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Abstract

Structures in the high latitude ionospheric density are responsible for variations in the
phase and amplitude of trafmospheric signals. These include sphaeed navigation
systems likehe GlobalPositioningSystem (GPS). The ionosphere is dispersive, and the
refractive index is dependent on the electron density. Thus, variations in the ionosphere
will cause changes in the refractive index of the medium. This will lead directly to
fluctuations in the phase of the signal, as observed at gifioaset receivers. If the

spatial scale of these changes in the electron dassityficiently small, diffraction can
occur. This causes rapid variations in the phase and amplitude of the sigretldyhef
these refractive and diffractive variations (scintillation) has proven vital in monitoring
and studying the ionospheric medium. It is known that the diffractive variations in the
signal 6s amplitude amgtfrequereysegmegirn tiee typidals er v e d
modern analysis, the refractive variations are assumed to be of low frequency and thus
removed by high pass filtering theceivedsignal. This assumption is based on
longstandindow latitude measurements. In the hightude these asumptions must be
reevaluated because of the increase in ionospheric drift speeds olsenescegion

Without careful evaluatigrthe high-frequencyrefractive variations can be wrongly
classified as diffraction. On the other hand, in studyiigd-frequencyvariations in the
electron density, diffractive artifacts may appear as refractive. This study verifies the
existence otliffractive-like high-frequencyrefractive variations in the high latitude and
outlines methods to determine whetherhigh-frequencyariations observed in the

GPS carrier phase observable are purely refractive. These methods rely on recent
advances in the (@ satellite and receivers; thdvances and their impact on



ionospheric monitoring amiscussedTheoutlinedmethods oflistinguishing these
refractive variations are used to study tigh-frequencychanges intte ionosphere
electron density. [Ectron precipitation is shown to be a likely cause ofstinallscale
structures which induce thegh-frequencyrefractive varidions in the GPS carrier

phase.



Dedi cati on

I would like to dedicate this work to the people who have supported me through my
academic career and to those who helped me get through it. Many thanks to my parents,
Mark and Hayley McCaffrey, my aunt Chriséi Pater, my girlfriend Annik Dupuis, and

all my friends and family. A special recognition to my instructors who have helped

guide me through this process: P. T. Jayachandran, my graduate supervisor, James
Polson, my undergraduate supervisor, and ElizaldeitAulay, my high school physics

teacher.

Without the people mentioned here, this work would not have been possible. Thank you

all.



Acknowl edgement s

The work was partially supported by the David M. Armstrong foundation. Data sources
used in thetsidy are referenced when first mentioned. Computing resources were
provided by ACENET. Many thanks to the current and former members of the CHAIN
research team for their help along the way. Thanks to the UNB Physics department

faculty members for their ingt and suggestions towards the overall research project.



Tabl e of Content s

Y 6] 1 = T TP PP PPPPPR PP iL
DL [ o= (o] o PP PPPPPPPPPRN iV
ACKNOWIBAGEMENLS. ... e Y%
Table Of CONENTS.......ooiiii e e e eeee e Vi
LISt Of TADIES. ... it enee e X
S o T T S S Xi
ADDIEVIALIONS. ...t XXiv
1 Introduction and OULINE..........uuiiiiiiiii e 1
S R 1 1 (0 To [ [ 1o ] o IO PP PPPPPRPRP 1
1.2 THheSIS OULINE......coiiiiiiiiee e e e e e e e e eene 6
P (o4 (03] o] 4 1] £ PP UUPP PP PPPPPPP 12
2.1 INEFOAUCTION. .....eiieieeeee ittt smee ettt e e e e eeeee e 12
2.2 10NOSPNEIIC LAYEIS.....coeeeeeiieieiiee et eeem e e e e e e e eeaes 15

2.2. 1 D LAY It aanaa e 15

2.2.2 B LAY O e 16

2.2.3  FIAYEL oo e 17
2.3  Regional differe€NCES.........iiiiiiiii e reeee e 20

Vi



2.4  Radio Wave Propagation..........cooeeeiiiiiiiiiemmneee e eeeeeeeeeeeeiiiiivemme e e eeeeeeees 29

HAIOWANE. ... .t e e mensr e e e e 35
3.1 INETOAUCTION. ....eeeeiiie et rmmee et e e e eeenees 35
3.2  Global Positioning SYSteIM..........ccoiiiiiiiiiiiieeee e e 37
3.3 Canadian High Arctic lonospheric Network............cccoovviiiiiccc e 43
3.4 GPS ODSAIADIES. ... ..ottt 48

TREOIY .. 56
o N [ o1 (o To (U1 i o] o IO PO PP PP PPPPPPPPTPI 56
4.2 GPS SCINIALION. .......ueieieieeiiie e 57
4.3 Rapid Refractive Variations in Phase...........ccccvvvvivieemeeiieceeeenn 63

4.3.1 Total Electron CONtENL..........cooiiiiiiiiiiiierer e 68

Data and MethOds..........oooiiiiiiiieeee e e 74
5.1 INTOTUCTION. ....ceiiiiiiiiiii e eeeneees 74
5.2 Septentrio Binary Format Files..............ooovviiiiiiicccrieeeeeeeccee e e D
5.3 PhASE JUMPS......ccciiiiiiieeieeeeeee ettt e e e e e e e e e amenaas 77
5.4 Standard Scintillation Analysis Methods.............ccooviiiiiiee i 31

541 MURIPAIN......ouiiiiiiii e 84

5.4.2  Scintillation INAICES........uiiiiiiiiiiiiei e 88

Independent L2 TracCKing..........coovuuiiiiiiiieeee e eeeee e a3
6.1 INErOTUCHION. .....eiiiiiiiiiie e eeeees 93

Vi



6.2 L2 TraCKINg......cooiiiiiiiiiiiii et enee s 96

6.3 RESUILS ..o 99
6.4 CONCIUSION. ...coiiiiiiitiiii e eee et rmm e et e e e e 109
Refractive Phase Variations............ccooiiiiiiiieeeeeee i ieesiee e 111
4% S [ 11 (0T LU Tt 1o ] o TP PPPPPPPPRPRIN 111
7.2 MENOUS ..o 113
7.3  Results and diSCUSSIQN........ccceeiiiiiiiiiicmee e e ee e 115
7.3.1 Determining Refractive Variations.............ccccceeeeviiieeeiiiii e, 115
7.3.2 A Case Study Using Three Carrier Frequencies..............cccccceveeee.. 143
7.3.3 Total Electron Content AnalySiS..........cccooevviiiiiiiiceei e, 152
7.3.4 Preliminary Déermination of the Noise FIoOr..............cccoeevvviviieeen.. 159
T4 CONCIUSION. ...ttt ettt erer bbb r et et e e e e e e e e e e emmmees 172
HIGh-FreqUENCYTEC.........uuiiiiiiiiiiiiieec ettt 176
8.1 INErOTUCTION. .....eeeiieeeiiiiiee e smee et e e e 176
8.2 Data and Methods of ANalYSIS............eiiiiiiiii i 177
8.2.1 Bounding the Higher Order Terms.........cccceeeeeeeeiiiieeeiiie e 179
8.2.2 Receiver Phase NOISE.........uuiiiiiiiiiiiiiieeeiiieeeeeee e 182
8.2.3 Constraining to Refractive Variations...........ccccccceveiiieeeeiiiineeeeenn, 185
8.3  ReSUItS and DISCUSSIOMN........uuuurriiiiiiieiiieeeiiiiiiiee et e e e e e e s emmr e e e e e e 190
8.3.1 Generation MeChaniSMS..........ccoouiiiiiiiiiiccc e 197

viii



8.4 CONCIUSION. ... e e et anmaas 217

9 Conclusion and FULUre WOIK...........ccoiiiiiiiiiieeee e 219
S IO R S U 11 0 0 =T YOO 219
9.2 MaJOr RESUILS......evieiiiiiiii ettt eeee e e e e e e e e e e e e eeeaeeeaanane 221
9.3 FULUIE WOTK ...t e e eeees bbb e e e e e e e e e 222

BiDHOGrapny.....ccoo i e 225

Curriculum Vitae



Li st of Tabl es

Table 3.1 The CHAIN stations using a Septentrio PolaRxS Pro GPS receiver...47
Table 3.2 Approximate values for the errors associated with the carrier phase
ODSEWADIE......c e 51
Table 7.1 The cut off and noise floor frequencies obtained for both the L1 and L2
carriers for the two presented eXamples...............uuvuiiiiiccseeeiiiiiiiee e eeeeanns 129
Table 7.2 The Fresnel and noise floor frequencies for the L1, L2, and L5 carriéso
Table 7.3 Colors, satellites, and time ranges for the quiet time carrier phase observable

specta presented iN FIQUIE 7.30........uuuuuiiiiiee e e e e e e e eeeen e a e e e e e 166



Li st of Figur es

Figure 2.1 Example density profile of the ntéditude ionosphere, demonstrating the
differences between solar minimum (dotted), maximum (solid), nighttiaek), and

daytime (red). The layers of the ionosphere are also labelled. The profiles were created
using the International Reference lonosphere 2007 model (Watson,.2Q11)....... 14

Figure 2.2 lllustrative example of the typic&@ron density in the mid and low latitude
regions. The equatorial anomaly is also present, centred near 15 hours local time. The
anomaly creates two enhancements in electron density, the pair roughly centred on the
geomagnetic equator and settling 1A.5° to either side of it. Retrieved from
https://iono.jpl.nasa.gov/gim.ntml............oooii e 21

Figure 2.3 lllustrative example of the variability which can occur in the high latitude

regions of the ionosphere. The percent difference betveen act i ve 1 onosphe
TEC map compared to a representative quiet day is presented. Nearly a 100% increase in
TEC is observed in the high latitudes, as well as enhancements and depletions ranging
from -60% to 100% difference. Retrieved from
https://iano.jpl.nasa.gov/storm_demo.ntml............ccevviiiiiiieeniiiiiie e 23

Figure 2.4 An idealized representation of the twin cell convection pattern observed in

the high latitude regions, presented in geomagnetic latitude and local time coordinates
(HEEHS €1 @l.LO82) ... e 24
Figure 2.5 Il lustrative representation of
interaction with it. The magnetic field is compressed in the dayside (left) and elongated

on the night side (right). This due to the pressure of the solar wind. The solar wind is

Xi



also shown to be deflected away from the Earth due to the magnetic field. Retrieved
from https://lwww.jpl.nasa.gov/infographics/infographic.view.php?id=10686....... 26
Figure 26 An image of the auroral oval, as seen from space, superimposed onto a map
of the Earth. The i mage was taken using
satellite. The red colour represents the brightest portions of the auroral oval while the
blue epresents the dimmest. Retrieved from http://sd
www.jhuapl.edu/Aurora/UVI_on_Earth.html...........ccoooiiiiiii 28
Figure 2.7An illustrative explanation of HF communication using the ionosphere to
facilitate over the horizon communication. Since ttansmitter and receiver do not have

a line of sight to one another due to the curvature of the Earth, communication between
the two locations would not be possible without the ionosphere. Retrieved from
https://www.electronicsiotes.com/articles/antersapropagation/ionospheric/hf
[S]geTer=Te FoNi o]z oF= S (oS o] o] o FE PP PPPP PP P PP 32
Figure 2.8 A simple illustration demonstrating the refractive effect of a homogenous
ionosphere on satelldeased signals. The satellite on the left, which transmits the
orange signal, represents no ionosphere. The signal travels directly from the satellite to
the ground. The satellite on the right, with the yellow signal, shows the effects of a
homogenous ionosphere, where the signal is bent as it enters and exit®s$p&énic
medium. Retrieved from https://wwweslucation.psu.edu/geog862/node/1715....34
Figure 3.1 Simple twalimensional illustration of the trilateration technique used in GPS
positioning. Retrieved from http://scienceling/2016/05/howdoesyour-gpsknow-
WHNBIEYOUFAIE/ .....iiei ettt e e e et enme ettt e e e e e e et e e e e e eenneeeeesaanaas 39
Figure 3.2 lllustrative example of theddde (first panel), the-Bode signal (second

panel), the C/A code (third panel), the C/A code signal (fourth panel) and the camposit

Xii

t



signal (fifth panel). The fode signal and the C/A code signal illustrate the modulation
of the respective codes to pure signals. The C/A code signal ane:tit Bignal are in
quadrature, allowing for their addition to create the final compositalsign............ 42
Figure 3.3 The Septentrio PolaRxS Pro GPS receiver. This receiver is used to retrieve all
GPS data presented in this study. Each receiver is located at a station in the Canadian
high latitude region, all as part of CHAI Retrieved from
https://www.navtechgps.com/septentrio_polarxs_packaged_receivers............... 45
Figure 3.4 Map of CHAIN, outlining which stations are using the Novatel or Septentrio
GPS FBCRIVEIS.. ..o it e e erensnnn s s s e e e e e e e eeenaeeeeennneeeeeeneeees 4O
Figure 3.5 lllustration of the composite GPS signal at a given epoch, represented by
plottingtheinp hase and quadrature si.g.na.l.s.049magni t
Figure 3.6 An example of the carrier phase observable (black) ai@-ttexived phase
(blue). The event has a large portion of quiet time which demonstrates the difference in
magnitudes; a significant event is located at roughly 42 minutes (blue) and 47 minutes
(black). The IQderived phase is shifted negatively by five oies to better visualize

the magnitudes of the event. Thed@rived phase overestimates the Higlguency

noise and underestimates the magnitude of the event.................eeveeeeeiiiiiinnnnne. 54
Figure 3.7 The spectrum of the-ifgrived phase (blue) and tbarrier phase observable
(black). Note that the I€erived phase has larger magnitude variations in the high

L1 =T0 [T o =TS PP 55
Figure 4.1 Simple illustration of a tadimensional ionospheric layer, with irregularities
scatterig a wavefront. The scattered and +smattered wavefronts will interfere

constructively and destructively; this will result in diffractive effects referred to as

Xii



scintillation. Note that scattering due to the homogeneous part of the layer is ignored for
{10 0] 011 To] | O PP R PPPP PP PPPPPPPPRPR 29
Figure 4.2 lllustration of the expected spectral behaviour for GPS amplitude and phase
ST | 01111 P> 1o o OO PPPPTRRPPPPRN 62
Figure 4.3|llustration of the TEC measurement...............ooeveieiimmreeeeeessescinnnnnnn 1
Figure 4.4 An illustrative example of the projection from sTEC to VTEC, using a single
thin shell model of the ionosphere. The pierce point of the ray is taken at the assumed
height of the shellh). Retrieved from http://gnss.be/ionosphere_tutorial.php....... 73
Figure 5.1Example of a clock jump in the raw carrier phase observable. The
uncorrected carrier phase, with the clock jump, is represented by the black curve. The
corrected carrier phase observable is represented bashedigreen line............... 80
Figure 5.2 Representation of the receiver clock drift (blue). After the clock drifts 500

it is shifted 1 ms towards the correct value.............cccoovvviiieeee e 83
Figure 5.3 A simple illustratio describing multipath. Multiple signals from the same
satellite arrive at the antenna with varying path lengths, leading to an inference of the
SIGN@US..... et 85
Figure 5.4 An example of the repetitive nature of multipath. Theiardpl(left) and
normalized standard deviations over anute intervals (right) are presented for three
consecutive solar days. Features like the one present at roughly 42 minutes on the first
day are seen to repeat each day, shifted negatively by amateky four minutes. This
indicates the features repeats on sidereal day intervals................ccccoeeeriiiiiinnnnns 87
Figure 5.5 An example of the raw carrier phase observable (top), detrended carrier phase
using wavelet detrending and a 0.1 Hzatfit(middle), and the corresponding

SCINTHALION INOEX, 0. e ueeeieeirie et ee e em e e e e e e e e s s mee s saa e e saeeea e e eanseeansnenees 90

Xiv



Figure 5.6 An example of the raw amplitude (top), detrended amplitude using wavelet
detrending with a 0.1 Hz cuiff (middle), and the scintillation index Sorresponding to
the detrended ampPlitUde..........ccuiiiiiiiiie e 91
Figure 6.1 An example of the detrended L1C/A carrier phase (top), detrended L2P(Y)
carrier phase (middle left), and detrended L2C carrier phase (middle right) taken from a
Septentrio PolaRxS Pro receiver. The linear fit between the L-12RXY) carrier phase
pair and the L1C/A.2C carrier phase pair are presented in the bottom left and right
PANEIS FESPECHVEIY.c it e e 98
Figure 6.2 An example of the detrended L2C carrier phase (top) and the detrended
L2P(Y) carrier plase (middle) for the Trimble NetR9 (left) and Septentrio PolaRxS Pro
(right) receivers. The difference between the L2P(XE carrier phase pair for each

receiver are presented in the bottom panels (Trimble on the left, Septentrio on the right).

Figure 6.3 The detrended signal intensity for the L2C carrier from the Septentrio

receiver is presented in the top panel. The L2Rigf)ved IFLC (middle) and the L2C

derived IFLC (bottom) are presented for each receiver (Trimbtheoleft, Septentrio

ON TN FIGNT)...eeeiee e 106

Figure 6.4 The L2& 1C/A and L2P(Y)L1C/A combination of the carrier phase

observables for the Trimble and the Septentrio receivers, wheretarfutibtation of the
antennaoccursabat 2 seconds into the time-uperieso
incurred by the antenna rotatiQn..............oooviiiiiieeen e 108

Figure 7.1 Example carrier phase variation events during DOY 186, 2015. The

detrended L1 carrier phase (top left?, tarrier phase (middle left), and the

corresponding IFLC (bottom left) are presented. The red lines indicate the event of

XV



interest, as well as the time window used in calculating the corresponding spectra
(panels to the right of the respective datasels)...........cceevverieeiecceiiiiiiiieee e, 117
Figure 7.2 Example carrier phase variations event during DOY 218, 2015. The
detrended L1 carrier phase (top left), L2 carrier phase (middle left), and the
corresponding IFLC (bottom left) are presented. The red linesaitedibe event of

interest, as well as the time window used in calculating the corresponding spectra
(panels to the right of the respective dataSels)...........cceevveiiieieecciiiiiiiieee e 118
Figure 7.3 The three spectra presented in Figure 7.1. The L1 specpresadated in

black, L2 in blue, and the IFLC spectrum in red............cccceeeiiiiiieceeiiiiicieeeeennn 120
Figure 7.4 The three spectra presented in Figure 7.2. The L1 spectrum is presented in
black, L2 in blue, and the IFLC spectrum in red.............ccccceeiiiiiieeeeiviiicieeeeenn 121
Figure 7.5 L1 amplitude variations for the DOY 186 example. The detrended amplitude
Is presented in the top panel, with the spectrum, taken over the time interval indicated
with the red line, presented in the bottom panel. The fits obtaineledow

frequencies, the scintillation frequencies, and the-frigtpjuency noise, are represented

by the blue, green, and red lines respectively. The intersection points are indicated by the
dashed green lINES..... ..o 125
Figure 7.6 2 amplitude variations for the DOY 186 example. The detrended amplitude
is presented in the top panel, with the spectrum, taken over the time interval indicated
with the red line, presented in the bottom panel. The fits obtained for the low
frequencies, th scintillation frequencies, and the hifjequency noise, are represented

by the blue, green, and red lines respectively. The intersection points are indicated by the

dashed green lINES............oii i e 126

XVi



Figure 7.7 L1 amplitude variatiorier the DOY 218 example. The detrended amplitude

IS presented in the top panel, with the spectrum, taken over the time interval indicated
with the red line, presented in the bottom panel. The fits obtained for the low

frequencies, the scintillation frequaes, and the higfrequency noise, are represented

by the blue, green, and red lines respectively. The intersection points are indicated by the
dashed green lINES..... ... ereer e e e e e e nnne e 127

Figure 7.8 L2 amplitude variations for the DOY 218 exkmpphe detrended amplitude

IS presented in the top panel, with the spectrum, taken over the time interval indicated
with the red line, presented in the bottom panel. The fits obtained for the low

frequencies, the scintillation frequencies, and the-frigguency noise, are represented

by the blue, green, and red lines respectively. The intersection points are indicated by the
dashed green lINES..... ..o e 128

Figure 7.9 An example of the refractive variations (top), diffractive vanatimiddle),

and highfrequency noise (bottom) during the DOY 186 example. The L1 carrier phase

variations are presented in black, the L2 carrier phase variations are presented in blue.

Figure 7.10 An example of the reftave variations (top), diffractive variations (middle),
and highfrequency noise (bottom) during the DOY 218 example. The L1 carrier phase

variations are presented in black, the L2 carrier phase variations are presented in blue.

Figure 7.11 The linear fit between the L1 and L2 carrier phase variations, for the DOY
186 example. The carrier phasesd® have been
refractive variations (top), diffractive variations (middle), and Higlgjuencynoise

(bottom). The linear fits are represented by the red lines...............coovvvieemennnnnnn. 135

XVil



Figure 7.12 The linear fit between the L1 and L2 carrier phase variations, for the DOY
218 example. The carrier phases have been bandpass filtered to oahtdahe

refractive variations (top), diffractive variations (middle), and Higlguency noise
(bottom). The linear fits are represented by the red line@s.............oooeeiivieeeeeeen. 136
Figure 7.13 The surface representing the Fresnel frequencgmonging to given
irregularity height and drift velocity pairs (blue) and the place corresponding to the cut
off frequency between refractive and diffractive variations determined for the DOY 186
LoVt L (=T ) TP PR PP PP PPPPPPPPPP 138
Figure 7.14 Te surface representing the Fresnel frequency corresponding to given
irregularity height and drift velocity pairs (blue) and the place corresponding to the cut
off frequency between refractive and diffractive variations determined for the DOY 218
BVENT (NB). oo e e emen e e e e e e e aeas 139
Figure 7.15 The curve representing the intersection between the Fresnel frequency
surface and the cut off frequency plane presented in Figure 7.13, corresponding to the
DOY 186 example. This presents the irregularéight and drift velocity pairs

necessary for a Fresnel frequency equal to the cut off frequency..................... 140
Figure 7.16 The curve representing the intersection between the Fresnel frequency
surface and the cut off frequency planespréed in Figure 7.14, corresponding to the
DOY 218 example. This presents the irregularity height and drift velocity pairs
necessary for a Fresnel frequency equal to the cut off frequency..................... 141
Figure 7.17 The phase variatiewent for the three carrier frequency example. The
detrended L1 carrier phase is presented in the top panel, the L2 carrier in the middle
panel, and the L5 carrier in the bottom panel. The red line indicates the event being

2= 137 = o PP 145

Xviii



Figure 7.18 The amplitude spectra corresponding to the phase event. The L1 carrier
amplitude spectrum is presented in the top left panel, the L2 carrier spectrum in the top
right panel, and the L5 carrier spectrum in the bottom left panelblliee green, and

red line represent the fits for the zeslope, lowfrequency portion of the spectrum, the
scintillation portion, and the higliequency noise portion, respectively............... 146
Figure 7.19 The linear fits between tieéractive variations (top panel), diffractive
variations (middle panel), and the hiffequency noise (bottom panel) for the-L2

CAITIEN PRASE PAIK- ... ittt ee e e e eeeer e e e e et e e e e e e e e e e e e s s e eeeas 149
Figure 7.20 The linear fits between the refractive variations (toplpaliffractive

variations (middle panel), and the hiffequency noise (bottom panel) for the-L%

CAITIEN PRASE PAIK- ... ittt eee e e eeeer e e e e e e e e e e e e e e e e e s s e e eeas 150
Figure 7.21 The linear fits between the refractive variations (top panel), diffractive
variations (niddle panel), and the highequency noise (bottom panel) for the-L2

CAITIEN PRASE PAIK ..ottt ree e e e s eeeer e e e et e e e e e e e e e e e e s s e e eeas 151
Figure 7.22 The detrended L1 carrier phase observable (top) and the corresponding raw
STEC (bottom) for the DOY 186 eXample..........coveiiiiiiiiiiieeeiiieeeeeeeeeeee e 153
Figure 7.23 The detrended L1 carrier phase observable (top) and the corresponding raw
STEC (bottom) for the DOY 218 eXample..........covviiiiiiiiiiieeeiiiieeeeeeeeeee e 154
Figure 7.24 The raw STEC (top) and the filtered STEC (bottom) hakifiltered from

the 0.1 Hz lowfrequency cubff to the Fresnel frequency, corresponding to the DOY

186 EXAMPIB. ... e —————————————— 155
Figure 7.25 The raw sTEC (top) and the filtered sTEC (bottom), which is filtered from
the 0.1 Hz lowfrequency cutoff to the Fresnel frequency, corresponding to the DOY

218 EXAMPIC. .. e et —————————— 156

XiX



Figure 7.26 The L1 (top left panel) and L2 (top right panel) bandpass filtered carrier
phase, filtered from 0.1 Hz to the appropriate Fresngquércy, the estimated effects of

the sTEC (middle panels) on the carrier phase, bandpass filtered to the same frequencies,
and the differences between them (bottom panels) corresponding to the DOY 186
EXBIMPIE. L 158

Figure 7.27The L1 (top left panel) and L2 (top right panel) bandpass filtered carrier

phase, filtered from 0.1 Hz to the appropriate Fresnel frequency, the estimated effects of
the sTEC (middle panels) on the carrier phase, bandpass filtered to the same frequencies,
and the differences between them (bottom panels) corresponding to the DOY 218
EXBIMPIE. L e 159

Figure 7.28 The comparison of the input modelled scintillation spectnpmut(red) to a

GPS receiver simulator, the output from thmawdator during the modelled scintillation

(iono, green) and during no scintillationd ionqg blue). The simulator uses a 5 Hz

bandwidth and a signal to noise ratio of 200 dBHz for this example (Rougerie et al.,

Figure 7.29 The comparison of the modelled scintillation spectmuat(red) input

provided to a GPS receiver simulator, the output from the simulator during the
scintillation variationsipno, green) and when no scintillation occums {onqg blue). In

this example, the simulator uses a 10 Hz bandwidth and a signal to noise ratio of 45
dBHz (Rougerie et al., 2016).........coeeiiiiiiiiii i ieeee e eeeer e 165

Figure 7.30 Comparison of four quiet time carrier phase spectra (top) and an ionospheric
carrier phase vari@n event (bottom). The four quiet time spectra are taken from four
different satellite, at different times throughout DOY 70. All data is taken from the

CHAIN ChUrChIIl SEALION .. et e e e aaaas 167



Figure 7.31 The noise floor spectra andrg\spectrum from Figure 7.30, plotted

together to better visualize the COMPAriSON.............cooviiiiiiieen e 169
Figure 7.32 Comparison of the quiet time spectra were taken from the CHUC station
(blue), the GRIS station (red) and the FRSC station (igrdée CHUC station

represents the examples presented in Figure 7.30. The GRIS and FRSC station use the
same receiver, relocated from the GRSC station (2015) to the FRSC (2017)...171
Figure 8.1 Example phase variations indulbggyurely refractive variations based on the
established criteria. Data was taken from the CHUC station using satellite PRN 1 during
UTC hour 4. The detrended L1 (top left) and L2 (top right) carrier phase observables are
presented with the correspondisgtrended L1 (middle left) and L2 (middle right)
amplitude data. The event takes place at roughly 47 minutes. The corresparfdng S
each amplitude data set is presented in the bottom panels with tsgytme rule

threshold in red. ThesSloes not excekthe threshold during the phase variation event.

