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Abstract

Radio signals transmitted by GPS satellites orpitthe Earth are modulated as they
propagate through the electrically charged plasim&gpand ionosphere in the near-Earth
space environment. Through a linear combinatio®Bt range and phase measurements
observed on two carrier frequencies by terrestiéaed GPS receivers, the ionospheric total
electron content (TEC) along obligue GPS signahgahay be quantified. Simultaneous
observations of signals transmitted by multiple GRa&llites and observed from a network
of South African dual frequency GPS receivers, tiuie a spatially dense ionospheric
measurement source over the region. A new metbggipbased on an adjusted spherical
harmonic (ASHA) expansion, was developed to esenditirnal vertical TEC over the
region using GPS observations over the region. Ppeeformance of the ASHA
methodology to estimate diurnal TEC and satellite @aeceiver differential clock biases
(DCBs) for a single GPS receiver was first testeth wimulation data and subsequently
applied to observed GPS data. The resulting diufiggC profiles estimated from GPS
observations compared favourably to measuremeaots three South African ionosondes
and two other GPS-based methodologies for 200Gic®land equinox dates. The ASHA
methodology was applied to calculating diurnal tmensional TEC maps from multiple
receivers in the South African GPS network. Thacspphysics application of the newly
developed methodology was demonstrated by investgahe ionosphere’s behaviour
during a severe geomagnetic storm and investigatiadong-term ionospheric stability in
support of the proposed Square Kilometre Array ($KAdio astronomy project. The
feasibility of employing the newly developed teafue in an operational near real-time
system for estimating and dissimenating TEC valwe®r Southern Africa using

observations from a regional GPS receiver netwods investigated.
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Chapter 1

Introduction

1.1 Problem description

This thesis reports on the investigation into depilg and implementing a methodology to
supplement South African ionosonde observationsh witotal Electron Content (TEC)
measurements quantified from navigation signaleniesl by a dense network of ground-based
dual frequency GPS receivers. A spherical harmbaged methodology was developed and
evaluated using simulated measurements from tleenlational Reference lonosphere (IRI) (Bilitza,
2001) and the methodology performance was compareteasured ionosonde data and other GPS
methodologies (Oppermaat al,.2007). The methodology was also used to investigad report

on South African ionospheric conditions in suppdrthe South African bid for hosting the Square
Kilometre Array (SKA) radio telescope (Opperman al,. 2005) and to describe ionospheric
dynamics during a geomagnetic storm. The feasibilif near real-time application of this

methodology is also investigated and discussed.

1.2 Motivation

South African ionospheric research commenced an&vil with the installation of Wadley
ionosondes in Cape Town, Johannesburg and Grahamgtdewitt et al, 1947; Wadley, 1949;
Gledhill and Szendrei, 1947). In time, other instents such as Relative lonospheric Opacity
(RIO) meters (1960’s) and, to some extent, theafatic-based Southern Hemisphere Dual Array
Network (SUPERDARN) Radar (1996) were introduced bas served South African ionospheric
research well (Gledhill 1947; Kihn 1968; Poole 198%oker 1987; Gledhill 1991; Poole 1991;
Wilson, 2002; Haggard, 2004; McKinnell, 2004). dsondes, however, remained the principal

South African quantative ionospheric investigativestruments to date and were frequently



upgraded to state of the art and occasionally catkml (Baker 1993) to the present operational
network of three Lowell Digisonde Portable Soun(@PS) ionosondes located at Grahamstown
(26.53°E, 33.30°S), Louisvale (21.20°E, 28.50°3) Etadimbo (30.90°E, 22.40°S)Figure 1).
Measurements from the South African ionosonde nd¢wmowever, remain relatively sparse with
twenty-minute interval measurements operationadlyistered by three ionosondes approximately
1000 km apart. Advances in South African spacesioByresearch and related disciplines, however,
require ionospheric information with better spasiatl time resolution than was previously possible

with the existing ionosonde network.

Densification of ionospheric measurements in timd apace may be achieved by exploiting the
ionospheric delay on GPS navigation signals, agerebd by a network of ground-based dual-
frequency GPS receivers. This technique has redemide-spread international attention since the
1980s and, following the work of Schaer and otl{8chaeret al. 1995; Schaeet al. 1998; Schaer
1999), this technique is presently implemented ajp@nally by several institutions and facilities to
supply Global and (limited) Regional lonospheric gdavith a more improved time and spatial

resolution than is possible with sparsely dist@olibnosonde measurements.

