.73 
 28 13  2  7 2003  3  6 1.11 4  3 18  49.87 
 28 13  2  7 2003  3  6 1.11 9  3 18  28.53 
 30 10  2 19 2003  0  0 0.56 0  0  0  99.90 
 30 10  2 19 2003  0  0 0.56 1  0  0  99.90 
 30 10  2 19 2003  0  0 0.56 2  0  0  99.90 
 30 10  2 19 2003  0  0 0.56 3  0  0  99.90 
 30 10  2 19 2003  0  0 0.56 4  0  0  99.90 
 30 10  2 19 2003  0  0 0.56 5  0  0  99.90 
 30 10  2 19 2003  0  0 0.56 6  0  0  99.90 
 30 10  2 19 2003  0  0 0.56 7  0  0  99.90 
 30 10  2 19 2003  0  0 0.56 8  0  0  99.90 
 30 10  2 19 2003  0  0 0.56 9  0  0  99.90 
 31 13  2 19 2003 21  7 0.56 0 21  6   0.03 
 31 13  2 19 2003 21  7 0.56 1 21  6   0.03 
 31 13  2 19 2003 21  7 0.56 2 21  6  43.77 
 31 13  2 19 2003 21  7 0.56 3 21  6   0.03 
 31 13  2 19 2003 21  7 0.56 4 21  6  43.77 
 31 13  2 19 2003 21  7 0.56 9 21  6   0.03 
 32 13  2 19 2003 21  4 0.83 0 22 15  17.83 
 32 13  2 19 2003 21  4 0.83 1 22 15  25.30 
 32 13  2 19 2003 21  4 0.83 2 22 15  27.43 
 32 13  2 19 2003 21  4 0.83 3 22 15  44.50 
 32 13  2 19 2003 21  4 0.83 4 22 15  16.77 
 32 13  2 19 2003 21  4 0.83 9 22 15  21.03 
 33 13  2 19 2003 21 25 2.22 0 21 20  63.10 
 33 13  2 19 2003 21 25 2.22 1 21 20  48.17 
 33 13  2 19 2003 21 25 2.22 2 21 20  48.17 
 33 13  2 19 2003 21 25 2.22 3 21 20  68.43 
 33 13  2 19 2003 21 25 2.22 4 21 20  87.63 
 33 13  2 19 2003 21 25 2.22 9 21 20  87.63 

   # ST M D Year  H Mi Freq P  B  G   Delay  
 34 13  2 19 2003 21 25 2.78 0 21 25  48.90 
 34 13  2 19 2003 21 25 2.78 1 21 25  63.83 
 34 13  2 19 2003 21 25 2.78 2 21 25  26.50 
 34 13  2 19 2003 21 25 2.78 3 21 25  63.83 
 34 13  2 19 2003 21 25 2.78 4 21 25  63.83 
 34 13  2 19 2003 21 25 2.78 9 21 25  47.83 
 35 13  2 20 2003  1 43 0.56 0  1 43  99.90 
 35 13  2 20 2003  1 43 0.56 1  1 43  99.90 
 35 13  2 20 2003  1 43 0.56 2  1 43  99.90 
 35 13  2 20 2003  1 43 0.56 3  1 43  99.90 
 35 13  2 20 2003  1 43 0.56 4  1 43  99.90 
 35 13  2 20 2003  1 43 0.56 5  1 43  99.90 
 35 13  2 20 2003  1 43 0.56 6  1 43  99.90 
 35 13  2 20 2003  1 43 0.56 7  1 43  99.90 
 35 13  2 20 2003  1 43 0.56 8  1 43  99.90 
 35 13  2 20 2003  1 43 0.56 9  1 43  99.90 
 43 11  2 23 2003  1 21 0.83 0  1 21  99.90 
 43 11  2 23 2003  1 21 0.83 1  1 21  99.90 
 43 11  2 23 2003  1 21 0.83 2  1 21  99.90 
 43 11  2 23 2003  1 21 0.83 3  1 21  99.90 
 43 11  2 23 2003  1 21 0.83 4  1 21  99.90 
 43 11  2 23 2003  1 21 0.83 5  1 21  99.90 
 43 11  2 23 2003  1 21 0.83 6  1 21  99.90 
 43 11  2 23 2003  1 21 0.83 7  1 21  99.90 
 43 11  2 23 2003  1 21 0.83 8  1 21  99.90 
 43 11  2 23 2003  1 21 0.83 9  1 21  99.90 
 46 13  3  3 2003  1  7 1.94 0  1  7  99.90 
 46 13  3  3 2003  1  7 1.94 1  1  7  99.90 
 46 13  3  3 2003  1  7 1.94 2  1  7  99.90 
 46 13  3  3 2003  1  7 1.94 3  1  7  99.90 
 46 13  3  3 2003  1  7 1.94 4  1  7  99.90 
 46 13  3  3 2003  1  7 1.94 5  1  7  99.90 
 46 13  3  3 2003  1  7 1.94 6  1  7  99.90 
 46 13  3  3 2003  1  7 1.94 7  1  7  99.90 
 46 13  3  3 2003  1  7 1.94 8  1  7  99.90 
 46 13  3  3 2003  1  7 1.94 9  1  7  99.90 
 47 13  3  3 2003  2 47 0.56 0  2 46   0.85 
 47 13  3  3 2003  2 47 0.56 1  2 46 117.12 
 47 13  3  3 2003  2 47 0.56 2  2 46 117.12 
 47 13  3  3 2003  2 47 0.56 3  2 46   7.25 
 47 13  3  3 2003  2 47 0.56 4  2 46  38.18 
 47 13  3  3 2003  2 47 0.56 9  2 46   0.85 
 50  5  3  6 2003  5 48 1.94 0  6 46  93.67 
 50  5  3  6 2003  5 48 1.94 1  6 46  85.13 
 50  5  3  6 2003  5 48 1.94 2  6 46  85.13 
 50  5  3  6 2003  5 48 1.94 3  6 46  85.13 