Figure 8.2 The linear fit between the detrended L1 and L2 carrier phase observables
during the example event. The slope is 1.65, falling within thei116@6 range chosen

for the refractive variations Crterial..........ouviiiiiiiiiiiice e 190
Figure 8.3 A qualitative example of the small amplitude, Hifghjuency variations in

the inactive higifrequency sTEC. The top panel shows a representative example of the

100 Hz sEC, for one minute. The bottom panel shows a$@&oond subset of the above

Figure 8.4 A representative example of the-seeond standard deviations of STEC used

to quantify the suisecond variations in the highequency TEC..............c.coovnnnii.. 192

XXi



Figure 8.5 An example of active STEC, where larger magnitudsextdnd variations

are present. The orsecond standard deviations in TEC are presented in black, the
expected magnitude of the receiver phaserjih green, and the expected magnitude of
the higher order delay terms are in blue.............oooi e 196
Figure 8.6 The magnitude of the variations in the geomagnetic field necessary to induce
variations in TEC from 0.1 t0 3 TECU......ooiiiiiiiiiii e 197
Figure 8.7 An example of significant ssbcond sTEC (top) and visually correlating
subsecond variations in the geomagnetic field variations (bottom,).................. 199
Figure 8.8 Distribution of the local times cesponding to TEC events, for DOY B1

305, 2005 i ennn e et 201
Figure 8.9 Distribution of local times corresponding to geomagnetic field variations
events for DOY 91 365, 2005, . ...t e e e e e eas 202
Figure 8.10 Comparisoof the geomagnetic field variations (top panel) and variations in
the sTEC, as seen from three separate GPS satellites (second through fourth panels). The
geomagnetic field and sTEC data have been high pass filtered to better visualize to
higher freqUENCYaratioNS.............euiiiiiiiiiiii e 204
Figure 8.11 The track of the DMSP 16 satellite for March 16, 2015 (left) and March 17,
2015 (right), represented by the red line. The Arviat, Gjoa Haven, Rankin Inlet, and
Repulse Bay CHAIN station are repreted by the black diamonds, with the IPPs of a
few satellites of interest represented by the blue lines..........ccccccooiivieeeeiiinnnnnnn. 206
Figure 8.12 Electron energy flux for the DMSP 16 satellite pass over the Canadian high
latitudes. The passes occuridg hour 11 UTC, on March 16, 2015 (left) and March 17,

PO UL (11¢] 1 TR OO 207

XXil



Figure 8.13 The onsecond standard deviations for GPS satellite PRNs 5, 7, 15, and 29,
as seen from the Arviat, Gjoa Haven, Rankin Inlet, and Repalgestations. Each

colour represents a ray path. The left panel shows the data from March 16, 2015, the
right panel shows that data from March 17, 2Q15............ccooviiiiiieen e 208
Figure 8.14 The horizontal component of the geomagnetic field, kgt fptered, for

March 16, 2015 (left) and March 17, 2015 (FQRL)e........uveeiiiiiiiiei e 209
Figure 8.15 The onsecond standard deviation in STEC for all available ray paths
during DOY 70, 2015... ..ot emme ettt se e e e e e e e e enas 210
Figure 8.16 Theilgh pass filtered horizontal component of the magnetic field data. The
data was taken from the Churchill station ICM in the CARISMA network during DOY
70, 2015. Significant variations in field data are present during roughly 5 hours UTC to
8 hours UTC, whah corresponds to the first STEC event. Much lower magnitude
variations are present in the magnetic field data during the 16.5 hours UTC to 19.5 hours
UTC STEC BVENL. ...ttt e e e e e e e e et e e e e e mmme e e 211
Figure 8.17 lllustration of the coverage provided iy BGOESWest and GOE&ast
geostationary satellites. The GOESst satellite provides coverage of central and
eastern Canada and is, therefore, more relevant to this study. Retrieved from
https://www.nesdis.noaa.gov/content/godsmsbecomegoesl6...............ccoeeennnes 212
Figure 8.18 The electron flux measurements from the GCE®uring March 10, 2015.
The panels are ordered by energy levels, increasing from top to bottom. The blue lines
represent the westward facing detector and the blackriypessent the eastward facing

[0 =Y =T ox (o (SRS 214
Figure 8.19 TEC along various GPS ray paths during UTC hours 10 through 16, DOY

70, 2015, for six CHAIN stations. Each colour represents a different.tay......... 215

XXiii



Abbreviati ons

BPSK- Binary Phase Shift Keying

CARISMA'T Canadian Array for Realtime Investigations of Magnetic Activity
CHAIN i Canadian High Arctic lonospheric Network
DMSP - Defence Meteorological Satellite Program

EUV - Extreme Ultraviolet

FOC- Full Operation Capability

GNSSI Global Navigation Satellite System

GOES- Geostationary Operational Environmental Satellite
GPS- Global Positioning System

HF 1 High Frequency

ICM T Induction Coil Magnetometer

IFLC i lonosphere Free Linear Combination

IGS - International GNSS Service

IMF - Interplanetary Magnetic Field

IOC - Initial Operating Capability

ISMRT lonosphericScintillation Monitoring Record

XXV



MGEX - IGS Multi-GNSS Experiment

OXCO - OvenControlled Crystal Oscillator

PLL T Phase Lock Loop

PRN- Pseudo Random Noise

RINEX - Receiver Independent Exchange

ROT - Rate @ Change in TEC

ROTI - Rate @ Change of TEGndex

SBF- SeptentridBinary Format

SPS- Standard Positioning Service

STECT Slant Total Electron Content

TEC - Total Electron Content

TECU T Total Electron Content Unit

UTC 1 Coordinated Universal Time

VTECT Vertical Total Electron Content

XXV



1 Introductionand Outline

1.1 Introduction

Spacebased navigation, such as the Global Positioning System (GPS), has become
ubiquitous through the receyears. Many applications, such as military, marine, and
surveying, for example, have become reliant on the accurate performance of GPS. Not
only has industry evolved around this tool, but the civilian population has become
expectant on the reliability drprecision of GPS, specifically in its navigation and
positioning capabilities. However, many issegsstthat reduce the accuracy in GPS
positioning and navigation; these include tropospheric delay, receiver errors, and
satellite hardware delays, forawrple. Many mitigation techniques have been developed
and implemented to correct for these errors, however, the most prominent error source,
the ionosphere, can produce very large errors in the positioning result and in the most
extreme cases can prevem receiver from obtaining any result, thus making GPS

useless.

In ideal situations, the ionosphashomogenous. This still induserrors in the GPS
positioning techniques, but methods of eliminating this error have been well established.
Most of the nethodsexploit the dispersive nature of the medium and the multiple
frequencies transmitted by the GPS satellites. However, the ionosphere is rarely this well
behaved, especially in active areas like the low and high latitudes. In these regions,

structuresn the density can cause rapid variations in the amplitude and phase of the



GPS signals. In the best cases, these rapid variations lead to decreases in accuracy and
precision of the positioning result. In the extrerasesthe variations in amplitude dip

too low, or the magnituder frequencyof the phase variations are too high, and these
exceed the receivero6s threshold to track t
occursto a sufficient number cfatellites in view at a given timeo positiong

information would bevailable. In important applications, such as aviation, this can

have very serious consequences. The study of these rapid variations in the amplitude and
phase of the signals, aadbetter understandingf the morphology, climatolyy, and

formation mechanisms of the inhomogeneities that cause thamjngportantirea of

research. Any advances in the area may lead to better mitigation or reduction of the

ionospheric errors in GPS and other sglased navigation.

Fortunately, theffects of the ionosphere on the GPS signals can be used to the

advantage of those interested in researching and monitoring it. This is typically split into

two categories, the study of ttmv-frequencyeffects on the signal and the study of the
high-frequencyeffects. Thdow-frequencyeffects are caused by very large scale or
slow-movingvarying, structures in the density. These can be studied using the

dispersive nature of the ionosphere and the multiple frequencies transmitted by the GPS
satellites. Umg a combination of two frequencies, a measure of the integrated density
along the signal és ray path can be obtaine
given epoch. Introducing all GPS satellites, and the global network of GPS receivers,
verylarge areas can be studied, observing the morphology of the bulk plasma density. In

some cases, nearly global coverage can be obtained.



The study of théigh-frequencyariations is typically concerned with the srealcale

size or faster movingvarying inhomogeneities in the plasma density. These smaller
inhomogeneities can lead to diffraction, causing rapid fluctuations in the amplitude and
phase of the signal. These diffractive effectstgpecally referred to as scintillation.
Although thesénigh-frequencyvariations cannot beelateddirectly to the structures
causing them, as can be done inltve-frequencyanalyses, important information

about the distribution of th@mallscaleinhomogeneities can be determined (Davies,

1990).

Initial studiesinto these smalcale structures focused dretlow and equatorial

latitudes and certain assumptions were made based on the discoveries made in this
region. However lte characteristics of the ionosphere in this region are very specific,
presenting morptiogy and formation mechanisms not observed elsewhere. Eventually,
monitoring hardware was introduced into other regions. This allowed for the study of
other areas of the ionosphélike the high latitude region. The high latitude region, like
the equataal region, is peculiar in its formation mechanisms and morphology. The high
latitude ionosphere is intimately connected to the magnetosphere and solar wind,
creating a very active ionosphere different from the other regions. Studying the high
latitude iorosphere requires care in the methods used in analyzing the data and the
assumptions that the methods may be based on. Unfortunately, the methods and
assumptions designed using the low latitude results havecbeenonlyused in the

high latitude ionospherand are now mostly ubiquitous in the field. Since these



assumptions likely will not hold in the high latitude, problems with the analysis methods

are likely to occur.

The most prominent issues stem from the detrending frequency. This is-tifé cut
frequency used in a higpass filter which is applied to the raw GPS data. As the name
suggests, this is meant to remdow-frequencytrends in the signal. Based on low

latitude studies, a cudff frequency of 0.1 Hz was choséviah Dierendonclet al.,

1993) However, it washosen bysuggesting that 0.1 Hz correspong| to the Fresnel
frequency; the Fresnel frequency is the lowest frequency at which scintillation variations
should be visible in the amplitude and phase. In short, if the wrorgffduequency is

used, norscintillation variations may be present in the detrended sighalFresnel
frequency is dependent on the drift speed of the ionospheric inhomogeneities. The drift
speed has been shown to be much higher in the high latitude ionosphgestisig a
significant increase in the Fresnel frequencies in the region. Thus, studying the high
latitude ionosphere, understanding its differences compared to the other regions, and
ensuring the methods being used are valid, are important problemdigidhRecently,
work has begun to address and attempt to remedy these isswesnmie see Forte

and Radicel§2002), Mushini (2013), and McCaffrey et al. (2018

Developing new techniques to further address this issue is important, and as
advancenents in technology are made, new and more accurate results can be obtained.

The Canadian High Arctic lonospheric NetworkH{&IN) (Jayachandran et al., 2009



has recently expanded to add more @RSed ionospheric monitoring stations to the
Canadian highdtitude region. The receivers deployed at these new stations allow for an
increased sampling rate of the amplitude and phase of the GPS signal, and tracking
techniques of new GPS signals which are more accurate for ionospheric research
purposes. This allosvfor a denser spatial coverage of the ionosphere in the region,
monitoring at an increased sampling rate, and most importantly, more accurate
measurements of the GPS observables and thus more accurate monitoring of the

ionosphere.

We take advantage ofdke improvements in the instruments and the network to focus
on the studyf the very small, or very fastoving gradients in the plasma density.

These gradients induteégh-frequencyvariations in the GPS carrier phase, with our
focusbeingon the subksemnd variations. These variations are purely refractive; this can
be shown by taking advantage of the improved accuracy providadp®cific tracking
technique used by these receivers. Sincigjefrequencyariations are typically
assumed to be diffctive scintillation, it is important to show that thésgh-frequency
refractive variations can occurihe GPS signal, and methods of isolating them from the
diffractive variations are outlined. This is an important result for scintillation research
wishing to focus on the diffractive variations alone. However, we choose to focus on the
high-frequencyrefractive variations, focusing on the formation mechanisms of these

smallscale or fast drifting structures.



1.2 Thesis Outline

Chapter 2 begins with a lefioverview of the ionosphere, focusing on introducing its
formation mechanisms. The layers of the ionosphere are then discussed in order of
altitude. This begins with the D layer, followed by the E layer, and lastly the F layer and
its sublayers: F1 and2FThe main formation mechanisms of these layers, including the
main wavelength bands responsible for the ionization of the neutrals, are discussed.
Other important mechanisms, including the diffusion of plasma in the F region, and
particle precipitationri the lower layers are also introduced. Regional differences in the
ionosphere are discussed next, broadly presenting the differences between the mid and
low latitude ionosphere. The low latitude ionosphere, specifically the equatorial region is
discussedn more depth, focusing on the equatorial anomaly. This is presented in
context with the differences in high latitude ionosphere. The high latitude region is of
interest for thistudyand is thus the focus of the section. The effect of the nearly
verticalgeomagnetic field lines on the high latitude ionosphere is discussed, outlining
the auroral and polar cap regions. The chapter is concluded by introducing the

i onospherebds effect on r aditseffeetangreundor opagat
basedcommunication, such as High Frequency (HF) communication. The section ends
with a discussion on the effect of the ionosphere on dpased, or tran@nospheric

radio waves, the focus of this study.



Chapter 3 discusses the hardware used for this study.otises on the GPS, its

satellites, and the receivers which tréo&ir signalsThe chapter begins with an
introduction and brief history of the GPS, and an overview of some of its basic features.
This is framed in theontext of ionospheric researcfhebasis behind GPS positioning

is also outlined, briefly introducing trilateration, the method use@f Spositioning.

The structure of the GPS signals, including the modulation techniques, the carriers, and
the legacy and modern codes are discussedifdiigles the benefits of the different
codes, and how their structuaectstheir use. CHAIN is discussed in the last section.
CHAIN is a network ofyroundbased equipmem the Canadian high latitude region

used primarily for ionospheric research anghitoring. The GPS data for this study is
takenalmostentirely from CHAIN, and thus the network and the receivers are
discussed. Of the receivers available within CHAIN, only the Septentrio PolaRxS Pro is

used for this study; the receiver is introduced| #s advantages are discussed.

Chapter 4 covers the background theory relevant to the presented research. This includes
the two main effects of the ionosphere on the GPS carrier phase observable: refractive
and diffractiveeffects Diffractive variatiors, or scintillation, and the field of

scintillation research is discussed. The history of the field is briefly introduced, followed

by the diffraction mechanism. The Fresnel scale and Fresnel frequency associated with
scintillation are introduced; theseeaelevant aspects of scintillation theory that will be
necessary fodiscussindater results. The expected spectral behaviour of the amplitude

and phase of a GPS signal undergoing the effectdrdfilstion is also introducedl he

purely refractive eficts of the ionosphere are introduced next, focusing dmighe



frequencyrefractive variations induced by inhomogeneities in the ionosphere. This is the
main focus of the thesis and is thus discussed in more detail. This includes the derivation
of the rdractive index of the ionosphere from the Appletdartree equation and its

impact on the GPS carrier phase observable lGkdrequencyrefractive variations are

also discussed, introducing the G8&ived TEC measurement. TEC is a measure of the
electron density along the ray path and is a popular and powerful tool iRbG&I
ionospheric research and monitoring. Its derivation from the two main GPS carrier phase

observables is described.

Chapter 5 outlines the GPS data used in this study, follow#tehyethods used in
analyzing this data. The GPS data, as previously mentioned, comes from the Septentrio
receivers of the CHAIN. The data is provided as raw binary files, thus, extensive
processing is needed to get the observables of interest. A descapthe raw binary

files is given, followed by an introduction to the decoding methods used to get the GPS
observables. Common receiver effects on these observables, such as clock jumps and
cycle slips, are outlined. These are effects that must be renooweitigated before any

of the presented work can be done. The last part of the chapter discusses the methods
usedin manipulatinghe raw GPS observables into something more useful for
ionospheric research. This includes the prominently used processthgds in the
GPSbased ionospheric scintillation research community. The section begins with
detrending, the methods used in removingdefrequencytrend from the GPS
observables. This is followed by the effects of multipath on the GPS carriergithse

amplitude, and how it can be identified so as not to mistake it with ionosjinduiced



effects. This involves exploiting the repeatability of the GPS orbits and multipath
reflectors, as well as the theoretical limit of GPS carrier phase multipatisefLastly,

the scintillation indices)Y and, are introduced and discussed.

Chapter 6 discusses the effects of independent tracking on the GPS observables.
Independent tracking means that each GPS carrier is tracked independently ofrthe othe
This is the technique used by the Septentrio PolaRxS Pro receiver. Many other receivers
use dependent tracking; this technique assumes that one carrier undergoes nearly
identicalhigh-frequencydynamics as another. This leadsatmorerobusttrackingof
thecarrierbut also introduced errors the high-frequencydynamics. Results are
presentedlemonstratinghat the Septentrio receivers do in fact use independent

tracking, while others do not. This is done through #Zerseline receivesomparisons

and a phase windip experiment. The effects dépendentrackingarealso presented,
demonstrating its impact on thegh-frequencydynamics of the signal in regards to

ionospheric research.

Chapter 7 introduces the high frequency, purely refractive,ticargin the GPS carrier
phase. Example ionosphefi@uced carrier phase variation events are presented, using
several techniques to show that the variations are refractive. This includes a
determination of the corresponding Frednetjuenciesand expldiing the deterministic,
inverse frequencgquared dependence of the refractive effect of the ionosphere on the

phase of the GPS signals. This is first demonstraseng dual frequency results asd



followed by a triplefrequency example, further showitige existence of these refractive
variations and how they can be dominant when using the standard scintillation analysis
methods. An initial analysis into the TEC of the refractive variations is presented as
well, calculating the impact of the TEC on tHeape, assuming purely refractive

variations are present, and comparing it to the real phase.

Chapter 8 exploits the techniques of the previous chapter to analyze tHieeigincy
purely refractive variations, of the GPS carrier phase. By using aigardhthe

methods presented in the previous chaptemitiefrequencyGPSderived TEC can be
cleared of diffractive artifacts. The sslcond variations in the auroral region TEC is
then analyzed. Both high and low magnitude variations are observeeétdrmine

which variations are relevant, the receiver noise floor and the higher order terms in the
refractive index estimation are analyzed. The low magnitude variations are deemed
receiver noise; however, the high magnitude variationikalg ionospheic. These
subsecond TEC events are shown to corratadeleratelywell with variousevents in

the magnetic field data, obtained from the Canadian Array for Realtime Investigations of
Magnetic Activity (CARISMA). Using particle precipitation data from thefence
Meteorological Satellite Program (DMSP) sateléited the Geostationary Operational
Environmental Satellite (GOE®)is shown that increases @hectronprecipitation

coincide with these subecond TEC variations as wellhis is used to sugges$tat

electronprecipitation is likely responsible for the sabcond TEC events.
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Chapter 9 summarizes the work presented in the thesis and introduces ideas to further
thestudy The major results include the effects of dependent tracking orbGEEsl
ilonaspheric research and the observation ofsedond variations in the density of the
ionosphere. The former is important as it indicates that anyhjgdstrequencyanalysis

if performed using dependent tracking, must bevauated. The latter suggesiat

very small scale, or very fast movingggularitiesexist in the ionosphem@ensity
Thesearregularitiesare unlikely to have been observed in the past, due to hardware

limitation, and thus introduce a new area of focus as the GPS hardware improves
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2 lonosphere

2.1 Introduction

The ionosphereias ect i on of the Earthdés atmosphere

become ionized creating a layer of plasthéypically lieswithin a 60 km- 1000 km

altit ude above t hheweizathetelaré swelsdefinddizoandaries. The
neutral constituents dfie atmosphere become ionized at these hegightiominantly
through photdonization, although other mechanisms exist with varying contributions to
the overall ionization. In the daside ionosphereéferring to theside of the Earth

which is facing the sun), the plasma is in constant flux, where the neutrals are being
ionized through phationization whilethe free electron and ions megcombine.

Within the nightsideionospherethe recombinationfahe free electrons and the ions
dominate specifically at lower altitudes where the atmospheeiatraldensity is greater,
causing the overall ionization to drop dramatically. The main ionic constituents of the
ionosphere are oxygernh , diatomicnitrogen . , and atomic oxygen  (Davies,
1990 Hunsucker and Hargreaves, 2D(Jue to the varied molecular weights of the
constituentstheionosphere is horizontally stratified. This can be seehevertical
density profiles otheionogphere An example of mid-latitudeionosphere density
profile is presented ifrigure2.1. The four layers of the ionosphere are labelled, the D
layer, lying at the lowest altitude, the E layer above it and the F layer abovehbd;
layer is split into two sublayers, the F1 and F@rmation of hese layerss discussed in
more detail in the following section. The difference in the density between ttiméday

andnighttimeionosphere is also present in the figure. @agtimeprofiles are presented

12



in red and the nighime profiles in black. A clear decrease in ionizatiloming nighttime

is observed, most prominently in the lower altitudes due tmntimeasan molecular

density. An increase in the overall density is also eskduring solar maximum,
represented bthe solid lines when compared to theasahinimum profiles presented

by the dotted lines. This is due to the increase in solar radiation, causing a direct increase

in the ionization of the neutral constituents.
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Figure2.1 Example density profile of the midtitude ionosphere, demonstrating the

differences between solar minimum (dotted), maximum (salighttime(black), and

daytime(red). The layers of the iosphere are also labellethe profiles werereated

usingthe International Reference lonosphere 2007 model (Watson, 2011).
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2.2 lonospheric Layers

2.2.1 D Layer

The D layer is the lowest altitude layer of the ionosphere, typically ranging from 60 km
to90kminheght above the Earthés surface. At
bands capable of penetrating this distance and ionizing the constituents are th¢ Lyman
and hard xays. Lyman radiation has a wavelength of approximately 121.5 nm and
can ionize the nitric oxide (NO) molecules. The hardys have wavelengths lying

within the 0.1 nmi 1 nm range, and can ionize all constitu€risnsucker and

Hargreaes, 2007. The intensity of the hardpays emission from the sun can vary
significantly in time, therefore its contribution to the total D region ionization varies as
well. A small contribution to the total ionization occurs from Extreme Ultraviolet (EUV)
radiation, responsible for ionizing molecular oxygen. The electron affinity of molecular
oxygen is small, resulting in the possibility of the removal of an electron by interaction

with photons of visible or neanfrared light:

The most populaneutralconstituents at the height of the D layer is NQ, &d N.
Since the radiation responsible for ionizing these species are of solar origin, the
ionization levels of the D layer increase signifidgmuring thedaytime At night the

15



overall ionization will decrease significantly since a significant drop in radiation occurs,
resulting directly in alecreasén ionization rates. Thus, recombination of the free
electronswith the negative ions are the dommreaction during the night timé&ree

electrons will also combine with molecular oxygergatingl :

whereM is any other molecule, which absorbs excess kinetic energy from the reactants
(Davies, 1990Hunsucker and Hargreaves, 2D0Vhe recombination rates ateminant
enough tacause the D layer to mostly diggear at night, reappearing only when the

solar radiation begins again after sunrise.

Particle precipitation can be a magamtributorthe ionization in the D region as well,
depending on the geographical region. This is mostly an effect in the higdéagind

auroral regions, buh extreme casesan spread tower latitudesas well. This is due to

high energy particles from the solar wind
lines into the upper atmosphere. These particles may be energetif éadonize the

neutrals.

2.2.2 E layer
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The E layer typically extends from 90 k150 km in altitude, with a peak density lying

near 110 km. The major contributor to ionization in the E layer is EUV radiation and

soft xrays. The EUV radiation capable of pé#rating to the E layer range from 80 nm to
102.7 nm in wavelength. These wavelengths ionize mainly the molecular oxygen present
in the layer. The soft-xays, with wavelengths ranging from 1 nm to 10 nm, can ionize

all constituents in the layer, includit, Oz, O, and NQ(Davies, 1990Hunsucker and
Hargreaves, 2007 The contributions to-xays come mostly in the form ofray flares.

The intensity of these flares varies through time, and are particularly low during solar
minimum. Therefore, the ovetaontribution to ionization in the E layer from the soft x

rays is for the most part low, especially during solar minimUine. E layer is also

susceptible to ionization due to particle precipitation, like the D layer.

The twodominant sources of recombation in the layer include radiative recombination
and dissociative recombination. However, the reaction rate for dissociative
recombination is a factor of 1@mes faster than radiative recombination, making it the

primary reaction. Thusgesultingin the main recombination reactions of

Q6 00 6NQ 6 °0 GNQ 6O 906 § &

2.2.3 F layer
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The F layer begins at about 120 Rftitudeand extends beyond 1000 km. Most of the
totalionospherigplasma residein the F layer. The F layer is sometimes split into two
sublayers, the F1 layer, and the F2 layer. The F1 layer is not always present, being more
likely during summer and during solar minimums. lonization in the F leareibe de to

EUV radiation within the 20 nm to 90 nm wavelength raage xrays withinthe0.1

nmi 10nm wavelengtihange (Davies, 199Munsucker and Hargreaves, 2D0lhe F2

layer contains the peak electron density, typically situated bet@@&km and 400 km

in altitude in the high latitudeShe density of the layer is not predominantly due to
photo-ionization, but rather througblasma transpodnd adecrease in recombination.

Thus, the layer remains mostly intact during iigthttimehours, unlike the lower layers.

The primary ions of the F layer abe and0 , which are most reagilcreated through
photoionization with the and0 neutral molecules. The important ions in the

recombination reactions abe ,00 , and0 . These are created through the reactions:

0 0 © 0 0 c8
0 0 ©00 0 c®
0 0./ g5

The main recombination reaction for théayerinvolves a twestep procesutlined by

the following sets of equations
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These firstreactiors create thé) 0 or 0 ions, whicharenecessary for the second step:

66 QO .
5 Qo / | cay

which uses the available free electrons in the refRaes, 1989; Hunsucker and
Hargreaves2007) The concentration of th@ ion dominatesn the upper altitudes of
the F layer, with a decrease in thé and0 ions. This leads to a decrease in the

recombination rates with altitude (Hunsucker and Hargreaves, 2007).

Due to the decrease in atmospheric pressure in the highedeaitayer bulk

movement of the plasma from the lower layers is an important factor. This diffusion of
the lower altitude plasma is partly responsible for the F region persisting through the
nighttimehours. This is also why the peak plasma density residihe F layers, despite
the lower density of neutralg/e note as well that plasma transport may dominate the

chemical equilibrium of the layer.
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2.3 Regional differences

Geographically, the ionosphere is typically split into three areas of interesiwthe |
latitude,mid-latitude and high latitude regions. Our focus for the presewtadt will be
with the high latitude. To give some context to why the high latitude ionosphere is an
import area of research, the low andl-latituderegions will be brieflydiscussed before

discussing the high latitude regionsnore detail

Themid-latitudeionosphere is mostlgomogenouswith increases in the overall

electron density observed during theeytimehours and a significant decrease during the
nighttimehours.The layers and chemistry of this regiarelike those discussed above.

The low latitude ionosphere differs most substantially in the F region, where the peak
electron densitgan be observeak higher altitudethan typically observed in the other
regiors (Magdaleno et al., 2011 and references ther&im)sis observed more
prominentlyduring thenighttimehours, where plasma from the lower altituddfuses
upwards, increasing the peak to altitudes upwards of 500 km. The upwards motion of the
plasmaienhanced i n the | ow | atitudes due to
the neutral winds. Near the geomagnetic equator, the magnetic field is horizontal.
Neutral winds flow from sunrise to sunsetwest to east,saresult of the dayside

heatng and nightside cooling. The neutral winds cause the lower altitude plasma to flow
along with it, creating an eastward current. This current, in conjunction with the
horizontal magnetic field, creates an upwdtd8 drift. Thisdrift causes the lower

altitude plasma to be transported upwards, to a point where the gravitational force

20



counteracts the plasma sufficiently to stofpatn rising further At this point the plasma
flows to either side of the geomagnetic equator, settling between approxim&tely 10
15° latitude to either side of the geomagnetic equ@tonsucker and Hargreaves,

2007) A representative example of the density in the mid and low latitude regions are
illustrated by the Total Electron Content (TEC) map presentédyure2.2. TEC is

discussed in more detail in Chaptershort,it is a measure of the electron density.

Homogenous, low magnitude, TEC values are observed throughonidhatitude
regions in the figure. The equatorial anomaly is clearlggmeas wellcentredat 15
hours local time. Two distinct enhancements in the electron density can be observed,

roughlycentredon the geomagnetic equator.
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Figure2.2 lllustrative example of the typicalextron density in the mid and low latitude
regions. The equatorial anomaly is also presmmifrednear 15 hours local time. The
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anomaly creates two enhancements in electron detis#tyair roughlyxentredon the
geomagnetic equator and settling 1A.5° to either side of it. Retrieved from

https://iono.jpl.nasa.gov/gim.html

In the high latitude ionosphere, the geomagnetic field orientation is opposite to the low
latitudes the orientation of the field lines is nearly perpendicular. This creates an
ionosphere which is influenced heavily by the swalead and is therefore very active.

An illustrative example of this activity is presentedrigure2.3; the figure presents a

TEC map presenting the percent difference in TEChguain active ionospheric day vs a
quiet day. This is obtained by subtracting a representative quiet time map from an active
map. The high latitudes show very large percent differences during the active day, with
nearly a 100% increase. Variability is aldoserved, with enhancement and depletions
ranging from roughly60 to 100 percent difference from the quiet tinTése high

latitude region also commonly exhibits a twin cell convection pattern, contributing to the
variability in the region. An idealizedqiure of this twin cell patterim presented in

Figure2.4.
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Figure2.3 lllustrative example of the variability which can occur in the high latitude

regions of the ionosphere. Thercent differenceetweera n acti ve i onosphe
TEC map compared to a representative quiet day is presented. Nearly a 100% increase in
TEC is observed in the high latitudes, as well as enhancements and depletions ranging

from -60% to 100% differeree Retrieved from

https://iono.jpl.nasa.gov/storm_demo.html
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12he

24

Figure2.4 An idealized representation of the twin cell convection pattern observed in
the high latitude regions, presented in geomagnetiaditiand local time coordinates

(Heelis et al., 1982).

Thenearvertical magnetic field lines, near the geomagnetic,male be considereas
floperd magnetic field lines. Meaning the field may connect to the magnetic field

associated with the solar windelf. This then allows the solar wind patrticles to follow
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these magnetic field lines down towards the Earth, rather than being defldctesblar

wind is an outflow of solar material driven by the expansion of the solar corona. It is
composed mostly dfi* ions and a nearlgqual number of electrons. The solar wind
streams towards the Earth at sptggically within the 200 km/s to 800 km/s range
(Davies, 1990Hunsucker and Hargreaves, 2D0/hese energetic particles arsually

def | ect ed simagnetictiedd, dgivimg theliigdd the compressed shape on the day
side and elongated taih the night sideThisis demonstrateth Figure2.5. Thedayside

(left side) $iows the solar wind compressing the magnetosphere @aadhigetting

deflected around the Earth.
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Figure251 | l ustrative representation ofdédst he Eat
interaction wih it. The magnetic field is compressed in tlagside(left) and elongated

on the night side (right). This is due to the pressure of the solar wind. The solar wind is

also shown to be deflected away from the Earth due to the magnetic field. Retrieved

from https://www.jpl.nasa.gov/infographics/infographic.view.php?id=10686

The boundary between the closed and open magnetic field lines represents an important
sublocation of the high latitude ionosphere: the auroral dvanapshoof the auroral

oval, sugrimposed onto a polar map of the Earth, is presentegjune2.6; the data is

26



obtained fr om (Theeedcdl®radprasenis the mmbseirtense poetions

of theAurora the blues represent the least inteng® duoral oval is formed by the
boundary between the open and closed field jimésaregionheavilyaffectedby
precipitation ofsolar wind particles which become trapped on the field lines. These
energetic particles flowlong the field linegto the atnosphere, ionizing the neutral
constituents. This is most likely to occur in the lower layers of the ionosphere, the D and
E layers, due to the higher density of neutral constituents. Some constituents may only
become excited, rather than becoming ionitedhe subsequent return to the ground
state, the molecules will emit photons. Both oxygen and nitrogen emit photons in the
visible spectrum. This is also true of nitrogen ions recombining with a free electron. The
emission of the visible wavelength phoesoresults in the visible aurora borealis (in the
northern hemisphere). The work presented will favastlyon the high latitude auroral

region ionosphere.
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Figure2.6 An image of the auroral oval, as séeym space, superimposed onto a map
of the Earth. The i mage was taken using t
satellite. The redolour represents the brightest portions of the auroral oval while the
blue represents the dimmest. Retrieved fhdip://sd

www.jhuapl.edu/Aurora/UVI_on_Earth.html

Above the auroral oval is a region known as the polar cap, the region corresponding to

the open magnetic field line.he fAopeno end of these field
Interplanetary Magnetic FieldMF). The IMF is the magnetic field of the solar corona
which has been Afrozen ino to the solar wi
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conductivity of the solar wind, resulting in a magnetic field which moves with the

plasma (as peklfvén's theorem)Asthe IMF interactsvith the magnetosphere, plasma

in the magnetosphere flows through the IMF and its magnetic field. The movement of

the electrically charged plasma through a magnetic field creates an electric field. This

electric field is mapped to the lao region, pointing in the dawn to dusk direction. The
Earthdos magnetic fi el d aEnBidriftohthepolaedag ct ri ¢ f
plasma. This is the major contributor to the bulk plasma motion in the polar cap region.

The resulting drift speds of the plasma range can be as low as 100 m/s, while during

days with increases in the IMF magnetic field strength, drift velocities have been known

to reach values upwards of 2 km/s (Davies, 199MHunsucker and Hargreaves, 2D07

2.4 Radio WavePropagation

A defining characteristic of the ionosphere is its effects on electromagnetic waves and

impact on radisystemsThe first major indication of the existence of an ionized layer

of plasma within the Earthoés atperforsm@gdher e c a
by Guglielmo Marcon{Marconi, 1922) Marconi successfully transmitted a signal from
Cornwall, England to St . dbstattafbearly8vf oundl a
km. Due to the curvature of the Earth, it is not possible for the sigmaMelled directly

as there was no direct line of sight. It was concluded that the signal must have reflected

off the atmosphere, suggesting the existence of an ionized Tdyyeforms the basis of

the i onosphereds r ol e i nstdilfe freqaeday lbands mommu ni c

3 MHz to 30 MHz. Long distance HF demmuni c

29



ionosphere, using the ionospheric layer to reflect and refract signals back towards the
Earth, allowing the signals to travel larger distantéss concept is illustrated iRigure

2.7, showing how the signal is refracted back towards the Earth from the ionosphere,
thus allowing the signal to travel from a transmitter to receiver without line of sight.

This is possibldecause the HF frequencies used are below the plasma frequency of the
lonosphere. The refractive index of the

magnetic field, can be representedassa1985):

. i
W .[u T d "Q C&

Where™Qis the critical frequency, the frequency below which the medium appears
opaque)) is the electron densityy is the electron charge (1.602 x*#@),T is the
permittivity of free space (8.854 x 10F/m), & is the mass of an electron (9.109 x*10
kg), and'Qs the frequency of the wave (Juré@85). Note that equation 2.7 represents
the case of normal incidencio determine the criticatéquency, we set the refractive

index to zero, meaning p and
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Evaluating equation 2.8 gives the following relationship:

For oblique 1 nci de netenne theeriticakfrequedecy.eNelstdtes | a w

that:

el Qe ¢i Qe ¢H T

[ Qe ¢ ¢®p

where¢ is the refractive index just before entering the ionosphere (refractive index of
the atmosphere)}- is the anglat which the wave enters the ionosphereis the

refractive index at which the wave is initially reflected, ards the reflection angle.

For the wave to reflect—=  w 11, and noting that p, equation 2.10 is simplified to

equaion 2.11. Substituting equation 2.6 into 2.11 gives:

R o Q
OE+ p Al & p B ¢® ¢
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Typical maximum electron density values are within the range'8feléctrons/mi

10'2 electrons/m, thus resulting in plasma frequencies of approximately 1 MBiz

MHz, well within the low end of the HF band. For frequencies greater than the critical
frequency, the ionosphere will appear transparent, allowing for transmission of waves
through the ionosphefglunsucker and Hargreaves, 2007). This is the situation with
spacebased navigation systems such as the GPS. Note that the refractive index of the

lonosphere and its derivation is discussed in more detail in Chapter 4.

Region in the
ionosphere

Earth's surface

Transmitter Receiver

Figure2.7 An illustrative explanation of HF communication using the ionosphere to
facilitate over the horizon communication. Since the transmitter and receiver do not have
a line of sight to one another due to the curvature of the Earttmuoaication between

the two locations would not be possible without the ionosphere. Retrieved from
https://www.electronicsotes.com/articles/antenapsopagation/ionospheric/hf

propagatiorbasics.php
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The GPS transmits at frequencies in the L band, wdggties to frequencies in the

range of 0.5 GHz to 2 GHB(uder et al., 2003 These frequencies are much greater

than thetypical plasma frequencies associated with the ionosphere, allowing them to

travel throught. In this case, the signal is not refied totally, but are refracted

Equatiors 2.6 and 2.7 demonstrate the electron density dependence of the refractive

index. Any inhomogeneities in the electron density will result in changes in the

refractive index. A simple illustration of the refractie#ects of a homogenous

ionosphere, compared to no ionosphere, is presentédure2.8. The satellite on the

|l eft, transmitting the orange signal, repr
present. The signal is seenttavel directly from the satellite to ground. Note that we are
ignoringall othereffects along the ray path, like the neutral atmosphere, which will also
have a bending effect on the signal s path
yellow signal, ahomogeneoum®nosphere is assumed. In these the signal is seen to

bend as it enters and exits the ionosplaweto the refractive properties of the

ionosphere. The GPS hardware and the refractive properties of the ionospheric medium

are dscussed in more detail in Chapters 3 and 4, respectively.
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lonosphere

Figure2.8 A simple illustration demonstrating the refractive effect of a homogenous
ionosphere on satelldeased signals. The satellite on tag,lwhich transmits the

orange signal, represents no ionosphere. The signal travels directly from the satellite to
the ground. The satellite on the right, with the yellow signal, shows the effects of a
homogenous ionosphere, where the signal is beneageits and exits the ionospheric

medium. Retrieved fromttps://www.eeducation.psu.edu/geog862/node/1715
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3 Hardware

3.1 Introduction

There are many tools available for ionospheric research and monitoring, each with their
advantages and disadvantages. Quua $ool, which has been proven to be very useful

in the field, is GPS. The main advantage tiesthelped GPS become a very popular

tool in ionospheric research and monitoriegs temporal availability. The GPS

satellites are transmittingdio signak constantly, with nalowntime(excluding

hardware malfunctions). This allows researchers to monitor the ionosphere continuously,
providing realtime or near realime data. The GPS constellation [32s- satellites in

orbit (as 0f2017), with an orbital intination angle of 5% This gives a near global

spatial coverage. Combined with the temporal coverage of the constelktimn,

portiors of theionosphere&an be monitoredh nearreal time This requires a good

global coverage of GP®ceivers, trackinthe GPS signaldVith groupdike the

International GNSS Service (IGS) and CHAINis ispossible The IGS collects GPS

data from groups worldwide, in a standardized format, and makes it available publicly.
Many othergroups have created networks of Ge&eivers, some with a focus on
ionospheric monitoring, while others not, andnyof these groups contribute to the

IGS network. This provides a nearly worldwide distribution of GPS receigpsitting

publicly availabledata
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The GPS constellation mamits on a minimum of two carrier frequencies, with more
recenly deployedsatellites transmitting on three carrier frequencies. The caarer

close enough in frequency to assume they follow the same path through the ionosphere,
but far enough apart tee treated separdye This allows for research where the varied
frequencies can be examined, assuming they encountered the same ion8sphere.
popularly used consequenakthe twomaincarrier frequencies is the calculation of the
Total Electron Conter{(fTEC), which is a measure of the electron density along the
satellite ray paths. This can be used to study changes in the ionospheric electron density

in space and time. TEC is discussed in more det&lhepterd.

However, a few main disadvantagae pesentwhen using GPS for ionospheric
research. The main issue arises1f the designed purpose of GR& GPS system, both
the signals and the receigeare designed with positioning techniques as the focus. This
means that some techniques and desigitek employed in the GPS hardware are not
always ideal for ionospheric monitoring and research. For example, GPS positioning
requires very accuratéimekeepingFor the sake of keeping the costs low, receiver
clocks are poor compared to the satellite kéo€o keep the receiver clock as@ync as
possible with the satellitdke receiver clocks are typically steeradhich meanghe

clock is constantly adjusted to account for any drifting which occurs. Ttetrignental

for ionospheric research, whahe small adjustments in the receiver clock may manifest
themselves in the GPS observables indistinguishable from ionospheric effects. Another
example occurs in the tracking methods used in the receivers. In aspectslodsedS

ionospheric research, théfdrences between the carrier frequenaesvery important,
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like in the TECcalculation However, some tracking techniques assume identical
dynamics in the carrier3his techniqueallowsa harder to trackignalto be tracked
more easilyresulting inmore robust GPS positioning, btits detrimental in
ionospheric research as it misrepresentsigpealdynamics. This is discussed in more

detail in Chapter 6.

3.2 Global Positioning System

The GPS is a spadmsed navigation system, using a constellaticgatellites

transmitting signals on a minimum of two frequencies. It is one of many Global
Navigation Satellite Systems (GNSS) currently in oibitnaintained by the United

States Governmerandis provided free of charge to the global public. Therma

purpose of the GPS is to provide reliable timing, navigation, and positioning to users in
both the military and civilian sectors, with a varied degree of accuracy to these
respective user types. The first GPS sateN#s launched in February of 89 with

Initial Operating Capability (IOC) for the system being obtainedenember of 1993.

The IOC state consisted of 24 satellites, a combination of prototype and production
satellites. The system was deemed to be in the 10C state as it could providesinahi
positioning within the specified accuracies of this state. It was not until early 1995 that
the GPS was in a Full Operation Capability (FOC) state, with 24 production satellites in
orbit and extensive testing of the system having been completeciviian use, the

system must meet the Standard Positioning Service (SPS) requirements to reach the

capability states. The SPS states that the GPS can pemadeaces better than 22 m
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and 13 m for the vertical and horizontal planes, respectively. yEtens must also
provide UTC time within an accuracy of 40 ns (Kaplan and Hegarty, 2068).
saellites orbit the earth on orbital planes at an altitude of roughB0ORG&m,with

orbital periods of a half sidereal day.

GPS positioning works on the basfgtriangulation, or more appropriately, trilateration.

An illustration of how thisvould work in two dimensionsgs presented ifrigure3.1. In

the figure, we see a circle around each satellite, these circles have a radiustaprese

of the distance of the receiver from each satellite, respectively. The intersection point of
these three circles is themguragldhtethreeecei ver 6s
dimensionseach satellitean be surrouratl by a spher@ith a radius equal to the

distance from the respective satellite to the receiver. In three dimerasmhs

introducing the time dimensiothis would require fousatellites to pinpointthe

receiverods positi on. lite¥ihwesvtocdkR&e arpesigjam.i r es f o
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Satellite A Satellite B

Your location

Satellite C

Figure3.1 Simpletwo-dimensionalllustration of the trilateration techniquesedin GPS
positioning. Retrieved from http://scienceline.org/2016/05Adoe&syour-gpsknow-

whereyou-are/.

Based on the trilateration technique, the fundamental job of the GPS receiver is to
calculate the distance from the satellite to the receiver. This is done by calculating the
travel time of a signal transmitted by a satellite. Inrshbis is done by having the

satellite transmit its transmission time for the receiver to compare to its reception time,
giving the receiver the total travel time. Assuming a travel speed of the speed of light,
the distance over which the signal hasétled from the satellite to the receiver during

the time interval can be calculated. The time of transmission is encoded on to the carrier
signal by using Bary Phase Shift Keying (BPSKBPSK is employed by shifting the

phase of a signal 186 represenls and Os of hinarymessageWhen thereceivers
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encountethis 180 shift in the phaseof the signalit switches the binary bit from 0 to 1
or viceversa.Thistechnique isised to modulata navigation messageepresented in

binary,onto the GPS caers at 50 bits per secoifidaplan and Hegarty, 2005)

Pseudo Random Noise (PRN) codes are also modulated onto the GPS carriers. In the
legacy system, two PRN codes were used: The Course Acquisition (C/A) code, and the
Precision (P) code. THecodewasmodulated onto both the L1 and L2 carriers, while

the C/A code was only available on the L1 cartigach of the PRN codés unique to

the satellite, allowing the receiver to
Numbering the PRN codes also ggva method of labelling the GPS satellite. We will

use this technique throughout the work preserftad.modernization of the GPS

included the introduction of a Civil (C) code, which is modulated onto the L1 and L2
carriers. There is also a new Militaty) code, and two codes specific to the new L5
carrier. The C/A code is 1023 chips in length with a chipping rate of 1.023 Mbps,
meaning the code repeats every millisecond.R-bede on the other hand, has a length

of 6.19x102 chips, with a chipping ratef 10.23 Mbps. This gives tHecodea repeat

time of roughly seven day&aplan and Hegarty, 2005y increasing the length of the
code and decreasing the chipping rate PHvedecan provide a more accurate distance
measurement than tih@nger chip rée C/A code. Normally, the P code is encrypted,
forming the Y code (typically denoted as the P(Y) code). The keys needed to decrypt the
P(Y) codearenot provided to theublic but isreserved foexclusiveuse withthe

United States military. This allovtee military to gain increased precision using the

GPS, taking advantage of the increased chipping rate used in the P(Y) code.
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To allow a satellite to transmit multiple codes on a single carrier, like in the L1 case, the
two carriers are transmitted inaplrature, 9out of phase, and added to form a single
compositesignal.An illustrative example of the modulation of the codes orsitpeals

and the final composite signal are presentdéignre3.2. The top panel represent&th
P-code followed by the modulation of tHe-codeon to a representative signal. The third
panel represents the C/A code, note that it has a longer bit rate than tha-obtles

Below the C/A code is the C/A signal, with the C/A code modulated @hétP-code

signal and the C/A code signal are in quadrature with one another, as observed by the
90 phase shift between them. The final panel shows the composite signal, the addition
of theP-codesignal and the C/A code signal. Note that this is antrdtisn and is not to

scale with the actual codes and signals.
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Figure3.2 lllustrative example of thB-code(first panel), théP-codesignal (second
panel), the C/A code (third panel), the C/A code sidimairth panel) and the composite
signal (fifth panel). Thé-codesignal and the C/A code signal illustrate the modulation
of the respective codes to pure signals. The C/A code signal aRe:tiieesignal are in

quadrature, allowing for their addition ¢oeate the final composite signal.
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The L2C code is comprised of two ranging codes, Civil Moderate (CM) and Civil Long
(CL). As the names suggest, the CL code is longer than the CNIitbedeM codas 20

ms in lengthwith chipped at a rate of 511.5 Khpshile the CL code is 1.5 s long, also
chipped at a rate of 511Kdps (Kaplan and Hegarty, 2005)he CM code is modulated
with the navigation message, like the legacy codes, but at half the chipping rate. This
was chosen to improve the L2C code in arading environments. The CL code is not
modulatedoy the navigation message, making it a dats code. The datass codes

can be tracked morebustlysince unknown 18Qohase shifts will not occur. The L5
carrier is set up like L2C. The-phase compa@nt and the quadrature component of the
L5 carrier both transmit a 10 236t code, abbreviated as I5 and Q5 respectively. Like
the CM code, the IS code is modulated with the navigation message, leaving the Q5

dataless(Kaplan and Hegarty, 2005)

The M mde is designed to replace the PEdileand is therefore intended only for
military use. The code will be transmitted on the L1 and L2 carriers, like the P(Y) code.
Not much is known about the M code, but is expected to provide improved security, and

enhanced data demodulation and track{Kgplan and Hegarty, 2005)

3.3 Canadian High Arctic lonospheric Network

CHAIN is a netwok of groundbased instrumentscated in the Canadian high latitude

(Jayachandran et a2009). This network is dedicated to themtoring and study of the
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high latitude ionospher®f the equipment used in CHAIN, the GPS receigetsip
throughout the Canadian high latitudes will be used for this study. The network consists
of 25 GPS receiver stations, includingl®vatel GSV4004Beceivers, and 16

Septentrio PolaRxS Pro receivers. The Septentrio receiver, the newer of thedsts,

a few advances important for this study. These include an increased sampling rate of the
GPS L1 and (most importantly) L2 carrier phase and amplitvdere the Novatel is

only capable of sampling the L1 carrier at a Higlguency The Septentrio is capable of
sampling observables at a maximum rate of 100 Hz, twice that of the Novatel receiver.
Also, the Septentrio receiver samples the L2 carrier phdependently of the L1

carrier phase, allowing for more accurate L2 carrier phase dynamics. For these reasons,
data retrieved from the Septentrio receivers are used exclusively in thisAtidiure

of the receiver is presentedhfigure3.3. A map of the GPS receivers in CHAIN is
presented ifrigure3.4, with thestations using the Novatel receivers represented by the
blue circles, and the Septentrio stations represented by the red Gnetesonlythe

Septentrio receivers are used in this study, the geographic coordioathe Septentrio

locationsonly, are presented ihable3.1.
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Figure3.3 The Septentrio PolaRxS PrdS receiver. This receiver is used to retrieve all
GPS data presented in this study. Each receiver is located at a station in the Canadian
high latitude region, all as part of CHAIN. Retrieved from

https://www.navtechgps.com/septentrio_polarxs_packagesivezs/
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Figure3.4 Map of CHAIN, outlining which stations are using the Novatel or Septentrio

GPS receivers.
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Table3.1 The CHAIN stations using a SeptentRolaRxS Pro GPS receiver.

Station Name

Arctic Bay
Arviat
Churchill
Coral Harbour
Fort McMurray
Fort Simpson
Fort Smith
Gilliam

Gjoa Haven
Grise Fjord
Kulguktuk
Edmonton
Rabbit Lake
Rankin Inlet
Repulse Bay

Sachos

Ha i

Station Code

ARCC

ARVC

CHUC

CORC

MCMC

FSIC

FSMC

GILC

GJOC

GRIC

KUGC

EDMC

RABC

RANC

REPC

SACC
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Geographic

Latitude (°N)
73.00
61.10
58.76
64.18
56.65
61.76
60.03
56.38
68.63
76.42
67.81
53.35
58.23
62.82
66.52

71.99

Geographic
longitude (°E)
274.97
265.93
265.91
276.65
248.78
238.78
248.07
265.36
264.15
277.10
244.87
247.03
256.32
267.89
273.77

234.74



3.4 GPS Observables

From the GPS receivers, a few important observables will be used in this study. The
most important to discuss are ti@plitudeand the phase of the signal. Tihgortance

of these observable regarding ionospheric study will be discussed ioHapgersHere

we will discuss the observables themselves and how they are obtained from the receiver.
The Septentrio receiver provides thepimase (l) and quadratur®) components of the

signal. This is used to get the signal intensity. Since the final signal, as transmitted by
the GPS satellite and received by the GPS receiver, is the sum ofpihesm and

quadrature signals, the amplitude of this wave can be ebt&iom the amplitude of the

in-phase and quadrature components by

whereA is the signabmplitude | is the amplitude of the iphase component, adlis

the amplitude of the quadrature compon@&ntbetter illustrate this relationship, we can
express the composite signal as a polar plot, ptptiie Q signal amplitude against |

signal amplitude. This is representedrigure3.5. A given point on the composite

signal can be plotted as the amplitude of the Q signal at the ¢éimesthe amplitude of

the Q signal at thidime. Simple trigonometry then says that the amplitude is the square
root of the addition of theand Q magnitudes squared. We can also get the phase of the

signal%oagain using simple geometry aRfjure3.5:
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Figure3.5 lllustration of the composite GPS signal at a given epoch, represented by

plotting thein-phaga nd quadr ature signalsd magnitude.

The GPS receivers also provide an observable known as the carrier phase. This is
provideddirectly but requires modification to get to a useful formtfog presented

results.The carrier phase observald a measure of the fractional range between the
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satellite and receiver. The receiver determines the frequency of the incoming signal, and
in turn then wavelength, and can then estimate the distance the signal has travelled. This,
however, requires theceiver to guess the integer number of cycles the signal has
undergone between transmission and reception. This is one of a few factors which
impact the final carrier phase observable re3iie full carrier phase equation can be

modelled agLeick et al, 2015:

"o "ho dmo o Yo do _0" 1"o o

=y

wherelz h represents the carrier phase observable (in meters) for a given saellite (
receiver (), and carrierl() ata given timet), ” h is the geometric distance from the
satellite to the receivefd andQd represent the clock errors associated with the

satellite and the receiver respectivéwf‘ isthe tropospheti del ay on the si
phasei’d1 is the ionospheric advance on the phase of the ngrth,F‘ is the

wavelength of the signal multiplied by the integer ambiguity,Taﬁds a combination

of noise sources, such as mpdtih or thermal phase jitter, for example. The carrier

phase observable, as presented in Equati®and provided by the GPS receivers, is a
distance measurement from the satellite to the receiver. In short, the receiver counts the
phase cycles as it thes the signalthen,knowing the wavelengtbf the signaljt can
calculatea fractionaldistancebetween the receiver and satellifes is seen in Equation

3.3 many factors can impact this distance measurement, causing errors for positioning.

The approxinate values of these errors are presentdalinte3.2 (Hegarty, 20B8). Note
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that the integer ambiguity is omitted from the table; this is because the error the integer
ambiguitycreatescan be of any size, dependent on how wedlreceiver assigns the
integer when initially tracking the satellite. The largest error source preseritaedlen

3.2is the ionospheric terrf@ , Which represents changes in the phase of the signal due

to changes in the refractive index of the ionosphere. This is the term we are interested in.

Table3.2 Approximate values for the errorssmciated with the carrier phase

observable.

Error Term Approximate Error (m)

Clock Errors 0.5-1
Troposphere 2-3
lonosphere 3-30
Other Sources <0.5

The methods of isolating the ionospheric term from the carrier phase obseasgble
dependingon the research, but for owasults they will consist of two possibilities. In

short, the frequency independent terms can be removaifférencingthe carrier phase
obtained by two carriers, like L1 and L2 for example, or, the carrier phase can be high
pass filtered, removing the low frequency and constant terms from the equation. These

methods will be discussed in more detaiCimapter 5
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Since the carrier phase observable clearly requires extra work to get to a form we can
use, it may seem more inive to the use the relationship in equation 3.2. This

technique was investigated, but it was decided that using the carrier phase observable
better suited the research problem. The reason for this i®tdiche carrier phase
observable is more widebvailable as a GPS observable, as opposed tatiekQ
component values. This allows for future work to more easily replicate the presented
work. This also means most past and current work is using the carrier phase observable
as well. Therefore, we carse the same techniques as those previously presented. This is

very important for the work presented in Chapter 7.

The second reason to use the carrier phase observable is thightirequencynoise of
the phase obtained using the relationship in egu&t2 is of much larger magnitude
than that of the carrier phase observable. A representative example of the carrier phase
observable and the Qerived phase are presentedrigure3.6. This example shows a
large amount of qet time data (where no significant variations occur) and an
ionospheric induced event, whichaentredat approximately 47 minutes for the carrier
phase observable curve (black) and the roughly 42 minutes for theri¢@d phase
curve (blue). The IQlerived phase has been shifted agely by five minutes. This
was done to better show a comparison of thedatasetsNote that both data sets have
been high pass filtered with a enff of 0.1 Hz to better illustrate the magnitudes of the
high-frequencynoise.Clearly, the 1Q-derived phase has larger amplitud@sesince the

magnitude of the quiet time variatioisdarger through the entire presented hour. This is
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representative of all times. This can be more accurately visualized in the comparison of
the power spectra for this hour. The carrier phase observable spectrum is presented in
Figure3.7 by the black curve, and the {derived phase spectrum represented by the

blue curveClearly, the higher frequencies of the carrieaph observable aesdower
magnitude, with this beginning at frequencies less than 1 Hz. This is relevant since, as
we will discuss later, subecond variations are of major interest in this study. We
observe as well that the higher frequencies of thdd@ed phase appear white, while

the carrier phase observable@oured Both effects are due to tiase Lock Loop

(PLL). The PLL ha an inherent, theoretical, Igvass filter applied to the input signal

(the composite signal). The resulting carrieagd observable is computed using the
results from the PLL, and thus thgyh-frequencynoise is filtered. However, the PLL

will create noise, in thisasethe noise ixoloured This creates a lower magnitude, but
coloured, high-frequencynoise for the caier phase observable. Phase noise is discussed

in more detail in Chapter 8.