 50  5  3  6 2003  5 48 1.94 4  6 46   0.87 
 50  5  3  6 2003  5 48 1.94 5  6 46 101.13 
 50  5  3  6 2003  5 48 1.94 6  6 46  88.87 
 50  5  3  6 2003  5 48 1.94 7  6 46  43.53 
 50  5  3  6 2003  5 48 1.94 8  6 46  97.13 
 50  5  3  6 2003  5 48 1.94 9  6 46  94.73 
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   # ST M D Year  H Mi Freq P  B  G   Delay  
 51  9  3  8 2003  1 50 1.94 0  1 50  99.90 
 51  9  3  8 2003  1 50 1.94 1  1 50  99.90 
 51  9  3  8 2003  1 50 1.94 2  1 50  99.90 
 51  9  3  8 2003  1 50 1.94 3  1 50  99.90 
 51  9  3  8 2003  1 50 1.94 4  1 50  99.90 
 51  9  3  8 2003  1 50 1.94 5  1 50  99.90 
 51  9  3  8 2003  1 50 1.94 6  1 50  99.90 
 51  9  3  8 2003  1 50 1.94 7  1 50  99.90 
 51  9  3  8 2003  1 50 1.94 8  1 50  99.90 
 51  9  3  8 2003  1 50 1.94 9  1 50  99.90 
 52  9  3  8 2003 18 55 1.39 0 18 50  39.00 
 52  9  3  8 2003 18 55 1.39 1 18 50  39.00 
 52  9  3  8 2003 18 55 1.39 2 18 50  39.00 
 52  9  3  8 2003 18 55 1.39 3 18 50  77.40 
 52  9  3  8 2003 18 55 1.39 4 18 50  41.13 
 52  9  3  8 2003 18 55 1.39 9 18 50  39.00 
 53  9  3 10 2003 19 11 3.33 0 19  4   3.93 
 53  9  3 10 2003 19 11 3.33 1 19  4  10.33 
 53  9  3 10 2003 19 11 3.33 2 19  4  10.33 
 53  9  3 10 2003 19 11 3.33 3 19  4  42.33 
 53  9  3 10 2003 19 11 3.33 4 19  4  41.27 
 53  9  3 10 2003 19 11 3.33 9 19  4   5.00 
 56  9  3 15 2003  1 49 0.56 0  1 49  99.90 
 56  9  3 15 2003  1 49 0.56 1  1 49  99.90 
 56  9  3 15 2003  1 49 0.56 2  1 49  99.90 
 56  9  3 15 2003  1 49 0.56 3  1 49  99.90 
 56  9  3 15 2003  1 49 0.56 4  1 49  99.90 
 56  9  3 15 2003  1 49 0.56 5  1 49  99.90 
 56  9  3 15 2003  1 49 0.56 6  1 49  99.90 
 56  9  3 15 2003  1 49 0.56 7  1 49  99.90 
 56  9  3 15 2003  1 49 0.56 8  1 49  99.90 
 56  9  3 15 2003  1 49 0.56 9  1 49  99.90 
 57 14  3 15 2003 11 52 0.83 0 11 52  83.95 
 57 14  3 15 2003 11 52 0.83 1 11 52  86.08 
 57 14  3 15 2003 11 52 0.83 2 11 52  85.02 
 57 14  3 15 2003 11 52 0.83 3 11 52  65.82 
 57 14  3 15 2003 11 52 0.83 4 11 52  14.62 
 57 14  3 15 2003 11 52 0.83 9 11 52  86.08 
 58 13  3 17 2003  2 55 1.11 0  2 56  80.22 
 58 13  3 17 2003  2 55 1.11 1  2 56  80.22 
 58 13  3 17 2003  2 55 1.11 2  2 56  80.22 
 58 13  3 17 2003  2 55 1.11 3  2 56  80.22 
 58 13  3 17 2003  2 55 1.11 4  2 56  80.22 
 58 13  3 17 2003  2 55 1.11 9  2 56  80.22 
 59 13  3 24 2003  1 47 0.56 0  1 47  99.90 
 59 13  3 24 2003  1 47 0.56 1  1 47  99.90 
 59 13  3 24 2003  1 47 0.56 2  1 47  99.90 
 59 13  3 24 2003  1 47 0.56 3  1 47  99.90 
 59 13  3 24 2003  1 47 0.56 4  1 47  99.90 
 59 13  3 24 2003  1 47 0.56 5  1 47  99.90 
 59 13  3 24 2003  1 47 0.56 6  1 47  99.90 
 59 13  3 24 2003  1 47 0.56 7  1 47  99.90 

   # ST M D Year  H Mi Freq P  B  G   Delay  
 59 13  3 24 2003  1 47 0.56 8  1 47  99.90 
 59 13  3 24 2003  1 47 0.56 9  1 47  99.90 
 66  6  4  1 2003  2  1 3.33 0  2  5  83.65 
 66  6  4  1 2003  2  1 3.33 1  2  5  83.65 
 66  6  4  1 2003  2  1 3.33 2  2  5  83.65 
 66  6  4  1 2003  2  1 3.33 3  2  5  83.65 
 66  6  4  1 2003  2  1 3.33 4  2  5  83.65 
 66  6  4  1 2003  2  1 3.33 5  2  5  28.98 
 66  6  4  1 2003  2  1 3.33 6  2  5  28.98 
 66  6  4  1 2003  2  1 3.33 7  2  5  28.98 
 66  6  4  1 2003  2  1 3.33 8  2  5  28.98 
 66  6  4  1 2003  2  1 3.33 9  2  5  83.65 
 68  6  4  8 2003  9 22 1.11 0  9 19   0.33 
 68  6  4  8 2003  9 22 1.11 1  9 19   0.33 
 68  6  4  8 2003  9 22 1.11 2  9 19   0.33 
 68  6  4  8 2003  9 22 1.11 3  9 19   0.33 