Also interesting to notés the IQ-derived phase underestimates the magnitude of the
ionospheranduced events compared to the carrier phase observable. This is clearly seen
in Figure3.6. The reason for this is unknown at this point, however, we do suggest that
the IQderived phase is being higlass filtered to some extent; this can be seen in the
spectral comparison irigure3.7. Clearly, higher power is observed in the carrier phase
observable in the lower frequencies, and ionosphedigced variations in the carrier

phase typicaéxhibita power law behaviour with a negative exponent. Thus, the lowest
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frequencies will havéne highest power. The spectral characteristics of ionosphere

induced carrier phase variations are discussed in more detail in the following chapter.
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Figure3.6 An example of the carrier phase observdblack) and the IQlerived phase
(blue). The event has a large portion of quiet time which demonstrates the difference in
magnitudes; a significant event is located at roughly 42 minutes (blue) and 47 minutes

(black). The IQderived phase is shifted negaily by five minutes to better visualize
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the magnitudes of the event. Thed@rived phase overestimates thgh-frequency

noise and underestimates the magnitude of the event.
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Figure3.7 The spectrum ofe IQ-derived phase (blue) and the carrier phase observable
(black). Note that the I@erived phase has larger magnitude variations in the high

frequencies.
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4 Theory

4.1 Introduction

Wearei nt er est ed i n t h eheampliudesapdiaraer ghéesfthe mp a c t

GPS signalsTheimpactof the ionosphererothe radio signals can be used to help
understand the o n o s pfdatareseTheeeffects can be split into two categoritsy-
frequencyeffects andhigh-frequencyeffects. Thdow-frequencyvariatiors are
considered purely refractive innatugi nce t he i1 onosphereds
related to the electron densithie refractive variationsan beused to study the electron
density.Typically, this is a tool used &tudy theelectrondersity on longtimescalesand
over large area@di et al., 1997Watson et al., 2016 hehigh-frequencyeffects are
typically considered scintillation, pvariations due to diffractionf the GPSsignal

(Rino, 1979) These variations rely on changes ia #tectron density as well, buteto
the stochastic nature of the diffractiorduced variationghe magnitude®f the

variations observed on the grouceimot be mapped directlio achange in the density.

The presented work will focus on the deteration and analysis of dominantly
refractive variations which are associated vhigh-frequencyfluctuations in the GPS
signal. Since thaigh-frequencyportion of the signal is typically assumed to be caused
by diffractive effects, these variations areweften misclassifiedn this chapterwe
discuss theelevant theory behind threfractive and diffractive effects of the ionosphere

on the GPS carrier phase
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4.2 GPS Scintillation

The theory behind scintillation on the amplitude and phase otimaonsgheric radio

waves, such as those transmitted by GPS, has been a topic of interest for decades (see
Yeh and Liu, 1982; Kintner et al. 2007 and references thekeanly interest in

scintillation began withvorks like Hey et al. (1946) and Mills and Thon{a851)who
discovered rapid variations radio frequency emissidrom the Cygnugonstellation

It was discovered that these variations were not correlatedfite#l distance between

the grounebased observations was large, eliminating the possibilitiye variations in
thesignaloriginating from the sourcés the baseline between the grotrased
observations decreasete correlationbetween the observed variations increased. From

this, it was concluded that the variations weeagisedy theionosphere

Through the years its been shown that these rapid variations in the amplitude and phase
of transionospheric radio waves are caused by the changes in phase induced by
variations in the refractive index along the g may pbabhsWhen a radiwavefront
encounters a variation therefractive index, the wavent exiting the variation will be

phase shifted relative to the wénant which ha not encountered thehange in

refractive index. Fronthe HuygensFresnel princig, each point of the wavesnt acts

as a source of smaller wavelets. It can be thought that the exit point of the change in

refractive index acts like a source for the same wave as that which did not enter the

57



change in refractive index, however, this wave b@phase shid Asboth the
background wave and the phagefted wave propagate further, yhean interact with

one another, causing constructive and destructive interference. This interference is
viewed at the receiver &sgh-frequencyariations in both the amplitude @dphasdime
series An illustration of this phenomenon is presenteéigure4.1. The wavefront

from the satellite is presented as the black dashed lines. The ionosphere is displayed as a
two-dimensional plane, with phasangng irregularitiesscattered throughout. These
irregularitiesalter the phase of the initial wavefront as it passes through them. This is
indicated by the regortionsof the wavefront. Using a simplified illustration of

Huygens principle, the inhomogeried are thought of as sources of neavefronts

with a phase shift relative to the original wavefront. These are represented by the red
dashed lines below the layer. As the original wavefront and thevaeefronts

propagate and spread they will constiwedyy and destructively interfere with one
another, creating a diffraction patteirhe diffraction pattern is observed as rapid
variations in the amplitude and phase of the signal over hioi that in this

illustration that the scattering of the waweft due to thévomogemrousparts of the layer

are ignored for clarity.
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Figure4.1 Simple illustration of a twalimensional ionospheric layer, witliegularities

scattering a wavefront. The scattered aodscatteredvavefrontswill interfere

constructively and destructively; this will result in diffractive effects referred to as

scintillation. Note that scattering due to the homogeneous part of the layer is ignored for

simplicity.

Diffraction induced byrregularitiesin the ionosphere can be described using Fresnel

diffraction principles. Thusdfr the diffraction patterto be observed at a given receiver,

two complementary conditions must be fulfilled; 8patial scale of the inhomogeneity

must besufficiently small and the height of thehomogeneityrelative to the receiver,

must besufficientlylarge. These conditions are summarized in the equation for the

Fresnel scale
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where_ represergthe wavelength of the trangnospheric wave, amdis the height of
theinhomogeneityrelative to the receiver. The Fresnel s€lelefines the largest scale
size, at a heiglt, that can cause diffractiwariations in amplitude and phase that will
be visible at the receiver. With this maximum spatial scale, we can define a minimum
frequency at which these diffractive variations can occur, known as the Fresnel

frequency

23

o| =

where 0 represents the drift speed between the wave source (GPS satellite for example)
and thdarregularity,relative to the receiver. Therefore, the frequencies at which
diffractive scintillation should be present in the GPS carrier phase and ampitede

given eventill be greater thafQQ

Theoretical and experimental resdisve concluded that the spectral characteristics of
both amplitude and phase scintillatiareexpected to follow a power law behaviour

with anegativeslope for weakdntillation casegYeh and Liu, 1982 and references
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therein) Early observationsf this behaviour include Jon€s960) and Rufenach (1971).
Weak scintillation is defined by the magnitude of the amplitude variations during the
scintillation event. As longsthese variations are of low to moderate magnitude, the
scintillation should follow the power law behaviour. An illustration of this behaviour is
presented ifrigure4.2. The amplituddehavess we would expect based on the
discussion thus far. The amplitude spectrum follows a-glefe up to the Fresnel
frequency. After the FresnBlequencythe expected power lawith anegativeslope is
observed. This continues through all frequencies until the noise floor is reached; note
that the noise floor is not picturedfigure4.2. The phase spectrum, on the other hand,
does not exhibit the zeiglope in the frequencies below the Fresnel frequency. This is
due to refractive variations in the carrier phadeese refractive variations are expected
to follow a similar power law behaviour to the scintillation variations. So, the Fresnel
frequency, and therefore the frequency at which the diffractive variations begin, is not
easily observed in the phase speatirds a signal encounters changes in the refractive
index, the amplitude of the signal may decrease a small amount, due to reflection, but
will never increase due to these changes in refractive index. Therefore, variations in the

amplitude below the Freshieequencyare not present
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Figure4.2 lllustration of the expected spectral behaviour for GPS amplitude and phase

scintillation.

Note that these refractive variations in the carrier phase, at freqsi@eciethe Fresnel
frequency, may also be referred to as scintillation. This is more often the case in the
earlier works Booker, 1958 Crane 1977; Cordes et a).1986), but is considered and
discussed much less often in more recent publications. Feakleeof consistency with
these more recent works, we will reterscintillation only as diffractive scintillation,

and refractivevariationswill be clearly specified as refractive variations. Regarding the

more recent scintillation publications, thes&active variations are often ignored
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(Mitchell et al., 2005; Mushini, 201McCaffrey et al., 2018). This implies that the
high-frequencyvariations may be wrongly assumed as diffractive. Wilsbe discused

in more detail inChapter7.

4.3 Rapid Refrative Variations in Phase

We can model the GPS carrier phase using a simplified version of the carrier phase

equation presented in equati®:3.

gh | F g R pe

where all the constant ahalv-frequencytermshave been grouped into t|heF‘ term

swch as the geometric distance between the receiver and satellite, hardware clock errors,
the tropospheric term, etd’ andf " are the ionospheric term, and the high frequency
low magntude noiserespectivelyjust likethey were presented in equati®’. We

define the low frequency terms as anything less than 0.1 Hz. This is the convention used
in the field, where it is assumed that a-offtfrequency of 0.1 Hz will remove the

unwaned terms (the term) but leave the scintillation effe¢sorte and Radicella,

2002)

The ionospheric term can be split into two main components
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where— " represents the refractive contribution to the gpieric effects, ang"

represents the scintillation, or diffractive, effects. Typically, the refractive contribution is
assumed to be at frequéesbelow the 0.1 Hz cubff; this assumethat the Fresnel
frequency is very near or below 0.1 Hzall cases. This assumption originates with

work in the low latitude ionosphere, whehe assumptions more valid(Forte and

Radicella, 2002)Recalling equatiod.2, the Fresnel frequency is directly proportional

to the relative drift speed betweer tBPS satellite and the ionospheric irregulatity.

the high latitude ionosphere, drift speeds are much grb@tieithose present in the low
latitudes (Chandra et al., 19Mavies, 1990 This will correspond to greater Fresnel
frequencies in the higlatitudes Regardless, a cuaiff of 0.1 Hz is still commonly used

in most scintillation work. Theut-off is used in the detrendingethod, where the raw

GPS carrier phase is high pass filtered. This will be discussed in more detail in the later

chapters.

The refractive contribution to the ionospheric term is related to the phase refractive
index of the ionosphere. We start with the Appletartree equation, the refractive
index for a cold magnetized plasnidne AppletorHartree equation is derived by
de<ribingthe movement of the plasma (elecsamd ions) in a uniform magnetic field

as an electromagnetic wave travels through it. In deriving the equation, two major
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assumptions are made: 1) The ions are too heavy to be significantly impacted by the
high frequency waverad thus their motion is ignored) The plasma is assumed to be
cold, thus eliminating the pressure force in the inggation of motionThe Appleton

Hartree equation igsexpressed bilernandez”ajares2010):

wherg is the plasma frequency of the electrons,s the éectron gyro frequency,
is the angular frequency of the wave, aAg the angle between the propagation

direction of the wave and the magnetic field. The plasma and gyro frequency can be

expressed more fundamentally as:

0n .
—nh
1 : 1

Os
-~

Q
ol

whereNe is the electron densityis the electron charge (=1.6022 x*2C), me is the
electron mass (=9.1094 x"$tkg),T is the permittivity of free space (=8.8542 x'£0

F/m), andB is the absolutevalueof the magnetic field. By expanding equathb using
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a second order Taylor approximation, up fpthe AppletorHartree equation can be

represented like:

O & o — T8

By substituting the relationships in equati into equatior.7, we get:

‘ o0 o 06QEl —
" P yar @ poar 0
f 0 n 06 p QEi —
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The refractive contribution to the ionospheric term in the carrier phase observable is

defined as:

- BQG” € pQa P p
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which is the integral of the refractive index (minus one) along the ray path from the
satellite to the receiveBubstitutingequatiord.10 into equatiord.11 and evaluating the

constantsesults in:

l i
IR R
i 1T@®nTwld Qa ® 0

i ppcuymp T UO6wéEi —Qa T

i Yp&¢c 0 Qapdxwpmn 06 p Al 6Qa P U

The higher order tersy shown here ag andss, have beemstimatedo represent less
than 1% of the overaikfractiveeffects (DattaBarua et al., 2008 herefore, the higher
order terms are truncated in most anasy$he higher order terms and their possible

impacton the presented analysassediscussed in more detail @hapters.

We truncate the refractive contribution to the ionospheric portion of the carrier phase to
the first term(equations 4.12 and 4.13) and substitute the refractive index into equation

4.11;this results in the refractive effect on the carrier phase:
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Clearly, the refractive contribution to the GPS carrier phase is deterministic, where any
change in the electron density along the ray path will reigectlyin changes in the

carrier phase.

4.3.1 Total Electron Content

An important parameter in ionosphere monitoring and research is the TEC, defined as:

“YOO 0 Qa P X

Which is the integral number of electrons along the ray patieea the satellite and
receiver, within a metesquaredcolumn.The units for TEC are TEC units (TECU),
defined as 1% electrons/m An illustration of the TEC measurement is showfigure
4.3. The TEC is used for monitoringe electron density of the ionosphere, typically
through longimescalesFor example, global TEC maps are created by a few groups

using predominantly GPS data to observe and study the formation, climatology, and
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morphology of density enhancements and elgmhs in the ionosphe(elernandez

Pajares et al., 2009yheGPSbasedcalculation of TEC assumes that two carriers, most
popularly the L1 and L2 carriers, follow nearly identical ray paths through the

ilonospherelt also assumes that all terms othemtkize ionospheric term in the carrier

phase equation are frequency independent, and thus are the same for both L1 and L2. By
differencing the L1 and L2 carrier phase observalthesaermswill be removed

leaving only the ionospheric terfhis resultsn the following linear combination

0 Qi
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We can substitute equatid.17 into equatior4.18, and rearrange for TEC

YOO —3 B TP w

Note that a few assumptions have been made, whichgesuakglecthg a few terms.
The integer ambiguity terms are not carmmetepemlentand will result in a constant
offset in the TEC result. This is an issue for absolute TEC measurements, where the true

TECvalueis desired. A nearly constant offset, which is not presented in the earlier
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equations, but should be noted, is the hardwgases. These biases, stemming from
hardware delays between the carriers in both the satellites and receivers, will have an
impact like the integer ambiguitthe bias willDC offsetthe TEC fromits true absolute
value. The extent as to how long thedveaire biases are constant is debated, the lowest
assumptin comes from Zhang et al. (2Q1@&stimatinghat the biases can vary within
approximately three hours. The work presented here focuses on vesamgling

rates, and will not be affected by thgsessible changes in thgases. We are also not
interested in the absolute TEWe are interested only in the relative variations in TEC.
For this reason, we can drop the integer ambiguity terms from eqdatiband ignore

the hardware biases. The ngieg , terms aralsoassumed to be negligibie the

above equatiarThe validity of this assumption will be addresseClrapter8. Lastly,

the diffraction portion of the ionospheric term is dropped. This is typical in TEC analysis
because the diffraigte contribution is high frequency, and too low in magnitude to have
an impact on the lonterm trends typically analyzed in TEC works was mentioned,

we are interested in the high frequency changes in TEC, thus the diffractive contribution
is likely na negligiblefor the presented worK his will be addressed in more detail in

Chapter 7.
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Figure4.3 lllustration of the TEC measurement.

Note that many TEC works will use what is referred to as the akfitteC (VTEC). This

is a vertical projection of the TE@efined in equation 4.19his is used whethe

absolute TEC taken fromultiple ray pathsat varying elevation angles are compared
since the length of the ray path through the ionosphere will viéinyalevation, this
projection attempts to remove the elevation dependence, giving an estimate of the TEC
through a vertical slice of the ionospheraevTEC projection is based on a single, thin
shell model of the ionosphere, at a given height. Thestiei model assumes the

ionosphere as an infinitesimally thin layer, with a uniform density. The heighé of
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layer is taken near the peak density height. An illustrative example of the sTEC and
VTEC is presented iRigure4.4. The red slant line along the ray path represents the
STEC; the blue line represents the vertical projection of the sTEC to VTEC. For all
results presented in this study, TEC refers to the STEC. The vertical projection of TEC is
used for a single step in theethods used in Chapter 8, where the vertical projection is
required in calculating the magnitude of the higher order terms in the ionospheric delay.

The projection function is defined as:

whereh is the chosen height of the layeiis the complement to the elevation angle of

the satellite, an®&e is the radius of the Earth. Thus, the vTEC is defined as:

0 YOO "YAdd a 8 p
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VTECat IPP

lonospheric Piercing Point
(IPP)

Figure4.4 An illustrative example of the projection from STEC to VTEC, using a single
thin shell model of the ionosphere. Tihiercepoint of the ray is taken at the assumed

height of the shellh). Retrieved fromhttp://gnss.be/ionosphere_tutorial.php
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5 Data aad Methods

5.1 Introduction

The GPS data for this study, as was previously mentioned, @mestexclusively

from the Septentrio PolaRxS Pro receiver. This chapter discusses the raw data files
provided by the receiver and some of the processing requiged the raw observables
necessary for the presented results. Many processing techniques are employed to get
from the raw observables to the desired form. These techniques are common in GPS
scintillationresearchand are discussed in detail. Septentrio e software with the
receiver to retrieve certain aspects of the data, including providing an lonospheric
Scintillation Monitoring Record (ISMR) file. This file consists of, among other things,
the typical scintillation indices (these are discussed taildater in the chapter), as well

as some information about the TEC.

Although some relevant data is available in the ISMR files, not everything required for
the study is provided. More importantly, the processing techniques used by the software
is notpublicly available, therefre, we would be forced to use it aBlack box which is
undesirable. With this in mind, we decode the raw data files directly from the Septentrio
receiver, allowing for all techniques and methods téublg known. This also gies

more control over determining which effects may be due to receiver configurations or

receiver noise sources, rather than artifacts of the analysis methods.
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5.2 Septentrio Binary Format Files

The Septentrio receiver provides data in a binary formatdctilke Septentrio Binary
Format (SBF). These SBF files require decoding before the raw observables can be
obtained. As discussed, the utilities provided by Septentrio to automatically decode the
files are black boxes, and the options within these utilitiedacking. Therefore,

custom utilities have been written and used exclusively for the presented results. The
Septentrio provided utilities were used initially only to vegfyme ofthe output of the

custom utilities.

The SBF files are logged as eheur long files, aligned to Coordinated Universal Time
(UTC). The data is categorized into blocks, known as SBF blocks, containing subsets of
data falling under a specific category or set of categories. A couple examples are the
GPSNAWlock, which provideslata regarding the GPS navigation message. This
includes the health of theatelliteand the eccentricity of the orbit. Another is the
MeasEpoclblock, which provides the main GPS observables and is necessary for the
work presented here. It contains data kthe carrier phase observable, the signal to

noise ratio, and the loekme of the satellite. The blocks all contain a head#ér

information about the block, including the ID number associated with the block type, the
length of the block, and time imfmation including the GPS time wieekand week

number. The time oiveekis a measurement of time, in seconds, starting at O hours

every Sunday. The week number counts the number of weeks since 6 January 1980. The

SBF blocks may also contain subblockggé include a subset of the same information
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as the main block but for a different satellite or signal. The sampling rates of the blocks
can be chosen by the user, allowing desired data to be sampled at higher rates than
others. The two most important bkscfor this study are thideasEpocliblock, which is
logged at 1 Hz, and tH®Corr block, which is logged at the desired highquency(50

Hz or 100 Hz, depending on the station). TRQEorr block is the block which provides
thein-phaseand quadrature coponents necessary for the calculawbthe amplitude

(see equation 3.1). It also provides the information necessary to dgeglkfeequency

carrier phase observable.

The entire format for the SBF files and the SBF blocks is provided in the Sep&Biio
reference manual (Septentrio, 2015). This provides the necessary info to create the
custom utilities used for this study. To compress the files, many observables and data
required from the SBF files are encoded into smaller pieces, typicaltgalled least or

most significant byte (LSB and MSB). An example of this is in the case bighe
frequencycarrier phase. As was previously mentioned MieasEpoctblock provides

the carrier phasebservabldut is logged at only 1 Hz. TH®Corr block provdes the
so-called LSB of the carrier phase at the higher sampling rate. This can be done because
the carrier phase observable will likely not change significantly over the 0.0108 s
intervals, allowing only a 26it number to be stored rather thae full carrier phase
observable, which would require 32 bits to 64 bits to store. The LSB of the carrier phase
is the result of the full carrier phase modulo 65.536 cycles. Thus, this operation must be
reversed to reconstruct the full carrier phase ahitjeer sampling rate. This can be

done in the following way:
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where%o represents the reconstructed carplease observableindicated the epochQ

is the doppler frequency,is the time interval between sampl#s, is the LSB of the

carrier phase, and the vertical lines represent rounding to the nearest integer. Note that
the doppler fregency and the reconstructed phase is updated whenever they are updated

in theMeasEpoctblock, or every one second in our chosen configuration.

5.3 Phase Jumps

The carrier phase observable can occasi ona
the raw resit. If the jumps are not corrected, they may appear as ionospheric in nature

after the initial processing is complete. Therefore, these jumps must be corrected or
discarded before processing begins. Two typestdicial jumpsare commonn the

carrier fhase, clock jumps and cycle slips. Clock jumps occur in the phase when a large
change in the receiver clock occurs. This is due to the intimate relationship between the

receiverods calculation of the carrirer phas
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3, and outlined in equation 3.3, the carrier phase is a measure of the distance between the
satellite and theeceiverandrelieson an accurate estimation of the travel time of the

signal. If an abrupt change in the clock occurs, a corresponding juitng carrier phase

will occur. Ideally, jumps in the clock would not occur, however, the clocks used in GPS
receivers are not as sophisticated as those aboard GPS satellites. The receiver clocks will
drift over time relative to the satellite clocks, thiryy less and less accurate ranging
measurements. In a typical receiver setup, the clock will be driven, meaning it is
continuously being adjusted to agree with the satellite clocks. These small adjustments

in the clock can appear as ionospheric variati@md make the carrier phase nearly

useless for ionospheric research. Therefore, when using GPS receivers for ionospheric
monitoring, the receiver clock is left to drift freely. This is the best situation for

lonospheric monitoring as it will not causentiouous changes in the phase and

positioning accuracy is not important. However, the clock is occasionally corrected in

this configuration. In the case of the Septentrio PolaRxS Pro, the clock is corrected after

it drifts to 500" | shifting the clock 1 ms towards to true value. Since the carrier phase
observable is dependent on the time, if the clock jumps 1 ms, the phase will jump the

corresponding number of cycles, in this case

%0 T8t T'Q L8

where"Qis the carrier frequency. Thus, to repair the phase after a clock jump, we can

use the following equation:

78



%o %o %o Ld®

An example of the effect of a clock jump of the carrier phase observable is presented in
Figure5.1. The raw, uncorrected, phase is represented by the black line while the

corrected phase is represented by the dashed green line. The clock jump occurs at

roughly 30 minutes.
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Figure5.1 Example of a clock jump in the raw carrier phase observable. The
uncorrected carrier phase, with the clock jump, is represented by the black curve. The

corrected carrier phase observable is represented by the dashed green line.

The second cause of a junmthe carrier phase observable is known as a cycle slip.
When the receiver initially begins tracking a signal, it estimates the total number of

cycles the signal has undergone while travelling from the satellite to the receiver. This
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estimate is usually gorrect; this is the cause of the integer ambiguity, discussed in
Chapter 3. The estimate remains constant through the pass of the satellite under most
circumstanceand is thus not an issue for ionospheric research purposes. However, if the
receiver losefock on the signal and must reacquire it, the receiver wiistenate the

integer ambiguity, and the guess Wiltkely vary from the original guess, thus a jump in

the carrier phase observable occurs. There are many methods available to correct for
thes jumpsand to correct for the integer ambiguity itself. An example method

developed to correct for the cycle slips t@nsea in Blewitt (1990). These methods,
although getting better, are rarely perfect. Since the work presented here focuses on the
high-frequencyvariations in the carrier phase observable, small artifacts due to
inaccurate corrections to the cycle slips can have a significant impact on the results. For
this reason, we do not attempt to correct cycle slips but rather remove them from the
analysis. The main contributor to cycle sliptarge decreases in the signal to noise ratio
induced by large magnitude variations in the amplitude of the signal. Fortunately, these
situations are rare in the high latitude region, thus, the number efslyz$ observed

througloutthe study was very small.

5.4 Standard Scintillation Analysis Methods

As discussed in Chapter 3, the GPS carrier phase observable is a combination of many
terms, most of which are not importdatthe studyTo remove these termahich are
mostly constant or low frequencye signal is high pass filtereding a 0.1 Hz cubff.

The method of high pass filtering the raw signal is referred to as detrending. We note
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that we have previously discussed issues with using a 0.1 Hadiegyecutoff
frequency in the high latitude regions; we continue to use thisfttrequency because
it is widely used in the field and we aim to further show the impact it can have on the

high latitude results.

The most common filters used in detrerglare a sixtforder Butterworth filter (Van
Dierendonck et al., 1993) and a wketdilter (Mushini et al., 2012 We use the wavelet
filter since it is designed to allow for bandpass filtering as well; bandpass filtering will
be necessarfpr later analges. Detrending the phase can be illustrated using the carrier

phase equation, previously outlined in equation 3.3:

"o *ho dmo ™o Yho o _oM Mo us

After detrending, the resulting phase equation is:

The geometric range and tropospheric delay (Misra and Enge, 2006) are both removed
due to their very low period. Both are depentlon the satellitelevationandvary
smoothly through a sweep of the satellite. iaedware clock errors are algery low

frequencyin Figure5.2 a representative exampletbe rate of the clock drift ishown
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in blue. It Bkes roughly six hours for the clock to drift 1 ms. For the receivers within
CHAIN, drift rates of four to eight hours are commdherefore, all these terms are

removed when using the high pass filter with the 0.1 Hoffut
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Figure5.2 Representation of the receiver clock drift (blue). After the clock drifts 500

it is shifted1l ms towards the correct value.

Unlike the phase, which is provided as part of a linear combination of terms, the
amplitudeof the signal is provided more directly from the receiver. We cak tifithe
amplitude more simplgshavng low andhigh-frequencycomponents. Thiow-
frequencycomponents consist mainly of satellite motion and the slow rate of change of
the ionospherdhe high-frequencycomponents, which are left after detrending, contain
the ionospherkinduced variations and noise. Thus, after detrending, both the amplitude
and the phase are left with an ionospheric part and a noise part. The noise term is
composed btwo main sources of error, hardware noise, and multipath. Hardware noise
is typically considered very low in magnitude and therefore considered negligible,

however, this assumption whle addressd as necessary throughout the presented
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results. The mulpath can be trickier, as it can appear very much like ionospheric

induced variations, and therefore events must be tested to ensure they are not multipath.

5.4.1 Multipath

Multipath is variations in the GPS signal induced by the signal interfering with a

reflected part of itself. The GPS signal may reflect off geological ormmeate features
which | ie around the receiverodos antenna.
after travelling a longer distance than the direct path to the antenna; this tfimean

multipath and direct patsignalswill be out of phase. The direct path signal and the
multipath signal will then form a composite signal which is received at the antenna,
leading to possibly significant variations in the amplitude and carrier pihssevable.

An illustrative example of a multipath situation is presentefigare5.3.

84

T



Satellite

LN
LA
(N

N4 S
V4 . _-—-—_—_-
gt e =

( Receiver ,

Figure5.3 A simple illustration describing multipath. Multiple signals from the same
satdlite arrive at the antenna witharying path lengths, leading #ninferenceof the

signals.

To distinguish multipath from ionosphetilnduced variations, we exploit the GPS
satellitesd orbital period and ldctore Thei kel vy
satellites have an orbital period of one half a sidereal day, thus, looking at the satellite

data in half sidereal day increments should show the same ray path for the same GPS
satellite.If multipath is present, it should then be seen inghegepeat in these half

sidereal day increment$o simplify, when analyzing a variation event which may be
ionospheric in nature, we analyze the same satellite exactly one sidereal day before and
after the event. If similar variations are not observeeither of the other days, this

suggests that the event is not caused by repeatable multipath. A visualization of this
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technique is presented igure 5.4. The panels, from top to bottom, present the signal
intensity (left) andhe normalized standard deviation taken overmneaite intervals

(right) for three consecutive days. The first day is presented in the top panel. The panels
are exactly one solar day apart, thus any features repeated on sidereal day intervals
should be sift roughly four minutes earlier each consecutive day. In the amplitude data
and the standarmdeviationsthere are clear features that are repeated each solar day, with
a roughly fourminute shift. The most prominent is the feature located at roughly 42

minutes on the first day.

The method used in removing multipath events from our analysis is similar to the one
presented in McCaffrey and Jayachandran (201@&hort, an event of interest in a

given time series (amplitude, carrier phase, or TEC) is aoaato the same time series

taken one sidereal day prior to, and one sidereal day subsequent to, the event. If a similar

event is present in these days, then the event is assumed to be multipath.

It is less likely, but still possible, for multipath to t&used by nopermanent

structures, like large snow banks for example. For this reason, checking the sidereal days
does not guarantee an event is free of multipath. Another tool in determining multipath

in carrier phase variation events relies on therétexal limit of the effect of multipath

on the carrier phase observable; this lima aequartercycle, or 0.06 m (ERabbany,

2002). If the variations in the carrier phase are greater than a quarter cycle, then it cannot

be a multipath event.
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Figure 5.4 An example of the repetitive nature of multipath. The amplitude (left) and
normalized standard deviations over anute intervals (right) are presented for three
consecutive solar days. Features ttke one present at roughly 42 minubeghe first
dayare seen to repeat each day, shifted negatively by approxirfatepinutes This

indicates the features repeats on sidereal day intervals.
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5.4.2 Scintillation Indices

After obtaining the detrended sigs, the common method of determining scintillation
events in the amplitude and carrier phase makes use of the scintillation indices. The
scintillation indices, $for the amplitude angl for the carrier phase, are defined as

follows:

600 6@
500 L&y
" PO ok BTN

Note that $is a unitlessquantitywhile , is typically presented in radians. Historically,

scintillation evats are chosen based on the value of these indices, using a common cut

off of 0.1 (Fremouw et al., 1978Any variationevents in which thesr, exceed 0.1

are taken as scintillation events and analyzed according.

An illustrative example of theaw carrier phase (top), the detrended carrier phase using
the wavelet detrending technique with a 0.1 Hzafi{middle), and the corresponding
, 1S presented ifrigure5.5. The high frequency residuals in the signal bezom
apparent in the detrended phase, making it easier to pinpoint and analyze likely

ionospherieinduced events. e magnitude of these variatiesents is then clearly
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quantified with the scintillation index. For the presented example, using the typical 0.1
radians cubff, three events of interest are contained in the presented hour of carrier
phase data; the events are located near 2 minutes, 23 minutes, and 37 minutes. A similar
example for the amplitude is presentedrigure5.6. The raw amplitude is presented in

the top panel, the wavelet detrended amplitude, usingeffcot 0.1 Hz, is presented in

the middle panel, and the corresponding scintillation indgxig®resented in the

bottom panel. For this example, we can aéew peaks in £ however, only the event

near 45 minutes would be considered a scintillation event since it is the only event in

which the 3 exceeds 0.1.
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Figure5.5 An example of the raw carrier phadeservable (top), detrended carrier phase
using wavelet detrending and a 0.1 Hzofit(middle), and the corresponding

scintillation index,
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Figure5.6 An example of the raw amplitude (top), detredé&mplitude using wavelet
detrending with a 0.1 Hz cuiff (middle), and the scintillation index Sorresponding to

the detrended amplitude.

Although the detrending methods and the scintillation indices are used nearly
ubiquitously in modern scintilladn research, these methods have some issues. For
example, the detrending technique may not fully remove everything from the phase
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equation, thus leaving variations in the carrier phase which are not scintillation. A
problem with the scintillation indices that they only quantify variations in the

amplitude and phase; the scintillation indices do not give information about the cause of
the variations themselves. If the previously discussed methods of multipath detection
were not employed, for example, thmany multipath variations would be classified as

scintillation using the outlined approach.
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6 Independent L2 Tracking

6.1 Introduction

The changes being made as part of the GPS modernization program have the potential to
be of great benefit to the ionosplearesearch and monitoring community. As was
discussed in Chapt& an open code has been added to the L2 carrier (L2C), which
previously transmitted only the encrypted P(Y) code. An open code on the L2 carrier
will allow receiverghe optionof more robustracking of the carrieincluding the

ability to track at higher sampling ratesyd usdracking techniquewhich induce less
noiseand allow for more accurate tracking of tiigh-frequencydynamics(McCaffrey

et al., 2018a These improvements in the carriertrackingmay open new possibilities

in the research being performed in the ionospheric monitocdngmunity For example,
thehigh-frequencydynamics of the L2 carrier are very important for TEC studies
(Bhattackaryya et al.200Q Mitchell et al, 2005 Prikryl et al, 2011) specifically those
looking at the higlirequencychanges in TEQYang and Liu, 207; McCaffrey and
Jayachandran, 20y, However, vith the addition of the new L2 open code, asdige

in recent studies, it is important that the community understands the opportunities and
limitations of the L2C and L2P(Y) observables, and how the imgdkechniques used
among the available receivers also impacsdiodservables. Understanding the
limitations of the different codes and tracking techniques for the observables will help

eliminate possible misinterpretations of the data.
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The L2C signals not yet considered to lefull operatiomal capacity however, with 19
available satellites transmitting the open code as of April 2017, it is at a stage where it
can and is being used for ionospheric studies and monitofargg and Liu, 2017

McCaffrey and Jayachandran, 2017b; McCaffrey et al., 2018a; McCaffrey et al.,)2018b
The most recent version of the Receiver Independent Exchange (RINEX) format
(v3.03), the format used by IGS to distribute its GPS data, incorporates adding both the
L2P(Y) and LZ carrier phase observables. The IGS makes its RINEX 3.03 data
available through its IGS MubNSS Experiment (MGEX) (Montenbruck et,&017).

This provides many more researchers access to the modern GPS observables, allowing
for more work to be don@ either study the L2C observabiaemseles or to begin

comparing the | egacy and modern observabl e

The work by Yang and Liu (20} is an example of those beginning to compare the
legacy L2P(Y)jderived and L2&lerived carrier phase obsebles. They performed this
comparison through the Rate of Change of TEC index (ROTI), an indexagately

in the field(Cherniak et al., 2015; Prikryl et al., 2QHhd references ther@imhe ROTI
is defined as the standard deviation of the Rate arfiga in TEC (ROT), takervera
given interval of time. The ROT is defined as the ratehainge in TEC, from epoch to

epoch, normalized by the time interval between the epochs (Pi et al. 1997):

... YO YO
YO Y —— P
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wherei represents a given epoch, and t represents the time. The angle brackets represent
a time averagaypically chosen to béve minutes. Any differences observed between

the L2P(Y) and L2&erived ROTI vlues must originate witthe differencein the

L2P(Y) and L2CGderived TEC. Recalling the derivation of TEC in Chagtehe

difference in the L2P(Y) and L2@erived TEC will come from differences in the

L2P(Y) and L2C carrier phase observables.

Yang andLiu (2017) observed significant differences between the L2P(Y) and L2C
derived ROTI, withthe magnitudef thedifferences dependingidhe receiver used.
Therefore, differences in the L2P(Y) and L2C carrier phase observable must be present,
and theselifferences appear talepend on the receiver. Since the L2P(Y) #red_2C

carrier will follow the same ray path through the ionosphere and must encounter the
same changes in the electron density, the changes in the carrier phase should be
identical, thus leding to identical carrier phase observables, TEC, and ROTI. This
eliminates the possibilitgf these differences b® ionospheric in nature. Yang and Liu
(2017) alsoperformed the analysis between a zeaseline receiver pair and near zero
baseline recger pair. The differences were still observedsthlsceliminating

multipath and antenna issues as the cause. Based on the results, Yang and/Liu (201
concluded that the receivers are the likely cause of the carrier phase differences. As we

will discussin the next section, we propose the issue is with the tracking techniques
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employed by the receivers. We also suggest that the L2iR{Y)ed carrier phase
observable, despite its ubiquitous use in pasitcurrentesearch, is the less accurate of

the twocarrier phase observables.

6.2 L2 Tracking

Tracking techniques employed by GPS receiversrergly propriety. This is

unfortunate for the ionospheric research community as it forces the receivers to be black
boxes to a certaiextent Through tracking techiques used in the past (W@&®900), as

well as results of GPS observables compared between receiver models (Yang and Liu
2017), appropriate conclusions about these proprietary tracking techniques can be made.
For this work, we focus on the differencete tracking techniques employed for the

L2P(Y) and L2C carrier phase observable

As was previously discussed, the L2P(Y) carrier is encrypted with an unknown code.
This forces the receivers to employ techniques which can bypass the encryption and
allow the necessary observables to be obtained. These techniques typically fall into the
category of either codeless or serndeless. Both techniques rely heavily on the L1C/A
signal, using it to aid in the acquisition and tracking of the L2P(Y) signal. This&n

that the tracking of the L2P(Y) signal is more resiliertigih-frequencyphase

dynamics, loss of lock during deep sigfeadesand decreasethesignal acquisition

times (Lim et al.2006). However, this is assumg that thehigh-frequencydynamicson
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the L1 carrier phase are identical, or nearly so, to the L2P(Y) dynamics. This typically
results in the true L2P(Y) carrier phase being smoothed and altered to better resemble
the L1 dynamics, creating inaccuiesin the high-frequencydynamics of the

observable. For example, in the Septentrio PolaRxS Pro recefuesCHAIN, the

L1C/A and L2P(Y)high-frequencyphase dynamics are nearly identical. This can be
seen in the example presentedrigure6.1. The example is takdrom the Repulse Bay
station(REPC) 11 December 2016, UTC hour 0, using GPS satellite PRNHzL.

station islocated at geographic coordinates 68\y273.77E. The detrended L1C/A

(top panels) and L2P(Y) (middle left panefrrier phasepresent vergimilar

variations, in time and magnitude. The linear correlation between the two is performed
and presented in the bottom left panel. The solid line represents the best fit, with the
equation y=1.023x ( 5x10%) - 1x10°% ( 4.8x10°) and has a correlatiamoefficient of
0.967.Clearly, the correlation between the L1C/A and L2P(Y) is very strong temporally,
as is shown with the very high correlation coefficient, and the magnitudes are nearly
identical, as shown by the near unity slofpeimilar analysis ca be donevith the L2C
carrier phase observableresented on the righand side oFigure6.1. The detrended

L2C is presented in the middle right panel, and the linear fit presented in the bottom
right panel. The fit equation is=1.540x ( 5x10%) 7 3x10°( 5x10°), with a

correlation coefficient of 0.985. Again, the temporal correlation is strong between the
phase dynamics, however, the magnitudes of the L2C variations are much larger than
those present on the L1C/A carri€his is more like the expected behaviour for
ionospherieinduced phase variations, where the magnitude of the phase variations on a
signal with lower frequency magnitude should be largbis is due to the inverse

frequencysquared dependence on the igieic delay, see equation 4.16.
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Figure6.1 An example of the detrended L1C/A carrier phase (top), detrended L2P(Y)
carrier phase (middle left), and detrended L2C carrier phase (middle right) taken from a
Septentrio PolaRxS Pro receiver. The linear fit between the LLCFXY) carrier phase

pair and the L1C/A.2C carrier phase pair are presented in the bottom left and right

panels respectively.

Although the Septentrio PolaRxS Riearlyexhibits smoothingn the L2P(Y) phase

dynamics causng the magnitude of the variations to matedll with the L1C/A

dynamics, we cannot as s uridedtratking teabriigpesr r ec e
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will react the same way. We can suggest that thaitlédtrackingwill likely influence

the L2 carrier phase dynamicssomeundesiral® way.

From the example presentedHigure6.1, the Septentrio PolaRxS Pro clearly tracks the
L2C carrier differently than the L2P(Y) carrier. We have confirmeti 8eptentrio that

the receiver tracks L2C independent of L1EKcCaffrey et al., 2018aThis ensures

that the L2Chigh-frequencyphase dynamics are more accurate than those observed on
L2P(Y) since the L2C dynamics are recorded as Hrepbserved andre not forced to
follow the dynamics observed on the L1C/A carrier. Thigossiblesince the L2C

carrier is an open code, which can be known to the receiver, allowing for simplified
tracking without the need for the codeless or semdieless techniquéike those which
arenecessarjor L2P(Y) tracking. Howevehased on thevork by Lim et al. (2006) and
Al-Fanek et al. (2007) it is likely that other receivers are not making use of the open
L2C code and tracking L2C independent of the L1C/A carrier. Whidd provide

tracking ofL2C with the same benefits as discussed for L2P(Y) wheaidldd tracking

is used. These benefits are useful for positioning measurements, where long acquisition
times and loss of lock are detrimental, but these bemeétsot worth the inaccuracy

induced n thehigh-frequencyphase dynamici®r the ionospheric research community.

6.3 Results
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Using a pair of zerdaseline receivers we can investigate the effects of the differen
tracking methods on the L2P(Y) and L2C carrier pledservable. We use a Septentrio
PolaRxS Pro and a Trimble NetR9, each located at the Repulse Bay ct&tidAIN.

In comparing the carrier phase observapl®vided by these two receivers, we discuss
the results presented in Yang and Liu (204nd showhow they can be explained by the
effects of Ltaided tracking. The following results are taken from GPS satellite PRN 31
during UTC hour 0, on 11 December 2016. These results are representative of a larger

sample size analyzed in preparation for the study

We begin by comparing the L2P(Y) to the L2C carrier phase observable for each
receiver.Figure6.2 presents the detrended L2C carrier phase (top), L2P(Y) carrier phase
(middle) and the difference between the carrier ph@msitom), with the Trimble

examples presented in the left panels and the Septentrio examples presented on the right.
The differences in the phase residuals between the Traebieed carrier phases is

very nearly zero, suggesting the L2P(Y) and L2C cartiesp dynamics are identical.

On the other hand, there are clear differences in the Septdati@d carrier phases,

with differences of over 05 m present. We expect these differences for the Septentrio
receiver since the tracking methods used for @(l) and L2C carrier are not the

same The identical residuals observed between the Trhubtesed carrier phases

suggest that the tracking methods used for both L2P(Y) and L2C are verthigely

same. Since the L2P(Y) carrier tracking is likely to lealided, this implies that the

L2C tracking in the Trimble receiver is likely tdided as well.
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Figure6.2 An example of the detrended L2C carrier phase (top) and the detrended
L2P(Y) carrier phase (middidor the Trimble NetR9 (left) and Septentrio PolaRxS Pro
(right) receivers. The difference between the L2P(XT carrier phase pair for each

receiver are presented in the bottom panels (Trimble on the left, Septentrio on the right).

In the work presenteby Yang and Liu (202), differences in the L2P(Ygnd L2G

derived ROTI vereexamined; receivers used in the study included a Septentrio PolaRxS
Pro, Septentrio PolaRx4, Leica GR10, Trimble NetR9, and a JavadsBRH DELTA.

Our results suggest that tharmble NetR9 receivers use the same tracking techniques

for L2P(Y) and L2C, which agrees with the nearly identical L2P(Y) and-d@@/ed
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ROTI taken from the Trimble receiver in Yang and Liu (20esults. The Leica
receiver also éxbited nearly identidaL2P(Y) and L2Gderived ROT]I, suggesting the

Leica receiver also usé1-aided tracking for its L2C carrier phase observable.

Both Septentrio modelused in the Yang and Liu (2017ad the legest differences in
the L2P(Y)and L2Cderived ROTI. This agres with the previously presented results;
since significant differences are observed between theded L2P(Y) carrier phase
residuals and the independently tracked L2C carrier phase residuals, significant

differences in the L2f) and L2Cderived ROTIis expected.

The last receiver analyzed in the Yang and Liu 281udy is the Javad receiver. The
Javad receiver was observed to have enaig differences in the L2P(épd L2G

derived ROTI, larger than those observed byTthmble receives. We cannbconclude
from this result alone whether the Javad receiver tracks L2C independently of L1.
However, Yang and Liu (200 compared the L2P(Ygnd L2CGderived ROTI between

the Javad receiver and with the Septentrio PolaRx4, which form a very short baseline.
Therefore, the ROTI derived by these two receivers, assuming the variations have not
been contaminated by the tracking techniques, should be nearly identical. Yang and Liu
(2017) comparethe ROTI between the receivers, by differencing the L2P(Y) and L2C
derived ROTI between the receigen the pairThe average differences between the
L2P(Y)-derived ROTI is very small, which is not surprising since both the Septentrio

and the Javad receivers are expected to track L2P(Y) using-aidéd technique.
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Howeer, significant average differences are observed between theévo e iL2Ce r s 0
derived ROTI. This result alone does not wholly confirm that the Javad receiver is

logging L2C using an L-hided techniquenowever it is likely. We would expect L2€

derived ROTI using independent tracking of L2C to be nearly identical for both

receivers. Based on this result, we suggest the Javad receiver is usingidad_1
tracking technique to track the L2C carrie
tracking tebinique on the magnitude of the L2C dynanaosless than those seen on the

Trimble and Leica receivers.

Differences in the L2P(Y) and L2C carrier phase dynamics have been clearly shown
here, and strongly suggested by the work presented by Yang andLi).(¥Ve now
attempt to show that the accuracy of the independently tracked L2C carrier phase
residuals is better than its aided counterpart. This will be showntwo ways, first by
analyzing the L2P(Y) and L2@erivedlonosphere Free Linear CombinatipFLC),

and second, by examining the effects of phasewmdn the L2P(Y) and L2C carriers.

Work by Carrano et al. (2013) has shown thathiigé-frequencycarrier phase

variations, when not accompanied by significant fades in the signal intendlitikeky

be refractive in nature. Therefore, these variations will be removed in the IFLC; the
IFLC exploits the deterministic nature of the refractive effects of the ionosphere on the

phase of the signal and the dispersive nature of the ionosphenmendpthe higherorder
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effects of the refractive index, a linear combination can be defined which removes the

refractive components from the carrier phase observable:

wherelz is thecarrier phase observable on a given carrier fagmthe frequency of a

given carrier, withl and2 representing the two carriers L1 and L2. Equa@én

assumes the variations in the carrier phase is accurate, any inaccuracy in the variations
will causethe refractive variations to not be removed inlfieC since they will not

properly follow the expected inverdeequencysquared relationship. Using the

techniques employed in Carrano et al. (2013) we will use the detrended carrier phase to
better examie thehigh-frequencydynamics of the signal8y calculating the IFLC

using both the L2P(Y) and L2C carrier phase separately, and examining how well the
refractive variations are removed, we can determineglaéveaccuracy of each of the

L2 carrier plase dynamics.

As we mentioned, Carrano et al. (2013) showed that large variations in the IFLC are
present when significant fades in the signal intensity are also presEiguia6.3 we
present an example of the IFLCs derivathg both the L2P(Y) and L2C carrier phase
separately, for the zetftmaseline Septentrio and Trimble receivers discussed earlier. The

top plot shows the detrended signal strength for the Septentrio L2C dakeny,
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there are naignificant fades in theignal strength, so significant variations in the IFLC

are not expected. In the L2P{dgrived IFLCs, shown in the middle panels (the Trimble
receiver example on the left, the Septentrio receiver example on the right) we observe
significant variations ithe IFLCfrom both receivers. Very similar variations are

observed in the L2@erived IFLC from the Trimble receiver (bottom left). Since the
L2P(Y) (and Trimble L2C) carriers are tracked useedided tracking, which we expect

to decrease the L2P(Y)dyma ¢ s 6 accuracy, this iIs not su
L2C-derived IFLC (bottom right), in which we know the L2C carrier to be tracked
independently, the variations in the IFLC are minimal compared to those observed in the
other IFLCs. In fact, some pmns of the variations observed in the other IFLCs are
removed nearly completely. This strongly indicates that the independently tracked L2C
carrier phase dynamics are more accurate than both the L2P(Y) and L2C carrier which
are tracked using L-aided tacking techniques. We again note that these results are

representative of a large sample size which was analyzed for this study.

105



1.00

0.98

o LLLL LLLL LLLL WAL

20 40 60
Time (minutes)

Signal Strength
Septentrio L2C (dB-Hz)

0.1

o

S
=

lonosphere-Free
Combination
Trimble L2P(Y) (m)
o
o

Combination
Septentrio L2P(Y) (m)
o
=)

L
lonosphere-Free

0 20 40 60
Time (minutes)

o

20 40 60
Time (minutes)

o
-

) ST —

Combination
Septentrio L2C (m)
o
o

<)
=

lonosphere-Free
Combination
Trimble L2C (m)
o
o
lonosphere-Free

0 20 40 60 20 40 60
Time (minutes) Time (minutes)

o

Figure6.3 The detrended signal intensity for the L2C carrier from theehéd
receiver is presented in the top panel. The L2Rigf)ved IFLC (middle) and the L2C
derived IFLC (bottom) are presented for each receiver (Trimble on the left, Septentrio

on the right).

By exploiting the effects of phase wiugh on the antenna, vean further show the

effects of Ltaided tracking on thaccuracy of thé&.2 carrier phase observable. By

quickly rotating the antenna connected to the GPS receiver about its vertical axis, wind
up in the phase can be induced. This waipdwill manifest iself as a divergence

between the L1 and L2 carrier phase observable (Kim,&0f6). At the receiver, a

quick rotation of the antenna is comparabléhphasescintillation induced by the
ionosphere. A full 360rotation of the antenna will induce hange in the carrier phase
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equal to a full wavelength; 19.0 cm for the L1 carrier and 24.4 cm for the L2 carrier.
Taking the difference of the L1 and L2 carrier phase during the full rotation of the

antenna should result in a 24.4 €rh9.0 cm = 5.4 cm clmge.

A Septentrio PolaRx5S and a Trimble BD982 receivere conne&dto a single

geodetic antenna, mounted on a tripod, which allowed for the antenna to be manually
rotated on its vertical axis. The L1C/A, L2P(Y), and L2C carrier phase observables were
tracked for both receivers during this rotatibigure6.4 shows the L2P(¥L.1C/A and
L2C-L1C/A combinatiorfrom both receivers. The rotation of the antenna was

performed over only a fraction of a second. Note that in the fitpgreombinations

were artificially set to zero for an easier interpretation of the results. The Septentrio
L2C-L1C/A combination accurately displays the effects of the antenna rotation. The
combination increases, within the fraction of a second takenaterthe antenna, to the
expected 5.4 cm value. This is expected for the independently tracked L2C carrier phase
observable. Alternatively, the L2P(Y) combination for the Septentrio receiver takes
nearly 8 seconds to converge to the expected 5.4 cm Vdliseclearly showshe

smoothing effect of the Laided tracking technigu®lcCaffrey et al., 2018a)
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Figure6.4 The L2GL1C/A and L2P(Y)L1C/A combination of the carrier phase
observables for the Trimbbnd the Septentrio receivevenerea full-turn rotation of the
antennaoccgabout 2 seconds into the timep series:c

incurred by the antenna rotation.

For the Trimble combinations, both take nearly 10 seconds to gmtethe expected
valueand with no significant difference between the L2P(YawL2C-derived
combination. This result further confirms that the Trimble receiver is usirgyded
tracking techniques to track the L2C carrier and shows the effectd¢icbseues have

on the carrier phase observaficCaffrey et al., 2018a)

We note as well the significant difference in the effects of the Septentrio and Trimble

tracking. The Trimble tracking technique reacts quicker to the abrupt chaplyase
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but owerestimates the true change, followed by a ringing effect. On the other hand, the
Septentrio technique is slower to react to the abrupt phase change, but is more accurate
in the magnitude and settles to the true value slightly quicker. We stress thesualtis
suggests that when large abrupt changes in phase occur in the carrier phase of the signal,
such as those induced by ionospheric effects, thaidldd observables tell us more

about the receiver than the actual ionospheric phenomenon.

6.4 Conclusion

L1-aided tracking techniques are beneficial to the intended use/mfation and
positioning with GPS receivers. However, when using GPS resdarapnospheric
research we have shown that the use ehided tracking techniques reduces the
accuracy desad for many ionospheric research techniques. This refers specifically to
areas of research where thigh-frequencydynamics of the GPS carrier phase
observable is required, such as scintillation research, ROT/ROTI analysis, and studies of
TEC dynamics. Taé Ll-aided tracking techniques have been shown to smooth the
magnitude of the L2 carrier phase dynamics, making them more like the L1 dynamics.
In these research areas, thikkerencebetween the L1 and L2 carrier phase dynamics is
an important factor, wich can lead to insights into the formation and morphology of the
irregularities being studiedhus, accuracy in the magnitudes of both carrier phase

dynamics is important.
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Although many previous works were limited to the L2P¢#jrierand produced

important results using the tdided observable, it does not mean it is the most accurate
option With the L2C carrier becoming mopeominentand transmitting on more than

half of the GPS satellites, it is important that the ionospheric research community move
towards using the L2C carrier phase observable, in conjunction with receivers using L2
independent tracking techniques, in the areas of research which depend heavily on the
L2 carrier phase. At the very least, future works must be mindful of their tise b2

carrier phase observable, making note of which tracking methods are being used with
the receivers they have access to, and making that information clear in any conclusions
derived from the results. This is very important in products such as theseaglobal

ROTI maps, which will be provided by IGS (Krankowski et 2017). These maps will
provide global ROTI indices, like the global TEC maps currently provided, using ROTI
data derived from the receivers in the IGS network. As was shown in Yidnga

(2017) t he magnitudes of the ROTI wil/l di ffer
L1-aided tracking willikely affect the L2 carrier phase observable differently. This will
lead to significant errors in the accuracy of the ROTI maps. Alsadéjpendently

tracked L2C carrier phase is used for the receivers in the network that it is available,

artificial enhancements in the ROTI mapaybe created at these receiver locations.
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7 Refractive Phase Variations

7.1 Introduction

The electron density depdence in the refractive index of the ionosphere can have
significant impacts on trarsnospheric signals. The ionosphere is rarglgnogerous
with small and largescale irregularities in the densgyistingboth spatially and
temporally. Both scalaze regimeswill lead to purely refractive variations in the signal;
irregularities of small enough spatial scales can lead to diffractive variations or
scintillations, as well. The diffractiveffectsexhibit themselves aapid variations in the
amplituce and phasas observed bstationarygroundbasedeceivers. The study of
these rapid variations is of ongoing interest in the field of ionospheric research and
monitoringand has been for decades. The study of these variapsoven vital in
helpingunderstand the formation, and morphology of these ssualk irregularities.
Rel ating the signal és features as observed
responsible for the variations has shown to be very useful, with early woksibgr
(1961) and Jespersen and Kamas (1964), and more recds woluding Cervera and
Thomag(2006),Béniguelet al. (2009), Akala et af2012), Paznukhov et al., (2012), and
Mezaoui et al(2014) as example¥hese works have shown that many important
characteistics of the smalkcale irregularities can be deduced from the diffractive

variations in the signal s amplitude and p
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In practical applicatios, such as spadmmsed navigation systarike GPS, the effects of
scintillation are detrimdal to their intended use. Rapid variations in the amplitude

and/or phase of the GPS signal can lead to ranging and positioning errors, and in the

most extreme cases lead to loss of lock of the signal enfzatyano et al., 2005; Seo et

al., 2009; Akalaet al., 2012)For these types of applications, it is important that our
understanding of the effects of the ionosphere on these signals is as robust as possible, as
changes and developments in our understanding may lead to advances and mitigation

techniques for practical applications.