 68  6  4  8 2003  9 22 1.11 4  9 19   0.33 
 68  6  4  8 2003  9 22 1.11 9  9 19   0.33 
 77  8  4 26 2003 23 15 1.39 0 23 28  52.57 
 77  8  4 26 2003 23 15 1.39 1 23 28  52.57 
 77  8  4 26 2003 23 15 1.39 2 23 28  52.57 
 77  8  4 26 2003 23 15 1.39 3 23 28  52.57 
 77  8  4 26 2003 23 15 1.39 4 23 28   0.30 
 77  8  4 26 2003 23 15 1.39 9 23 28  49.37 
 82 13  5  6 2003  7 45 2.22 0  7 53  12.52 
 82 13  5  6 2003  7 45 2.22 1  7 53  49.85 
 82 13  5  6 2003  7 45 2.22 2  7 53  49.85 
 82 13  5  6 2003  7 45 2.22 3  7 53  26.38 
 82 13  5  6 2003  7 45 2.22 4  7 53  70.12 
 82 13  5  6 2003  7 45 2.22 9  7 53  11.45 
 83 13  5  6 2003  7 49 3.33 0  7 49  22.38 
 83 13  5  6 2003  7 49 3.33 1  7 49  61.85 
 83 13  5  6 2003  7 49 3.33 2  7 49  62.92 
 83 13  5  6 2003  7 49 3.33 3  7 49  84.25 
 83 13  5  6 2003  7 49 3.33 4  7 49  45.85 
 83 13  5  6 2003  7 49 3.33 9  7 49  84.25 
 85 13  5  6 2003  7 52 2.50 0  7 54  99.92 
 85 13  5  6 2003  7 52 2.50 1  7 54  33.78 
 85 13  5  6 2003  7 52 2.50 2  7 54  33.78 
 85 13  5  6 2003  7 52 2.50 3  7 54  27.38 
 85 13  5  6 2003  7 52 2.50 4  7 54  92.45 
 85 13  5  6 2003  7 52 2.50 9  7 54  95.65 
 86 13  5  6 2003  7 54 4.44 0  7 50  22.32 
 86 13  5  6 2003  7 54 4.44 1  7 50  36.18 
 86 13  5  6 2003  7 54 4.44 2  7 50  36.18 
 86 13  5  6 2003  7 54 4.44 3  7 50  28.72 
 86 13  5  6 2003  7 54 4.44 4  7 50  54.32 
 86 13  5  6 2003  7 54 4.44 9  7 50  22.32 
101  7  5 31 2003 12 49 0.83 0 12 46   0.52 
101  7  5 31 2003 12 49 0.83 1 12 46   0.52 
101  7  5 31 2003 12 49 0.83 2 12 46   0.52 
101  7  5 31 2003 12 49 0.83 3 12 46  47.45 
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  # ST M D Year  H Mi Freq P  B  G   Delay  
101  7  5 31 2003 12 49 0.83 4 12 46  60.25 
101  7  5 31 2003 12 49 0.83 9 12 46   0.52 
105  9  6  3 2003  2 44 1.11 0  2 41  26.98 
105  9  6  3 2003  2 44 1.11 1  2 41 117.65 
105  9  6  3 2003  2 44 1.11 2  2 41 117.65 
105  9  6  3 2003  2 44 1.11 3  2 41  71.78 
105  9  6  3 2003  2 44 1.11 4  2 41 115.52 
105  9  6  3 2003  2 44 1.11 9  2 41  26.98 
106  6  6  8 2003  5 18 0.83 0  5  8   0.13 
106  6  6  8 2003  5 18 0.83 1  5  8  52.40 
106  6  6  8 2003  5 18 0.83 2  5  8  52.40 
106  6  6  8 2003  5 18 0.83 3  5  8  50.27 
106  6  6  8 2003  5 18 0.83 4  5  8  52.40 
106  6  6  8 2003  5 18 0.83 5  5  8   8.93 
106  6  6  8 2003  5 18 0.83 6  5  8   7.87 
106  6  6  8 2003  5 18 0.83 7  5  8  35.33 
106  6  6  8 2003  5 18 0.83 8  5  8   0.13 
106  6  6  8 2003  5 18 0.83 9  5  8   0.13 
107  8  6  8 2003 22 43 0.83 0 22 40  11.07 
107  8  6  8 2003 22 43 0.83 1 22 40   0.40 
107  8  6  8 2003 22 43 0.83 2 22 40   0.40 
107  8  6  8 2003 22 43 0.83 3 22 40   0.40 
107  8  6  8 2003 22 43 0.83 4 22 40 104.93 
107  8  6  8 2003 22 43 0.83 9 22 40  18.53 
108  8  6  8 2003 23 42 0.56 0  0 22  21.33 
108  8  6  8 2003 23 42 0.56 1  0 22  14.93 
108  8  6  8 2003 23 42 0.56 2  0 22  14.93 
108  8  6  8 2003 23 42 0.56 3  0 22  21.33 
108  8  6  8 2003 23 42 0.56 4  0 22  17.07 
108  8  6  8 2003 23 42 0.56 9  0 22  21.33 
109  8  6 15 2003  2 49 0.56 0  2 53  83.82 
109  8  6 15 2003  2 49 0.56 1  2 53  82.75 
109  8  6 15 2003  2 49 0.56 2  2 53  82.75 
109  8  6 15 2003  2 49 0.56 3  2 53  80.62 
109  8  6 15 2003  2 49 0.56 4  2 53  77.42 
109  8  6 15 2003  2 49 0.56 9  2 53  87.02 
110  5  6 15 2003  9 12 1.39 0  8 56  91.62 
110  5  6 15 2003  9 12 1.39 1  8 56  15.88 
110  5  6 15 2003  9 12 1.39 2  8 56  15.88 
110  5  6 15 2003  9 12 1.39 3  8 56  48.95 