The refractive effects of the ionosphere laetterunderstood. The refractive index has a
clear relationship with the frequency of the wave and the electron density along the ray
path (Papas, 1965). These refractive chantgéehe signal are typically considered to be
of low frequency, caused Wbgrgescaleirregularities in the ionosphere. Since these
refractive variations are assumed to be of low frequency, they are typically ignored in
the discussion of scintillation; ithis more common in the modern publications (Mitchell
et al., 2005Jiao et al 2013; Mushini, 2012McCaffrey and Jayachandran, 20L7a

Most scintillation works detrend the raw GPS signal using a 0.1 Haftuthe
assumption is that only diffractiveakiations will occur above 0.1 Hz, thus the refractive
variations are not present. Maecuratelyit is assumed that the Fresnel frequency for
the events will be very near 0.1 Hz. This-offtoriginates with the large body of work
performed in the midotlow latitude ionosphere, where the assumption may be more

accurate Eremouwet al., 1978; Forte aridadicella 2002) However, in the high
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latitudes, drift speeds are much larger and will contribute to larger Fresnel frequencies,

which may cause the assption to fail (Forte and Radicella, 2002).

We propose that rapid vations in the GPS carrier phasdragjuencies greater than 0.1
Hz can bepredominantlyrefractive. This is more likely an issue in the high latitudes due
to the increased drift speedkerefore, the presented results will focus on this region.
We suggest that these rapid refractive variations are being misclassified as diffractive
scintillation. We present some examples of these refractive variations and outline the

methods used tdemonstratdheir refractive nature.

7.2 Methods

Two methods will be used in determining refractive variations in the detrended carrier
phase examples. The first is a modification on the IFLC. The IFLC is commonlynused
positioning techniques (see for exam@gumberge et al., 1997), which exploits the
frequency dependence of the ionosphere and the closeness of the GPS carrier
frequencies. Recalling the refractive effects of the ionosphere on the carrier phase
observable, as outlined in equation 4.16, if tegdiency dependence is removed, then
the effect should be nearly identical between the carfiérss, a linear combination of
two carriers can be created which removes the refractive effects of the ionosSfiere.

is the basis othe IFLC, asvaspreviausly outlined in equation 6.3.
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In the positioning techniques, the entire carrier phase observable would be used, leaving
theranging terms in th&LC. For our purposes, we detrend the carrier phase before
applying the IFLC, removing the constant dod-frequencyterms (Carrano et al.,

2013). In Equation 5.7 the carrier phase observable after detrending was outlined,
showing that only the ionospheric term and the noise term is left. Thus, in using the
detrended carrier phases in the calculation of th€Jlnly the diffractive contribution

to the ionospheric term and noise will be left; recalling that the ionospheric term can be

split into the refractive and diffraction contributions.

The second method of determining the refractive variations in thiergainase
observablestartswith the same assumptions as BReC but provides a more

quantitative approach. Again, recalling the refractive contribution to the carrier phase
observable, as outlined in equation 4.16, and assuming the integral elecsiiy fden

both the L1 and L2 carrier phase are identical, we can perform the following ratio of the

L1 and L2 carrier phases:

T® ..
i g ~ Y Qa 0 o 0
B L) 0 Qa Q ? X
0

This also assumes that the diffractive variations are either negligible or removed, leaving

only the refractive variation3.herefore, we will attempt to remove the diffractive
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contribution to the carrier phase observable and use this method tetsstiining

variaions

7.3 Results and discussion

7.3.1 Determining Refractive Variations

We focus on two representative phase variation event examples. Both events are taken
from the Churchill CHAIN station. The first event is from DOY 186, during hour O

UTC, wsing GPS satellite PRN 12; the second from DOY 218, during hour 11 UTC,
using GPS satellite PRN 26, both during the year 2015. We present the detrended L1C/A
and L2C carrier phase for both event§igure7.1 andFigure7.2, Figure7.1 presents

the DOY 186 example, arfelgure7.2 presents the DOY 218 exampler both figures,

the top left panel shows the detrended L1C/A carrier phase for the howsrestand

the middle left panel shows the detrended L2C carrier phase for the same hour. In both
exampleswe observe significant variations in the carrier phase, with hoedontal

line indicating thechosereven. In the DOY 218xamplethere are clarly multiple

events which could have been chosen, the edfeinterest was chosen from the others
because it has the highest magnitude variatibhs two examples presented here are

representative of a large set of examples which have been analyzed.

As discussed, the IFLC can be used to create a time series which should be free of

refractive variations present in the carrier phase observables. The IFLC for both events
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is presented in their respective bottom left panel. In baimpleswe observe thahost

of the variations observed during the event have been eliminated, suggesting that these
variations arelominantlyrefractive. We compare the spectra for these events, to better
observe the variations which have been removed using the IFLC. Forxiaatples, the
spectrum for each data set, L1C/A phase, L2C phase, and the IFLC, are presented in the
right panes, next to the time series. The red Bie the time series which represents the
event of interest alseepresenthe time window used for the=fF calculation. The

L1C/A and L2C specafor both examples present the expected power law behaviour for
ionospherieinduced variations (refractive and/or diffractive). The IFLC spectra show a
nearly flat spectrum for the lower frequenciesntbheeaking ¢ the expected power law
behaviar. The flat portion of the IFLC spectrum is a considerable difference compared
to the L1C/A and L2C spectrahis suggests thamost ofthe low frequencies have been

removed by using the IFLC, specifically those less thgomaximately 23 Hz.
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Figure7.1 Example carrier phase variation eweatiring DOY 186, 2015. The
detrended L1 carrier phase (top left), L2 carrier phase (middle left), and the
corresponding IFLC (bottomfig are presented. The red lines indicate the event of
interest, as well as the time window used in calculating the corresponding spectra

(panels to the right of the respectilatasets
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Figure7.2 Exampk carrier phase variations event during DOY 218, 2015. The
detrended L1 carrier phase (top left), L2 carrier phase (middle left), and the
corresponding IFLC (bottom left) are presented. The red lines indicate the event of
interest, as well as the time wimd used in calculating the corresponding spectra

(panels to the right of the respectilatasets

To compare these spectra more appropriately, the L1C/A carrier phase spectrum, the
L2C carrier phase spectrum, and the IFLC spectrum are presented tdgetiach
examplein Figure7.3 andFigure7.4, with Figure7.3 representing the DOY 186

example andrigure7.4 representing the DOY 218 example. THEQ/A spectrum is

118



presented in black, the L2C spectrum in blue, and the IFLC in red. It is very clear in
these figures that the IFLC disagrees with the L1C/A and L2C spectra in the low
frequencies. For the DOY 186 example, it appears to disagree from (tHieHz

detrending cubff frequency) to approximately 2 Hz, and 0.1 Hz to approximately 3 Hz
for the DOY 218 example. This would suggest that the refractive variations are
contained within those respective ranges, and any variations above the 2 Hz ae3 Hz a
nonrefractive, likely either diffactive variations onoise. However, we musiscuss

the main assumption used in the IFLC technique.

As is described in the IFLC derivation@hapter 6the IFLC assumes all variations

which follow the inversdrequency-squared relationship are refractive, however, this

may not be the case. Since the diffractive variations on the carrier phase observable are
expected to be stochasiigs possible for somef these effectto follow this

relationship. Another possitiy that must be considered is that, as we sa@hapter 4

the diffractive variations will be at higher frequencies than the purely refractive, and due
to the expected power law behaviour of these variations, the diffractive variations will
inherently lave much lower magnitudes. In creating the IFLC, which is a linear
combination of the L1C/A and L2C carrier phase observables, we create a data set with
a larger noise floor than either the L1C/A or L2C separately. Therefore, it is possible
that some diffactive variations are lost in the IFLC noise which would otherwise be
visible in the L1C/ A or L2C carrier phase

assume that all the variations removed by the IFLC are refractneduineand that the
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0.1 to 2 o3 Hz range is purely refractive. However, we can say that it is very likely that

purely refractive variations are contained within those frequency ranges.
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Figure7.3 The three spectra presentedrigure7.1. The L1 spectrum is presented in

black, L2 in blue, and the IFLC spectrum in red.
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Figure7.4 The three spectra presentedrigure7.2. The L1 spectrm is presented in

black, L2 in blue, and the IFLC spectrum in red.

Recalling the discussion fDhapter 4we expect fluctuations in the amplitude of the

signal associated with diffractive effects, but not for refractissuining diffractive

amplitude vaations are present above the noise floag can determine a cut off

frequency at which the diffractive variatiosisouldbegin.We examine the amplitude
corresponding to thpresented phase examples. The detrended amplitudes are presented
in Figure7.5 andFigure7.6 for the DOY 186 example and kgure7.7 andFigure7.8

for the DOY 218 exampléelhe top panslof the figuresFigure7.5present the detrended

121



amplitude corresponding to the same Isquesented earlier. There are clear, significant,
amplitude variations during the phase variatiemsntswe have been examining. This

means there are diffractive variations assedatith these events, and we can use the
amplitude variations to define tloat off frequencies using the spectra. The bottom

panel of each figure presents the respective amplitude spectrum. Note that the red line in
the detrended amplitude plotpresergthe time interval used for the spectrum

calculation. Recall that we expect a zslope spectrum for the amplitude up to te

off frequency followed by the expected power law behaviour associated with

scintillation. We also expect a flat spectrunthie high frequencies, associated with the
white noise floor. We use these assumptions to determircaitiodf frequency for the

spectra.

Linear fits are performed in the low frequencies, using windows beginning at 0.1 Hz (the
detrending cubff frequeng) and increasing increments of 0.01 HZ he slopes of

these linear fits are examined; the fit with the slope nearest zero is taken and the
frequency range over which the fit was calculated is recorded. The highest frequency
included in the fitistakeas t he Aprel i minary cut off f
the calculationThis fit is represented by the solid blue line in the bottom panels of
Figure7.5 throughFigure7.8. A similar method is erformed in thénigh-frequency

noise, where a window ending at 15 Hz is used, with the start of the window decreasing
in frequency in increments of 0.01 Hz. The fit with the slope nearest zero is again taken,
with thelowestfrequency forover which the hear fit isperformed is takeas the

fipreliminary noise floor frequendyWe choose 15 Hz because it should be well into the
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noise for most scintillation events (McCaffrey and Jayachandranaba7before any
roll-off associated with the bandpass filbg used for these eveni&is fit is

represented by the solid red line in the bottom pandtsgoire 7.5 throughFigure7.8.

To fit the scintillation portion of the spectruthe power associated Wwithe secalled
Apreliminary cut off frequencyoisdbtaimed.t he dp
The geometric mean of these two power values is calculated, and the corresponding
frequency is then taken as approximately equal taehéee of the intillation portion

of the spectrumlLinear fits are performed in windowsentredon this mean frequency,

increasingn intervals of 0.01 Hz (0.005 Hz to either side). The fit with the highest

correlation coefficient is takems the fit to the scintilladin spectrumThe solid green

line represents these fits in the bottom panelgire7.5 throughFigure7.8.

After obtaining thdow frequency, high frequency, and scintillation spedits] the
intersection pointdetween eachre calculated. These intersection points givetheff
and noise floor frequencies for the spectrimthe bottom panels ¢figure?.5 through
Figure7.8 the dashed gredimes show the intersection points between these fits,

corresponding to the cut off and noise floor frequencies.

For the DOY 186 exampleut off frequencies of 1.00 Hz (L1 carrier) and 0.78 Hz (L2
carrier), and noise floor frequencies of 4.59 Hz (LYiegrand 3.71 Hz (L2 carrier) are

obtained. For the DOY 218 exampteit off frequencies of 1.49 Hz (L1 carrier) and
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1.23 Hz (L2 carrier), and noise floor frequencies of 6.83 Hz (L1 carrier) and 6.49 Hz (L2
carrier) are found. Therefore, for the L1 carrdiffractive variations should be greater

than 1.00 Hz and 1.49 Hz for the respective examples. Recalling the earlier IFLC
analysis, it appeared that variations were removed using the IFLC, upwards of 2 Hz to 3
Hz. This would suggestominantlyrefractive variationdower thanthose frequencies.
However, thecut off frequenciess much lower than those initial estimates, suggesting

the IFLC did in fact,remove variations from the carrier phase observable which were

not purely refractive.
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Figure7.5 L1 amplitude variations for the DOY 186 example. The detrended amplitude
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frequencies, the scintillation frequencies, andhigi-frequencynoise, are represented

by the blue, green, and red lines respectivEhe intersection points are indicated by the

dashed green lines.
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Figure7.6 L2 amplitude variations for the DOY 186 example. The detrended amplitude

is presented in the top panel, with the spectrum, taken over the time interval indicated

with the red line, presented in the bottom panel. fith@b

frequencies, the scintillation frequencies, andhigi-frequencynoise, are represented

by the blue, green, and red lines respectivEhe intersection points are indicated by the

dashed green lines.

126

10.0

tained for the low



1.8
1.6

e

1.4

1.2

1.0

Detrended Amplitud
L1

0.8 -
0.6E ) - 3
o] 20 40 60
Time (Minutes)
1077E ' | 3
5 F | ]
g - v ) _ M)\’f\p\ r:r“l 4 3
S 1 C“j ;[_, w\‘«,"{ W ,/"F “-.1,J './’»'\I'If"lf ]Lfl HU.lnw,, *'Iﬁ'. il
- R W ;
2 r ' Ny 1
= L ! .
£ 10 E |
< E | 1l
- E I .
1075 . : ,
0.1 1.0 10.0

Frequency (Hz)

Figure7.7 L1 amplitude variations for the DOY 218 example. The detrended amplitude
is presented in the top panel, with the spectrum, taken over the time interval indicated
with the red line, presented in the bottom panel. Theffitained for the low

frequencies, the scintillation frequencies, andhigi-frequencynoise, are represented

by the blue, green, and red lines respectivEhe intersection points are indicated by the

dashed green lines.
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Figure7.8 L2 amplitude variations for the DOY 218 example. The detrended amplitude
is presented in the top panel, with the spectrum, taken over the time interval indicated
with the red line, presented in the bottom panel. The fitsradaddor the low

frequencies, the scintillation frequencies, andhigi-frequencynoise, are represented

by the blue, green, and red lines respectivEhe intersection points are indicated by the

dashed green lines.

The noise floor frequencies obtathom the amplitude spectra are expected to be
lower in frequency (greater in power) than the noise floor we would observe in the

carrier phaséMcCaffrey and Jayachandran, 2017&ince we are only concerned with
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capturing the refractive variations irethentirety, and not worried about accurately
separating the diffractive variations from the noise floor, we will use the noise floor
frequencies from the amplitude for use in the carrier phase analysis. With that, we now
have three frequency windows tepsirate the variations types in the carrier phase. The
first window is from the detrending frequen@;1 Hz)to thecut off frequency; this is

the purely refractive variations. From tbat off frequency to the noise floor frequency

is the diffractive vaations. Lastly, from the noise floor frequency to kingh-frequency
bandpass cuff is mostlynoise.These frequencies are summarized for the L1 and L2

carriers for both examples irable7.1.

Table7.1 Thecut off and noise floor frequencies obtained for both the L1 and L2

carriers for the two presented examples.

DOY 186 Cut Off Frequency Noise Floor Frequency

L1 Carrier 1.00 Hz 4 .59 Hz
L2 Carrier 0.78 Hz 3.71 Hz
DOY 218

L1 Carrier 1.49 Hz 6.83 Hz
L2 Carrier 1.23 Hz 6.48 Hz

Using these frequency windows, we can bandpass filter the carrier phase observables to

within these frequencies to examine the suspected refractive, diffractive, and noise
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variations separately. This done to further confirm that the variations within these

given frequencies have characteristics we would expedbegin we qualitatively

compare the three frequency windowggure7.9 andFigure7.10 presents a sample of

the variations associated with each frequency window. Samples from the DOY 186
example are presentedfigure7.9, and samples from the DOY 218 exampl&igure

7.10. The first mnute of the event, bandpass filtered to show the refractive variations, is
presented in the top panel of each example figure. Forexatinpleswe observe the L1
carrier phase variations, represented by the black lines, appear to correlate very well in
time with the L2 carrier phase variations, represented by the blue lines. This is what we
expect for purely refractive variationsince the L1 and L2 carrier are expected to follow
very nearly the same path through the ionosplteegshould encounter threame

changes in electron density athdisrefractive index. Due to the inverse frequency
squared dependence in the refractive index, the L2 carrier phase variations should be
greater in magnitude than the L1 variations for refractive variations; thisasweh

observe in both examples.

The middle panels present the suspected diffractive variations for the first ten seconds of
the example events. We observe that, for much of the example, the L1 and L2 carrier
phase variations do not agreelMn time. This is as expected for diffractive variations

due to their stochastic nature. Lastly, the bottom panel presents the exXpgieted
frequencynoise, also for the first ten seconds of the events. A lack of correlation in time
is also observed for botxampledut appears much more pronounced inhigg-

frequencynoise when compared to the diffractive variations. Fohtbk-frequency
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phase noise induced by the receiver, we do not eamectelationbetween the L1 and

L2 carrier. Thigs shown in more detaith Chapter 8.
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Figure7.10 An example of the refractive variations (top), diffractive variations (middle),
andhigh-frequencynoise (bottom) dunig the DOY 218 example. The L1 carrier phase

variations are presented in black, the L2 carrier phase variations are presented in blue.

To better visualize, and quantify, the correlatiamddck thereof), we perform the linear
fits between the L1 and L&arrier phase variations, bandpass filtered to the three
variation types, using the frequencies present@@bie7.1. In these results, we use the
entire event; recalFigure?7.1 andFigure7.2 which present the time over which the
event takes placasingthe red lines plotted with the detrended carrier phases. These

linear fits are presented kigure7.11 andFigure7.12. TheDOY 186 example is
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presented ifrigure7.11and the DOY 218 example is presenteétigure7.12. In both
exampleswe observe near perfect correlation between the L1 and L2 carrier phase
variations, banglass filtered to the frequencies below ¢thé off frequencies. The
correlation coefficients in both examples are 0.997. The linear fits are presented in the
top panels oFigure7.11andFigure7.12. Note as well that the slopes arearly

identical for both example4:.64 for the DOY 186 example, and 1.63 for the DOY 218
example. Recalling equati@hl§ the effects of changes in the refractive index is
inversely proportional to the frequency of taier and proportional to the changes in
electron density along the path. As we mentioned earlier, the L1 and L2 carriers are
expected to follow very nearly the same path and thi#éreforesee the same changes in
electron density. If the ratio of the L@ L1 carrier phase changes is taken, which is the
case in calculating the slope of the linear fit, the value for the refractive variations
should be the ratio of the frequencies squared. This works out to a valug,ofely6

nearly the value we observerfthe slopes. This further suggests that these variations are

purely refractive.

The middle panel presents the diffractive variations for both examples. We see in both
examples a decrease in both the correlation coefficient and the slope. The correlation
coefficients are 0.580 for the DOY 186 example and 0.620 for the DOY 218 example.
We would expect dower correlationbetweerthe diffractive variations due to their
stochastic nature. The same goes for the slope, an introduction of low magnitude,
stochasic variations should cause the slope to vary significantly from the nearly 1.64

value observed with the refractive variations. We observe slope values of 1.19 for the
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DOY 186 example and 1.13 for the DOY 218 example. We note that the correlation
betwea the diffractive variations is still somewhat significant. This is likely due to a

few factors. First off, our method of determining the off frequency cannot be perfect,
there isanerrorassociated with the technique and the measurentdresut off

frequency can also vary throughout the event, thus making it impossible to get a perfect
cut off frequency from the datdhis means that in using this frequency to bandpass

filter the carrier phase observable, a smalhberof refractive variations may be
includedwith the diffractive variations. Since these variations will be at the lowest
frequencies, they will have the largest magnitudes, and may then significantly affect the
linear fit, both the correlation coefficient and the slope. Secondly, sintd thied L2

carrieris expected to follow the same path through the ionosphere, and since their
frequencies are rather close, the diffractive variations observed on the L1 and L2 carrier
phase may be similar enough to induce some correlation. Lastlyvérestgons are not
purely diffractive changes in electron densityith very smallspatialscale will still

induce refractive variations. In this case, they will be modulated by the diffractive
variations it is likely that these modulated fluctuations vetill hold some of the

refractive characteristicthus causing higher correlations and slopes nearer to 1.65 than

typically expected for diffractive variations

Lastly, the linear fit between the L1 and L2 carhegh-frequencynoise is presented in
the bottom panels d¢figure7.11 andFigure7.12. We observe very little correlation for
both examples; a value of 0.027 for the DOY 186 example and 0.087 for the DOY 218

example. Slopenear zero are alsubserved, a value of 0.08 for the DOY 186 example
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and 0.08 for the DOY 218 example. As we mentioned, we expect no correlation between

the L1 and L2 carriehigh-frequencynoise, just as we observe in the linear fits.
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Figure7.11The linear fit between the L1 and L2 carrier phase variations, for the DOY
186 example. The carriphase8have been bandpass filtered to contain only the
refractive variations (top), diffractive variations (middle), &ngh-frequencynoise

(bottom). The linear fits are represented by the red lines.
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To further verify the validity of these cut off frequencies, we recaltliitbeussion in

Chapter 4 regarding the Fresnel frequency. The Fresnel frequency can be defined as the
lowest frequency associated with diffractive variations in the amplitude and phase of the
signal for a given event. The frequency is based on the Fissalelsize and the relative

drift velocity. Thus, to verify the predetermined cut off frequencies as the cut off
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between the refractive and diffractive variations, they must represent valid Fresnel scale

sizes.

We begin the validation by determining thessible relative drift velocities and
irregularity height pairs which could be responsible for cut off frequencies like the ones
obtained for the presented examples. To outline the method, we present examples using

the L1 carrier for both the DOY 186 abDY 218 events. Recalling the Fresnel scale is

defined af Mc_ ¢and the corresponding Fresnel frequency can then be defined
as’Q U Ti , we examine a range of possible irregularity heights and calculate the
corresponding Fresnel scales. A range of possible drift velocities are theio used
calculate the corresponding Fresnel frequencies. We can plot these quantities,
represented by the blue curves presentédguare7.13 andFigure7.14. A plane
corresponding to the cut off frequencaetermined for each example event are

presented in red. The intersection between the Fresnel frequegylarity heightdrift
velocity surface and the cut off frequency plane represents a curve corresponding to the
range of possible drift velocity amategularity height pairs responsible for Fresnel
frequencies equal to the cut off frequencies. These curves are presdtitpae.15

andFigure7.16for the DOY 186 and DOY 218 examples respectively.
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tresnel Frequency

Figure7.13 The surface representing the Fresnel frequency corresponding to given
irregularity height and drift velocity pairs (blue) and the place corresponding to the cut
off frequency between refracévand diffractive variations determined for the DOY 186

event (red).
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tresnel Frequency

Figure7.14 The surface representing the Fresnel frequency corresponding to given
irregularity height and drift velocity pairs (blue)dathe place corresponding to the cut
off frequency between refractive and diffractive variations determined for the DOY 218

event (red).

Assuming reasonable irregularity heights on the order of 200 km to 600 km, which
would likely contain the flayer peaMagdaleno et al., 2011, and references therein)
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drift velocities on the order of 300 m/s to 450 m/s are necessary for the DOY 186
example, and drift velocities ranging from 400 m/s to 700 m/s are necessary for the
DOY 218 example. Drift velocities ongtorder of 300 m/s to 700 m/s are reasonable for

the auroral region (Aarons, 1982; Basu et al., 1999).
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Figure7.15 The curve representing the intersection between the Fresnel frequency

surface and the cuofff frequency plane presentedRigure7.13, corresponding to the
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DOY 186 example. This presents the irregularity heightdaifdvelocity pairs

necessary for a Fresnel frequency equal to the cut off frequency.
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Figure7.16 The curve representing the intersection between the Fresnel frequency

surface and the cut off frequency plane present&iure7.14, corresponding to the

DOY 218 example. This preses the irregularity height ardtift velocity pairs

necessary for a Fresnel frequency equal to the cut off frequency.
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To further address the validity of the cut off frequencies as representing likely Fresnel

scale sizes, we can obtain rough drift velpateasurements for the example events

using the SuperDARN netwofkGreenwald et al., 1995; Chisham et al., 200V

obtain the lonospheric Pierce Point (I PP)
satellites. We take the IPP at a height of 350 km, spamrding to an approximate peak

density heightilagddeno et al., 2011, Mushini, 201 Drift data is obtained within &3

(in geographic latitude and longitude) window surrangdhe IPP at the time of the

phase fluctuation event. The Christmas VallegtEEadar is the only radar reporting data

in the region of interegor the DOY 186 event, and the Kapuskasing radar provided the

data for the DOY 218 event. With the minimal data available from SuperDARN during

the events, a rough estimation of the dsfeedss obtained.

For the DOY 186 event, 77 velocity measurements are available within the time and
location of interest. A mean drift velocity of 441 m/s with a standard deviation of 76 m/s
is obtained. Withirp,, this corresponds to Fresnel scaleggiag from 366 m to 518 m,

and corresponding irregularity heights of 352 km to 706 km. For the DOY 218 example,
33 velocity measurements are available. A mean of 385 m/s with a standard deviation of
115 m/s is obtained. This corresponds to Fresnel scalgsemrder of 152 m to 359 m,

and irregularity heights of 60 km to 339 km.
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Due to the lack of available data, the error in the mean drift velocitiesaterately
largeand are responsible for large ranges in the irregularity heights and Fresnel scales.
However, these ranges do correspond to valid values for the region, and the mean drift
velocities obtained from SuperDARN agree with the theoreticitgrmined drift

velocity rangego within p,, . This further validates the cut off frequencies deterthine

using the methods outlined in this section as likely Fresnel frequencies.

We note that determining the Fresnel frequency through these methods ignores a few
subtleties, including possible changes in the drift velocity during the length of the event,
multiple irregularities along the ray path, and the integrated nature of the carrier phase
measurement. With these subtleties | mind, we suggest that the results show that these
cut off frequencies are good approximations of the Fresnel frequency for seated

events. For clarity, the cut off frequencies will be referred to as the Fresnel frequency for

the remaiderof the study.

7.3.2 A Case Study Using Three Carrier Frequencies

Using the same methods outlined in the previous section, we present an éwample
determire the refractive variations @ GPS carrier phase evemherethree carrier
frequenciesre availableWe use the same L1 and L2 carrier as was pisadously

while including the L5 carrier as well. This gives three carrier pairs to do tHdiriear
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fit analysis, where the slopes of the three pairs can be shown to follow their respective

frequencysquared ratio. This will help solidify the performance of the method.