110  5  6 15 2003  9 12 1.39 4  8 56  95.88 
110  5  6 15 2003  9 12 1.39 9  8 56  95.88 
112 13  6 16 2003  0  0 0.56 0 23 37 158.75 
112 13  6 16 2003  0  0 0.56 1 23 37 158.75 
112 13  6 16 2003  0  0 0.56 2 23 37 158.75 
112 13  6 16 2003  0  0 0.56 3 23 37 158.75 
112 13  6 16 2003  0  0 0.56 4 23 37 158.75 
112 13  6 16 2003  0  0 0.56 9 23 37 158.75 
118  8  7  1 2003  4 43 1.11 0  4 48  99.65 
118  8  7  1 2003  4 43 1.11 1  4 48  33.52 
118  8  7  1 2003  4 43 1.11 2  4 48  33.52 
118  8  7  1 2003  4 43 1.11 3  4 48  33.52 

  # ST M D Year  H Mi Freq P  B  G   Delay  
118  8  7  1 2003  4 43 1.11 4  4 48  27.12 
118  8  7  1 2003  4 43 1.11 5  4 48  49.52 
118  8  7  1 2003  4 43 1.11 6  4 48 102.85 
118  8  7  1 2003  4 43 1.11 7  4 48  95.92 
118  8  7  1 2003  4 43 1.11 8  4 48 102.05 
118  8  7  1 2003  4 43 1.11 9  4 48  96.45 
121  6  7  9 2003  9 43 3.61 0  9 55  30.13 
121  6  7  9 2003  9 43 3.61 1  9 55  51.47 
121  6  7  9 2003  9 43 3.61 2  9 55  51.47 
121  6  7  9 2003  9 43 3.61 3  9 55  47.20 
121  6  7  9 2003  9 43 3.61 4  9 55  53.60 
121  6  7  9 2003  9 43 3.61 9  9 55  30.13 
122 13  7 26 2003  3 20 4.17 1  3  8  21.05 
122 13  7 26 2003  3 20 4.17 2  3  8  22.12 
122 13  7 26 2003  3 20 4.17 3  3  8  22.12 
122 13  7 26 2003  3 20 4.17 4  3  8   7.18 
122 13  7 26 2003  3 20 4.17 9  3  8   6.12 
123  8  7 26 2003 21  8 0.56 0 21  9  39.65 
123  8  7 26 2003 21  8 0.56 1 21  9  22.58 
123  8  7 26 2003 21  8 0.56 2 21  9  18.32 
123  8  7 26 2003 21  8 0.56 3 21  9  31.12 
123  8  7 26 2003 21  8 0.56 4 21  9   0.18 
123  8  7 26 2003 21  8 0.56 9 21  9  39.65 
126  6  7 31 2003  5 48 1.67 0  5 55   0.32 
126  6  7 31 2003  5 48 1.67 1  5 55  32.32 
126  6  7 31 2003  5 48 1.67 2  5 55  32.32 
126  6  7 31 2003  5 48 1.67 3  5 55  64.32 
126  6  7 31 2003  5 48 1.67 4  5 55 109.12 
126  6  7 31 2003  5 48 1.67 5  5 55 126.98 
126  6  7 31 2003  5 48 1.67 6  5 55  66.45 
126  6  7 31 2003  5 48 1.67 7  5 55  18.98 
126  6  7 31 2003  5 48 1.67 8  5 55  38.45 
126  6  7 31 2003  5 48 1.67 9  5 55   0.32 
130  6  8  8 2003  7 44 0.83 0  7 55 128.87 
130  6  8  8 2003  7 44 0.83 1  7 55  84.07 
130  6  8  8 2003  7 44 0.83 2  7 55  84.07 
130  6  8  8 2003  7 44 0.83 3  7 55   6.20 
130  6  8  8 2003  7 44 0.83 4  7 55  63.80 
130  6  8  8 2003  7 44 0.83 5  7 55  91.53 
130  6  8  8 2003  7 44 0.83 6  7 55  92.07 
130  6  8  8 2003  7 44 0.83 7  7 55 128.87 
130  6  8  8 2003  7 44 0.83 8  7 55  99.00 
130  6  8  8 2003  7 44 0.83 9  7 55 128.87 
133  8  8  8 2003 23 49 0.83 0  0  5   0.20 
133  8  8  8 2003 23 49 0.83 1  0  5   4.47 
133  8  8  8 2003 23 49 0.83 2  0  5   4.47 
133  8  8  8 2003 23 49 0.83 3  0  5   0.20 
133  8  8  8 2003 23 49 0.83 4  0  5   4.47 
133  8  8  8 2003 23 49 0.83 9  0  5   0.20 
134 13  8 15 2003  0 43 0.56 0  0 43  99.90 
134 13  8 15 2003  0 43 0.56 1  0 43  99.90 
134 13  8 15 2003  0 43 0.56 2  0 43  99.90 
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  # ST M D Year  H Mi Freq P  B  G   Delay  
134 13  8 15 2003  0 43 0.56 3  0 43  99.90 
134 13  8 15 2003  0 43 0.56 4  0 43  99.90 
134 13  8 15 2003  0 43 0.56 5  0 43  99.90 
134 13  8 15 2003  0 43 0.56 6  0 43  99.90 
134 13  8 15 2003  0 43 0.56 7  0 43  99.90 
134 13  8 15 2003  0 43 0.56 8  0 43  99.90 
134 13  8 15 2003  0 43 0.56 9  0 43  99.90 
136  8  8 22 2003  2 27 0.83 0  2 16  53.38 
136  8  8 22 2003  2 27 0.83 1  2 16   0.05 
136  8  8 22 2003  2 27 0.83 2  2 16   0.05 