The event was found at theGHAIN SSACCH focheddtar b our
geographicoordinates71.99°N and 234.74E. The detrended carrier phases are
presented ifrigure7.17, with the L1 carrier phase in the top panel, the L2 carrier phase
in the middle panel, and the L5 carrier phase irbthteom panel. Like the previous
examples, the red liséndicate the everdnd time interval over whiclve perform the
analysis Using the same approach as the previous sectioapgiteximate-resnel
frequencies are obtained using the amplitude sp&xteach carrier. The corresponding
spectra are presentedkigure7.18. The L1 amplitude spectrum is presented in the top
left panel, the L2 amplitude spectrum in the top right panel, and the L5 amplitude
spectrum in the bottoheft panel. The blue line, green line, and red lines represent the
fits obtained for the low frequency (prior to the Fresnel frequency), the scintillation, and
the high-frequencynoise portions of the spectrum, respectively. As with the previous
analysisthe intersection points of these fits are taken as the Fresnel and noise floor

frequencies. These values are present@aile7.2.
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Figure7.17 The phase variation event for ttheee carrier frequency example. The
detrended L1 carrier phase is presented in the top panel, the L2 carrier in the middle
panel, and the L5 carrier in the bottom panel. The red line indicates the event being

analyzed.
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Table7.2 The Fresnel and noise floor frequencies for the L1, L2, and L5 carriers.

Fresnel Frequency Noise Floor Frequency

L1 Carrier 1.00 Hz 6.01 Hz
L2 Carrier 0.96 Hz 5.78 Hz
L5 Carrier 0.91 Hz 7.35 Hz
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Figure7.18 The amplitude spectra corresponding to the phase event. The L1 carrier
amplitude spectrum is presented in the top left panel, the L2 carrier spectrum in the top

right panel, and the L5 carrier spectrum in the bottom left p&helblue, green, and
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red line represent the fits for the zeslope,low-frequencyportion of the spectrum, the

scintillation portion, and thikigh-frequencynoise portion, respectively.

We use the frequencies presente@able7.2 to bandpass filter each of the carrier phase
observables into frequency windows corresponding to the refractive variations, the
diffractive variations, and theigh-frequencynoise. Recall that we usdawv-frequency
cut-off of 0.1 Hz and &igh-frequency cut-off of 25 Hz. The linear fits are performed
between each carrier pair for each frequency window. These are presdfitgpden

7.19, Figure7.20, andFigure7.21. Figure7.19 presents the L-12 carrier pairFigure

7.20 presents the L:15 carrier pair, andrigure7.21 presents the L-25 carrier pair. In

the L1-L2 carrier pair example, we obser@e&orrelation coefficient of 0.989 and a slope
of 1.60 for the refractive variations linear fit. As was discussed in the previous section
this is as we expect for the 1LP refractive variations. The diffractive variations have a
correlation coefficient 00.782 and a slope of 0.91. Thigh-frequencynoise has a
correlation coefficient of 0.077 and a slope of 0.11. Both correlations act similarly to
those presented in the previous examples. For tHebldarrier pair, we observe a
correlation coefficient0.993 and a slope of 1.72. The frequesquared ratio for the
L1-L5 pair is 1.79, near what we observe for the slope. Expected results for the
diffractive andhigh-frequencynoise variations are observed, with a decrease in
correlations and slope fordHdiffractive variations (correlation of 0.841 and slope of
0.87) and more so for the noise (correlation of 0.069 and slope of 0.04). e L2
carrier pair has a correlation of 0.996 with a slope of 1.07. The expected slope for this

pair is 1.09, again vg near the observed slopghe diffractive andigh-frequency
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noise variations behave as expedasdvell The diffractive variatio@s correlation
coefficient is 0.844 and slo@@e0.75, both lower than that observed for the refractive
variations. Thénigh-frequencynoise has a correlation coefficient of 0.065 and a slope of

0.03; these are very low, as we expect.

We note that in this example we observe that the agreement of the slope with the
expected frequenegguared ratisvariesbetween the pairs.ne L2L5 carrier pair

agrees the best, while the-L® carrier pair has the worst agreement of the set. We
suspect this is due to the closeness of the carrier frequencies, sinceLthedrZer pair

has the closest carrier frequencies, and thed tarier pair have the largest difference

in carrier frequencies. We suggest that as the gap between the carrier frequencies
increases, differences in the higher order effects, especially ray bending, becomes more
prominent This would lead to slight differeles in the refractive variations, causing the

correlation to droglightly.
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carrier phase pair.
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Figure7.21 The linear fits between the refractive variations (top panel), diffractive
variations (middle panel), and thegh-frequencynoise (bottom pangfor the L2L5

carrier phase pair.

Having shown that we can differentiate the purely refractive variations from the
diffractive variations, we can now ensure thagh-frequencyvariations in the TEC are

not contaminated by diffractive variations. Thisl\wnsure that a more accurate analysis
of thehigh-frequencyTEC can be done. We may also use the TEC as a further check of

thehigh-frequencyrefractive variations in the carrier phase observable.
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7.3.3 Total Electron Content Analysis

Knowing thelower frequency section of thieigh-frequencyvariationsarepurely

refractive in nature, we can begin to more accurately analyze the sTEC obtained for the
DOY 186 and DOY 218 exameve previously discusseblote that the presented

STEC has not been corrected fi@rdware biases and integer ambiguities; only the
variations in the sTEC is of intere®¥e can also use the sTEC as a final check to

confirm that the variations in the carrier phase observable, in thezQdlFiesnel

frequency range, are in fact refri@etin nature. First off, we look at the sTEC during

these phase variations everfigure7.22 andFigure7.23 present the detrended L1

carrier phase observable, same as observed previously, in then&p. @ he bottom

panels present the raw STEC during the same hour. As before, the red line indicates
where the event of interest takes pldéigure7.22 presents this data for the DOY 186
example, andrigure7.23 presents the data for the DOY 218 example. For both
exampleswe observe significant variability in the STEC during the time of the carrier
phase variations. The peak variability of the sTEC is on the order af ECU for the
examples, botbbserved during the largest peak in the detrended carrier phase. We
expect the refractive variations in the phase to be directly related to the variations in the
STEC, meaning the frequency of these variations should be identical. We can better view
the vaiations in the sTEC by filtering the sTEC to the frequencies which we have
previously determined are refractive in the carrier phase. This is the lowaf cut
frequency used in the carrier phase detrending procedure (0.1 Hz) and the Fresnel

frequency waletermined previously. We present the filtes@@ECsin Figure7.24 and
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Figure 7.25; Figure7.24 representing the DOY 186 example, d&mgure7.25

representing the DOY 218 example. The top panels present the same raw STEC as the
previous figure, while the bottom panels present the corresponding filtered sTEC. We
observe large variations in the filtered STEC which are also associated with the large
variations in the carrier phase. This is expecassuming these are the real variations in

the TEC along the ray path responsible for the refractive variations in the carrier phase
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Figure7.22 The detrended Larrier phase observable (top) and the corresponding raw

STEC (bottom) for the DOY 186 example.
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Figure7.23 The detrended L1 carrier phase observable (top) and the corresponding raw

STEC (bottom) for th®QY 218 example.
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186 example.
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Figure7.25The raw STEC (top) and the filtered STEC (bottom), which is filtered from
the 0.1 H4dow-frequencycut-off to the Fresnel frequency, corresponding to the DOY

218 example.

Using the relationshipsiiequation4.12 we can estimate the effect the changes in STEC
should have on the carrier phase observables. We use the filtered sTEC, filtered from the
0.1 Hzlow-frequencycut-off to the appropriate Fresnel frequencies, to create the
estimated effectsrothe carrier phase at those same frequencies. The detrended L1 and
L2 carrier phase are presented in the top left and top right panels, respectiFeiyref

7.26 andFigure7.27. The estimated effects the respective carrier phase are presented
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below, in the middle panels. In the bottom paiaetthe difference between the real L1

and L2 detrended carrier phase observable, and the estimated effects calculated using the
filtered sSTEC. In both the DOY86 example (presentedkingure7.26), and the DOY

218 example (presentedkigure7.27), we observe that nearly all variations are

removed in the differenseThis shows that the variations in the €]Bbserved at the
frequencies associated with refractive variations in the carrier phase observables,

properly account for the refractive variations in the carrier phase resultal3tstiows

that these variations in the carrier phase are in facttefeadue to changes in the

electron density along the satellite ray path.
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Figure7.26 The L1 (top left panel) and L2 (top right panel) bandpass filtered carrier

phase, filtered from 0.1 Hz to the appriape Fresnel frequency, the estimated effects of

the sTEC (middle panels) on the carrier phase, bandpass filtered to the same frequencies,
and the differences between them (bottom panels) corresponding to the DOY 186

example.
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Figure7.27 The L1 (top left panel) and L2 (top right panel) bandpass filtered carrier
phase, filtered from 0.1 Hz to the appropriate Fresnel frequency, the estimated effects of
the sTEC (middle panels) on the carrier phase, banditassd to the same frequencies,

and the differences between them (bottom panels) corresponding to the DOY 218

example.

7.3.4 Preliminary Determination of the Noise Floor
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In the previous results, specifically sections 7.3.1 and 7.3.2, we use a noise floor
frequency as determined by the amplitude scintillation events. It was argued that the
noise floor frequency associated with the amplitude variations should be an
underestimation of the noise floor frequency for the carrier phaseisiuseptable

since we wee most interested in only separating the refractive variations from
everything else. For future works, specifically those interested in the scintillation portion
of the carrier phase variations, it will become more important to accurately determine
the nase floor frequency, and thus the full frequency range associated with the
diffraction-induced phase variationd/ork towards determining the noise floor of the

GPS carrier phase during scintillation is uncommon. However, it is important that this

work is done to more accurately determine this noise floor.

Scintillation is a unique source of stress on the PLL and thus may lead to an increase in
the noise floor. Rebeyrol et al. (2006), although not focused on scintillation, have
presented work on the noiassociated directly with the receiver oscillator; this is the

main source of GPS phase noise, as is discussed in more detail in Chapter 8. A
combination of sources is shown to be factors in the overall noise, each with exhibiting a
spectral power law witklopes ranging from 0 t@. This is an extremely important

result for ionospherinduced variations in the carrier phase; previously determined
scintillation spectral slopes falls directly in this range of noise source slopes. For
example, the high latide climatolgical work presented by Mushi(2012) shows a

mean value of1.75 for the spectral slopes. Methods of determining the noise floor for
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the ionospherkinduced variations is thus very important to ensure parameters such as

the spectral slope @mnot contaminated by this noise.

More recent work by Rougerie et al. (2016) has attempted to demonstrate the properties
of the noise floor frequency, specifically during ionospherauced variations, and how
changes in the receiver configuration magetfthis noise floor. The work presented

was performed using a GPS receiver simulator, which was prowided clean signal

and a signadffectedby scintillation alternatively. With this method, Rougerie et al.

(2016) can compare the spectrum of thgotof the receiver simulator with the

spectrum of the provided input. This can give an insight into the noise floor of the signal
and see how changes in the receiver configuration or changes in the signal to noise ratio

affectt he receivero6s output .

Two important results are demonstratethis work. First, variations observed at
frequencies greater than the PLL bandwidth frequency are inaccurate, and must be
ignored; the bandwidth frequency can be described as the modulation frequency at
which the PLLbegins to lose its lock on the reference frequency. The second result is
that the noise floor frequency decreases with the signal to noise ratio. Therefore, at
lower signal to noise ratios, it is likely that the highest usable frequency for the event is
less than the PLL bandwidth frequency. This is shown graphicafigiure7.28 and
Figure7.29. In the figures, the curve labelletput (red) is the scintillation spectrum, as

provided by a scintillatiomodel, the curve labelleab iono (blue) is the spectrum of the
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phase variations outputted by the receiver simulator when no scintillation is applied to
the signal, and the curve labelledo (green) is the spectrum of the carrier phase output
from the eceiver simulator during the times when the scintillation is present. The other
curves are not relevatd this discussion. The difference between the two figures is that
Figure7.28 has an unrealistically high signal to noisecaf 200 dBHz, whileéFigure

7.29 has a more reasonable value of 45 difHigure7.28 also used a PLL bandwidth

frequency of 5 Hz whil&igure7.29 uses 10 Hz.

Focusing first a the effect of the PLL bandwidth frequency, its effects can be observed
in bothFigure7.28 andFigure7.29. Theiono curve should follow thenput curve until

any receiver effects have an impact. Whbesse curves begin to deviate is an indication
of the noise floor frequency, the maximum frequency which can be used for scintillation
analysis. In the case Bfgure7.28, theiono spectrum agrees very well with thgout

curve wtil the bandwidth frequency (5 Hz). Beyond the bandwidtuencythese

curves deviate. This behaviour illustrates the effect of the PLL bandwidth frequency on
the outputted carrier phase variations. For visual referencephiecurve agrees well

with theinput (no filter)curve.

162



101 Phase Power Spectral Density
100 Bt ™e N bbb b L
0L L T T B S R
1072 L lcvssitsnitind SRt/ W PTAN LA o X0 T T | S S SN SRR S
102 K, #\/\ | § 4% ' i8ed
il (o gl 5 s St e ke
o
N 2 1o Jdi £ UG SO S ) S O SO | (%
-§ 30 gl | IR BRI NI < T . WO AL )
= 107 o ORI RS B |
: no iono i v
108K — jono 00 [iddidbeecdecdeieids
10°}| — input R R R S L !
joo ] = Inputiwithfilery|; i::i:: © & ::iiiii] PM
1 heme pattern
10 2 e | 20 o2 9% % 5, RASPRER O, VORI 9% 1o Y. o) YERCPRIORC Ry ORI HF L o &
-=- PLL
10.12 ‘T . ; n p— R : N :
10 10 10° 10! 10?

Frequency [Hz]

Figure7.28 The comparison of the input modelled scintillation spectrimpug, red) to a
GPS receiver simulator, the output from the simulator during the modelled swantilla
(iono, green) and during no scintillationd ionqg blue). The simulator uses a 5 Hz
bandwidth and a signal to noise ratio of 200 dBHz for this example (Rougerie et al.,

2016).

ForFigure7.29, recall the bandwidth frequenbyws been increased to 10 Hz; thus, we
would expect the receiver simulator output to begin to fail at 10 Hz. However, this is not
the case. Rougerie et al. (2016) observedahespectrum deviates from theput

spectrum at roughly 0.5 Hz. This suggehttt the impact of decreasing the signal to

noise ratio has a more severe impact on the carrier phase variations than the PLL
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bandwidthand that the PLL bandwidth frequency is more like a theoretical maximum
noise floor. The possible combinations of na@sarces, as presented by Rebeyrol et al.
(2006), are evident in this example, showing a roughly zero slope at the beginning of the
deviation, followed by a slope of approximately the same value aspthcurve €2.5).
Therefore, as suggested by Rougetial. (2016), worksnustdetermine where their

spectra would deviate from the O6input .

Theno ionospectrum during the realistic signal to noise example can be thought of as
the noise spectrum; that is to say that this spectrum represents the naies ebthe
receiver. We note that th® ionospectrum begins to deviate from fhput spectrum at
roughly the same frequency as thro spectrum. This suggests that the effects of the
receiver noise on a clean signal and a scintillation signal wdlrbgar and further

suggests that these higher frequencies represent the noise of the ré¢eiseggest

that the effects of the GPS receivers should be like the effects of the receiver simulator,
and thus the noise spectra should share similar chasticerThese observations are

used as the basis for determining the noise floor frequency for GPS scintillation events.
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Figure7.29 The comparison of the modelled scintillation spectriumpu(, red) input
provided to a GPS receiver simulator, the output from the simulator during the
scintillation variationsipno, green) and when no scintillation occuns {onq blue). In

this example, the simulator uses a 10 Hz bandwidth and a signal to noise ratio of 45

dBHz (Rougerie et al., 2016).

We compare the spectra of quiet time carrier phase to one another to observe this

hypot hesi zed noise fl oor spatnmesetanof We def i
phasevalueswith , less than 0.1; thiassumes that these carrier phase time series are

free of any rapid variations induced by anything other than the receiver. As an example,
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we present four spectra taken during different times and different satellites at the same
receiver; the data is taken from the receiver at the CHAIN Churchill station during DOY
70, 2015. The four spectra are presented in the top pakgwt7.30. The times and
satellites used for the four spectra are present@dbie?7.3. The spectra all agree very

well with one another, suggesting the source of the high frequency quiet time variations
are of a common source. Since the spectra are taken from different satellites, different
elevation anglge, and at different times of the day (thus viewing different ionospheric
conditions) it is likely that the common source is the receiver or antenna hardware. We
note that these spectra qualitatively agree witmthsnospectrum presented in Figure
7.23,displaying the white noise floor followed by a power law behaviour aith

negative $ope.

Table7.3 Colors, satellites, and time ranges for the quiet time carrier phase observable

spectra presented Figure7.30.

Color Satellite PRN Time Interval (UTC

HR:MM:SS)
Blue 1 04:05:001 04:08:20
Red 3 04:33:201 04:36:40
Green 30 00:13:201 00:16:40
Orange 17 02:13:20i 02:16:40
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Figure7.30 Comparison of four quiet time carrier phase spectra (top) and an ionospheric
carrier phase variation event (bottom). The four quiet time spectra are taken from four
different satellite, at different times throughout DOY 70. All data is taken from the

CHAIN Churchill station.

We compare these quiet time spectra witlegampleonospherieevent The event

spectrunis presented in the bottom panelFagure7.30. This event was also taken from
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the Churchill station, during DOYO, using satellite PRN 1. It takes place from

04:46:401 04:50:00 UTC. lItis clearly higher power through the lower frequencies as we
would expect for an ionospheric variations event when compared to a likely noise floor
spectrum. To better visualize tbemparison between the quiet time spectra and the
event spectra, they are plotted togethdfigure7.31. From roughly 0.1 Hz to 2 Hz the
event spectrum displays a constant power law behaviour typical of what we expect for
scintllation. At roughly 2 Hz there is a break in the spectrum, resulting in a steeper
slope. If using this technique as a method of determining the noise floor frequency, the
frequency at which the event spectrum and the noise floor spectra begin to agoee wou
be the obvious choice. For this example, the noise floor frequency would be roughly 7
Hz. This is less than typically thought for ionosphénduced GPS phase variation

events (Mushini, 20, McCaffrey and Jayachandran, 2017a). However, we note #hat th
frequency at which the break in the event spectrum occurs agrees well with the break in
the noise floor spectra. This break in the noise floor spectra shows a deviation from a
nearzero slope to a negative slope. This agreement in the break frequegegtsiingt

care must be taken in works focusingiemospherieinducedbreals in the event

spectra, like those discussed in Elkins and Papagiannis (1969), Franke and Liu (1983),

and Carrano and Rino (201&nd references therein
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Figure7.31 The noise floor spectra and event spectrum fragaire 7.30, plotted

together to better visualize the comparison.

We note that although different satellites and times were used in the canpHrike
quiet time spectra in the previous example, the same day and location were used. This
leads to questions about persistent low magnitude variations induced by the ionosphere

which may be responsible for the spectral shape we observe. This & Bugjyested by
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the carrier phase observable being an integrated quantity. Although the qualitative shape
of the quiet time spectra is like the shape presented by Rougerie et al. (2016), which uses
modelled and simulated data containing no real ionospiésestill an issue that should

be addressed.

A Septentrio PolaRxS receiver was initially installed at the CHAIN GRIC station in

2015 and was later relocated to the CHAIN lab on the University of New Brunswick
Campus in Fredericton, New Brunswick (FRSGsing data obtained from this receiver,
once in the GRIC location and once in the FRSC location, we examine the quiet time
spectra of two very different ionosphere configurations. Since the FRSC location is
located at roughly 459N, 293.4°E, it can & considered in the midtitudes. An

example of quiet time GRIC carrier phase data, FRSC carrier phase data, and the PRN 3
quiet time example frorRigure7.30 are presented iRigure7.32. The PRN 3 exaple

from CHUC is represented by the blue curve, the GRIC spectrum, taken during UTC
hour 0, onrDOY 200 of 2015, is represented by the red curve, and the FRSC spectrum,
taken on DOY 138, UTC hour 3, in 2017, is represented by the green curve. The
qualitatve shape of the quiet time spectra for GRIS and FRSC agree very well and agree
well with the CHUC example as well. Note that the CHUC example was not the same
receiver as the GRIC and FRSC example. The GRIC and FSRC curves do appear to be
slightly lower inpower than the CHUC curve; we attribute this to the hardware noise
levels itself, suggesting the magnitude of the noise associated with that specific receiver

may be marginally lower than the CHUC configuration.
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Figure7.32 Comparison of the quiet time specivaretaken from the CHUC station
(blue), the GRIS station (red) and the FRSC station (green). The CHUC station
represents the examples presentdéigure7.30. The GRIS andFRSC station use the

same receiver, relocated from the GRSC station (2015) to the FRSC (2017).

In these comparisons, we see that the quiet time curves with varying time, year,

satellites, locations, antennas, and receivers (same receiver model) alleagneell,
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and present the same qualitative spectral shape; the same spectral shape observed by the
simulations presented by Rougerie et al. (2016). This suggests that the quiet time spectra
reveal information about the receiver noise levels and thaéteéver noise levels are

dominating the other possible sources or carrier phase variations at these quiet times.

Work towards determining a valid method of obtaining the noise floor frequency during
ionospherieinduced carrier phase variations eventsngoing. Further work is needed

to determine if the quiet time spectra are an appropriate view of the receiver noise floor.
The presented preliminary analyses suggest this is an appropriate method, but further
work is needed. Investigations into the reaship between these quiet time spectra and

the break in some scintillation event spectra must also be considered.

7.4 Conclusion

Using independently tracked L1 and L2 carrier phase, we outlined methods to isolate the
purely refractive contribution tmnosghericinducedGPScarrierphase events. Rapid
variationsin the presentedrequencies are very often assumed to be diffractive in nature,
due toFresnelscaleand smalleirregulariiesin the electron density leading to

diffractive variations in phase. €be variations were shown to be refractive first by

using the IFLCshowinga large portion of the variations followed the inverse

frequencysquared dependene® expect from refractive variations.
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Using corresponding variations in the amplituale appoximateFresnel frequency was
obtainedfor the presented events. This gaewerfrequency limitto the diffractive
variations Thisvalidatedthe IFLC result, showing many of the lower frequency
variations were not diffractive. Using the Fresnel freqyen bandpass filter the carrier
phase observable to only the suspected refractive variations, we showed that th
variations followedhe expected inverdeequencysquared relationshigery well. This

was performed by calculating the linear fit betwdsnlt1 carrier and L2 carrier phase
variations. The correlations revealketigh correlation coefficient, indicative of

refractive variations, and a slopery near 1.64, thequare of the ratio of the carrier
frequenciesThis same analysis was performeihg an example event where the L5
carrier phase was available as well as the L1 and L2 carriers. This provided three carrier
pairs to perform the linear fit, each with their own expected slope value. All three pairs

performed well, returning values nemhat wasexpected.

Lastly, the purely refractive portion of the sSTEC was analyzed, bandpass filteieed up
the previously obtained Fresnel frequencies. The variations observed at these
frequencies in the sTEC were shown to be very nearly identical t@ttagions in the
carrier phase. The expected effect of these sTEC variations on the carrier phase
observables wasalculated and differenced from the real carrier phase data. A near zero
difference was observed, further indicating that the variationguaety refractivethus,
these variations a@ausedurely bychangsin the electron density along the ray path

and are not artifacts due to diffraction.

173



Understanding that these higlte variations on the GPS carrier phase can be purely
refractive mg have implications mtransionospheic radio wave error mitigation, as
refractive variations are coherent and follow a vaeifined relationship with the

electron densityThis shouldnake for simpler modelling, prediction, and removal of
these variatios from the carriephase observable. The coherent nature of the variations
also means that with knowledge of the variations on only one of the carrier frequencies,
one camccuratelyestimate the effects on other carrier frequencies as well; this cannot

beeasily done with diffractive variations.

A preliminary analysi®f the determination of the noise floor frequency for phase
variations events is also present&lde high-frequencynoise of the GPS carrier phase
observable was shown to beloured, exhibting a power law behaviour. This is like

what is expected fdrigh-frequencyionospherieinduced phase variations, and thus it is
important to understand the noise sources to ensure they do not contaminate ionospheric
studies. Based on quiet time analysishe carrier phase observable, a common
qualitative spectral shape was observed which was suggested to be reminiscent of the
receiver noise floor spectrum. This spectral shape consisted of a white noise portion
followed by thecoloured noise. Comparinghis noise spectrum with a typical event
spectrum suggested that the noise floor frequency for ionosphéticed phase

variations events may be much lower than originally thought. We also note a break in
the event spectrum corresponding to the breakemthise spectrum. This may suggest

that breaks in the carrier phase spectrum during ionosghdrtced events may not be
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due to effects of the ionosphere, but rather due to the effects of the receiver hardware on

the high frequencies of the signal.
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8 High-FrequencyTEC

8.1 Introduction

The dispersive nature of the ionosphere can be exploited in conjunction with the

multiple carrier frguencies transmitted by the GRISe multiple GPS frequencies can

be manipulated to obtain an intelgn@easure of the electrahe nsi t y al ong t he
ray paths. The resulting measurement is referred to as the TEC. The spatial and temporal
resolution of the GPS constellation allows for monitoring the TEC in most areas of the
globe, including the dynamic high latitude regioheTauroral ionosphere specifically is

very dynamic, with structures in electron density varying dramatically in both spatial

and temporal scale sizes (Trondsen and Cod§98; Knudsen et al001). The
modernization of GPS and its introduction of themmh2C code allows fdnigher

sampling rates of the L&arrier phase observable and in turn the TEC. The use of
independent trackingy the Septentrio receivers, which are useth@CHAIN, ensures

the most accurateigh-frequencydynamics of the L2Candtherefore TEC,

measurements. Bimore accurate and highsamplingate of TEC allowgor

monitoringof thesevery smaliscale structuiein electron density in the auroral region.
Studyingthese smalkcale structurgis critical in furthering our undetanding of the

mechanisrawhich generatéhemas well as the underlying dynamics which drive them.

Previous TEC analysis, both in and out of the auroral region, were perfprimeily

using 30seconcbrl-secons ampl i ng r at es. Wi diohan@teAl N6 s r
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introductionof the Septentrio PolaRxS Pro receiver into its network, auroral region TEC
at amaximumsampling rate of 100 Hz is now possible. This major increase in the
sampling rate allow forthe first look at sulsecond features in TEC atidisthe auroral
region electron density. This is usedchttempt to explain the underlying mechanisms

which cause these smaitale structures to form.

8.2 Data and Methods of Analysis

ThepresentedsPSderived TECdata originategntirely from Septentri®olaRxS Pro

receivers located within the CHAIN'he L1C/A and L2C carrier phase observables are

tracked at sampling ratef either 50 Hz 0100 Hz depending on the location. This

allows for the calculation of TE@t a maximum rate of 100 HElote that sice only

L2C can be used, only satelbtgansmitting L2C are availabfer this stug. Therefore,
whenwementiod al | avail able satel IMdrmewed, we 1 ef

satellites.

The standard method of calculating sTEC, as is outlinedhapter4, is used. We recall

the effect of the changes in refractive index on the GPS carrier phase observable,

|
S|~
S|~
S|~
B
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wherel is the electron densit is the geomagnetic field, ardis the angle between

the GPS ray path and the geomagnetic fielctar; we define TEC as

YOO 0 Qa )

Thus, truncating the higher order terms in ionosphere delay, we can calculate fhEC i

following way:

wheref is the carriefrequency, and- Ris the difference between the L1 and L2 carrier

phase observables.
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In ouranalysiswe must ensure the variations we observe are not caused by artifacts due
to the higheorderterms which are truncated in the TEErivationor due to difractive

effects We must also ensure the variations are significant, mearegguté above the
receiver noise floor. We describe the methods used in estimating the magnitudes of the
higher order terms in the ionospheric delay and the receiver nofse fiolfowing

subsections.