136  8  8 22 2003  2 27 0.83 3  2 16  34.18 
136  8  8 22 2003  2 27 0.83 4  2 16  52.32 
136  8  8 22 2003  2 27 0.83 9  2 16  53.38 
144 13  9  8 2003  0 50 1.39 0  0 50  99.90 
144 13  9  8 2003  0 50 1.39 1  0 50  99.90 
144 13  9  8 2003  0 50 1.39 2  0 50  99.90 
144 13  9  8 2003  0 50 1.39 3  0 50  99.90 
144 13  9  8 2003  0 50 1.39 4  0 50  99.90 
144 13  9  8 2003  0 50 1.39 5  0 50  99.90 
144 13  9  8 2003  0 50 1.39 6  0 50  99.90 
144 13  9  8 2003  0 50 1.39 7  0 50  99.90 
144 13  9  8 2003  0 50 1.39 8  0 50  99.90 
144 13  9  8 2003  0 50 1.39 9  0 50  99.90 
145 13  9 16 2003 20 30 0.56 0 20 44   0.90 
145 13  9 16 2003 20 30 0.56 1 20 44  20.10 
145 13  9 16 2003 20 30 0.56 2 20 44  16.90 
145 13  9 16 2003 20 30 0.56 3 20 44   0.90 
145 13  9 16 2003 20 30 0.56 4 20 44  96.90 
145 13  9 16 2003 20 30 0.56 9 20 44   0.90 
146 14  9 21 2003 10 49 1.39 0 10 36   0.92 
146 14  9 21 2003 10 49 1.39 1 10 36  89.45 
146 14  9 21 2003 10 49 1.39 2 10 36  89.45 
146 14  9 21 2003 10 49 1.39 3 10 36  31.85 
146 14  9 21 2003 10 49 1.39 4 10 36  99.05 
146 14  9 21 2003 10 49 1.39 9 10 36   0.92 
149 13  9 29 2003  1 14 1.11 0  1 14  99.90 
149 13  9 29 2003  1 14 1.11 1  1 14  99.90 
149 13  9 29 2003  1 14 1.11 2  1 14  99.90 
149 13  9 29 2003  1 14 1.11 3  1 14  99.90 
149 13  9 29 2003  1 14 1.11 4  1 14  99.90 
149 13  9 29 2003  1 14 1.11 5  1 14  99.90 
149 13  9 29 2003  1 14 1.11 6  1 14  99.90 
149 13  9 29 2003  1 14 1.11 7  1 14  99.90 
149 13  9 29 2003  1 14 1.11 8  1 14  99.90 
149 13  9 29 2003  1 14 1.11 9  1 14  99.90 
150 13  9 29 2003  1 39 2.50 0  1 39  99.90 
150 13  9 29 2003  1 39 2.50 1  1 39  99.90 
150 13  9 29 2003  1 39 2.50 2  1 39  99.90 
150 13  9 29 2003  1 39 2.50 3  1 39  99.90 
150 13  9 29 2003  1 39 2.50 4  1 39  99.90 
150 13  9 29 2003  1 39 2.50 5  1 39  99.90 
150 13  9 29 2003  1 39 2.50 6  1 39  99.90 

  # ST M D Year  H Mi Freq P  B  G   Delay  
150 13  9 29 2003  1 39 2.50 7  1 39  99.90 
150 13  9 29 2003  1 39 2.50 8  1 39  99.90 
150 13  9 29 2003  1 39 2.50 9  1 39  99.90 
151 13  9 29 2003 22  5 0.56 1 23 46  34.67 
151 13  9 29 2003 22  5 0.56 2 23 46  33.60 
151 13  9 29 2003 22  5 0.56 3 23 46  50.67 
151 13  9 29 2003 22  5 0.56 4 23 46  66.67 
152 13  9 29 2003 23  5 0.56 1 23  3   0.20 
152 13  9 29 2003 23  5 0.56 2 23  3   0.20 
152 13  9 29 2003 23  5 0.56 3 23  3   7.67 
152 13  9 29 2003 23  5 0.56 4 23  3  23.67 
154  7 10  8 2003 12  9 1.67 0 12 17   0.62 
154  7 10  8 2003 12  9 1.67 1 12 17  36.88 
154  7 10  8 2003 12  9 1.67 2 12 17  33.68 
154  7 10  8 2003 12  9 1.67 3 12 17  12.35 
154  7 10  8 2003 12  9 1.67 4 12 17  21.95 
154  7 10  8 2003 12  9 1.67 9 12 17   0.62 
156 10 10 11 2003  0 53 0.56 0  0 53  99.90 
156 10 10 11 2003  0 53 0.56 1  0 53  99.90 
156 10 10 11 2003  0 53 0.56 2  0 53  99.90 
156 10 10 11 2003  0 53 0.56 3  0 53  99.90 
156 10 10 11 2003  0 53 0.56 4  0 53  99.90 
156 10 10 11 2003  0 53 0.56 5  0 53  99.90 
156 10 10 11 2003  0 53 0.56 6  0 53  99.90 
156 10 10 11 2003  0 53 0.56 7  0 53  99.90 
156 10 10 11 2003  0 53 0.56 8  0 53  99.90 
156 10 10 11 2003  0 53 0.56 9  0 53  99.90 
161  5 10 13 2003 23 41 1.39 0 23 44  61.50 
161  5 10 13 2003 23 41 1.39 1 23 44   0.70 
161  5 10 13 2003 23 41 1.39 2 23 44   0.70 
161  5 10 13 2003 23 41 1.39 3 23 44  31.63 
161  5 10 13 2003 23 41 1.39 4 23 44   0.70 
161  5 10 13 2003 23 41 1.39 9 23 44  57.23 
162  5 10 13 2003 23 43 2.22 0 23 47   4.77 
162  5 10 13 2003 23 43 2.22 1 23 47   0.50 
162  5 10 13 2003 23 43 2.22 2 23 47   0.50 
162  5 10 13 2003 23 43 2.22 3 23 47  54.90 
162  5 10 13 2003 23 43 2.22 4 23 47   0.50 
162  5 10 13 2003 23 43 2.22 9 23 47  85.83 
163  7 10 13 2003 10  9 1.11 1 10 12  49.50 
163  7 10 13 2003 10  9 1.11 2 10 12  49.50 
163  7 10 13 2003 10  9 1.11 3 10 12  49.50 
163  7 10 13 2003 10  9 1.11 4 10 12  12.17 
163  7 10 13 2003 10  9 1.11 9 10 12  49.50 
164  5 10 14 2003 11 45 1.39 0 11 49  23.83 
164  5 10 14 2003 11 45 1.39 1 11 49  93.17 
164  5 10 14 2003 11 45 1.39 2 11 49  93.17 
164  5 10 14 2003 11 45 1.39 3 11 49  73.97 
164  5 10 14 2003 11 45 1.39 4 11 49  82.50 
164  5 10 14 2003 11 45 1.39 9 11 49  86.77 
165  5 10 14 2003 12  6 2.22 0 11 52  48.17 
165  5 10 14 2003 12  6 2.22 1 11 52  96.17 
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  # ST M D Year  H Mi Freq P  B  G   Delay  
165  5 10 14 2003 12  6 2.22 2 11 52  96.17 
165  5 10 14 2003 12  6 2.22 3 11 52  73.77 
165  5 10 14 2003 12  6 2.22 4 11 52  36.43 
165  5 10 14 2003 12  6 2.22 9 11 52  43.90 
166  5 10 16 2003 23 57 1.94 0  0  4   3.63 
166  5 10 16 2003 23 57 1.94 1  0  4   3.63 
166  5 10 16 2003 23 57 1.94 2  0  4   3.63 
166  5 10 16 2003 23 57 1.94 3  0  4   3.63 
166  5 10 16 2003 23 57 1.94 4  0  4   0.43 
166  5 10 16 2003 23 57 1.94 9  0  4   3.63 
167  5 10 16 2003 23 56 2.22 0  0  1   0.63 
167  5 10 16 2003 23 56 2.22 1  0  1   0.63 
167  5 10 16 2003 23 56 2.22 2  0  1   0.63 
167  5 10 16 2003 23 56 2.22 3  0  1   0.63 
167  5 10 16 2003 23 56 2.22 4  0  1   0.63 
167  5 10 16 2003 23 56 2.22 9  0  1   0.63 
174  7 10 27 2003  7  4 3.61 0  7  3  30.12 
174  7 10 27 2003  7  4 3.61 1  7  3  13.05 
174  7 10 27 2003  7  4 3.61 2  7  3  13.05 
174  7 10 27 2003  7  4 3.61 3  7  3   5.58 
174  7 10 27 2003  7  4 3.61 4  7  3  39.72 
174  7 10 27 2003  7  4 3.61 9  7  3   0.25 
176  6 11  7 2003  2  5 0.83 0  2  2  33.15 
176  6 11  7 2003  2  5 0.83 1  2  2  29.95 
176  6 11  7 2003  2  5 0.83 2  2  2  31.02 
176  6 11  7 2003  2  5 0.83 3  2  2  52.35 
176  6 11  7 2003  2  5 0.83 4  2  2   0.08 
176  6 11  7 2003  2  5 0.83 9  2  2  37.42 
177  6 11  7 2003  2  6 1.11 0  2  4  31.95 
177  6 11  7 2003  2  6 1.11 1  2  4  26.62 
177  6 11  7 2003  2  6 1.11 2  2  4  27.68 
177  6 11  7 2003  2  6 1.11 3  2  4  30.88 
177  6 11  7 2003  2  6 1.11 4  2  4  47.95 
177  6 11  7 2003  2  6 1.11 9  2  4  35.15 
178  6 11  7 2003  4 17 2.78 0  4 21  44.15 
178  6 11  7 2003  4 17 2.78 1  4 21   8.95 
178  6 11  7 2003  4 17 2.78 2  4 21   8.95 
178  6 11  7 2003  4 17 2.78 3  4 21  23.88 
178  6 11  7 2003  4 17 2.78 4  4 21   0.42 
178  6 11  7 2003  4 17 2.78 5  4 21  18.02 
178  6 11  7 2003  4 17 2.78 6  4 21   0.15 
178  6 11  7 2003  4 17 2.78 7  4 21  42.02 
178  6 11  7 2003  4 17 2.78 8  4 21   3.08 
178  6 11  7 2003  4 17 2.78 9  4 21  15.35 
179 10 11  7 2003  5 40 4.44 0  5 35  42.42 
179 10 11  7 2003  5 40 4.44 1  5 35 100.02 
179 10 11  7 2003  5 40 4.44 2  5 35 100.02 
179 10 11  7 2003  5 40 4.44 3  5 35  43.48 
179 10 11  7 2003  5 40 4.44 4  5 35  42.42 
179 10 11  7 2003  5 40 4.44 5  5 35  48.82 
179 10 11  7 2003  5 40 4.44 6  5 35  54.95 
179 10 11  7 2003  5 40 4.44 7  5 35  14.15 

  # ST M D Year  H Mi Freq P  B  G   Delay  
179 10 11  7 2003  5 40 4.44 8  5 35  77.08 
179 10 11  7 2003  5 40 4.44 9  5 35  42.42 
180 13 11  7 2003 21  6 1.67 0 21 27  48.28 
180 13 11  7 2003 21  6 1.67 1 21 27  47.22 
180 13 11  7 2003 21  6 1.67 2 21 27  45.08 