8.2.1 Bounding the Higher Order Terms

A portion of the analysis will focus on the higher order terms in the TEC equation,
derived from the Appletehiartree equation. These terms are presented in equatibns
through8.4. We are inteested in the possible magnitudes of these higher order terms
and their impact on theigh-frequencyTEC dynamics. To estimate these magnitudes,
we use the methods outlined in DaBarua et al. (2008), modified for the auroral region
where necessary. Thege methods of estimating the upper bounds of the magnatides
these higher order terms. To begin, we note that both the second and third order terms
(equations8.3 and8.4) both dependnthe magnetic field. To simplify and bound these
equations, the ngamitude of the magnetic field ah IPP corresponding to height of

350 km is chosen. This height is meant to represent the peak heightdentityand is
the height typically used when performing thin shell approximations (Lanyi and Roth,
1988; Wilsm et al., 1995). This height also agrees well with peak density height
measurements performed in the Canadian high latitude region (Mushini et al., 2009).

The magnetic field term will havibe most impact at the peak density, therefore, taking
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the magnitud of the magnetic field at this height and using it as an average height along
the entire ray path creates an upper bound. This then allows the magnetic field term to be
removed from the integrals. According to Campbell (1996), the geomagnetic field has
been shown to decrease during times aisgéed with an active ionosphere, and

Mannucci et al. (2005) wva shown that the peak electron density increases in height,
where the geomagnetic field is weaker, during active ionosphees fitherefore,

choosing tle magnitude of the B field at a quiet time peak heightagtihsan upper

boundfor active ionospheric timess well

In both terms, the angle between the GPS ray path and geomagnetic fielckector
present This angle will inherently get shalloweras increase in geographic latitude,
due to the fixed inclination angle of the GPS orbital planes. To upper bound the cosine

of the angle at high latitudes, we choose a fixed angle of zero.

Lastly, in the third order term, there is the square of théreledensity. We simplify

and bound this term again using the methods outlined in-Batiza et al. (2008)

0 Q& 0 & U Qa &

wherel is the maximum density, andis the shape factor. The maximum dengsty
estimated by
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whereOis the absolute first order ionospheric delay term, mapped to vertical. The
maximum density is then the total density spread over a 100 km band. Bilitz (2001)
showed that the maximum densisyusually spread over a 150 ko200 km band, thus,
using a thickness of 100 km here, and a shape factor of 1, we ensure an upper bound

estimate.

Substituting these upper bound approximations into equali8rasd8.4 gives the

following:

i i 0Q&Ni pPpCUIPTO DETES UBo

i i o0Q&® i yp&g 'Ni PR X wp T O §  yUB T

These equations will be used in estimgtthe upper bounds of the second and third

order terms in the ionospheric delay.
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8.2.2 Receiver Phase Noise

The dominant noise observed in the carrier phase observable, and thE€the
originates from the receiver Phase Lock Loop (PLL). Therefore, westamag¢e the
magnitude of the TEC noise by modelling the PLL jitter effects. The total PLL jitter can

beexpressed as (Irsigler and Eissfeller, 2002):

where,, is the thermal phase noise, is the Allen deviation noisg, is the vibration
induced noise, an@ 6 is the dynamic stress tensor. The thermal noise term isliedde

as:

whered is the receiver loop bandwidth frequencyt is the carrier to noise ratio, and
T is the predetection integration time. For the setuihe Septentrio PolaRxS Pro
receivers in CHAIN, the receiver loop bandwidth frequency is 15 Hz, and the

predetection integration time is 0.01 s. The carrier to noise ratio is logged at a 1 Hz
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sampling rate ithis setup, allowing the thermal noise to be calculatedhaaximum 1

Hz sampling rateas well.

The Allen deviation noise is dependent on the order of the PLL used in the receiver. For
the Septentrio PolaRXxrq, this is third order. This results in tfalowing

representation for the Allen deviation noise:

“"Q “"Q Q
o] oG 0]

where Qis the carrier frequency, p&0 , and then values are clock parameters
dependent on the oscillator used in the receiver. Fd8epéentrio PolaRxS Pran®ven
Controller Crystal Oscillator (OXCO) is used. This results in valuéQ of

C®pPpm ihQ c®dppmn ihandQ ¢® pp T s.

The vibration induced noise is, as the name suggests, dependetdroalesources of
vibration felt by the oscillator. For the CHAIN Septentrio receivers, most are in remote
locations with little to no external vibratianducers in proximity to the receiver. If
vibrations are felt by the receiver, they should be sived and of small enough
magnitude that they will negligiblélowever, in an effort to ensure the magnitudes are

an upper bound of those likely encountered in the real data, we include the vibration

183



induced jitter term using common values &oribration sgctrum as presented iaplen
and Hegarty(2005) For a thirdorder PLL the vibration induced phase jitter can be

modédled like:

. Q1 0711 |
% ¢ Q Q] Up T

whereQ is the ositlators gsensitivity, andO is the singlesided vibration spectral
density. The integral is taken over the vibration spectral density, ranging from the
frequenciesQto "Q Using constant-gensitivity of 1x1 1/g and a constant speaitr
density of 0.005 3Hz (onetenth the strength of a typical aircraft vibration spectrum,
(Irsigler and Eissfelle2002)), and setting the frequency spectrum from 0 Hz to infinity
we can calculate the expected magnitude. Taking these assumptionsatot athe

above equations can be simplified to:

o~ . T , ¢*'QQ1 07
% C*QQ71 O] 1—191 5 U v

Evaluating the expressigasults in a magnitude of approximately 0.03 rad for the L1

carrier.
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The dynanic stress tensor is dependent on the motion of the receiver, as felt by the
oscillator. More precisely, it is dependent on the derivative of position to the same order
as the PLL order. As was previously mentioned, the PLL order for the Septentrio
PolaRxSPro is third order, meaning the stress tensor is sensitive to the third order
derivative of position, or the first order derivativeaccelerationThe equation for the

dynamic stress tensor, for a thiodderPLL, is:

Q¢ 'Qd)c‘)f p
° T® p&d @

Note that the dynamic stress tensor equation is in units of meters. Since the CHAIN
stationsare set up in remotecationsandleft stationary after they have been set up,
there should be no effefrom the dynamic stress tensor term. Therefore, we choose to

ignore this term in the final PLL jitter estimation.

8.2.3 Constraining to Refractive Variations

As was discussed in Chapter 7, ionospheritticedhigh-frequencyvariations in the
carrier phasean come from both refractive and diffractive mechanisms. Here we are
focusing on only sulsecond variations in the TEC. Recall that TEC is directly
proportional to the difference between the L1 and L2 carrier phase observables, as is

described in equatiof19. If these sulsecond variations are diffractive in nature, they
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are not representative of the true changes in eledensityand are thus considered
artifacts in the TEC. To ensure the results do not contain these artifacts, we develop
criteria to éiminate these diffractive events. These are based on the work presented in

Chapter 7.

First, we define significant variations in TEC. The data, as it is provided by the
Septentrio receiver, is in off®ur increments, aligning with UTC time. Thus, resatts
processed in these oheur increments. We examine the TEC using the standard
deviations taken over orsecond intervals. This is described in more detail in the
following section. If these orgecond standard deviations exceed thedigma

thresholdthen they are considered significant. The-sigma threshold is defined as

, @P ¢y O U X

wherex is the data set of interest, and the square brackets indicate an interval of time of

one UTC hour, aligning with the provided détas unless otherwise stated.

Two conditions must be met for the STEC variationgd@onsidered real refractive
variations and not diffractive artifacts. First, there must be no significant variations in
the amplitude of the signal during the same time as the significant TEC variations.

Variations in the amplitudenply diffractive varations are present, as the amplitude will
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not vary due to pure refractive variations. We note that amplitude variations do not rule
out the possibility of refractive variations in the ssdrond range; this is seen in the
examples presented in ChapteHowever, it does indicate that diffractive variations are
present in the high frequencies, therefore, to ensure we are dealing with only purely
refractive variations, TEC variations with significant corresponding amplitude variations
are chosen to be igrex. Significant variations are determined using the scintillation
index &, described in equation 5.8. For a significant TEC variation event, we calculate
the S for both the L1 and L2 amplitudes. If thefSr either carrier exceeds the two

sigma threshal during the hour in which the event takes place, then the variations in the
amplitude are considered significant at that time. TEC variations corresponding to these

amplitude variations are then removed from the analysis.

The second criterion for detemimg the purely refractive variations is based on the

inverse frequencgquared dependence discussed in equation 4.16 and the results
presented in Chapter 7. If variations in the L1 and L2 carrier phase are refractive then
they will be deterministic, follwing an inversdrequency squared relationship. If the

ratio of the two variations are taken, or the slope of the linear fit between the two is
determined, the result should be approximately equal to the ratio of squared frequencies.
For the L1 and L2ariers this is roughly 1.646. When significant variations are found

in the TEC, the slope of the fit between the L1 and L2 carrier phase is obtained. Based
on the results presented@mapter7, we bandpass filter the L1 and L2 carrier phase
observable fron@.1 Hz to 2 Hz before performing the fit. If the slope of the fit lies

between 1.62 and 1.66, then the event is considered refratheewisethe TEC
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variations are removed from the analysis. The slope and frequency ranges were chosen
based on heuristanalysis, comparing the slopes of established refractive events with

events which were nalominantlyrefractive.

An example of a refractive phase variatieventdetermined using the above criteria, is
presented ifrigure8.1 andFigure8.2. This example was taken from the Churchill
station (CHUC) within the CHAIN, using satellite PRN 1 during UTC hour #idaire

8.1, the detrended L1 and L2 carrier phase observablesesenped in the top left and
top right panels respectively. The event of interest is clearly visdritredroughly on

47 minutes. The L1 and L2 detrended amplitude are presented in the middle left and
middle right panel respectively. From the detrendeg@ldaude alone it is clear that no
significant variations occur with the phase variations event. In the bptoeisthe
corresponding 8s presented, L1 on the left and L2 on the right. The red line indicates
the twaesigma threshold. The L1 and L2 & not exceed the threshold during the phase
variation event, and this meets the first criterion. The linear fit between the L1 and L2
carrier phase variations during the event is presentegjure8.2. The slope is 1.65,

lying within the 1.62" 1.66 range. Thus, this example event is a refractive variation

event based on the established criteria.
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Figure8.1 Example phase variations induced by purely refractive variations basked on
established criteria. Data was taken from the CHUC station using satellite PRN 1 during
UTC hour 4. The detrended L1 (top left) and L2 (top right) carrier phase observables are
presented with the corresponding detrended L1 (middle left) and L2 (nniglite

amplitude data. The event takes place at roughly 47 minutes. The corresparfding S
each amplitude data set is presented in the bottom panels with tsgytme rule

threshold in red. ThesSloes not exceed the threshold during the phase varatient.
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Figure8.2 The linear fit between the detrended L1 and L2 carrier phase observables
during the example event. The slope is 1.65, falling within thei11686 range chosen

for the refractive vaations criteria.

8.3 Results and Discussion

To begin the analysis of the sabcond signatures in thegh-frequencyTEC, we
gualitatively examine theigh-frequencyvariations in an example sTEC data set. One
minute of representative STEC data is preseintéige top panel ofigure8.3. To better
visualizethe subsecond variations in the STECiveo-secondsubset of the data is

presented in the bottom panel. Clear variability is observed in theestimd regime,
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with very smallmagnitudes, on the order of 0.01 TECU. These variations are
representative of thew magnitudesTEC we observed for this study. More active STEC
examples will be presented later. Due to the very small magnitude and consistent nature
of thesevariations, ve suggest two possible causes for them; artifacts due to the
neglected higher order terms in the ionospheric delay equatibigleirequency

receiver noise.

44.2

44.0

TECU

43.8

43.6
100 120 40 160

Time (s)

43.78 ¢

43.76 |

43.74 |

4372 L
120 121 122
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Figure8.3 A qualitative example of the smaimplitude high-frequencyvariations in
the inactivehigh-frequencysTEC. The top panel shows a representative example of the
100 Hz sTEC, for one minute. The bottom panel shotmsasecondsubset of the above

STEC.
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To better quantify the sufecond sTE@ariations, we calculatéé standard deviation
of the time series, usingame secondvindow. This will give a method of quantifying
the magnitude of the stgecond variations. Thenesecondstandard deviatiswere
calculated for all available satedlg at the Churchill and Fort Simpson stations for 50
full days worth of datal'he median of the standard deviations was found to be 0.012
TECU with a standard deviation of 0.001 TECU. An example obtteesecond
standard deviation for an inactive two amtalf hours of STEC data is presented in

Figure8.4.

0.03 -

0.02 y

0.01

1s Standard Deviation (TECU)

0.00 :
0.00 1.25 2.50

Time (Hr)

Figure8.4 A representative example of tbeesecondstandard deviations of STEC used

to quantify the suisecond variations thehigh-frequencyTEC.
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Recall inChapter 4where it was discussed that the GdeBived sTEC is directly
proportional to the delay induced on the GPS carrier pblaservableand that the

refractive index of the ionosphere is derived from the Applétartree equation. In

deriving the refractive index, the Appletbfartree equation is Taylor expanded

frequency and truncated to the first term. The first tacoounts fomostof the effects,
making the higher order terms negligible in most cases.ederthe suisecond

variations we observe are very low magnitude. Therefore, the higher order terms must be
examined further. Many works have been done to estimate the effects of the higher order
terms on the TEC (fonr@mple, see Kedar et al. (2003) atolgue and Jakowsky

(2007)), however, these works focus on the-raitl lowlatitude regions. The

assumptions and data used in these studies for these regions may not be acceptable for
the high latitudes, so we perfogmore appropriatanalysis here. Wese equatiors.1

with equations8.9 and8.10 outlined in the previous section, to obtain the expected
magnitudes of the second and third order terms in the ionospheric delay. This was done
for all available satellites, visible to either the Churchill ortRmpson stations, for the
same 50 days used for tbeesecondstandard deviation result. The median of the
expected magnitudes for the higher order terms was 0.042 TECU with a standard
deviation of 0.023 TECU. Note thtktis is an upper bound on the mégdes.

Therefore, although the median of these magnitudes is larger than the mediaonef the
secondstandard deviations in STEC, we cannot conclude with certainty that these
variations are an artifact of the higher order effadtsvever, it is likelythat the higher

order terms are contributing to these sTEC variations.
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We alsomentioned that these small magnitude variations in sTEComagausedy

receiver noise. Again, the method of estimating the magnitude of the receiver phase
noise, or jitterjsoutlined in the previous sectionhe jitter was obtained for each

available satellite at the Churchill and Fort Simpson station, for the same 50 days used in
the previous results. The median jitter was found to be 0.022 TECU with a standard
deviation 0f0.001 TECU. This islsosignificantly larger than the magnitude of the
variations being observed in the sTH®is estimation of the jitter is likely also an
overestimation due to the inclusion of the vibration induced jitter term. However, with
both thejitter and the higher order term magnitudes being significantly larger than the
TEC variationsywe must conclude that these variations are causedcbynbination of

these sourcedhis means that these low magnitude, consistently observed variations are

not ionospheric in nature.

As was mentioned near the beginning a$ #ection, larger magnitude sskcond

variations were observexs well These were less frequent, ith magnitudes
occasionallygreater than 2 TECU. Thenesecondstandard deviatianin sTEC, for a
exampletwo-hour active period, is presentedrigure8.5. Large magnitude variations

are observed, beginning most prominently at approximately 4.8 hours, with a few less
intense events observed at Bdurs, 54 hours, and 5.7 hours. Note that the expected
phase jitter for the two hours is presented as the green line and the expected magnitude
of the higher order effects in the ionospheric delagpsesentedby the blue line. Both

the higher order effects atige phase jitter are much too small to accounttefirst
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and fourthevents This suggests that these events are more than likely ionospheric
induced variations in the sTEC. Recalbwever in the previous section, the estimate of
the magnitude of thieigher order terms in the ionospheric delay is dependent on an
estimate of the magnitude of the geomagnetic field. For the analysis thus far, the
International Geomagnetic Reference Frame (2008) model has beeihisedodel

will not produce higHrequerty variations in the field which mayn fact,be present
during these active times in the sTEC. If thegg-frequencyariations in the
geomagnetic field are of a large enough magnitude, it could induce large variations in
the ionospheric delay stemmifrgm the higher order terms. We present the magnitude
of the geomagnetic fieldariationsnecessary to cause variations in the sTEC ranging
from 0.1 TECU up to 3 TECU. This is presentedrigure8.6. To cause variations of
just0.1 TECU, the geomagnetic field must vary with magnitudes on the order of 100
“ T; this is unrealistically large. Therefore, it is very unlikely that any variations in the

geomagnetic field are responsible for the large magnitude variations in STEC.
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Figure8.5 An example of active STEC, where larger magnitudesadond variations
are present. Thenesecondstandard deviations in TEC are presented in black, the
expected magnitude of the receiver phaserjin green, and the expected magnitude of

the higher order delay terms are in blue.
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Figure8.6 The magnitude of the variations in the geomagnetic field necessary to induce

variations in TEC from 0.1 to BECU.

8.3.1 Generation Mechanisms

To further show that these sgbcond variations in TEC are of ionospheric origimg

to determine the generation mechanisms of teesstscalestructuresywe attempt to
correlate them witlothergeophysical phenomanTheCARISMA network (Mann et

al., 2008) has an induction coil magnetometer, sampling at 20 Hz resolution, located in
Fort Churchill, near th&hurchill station inthe CHAIN. Analysis of thesignificantsub
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second TEC eventhows a qualitative correlation witsubsecond variations observed

in the geomagnetic field. An example event is presentédjure8.7, with theone
secondstandard deviatiagin STEC presented in the top panel, andathesecond

standard deviations in the hoontal component of the geomagnetic field in the bottom
panel. Four prominent events are observed in the STEC variations, occurring near 0.7
hours, 1.1 hours, 1.4 hours, and 1.6 hours. We observe significant variations at
approximately these times in theamagnetic field data as well. As with all events
analyzedyarnousdegrees of correlatios observed between the sabcond

geomagnetic field variations and the sdzond sTEC variations; for all events there is a

significantqualitativecorrelation, sggesting a relationship between the two.
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Figure8.7 An example of significant subecond sTEC (top) and visually corréeiat

subsecond variations in the geomagnetic field variations (bottom).

This corretition between the stdgecond geomagnetic field variations and-sabond
STEC variations is further corroborated by examining the time of day in which the
variations are most likely to occur. The distribution of all-sebond sTEC events, from

DOY 91 thraugh DOY 365, 2015, at the Churchill station (when data is available) is
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presented ifrigure8.8. We observe that stdecond sSTEC events are most likely to

occur around hour 0, hour 9, and hour 15 local time, with the peaks Ipgraxenately

4 hours wide. For the geomagnetic field d#ta,distribution of times when these events
occur is presented fhigure8.9. We observe peaks in the distributions near local
midnight, hour 7, hour 11, and hour 16. Té@gaks in the geomagnetic field data occur
well within the times where the sSTEC events are most prominent. This further suggests
the correlation between the ssbcond sTEC variations and the geomagnetic field

activity.

200



0.0400

I
|

0.0300 - -

0.0200 - - | - i

[

Relative Frequency

0.0100

[
|

0.0000

0 5 10 15 20
Local Time (Hr)

Figure8.8 Distribution of the local times corresponding to TEC events, for DOY 91

365, 2015.
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Figure8.9 Distribution of local times corresponding to geomagnetic field variations

events 6r DOY 9171 365, 2015.

As we discussed, it is unlikely that the variations in the magnetic field themselves are
the cause of these rapid variations in STEC. This can be further observed by a closer
examination of an example event of the geomagneticValdtions and the variations

in the STEC, presented gure8.10. To better visualize the comparison between the
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STEC variations and the geomagnetic field variations both are high pass filtered to
remove thdow-frequencycompaents. The geomagnetic field dataletrendedvith a

cut-off of 0.01 Hz, to removéhelow-frequencytrendand focusonly on the rapid

variations of the geomagnetic fieldls was discussed, we do not expect the magnetic
field variations to be the causetbe TEC variations; therefore, a lower detrending cut

off is used with the magnetic field data to better visualize when the activity o€tbers.
STEC is filtered using a 1 Hat-off since we focus on the variations greater than 1 Hz.
The example is agataken from the Churchill location, during DOY 73, UTC hour 5.

We see that the significant variations in the geomagnetic field (top panel) range from
approximately 0.45 hr to 0.6 hr. For the three example sTEC arcs (second through fourth
panels) the varians in the STEC vary in time, the first exam@RN 17)is seen just
before the geomagnetic field variations, the second exafBIN 3)is seen in the

middle of the geomagnetic field variations, and the last STEC €uBN 1)is seemt

the end of thggeomagnetic field variations. This further suggests that the geomagnetic
field variations are likely not the cause of variations in STEC. It is more likelypdnag
geophysical phenomenon is the cause of both the geomagnetic field variations and the

variaions in the sTEC.
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STEC, as seen from three separate GPS satellites (second through fourth panels). The

geomagntc field and sSTEC dathave been high pass filtered to better visualize to

hig

her frequency variations.

Using the data available from tDefence Meteorological Satellite ProgrédMSP)

satellites, we investigate the effects, and possible correlatiohighf latitude participle
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precipitation with the geomagnetic field and sT&iations presented thus far. We
examine an example dvarch17, 2015, using a pass tife DMSP satellite 16 from 11
hours23 minutego 11hours30 minutedJTC. We compare thigvent with a quiet time

the day before, March6, 2015, with a pass from Iiours37 minutes to 1hours44
minutesUTC. A selection of satellites, PRNs 5, 7, 15, anda3%bserved bthe

CHAIN stations Arviat, Gjoa Haven, Rankin Inlet, and Repulse Beyused. The pass

of theDMSP satellite for the timentervalsis presented ifrigure8.11. March 16 is

presented on the left, and March 17 on the right. The DMSP satellite track is represented
by the red line, the four CHAIN dtans represented by the black diamonds, and the
IPPsfor the GPS satellitest a height of 350 km, are represented by the blue lines. We
examine the total electron flux from the DMSP satellite during these passes. These are
presented ifrigure8.12. The left panel represesthe pass during March 16, the right
panels represent the pass during March 17. We observe a significantanoteas

electron energy fluxwith the total energy increasing nearly tfadd during the March

17 passNote that the total energy flux is an integral measurement of the electron flux
over all monitored energy levels. For the DMSP satellite, the energies range from 30 eV

to 30 KeV.
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Figure8.11 The track of the DMSP 16 satellite for Mar@, 2015 (left) and Marcii7,
2015 (right), represented by the red line. The Arviat, Gjoa Haven, Rankin Inlet, and
Repulse Bay CHAIN station are represented by the black diamonds, with the IPPs of a

few satellites ofnterest represented by the blue lines.
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Figure8.12 Electron energy flux for the DMSP 16 satellite pass over the Canadian high

latitudes. The passes occur during hour 11 UTC, on MEBcR015 (left) andMarch17,

2015 (right).

Theonesecondstandard deviations STEC during these timese presented iRigure
8.13. Eachcolour represerdga separate arc. There is a clear increase ihigfie
frequencyvariations in the STEC winecomparing the March 16 results (left) with the
March 17 results (right). This coincides with the increase in particle precipitation
observed with the DMSP 16 satellite. Geomagrfetld activity alsoincreass during
hour 11 UTC for Marcii7, 2015, whercompared to March6, 2015. This is seen in the
horizontal component of the geomagnetic field, as reported dpdietion Coil
MagnetometerICM) at the CARISMA Churchill location. The geomagnetic field
results are presentedfigure8.14; the data has been high pass filtered, which -®ffut

of 0.01 Hz like the previously presented results.
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Figure8.13 Theonesecondstandard deviations for GPS satellite PRNs 5, 7, 15, and 29,
as seen from the Arviat, Gjoa Haven, Rankin Inlet, and Repulse Bay stations. Each
colour represents ray pathThe left panel shows the data from Mat€h2015, the

right panel shows that data from Marth 2015.
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Figure8.14 The horizontal component of the geomagnetic field, high pass filtered, for

March 16, 2015 (left) and Marci7, 2015 (right).

These results suggest a correlation between the electron precipitation in the region, the
variations in tle groundbased magnetic field data, and the-sabond sTEC variations.
Before discussing possible physical connections behind this correlaipresentwo

more examples, one in which large magnitodegnetidield and TEC variations are
present, and second in which much lower magnitude variations are present in both the
TEC and magnetic fieldlhe everd takeplace during March 10, 2015 (DOY )/n this
examplewe use ten CHAIN stations to observe tigh-frequencyTEC variations;
theseareARVC, CHUC, CORC, FSIC, FSMC, GILC, MCMC, RABC, RAN@nd

REPC. This gives a wide coverage of the high latitude and auroral region. Fhe one
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second standard deviations of STEC, for all satellite paths observed by these receivers,
are presented iRigure8.15. Our analysis suggests that the first of the two euvahts

place from roughly 5 hours UTC to 9 hours UTC, while the second event is from
approximately 16.5 hours UTC to 19.5 hours UTC. The large magnitudeesohd,

variations in tie STEC is clearly observed during these times.
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Figure8.15 The onesecond standard deviation in STEC for all available ray paths

during DOY 70, 2015.

The horizontal geomagnetic field component, as medsitrthe Churchill station in

CARISMA during DOY 7Qis presented ifrigure8.16. As per the earlier analysis, the
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data is higlkpass filtered with a 0.01 Hz caff. We observe significant activity at times

overlapping with the fst STEC event, and very mildtagty during the second event.
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Figure8.16 The high pass filtered horizontal component of the magnetic field data. The
data was taken from the Churchill station ICM in @&RISMA networkduringDOY

70, 2015 Significant variations in fieldata are present during roughiyéurs UTC to

8 hours UTCwhich corresponds to the first STEC evévitich lower magnitude

variations are present in theagnetic field data during th&X5 hours UTC to 19.5 hours

UTC sTEC event.
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Unfortunately, the DMSP satellites are not located within the area of interest during the
time of the events; however, we can use the particle precipitation data provided by the
Geostationary Operational Envinoental SatellitdGOES. Two GOES satellites are
operationg| providing overlapping coverage of North and South American regions. The
coverage from these two satellites is illustrateBigure8.17. GOESWest(GOES15)
provides overage with a western bias, WhiBE®OESEAST (GOES13) provides

coverage with an eastern bias. Since GAB®rovides coverage more suitable to the

CHAIN network, data provided by GOE is used for this study.

GOES WEST GOES EAST
GOES-15 GOES-13
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GOES-14 h
On-Orbit Storage
/

Figure8.17 lllustration of the coverage provided by BOESWestand GOESEast
geostationary satellites. TIBROESEastsatellite provides coverage of central and
eastern Canada and teereforemore relevant to this study. Retrieved from

https:/www.nesdis.noaa.gov/content/gaelBasbecomegoes16.
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The GOES provideslectron flux for three energy levels: electravith energiegyreater

than 0.8 MeV, greater than 2 Meahd greater than 4 MeV. Figure8.18 we present

the electron flux for the entire day of March 17, the panels are arranged in increasing
order of the energy levels, from top to bottdrhe black lines in each panel correspond

to the electron flux measured by the eastward facing detector while thengue li
represents the westward facing detedtothe 0.8 MeV and 2 MeV minimum energy

levels we observe a significant smooth increase in electron flux starting at approximately
5.5 hours UTC. This corresponds well with the first-sebond sTEC variation enve In

the 2 MeV minimum energy levels data we also observe a significant increase in flux

prior to 18 hours UTCThis corresponds well to the second sTEC variation event.
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Figure8.18 The electron flux meaurements from the GOER3 during March @, 2015.
The panels are ordered by energy levels, increasing from top to bottom. The blue lines
represent the westward facing detector and the black lines represent the eastward facing

detector.

We note thaa signficant, low frequency, increase in flux is observed between the two
events of interest with no corresponding significantsedond TEC activity. This
change in electron flux is still expected to cause variations in the TEC. For
completeness, this is shown Figure8.19 TEC along various GPS ray paths during
UTC hours 10 through 16, DOY 70, 2015, for 6IKMAIN stations Each colour
represents a different réygure8.19 which presents the available rdgs the GPS

satellites for six of the CHAIN stations, during UTC hour 10 through UTC hour 16. The
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