180 13 11  7 2003 21  6 1.67 3 21 27  48.28 
180 13 11  7 2003 21  6 1.67 4 21 27  44.02 
180 13 11  7 2003 21  6 1.67 9 21 27  10.95 
181 13 11  8 2003 20 18 0.56 0 19 59  43.48 
181 13 11  8 2003 20 18 0.56 1 19 59   0.82 
181 13 11  8 2003 20 18 0.56 2 19 59   0.82 
181 13 11  8 2003 20 18 0.56 3 19 59   0.82 
181 13 11  8 2003 20 18 0.56 4 19 59   0.82 
181 13 11  8 2003 20 18 0.56 9 19 59  40.28 
182  5 11 20 2003 11 45 1.67 0 11 32  48.52 
182  5 11 20 2003 11 45 1.67 1 11 32   0.52 
182  5 11 20 2003 11 45 1.67 2 11 32   0.52 
182  5 11 20 2003 11 45 1.67 3 11 32   0.52 
182  5 11 20 2003 11 45 1.67 4 11 32   0.52 
182  5 11 20 2003 11 45 1.67 9 11 32  47.45 
183  5 11 20 2003 15 17 3.33 0 15 21  34.32 
183  5 11 20 2003 15 17 3.33 1 15 21  37.52 
183  5 11 20 2003 15 17 3.33 2 15 21  37.52 
183  5 11 20 2003 15 17 3.33 3 15 21  33.25 
183  5 11 20 2003 15 17 3.33 4 15 21  17.25 
183  5 11 20 2003 15 17 3.33 9 15 21  34.32 
185  9 12  4 2003 22 42 0.83 0 22 48   0.28 
185  9 12  4 2003 22 42 0.83 1 22 48  15.22 
185  9 12  4 2003 22 42 0.83 2 22 48  14.15 
185  9 12  4 2003 22 42 0.83 3 22 48   0.28 
185  9 12  4 2003 22 42 0.83 4 22 48 100.55 
185  9 12  4 2003 22 42 0.83 9 22 48   0.28 
186  9 12  4 2003 22 53 1.11 0 22 40   0.82 
186  9 12  4 2003 22 53 1.11 1 22 40  98.95 
186  9 12  4 2003 22 53 1.11 2 22 40   0.82 
186  9 12  4 2003 22 53 1.11 3 22 40   0.82 
186  9 12  4 2003 22 53 1.11 4 22 40   0.82 
186  9 12  4 2003 22 53 1.11 9 22 40   0.82 
187  5 12  5 2003  0  0 0.83 0  0  0  70.15 
187  5 12  5 2003  0  0 0.83 1  0  0  85.08 
187  5 12  5 2003  0  0 0.83 2  0  0  84.02 
187  5 12  5 2003  0  0 0.83 3  0  0  60.55 
187  5 12  5 2003  0  0 0.83 4  0  0  78.68 
187  5 12  5 2003  0  0 0.83 9  0  0  70.15 
188  5 12  5 2003 11 17 2.78 0 11 27  62.75 
188  5 12  5 2003 11 17 2.78 1 11 27  56.35 
188  5 12  5 2003 11 17 2.78 2 11 27  56.35 
188  5 12  5 2003 11 17 2.78 3 11 27  57.42 
188  5 12  5 2003 11 17 2.78 4 11 27   4.08 
188  5 12  5 2003 11 17 2.78 9 11 27  62.75 
189  8 12 11 2003 21 17 0.56 0 21 39 104.08 
189  8 12 11 2003 21 17 0.56 1 21 39   0.62 
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  # ST M D Year  H Mi Freq P  B  G   Delay  
189  8 12 11 2003 21 17 0.56 2 21 39   0.62 
189  8 12 11 2003 21 17 0.56 3 21 39   0.62 
189  8 12 11 2003 21 17 0.56 4 21 39   0.62 
189  8 12 11 2003 21 17 0.56 9 21 39  53.95 
192 16 12 20 2003 18 46 1.67 0 18 49 105.85 
192 16 12 20 2003 18 46 1.67 1 18 49 106.92 
192 16 12 20 2003 18 46 1.67 2 18 49 106.92 
192 16 12 20 2003 18 46 1.67 3 18 49 111.18 
192 16 12 20 2003 18 46 1.67 4 18 49 114.38 
192 16 12 20 2003 18 46 1.67 9 18 49 105.85 
200  7  1 14 2003 15 51 2.22 0 15 57  34.40 
200  7  1 14 2003 15 51 2.22 1 15 57  89.87 
200  7  1 14 2003 15 51 2.22 2 15 57  89.87 
200  7  1 14 2003 15 51 2.22 3 15 57  96.27 
200  7  1 14 2003 15 51 2.22 4 15 57  86.67 
200  7  1 14 2003 15 51 2.22 9 15 57  32.27 
201  7  1 14 2003 16 31 2.50 0 15 57  13.07 
201  7  1 14 2003 16 31 2.50 1 15 57   0.27 
201  7  1 14 2003 16 31 2.50 2 15 57   0.27 
201  7  1 14 2003 16 31 2.50 3 15 57  90.93 
201  7  1 14 2003 16 31 2.50 4 15 57  57.87 
201  7  1 14 2003 16 31 2.50 9 15 57  14.13 
202 11  1 17 2003  6 31 2.22 1  6 39  79.08 
202 11  1 17 2003  6 31 2.22 2  6 39  79.08 
202 11  1 17 2003  6 31 2.22 3  6 39  35.35 
202 11  1 17 2003  6 31 2.22 4  6 39  70.55 
202 11  1 17 2003  6 31 2.22 9  6 39  79.08 
203  7  1 21 2003 17 48 3.33 0 17 49  83.48 
203  7  1 21 2003 17 48 3.33 1 17 49  54.68 
203  7  1 21 2003 17 48 3.33 2 17 49  54.68 
203  7  1 21 2003 17 48 3.33 3 17 49  74.95 
203  7  1 21 2003 17 48 3.33 4 17 49  48.28 
203  7  1 21 2003 17 48 3.33 9 17 49  83.48 
204 14  2 19 2003 13  9 1.39 0 13  3  33.30 
204 14  2 19 2003 13  9 1.39 1 13  3   0.23 
204 14  2 19 2003 13  9 1.39 2 13  3   0.23 
204 14  2 19 2003 13  9 1.39 3 13  3  35.42 
204 14  2 19 2003 13  9 1.39 4 13  3  35.42 
204 14  2 19 2003 13  9 1.39 9 13  3  33.30 
205 11  2 23 2003  4 23 2.22 0  4 23  85.03 
205 11  2 23 2003  4 23 2.22 1  4 23  67.97 
205 11  2 23 2003  4 23 2.22 2  4 23  66.90 
205 11  2 23 2003  4 23 2.22 3  4 23  74.37 
205 11  2 23 2003  4 23 2.22 4  4 23   1.83 
205 11  2 23 2003  4 23 2.22 5  4 23  61.03 
205 11  2 23 2003  4 23 2.22 6  4 23 100.23 
205 11  2 23 2003  4 23 2.22 7  4 23  89.57 
205 11  2 23 2003  4 23 2.22 8  4 23  92.77 
205 11  2 23 2003  4 23 2.22 9  4 23  27.43 
206 13  3  3 2003  3  5 1.39 0  3 14  45.92 
206 13  3  3 2003  3  5 1.39 1  3 14  36.32 
206 13  3  3 2003  3  5 1.39 2  3 14  37.38 

  # ST M D Year  H Mi Freq P  B  G   Delay  
206 13  3  3 2003  3  5 1.39 3  3 14  48.05 
206 13  3  3 2003  3  5 1.39 4  3 14  33.12 
206 13  3  3 2003  3  5 1.39 9  3 14  44.85 
207  5  3  6 2003  6  1 1.11 0  6  0  79.67 
207  5  3  6 2003  6  1 1.11 1  6  0  41.27 
207  5  3  6 2003  6  1 1.11 2  6  0  40.20 
207  5  3  6 2003  6  1 1.11 3  6  0  56.20 
207  5  3  6 2003  6  1 1.11 4  6  0  42.33 
207  5  3  6 2003  6  1 1.11 5  6  0  10.60 
207  5  3  6 2003  6  1 1.11 6  6  0  25.27 
207  5  3  6 2003  6  1 1.11 7  6  0  28.20 
207  5  3  6 2003  6  1 1.11 8  6  0  65.00 
207  5  3  6 2003  6  1 1.11 9  6  0  32.73 
208 13  3 17 2003  2 44 0.83 0  2 42  70.48 
208 13  3 17 2003  2 44 0.83 1  2 42  77.95 
208 13  3 17 2003  2 44 0.83 2  2 42  77.95 
208 13  3 17 2003  2 44 0.83 3  2 42 106.75 
208 13  3 17 2003  2 44 0.83 4  2 42  90.75 
208 13  3 17 2003  2 44 0.83 9  2 42  70.48 
211 13  3 29 2003 22 47 0.56 0 23 28   0.25 
211 13  3 29 2003 22 47 0.56 1 23 28   0.25 
211 13  3 29 2003 22 47 0.56 2 23 28  19.45 
211 13  3 29 2003 22 47 0.56 3 23 28   0.25 
211 13  3 29 2003 22 47 0.56 4 23 28   0.25 
211 13  3 29 2003 22 47 0.56 9 23 28   0.25 
212 13  3 29 2003 22 20 0.83 0 22 19  50.72 
212 13  3 29 2003 22 20 0.83 1 22 19  68.85 
212 13  3 29 2003 22 20 0.83 2 22 19  68.85 
212 13  3 29 2003 22 20 0.83 3 22 19   0.58 
212 13  3 29 2003 22 20 0.83 4 22 19  83.78 
212 13  3 29 2003 22 20 0.83 9 22 19  54.98 
213  5  7  8 2003  6 20 1.11 0  6 29  60.93 
213  5  7  8 2003  6 20 1.11 1  6 29  52.40 
213  5  7  8 2003  6 20 1.11 2  6 29  53.47 
213  5  7  8 2003  6 20 1.11 3  6 29  74.80 
213  5  7  8 2003  6 20 1.11 4  6 29  56.67 
213  5  7  8 2003  6 20 1.11 5  6 29   5.47 
213  5  7  8 2003  6 20 1.11 6  6 29  28.67 
213  5  7  8 2003  6 20 1.11 7  6 29  26.80 
213  5  7  8 2003  6 20 1.11 8  6 29  63.87 
213  5  7  8 2003  6 20 1.11 9  6 29  63.07 
214  6 10 25 2003  1 54 2.22 0  1 54  99.90 
214  6 10 25 2003  1 54 2.22 1  1 54  99.90 
214  6 10 25 2003  1 54 2.22 2  1 54  99.90 
214  6 10 25 2003  1 54 2.22 3  1 54  99.90 
214  6 10 25 2003  1 54 2.22 4  1 54  99.90 
214  6 10 25 2003  1 54 2.22 5  1 54  99.90 
214  6 10 25 2003  1 54 2.22 6  1 54  99.90 
214  6 10 25 2003  1 54 2.22 7  1 54  99.90 
214  6 10 25 2003  1 54 2.22 8  1 54  99.90 
214  6 10 25 2003  1 54 2.22 9  1 54  99.90 
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