The feasibility of conducting GPS-based ionosphersearch in South Africa was first investigated
by Cilliers and the author (Cillierst al, 2003; Cillierset al 2004) during an investigative study
into Computerised lonospheric Tomography (CIT)@mtek Ewation (Cilliers, 2003; Cilliers and
Opperman, 2003; Opperman, 2003; Cilliers and Qppar 2005). First results for constructing 2D
Total Electron Content (TEC) maps from a South@sn network of GPS receivers were presented
in 2004 (Opperman, 2004). With up to 350 TEC measents per second available from an
existing South African GPS networlEigure 1), it is feasible to create high time and spatial
resolution 2D TEC maps at 0.25°x0.25° resolutiotoigitude-latitude and one minute in time; a
significant improvement over present publicly agbie products. The development of a new GPS-
derived methodology and the first-time applicatidrihis technique to South African circumstances

is the focus of this thesis.
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Figure 1. CDSM GPS network. Solid (red) triangles represeat-time receivers and blue (open) triangles
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Appendix B.

1.3 Thesis layout

This thesis is structured around the following dbeg Introduction and problem description
(Chapter 1), lonosophere structure (Chapter 2), &Manopagation and GPS theory (Chapter 3),
GPS-based ionospheric models (Chapter 4), Modekldpment and evaluation (Chapter 5),
Application to radio astronomy (Chapter 6), Applioa to ionospheric response to a geomagnetic

storm (Chapter 7) and Conclusions and future wGhapter 8).



Chapter 2
lonosphere structure and conventional

measurements

2.1 Introduction

Balfour Stewart was the first person to postulatéomosphere when, in 1882, he attributed currents
in the upper atmosphere as the probable origirhefdlectric currents that produced the solar-
controlled variation in the Earth’s magnetic fieldeasured at the Earth’s surface (Kivelson and
Russel, 1995). Proving this assertion ultimatedlied on the development of radio science
stemming from the theoretical and experimental wafrideinrich Hertz (1893) and James Clerk-
Maxwell (1873) into radio waves and electromagmetisespectively (Hunsucker, 1991). The
presence of such an upper-atmosphere electric {@ger‘accidently” demonstrated in 1901 when
Guglielmo Marconi used a simple spark producingaadansmitter in successfully transmitting
radio signals between Poldhu in Cornwall, UK and@&tn’s in Newfoundland, Canada. To explain
Marconi’'s 3500 km transatlantic transmissions, Hgde and Kennely independently postulated
the existence of a highly conductive ionospherel@®2. Subsequent research revealed that
Marconi’'s signal was reflected at least twice frthra ionosphere along the transmission path. The
existence of thigleaviside-Kennellyayer was experimentally proved by Appleton andnB& and
Breit and Tuve in 1926 during their respective expents in determining the layer’s height and
charge composition from reflected radio signaldie Three different layers discovered through the
course of their work were named E, F and D aftepl&jon’s designation of the vectors reflected
from the different layers (Kivelson and Russel, 399 Appleton and Hartree’s work on radio
propagation ultimately led to the development af #hppleton-Lassen generalised equation for
determining the refractive index of an electromdignevave propagating through a dispersive
medium such as the ionosphere (Rishbeth and Gardi669).



Today, radio science remains the primary tool faaming measurements of the ionosphere and the
original methods of Breit and Tuve, using shortrtically directed radio frequency pulses and
inferring the height of the electrically reflectitmyer from timing the arrival of the reflected is&d,

is still used in sounding the ionosphere (Kivelsod Russel, 1995).

2.2 Structure and composition of the ionosphere

The ionosphere is the region of ionised plasmanebtg 80-1200 km above the Earth's surface and
forms the transition region between the neutralosiphere and the fully ionized magnetospheric
plasma (Baumjohann, 1999). The ionosphere is itotext of free electrons and ions which are
produced during interaction of extreme ultra viol@UV) and X-ray radiation with upper
atmosphere neutral gas durilegisation a process involving the stripping of electror@rirneutral
atoms in the atmosphere to form positively chaiiged and negatively charged electrons. The net
value of the number of free ions and electronh@ionosphere is determined by the rate at which
specific species of ions recombine with electronsfarm neutral atoms, a process called
recombinationfMcNamara, 1991). Two types of recombination ak@ived:

Radiativerecombination. Electrons combine directly withgpeonverting them into neutral atoms

and emmitting a photon to conserve energy and mameeg
O"+e - O + photor

Dissociativerecombination is a two-stage process. In thé $tage, positive ioneg N*) interact
with neutral moleculeseg O,), replacing one of the atoms in the molecule ardhing a neutral
atom and a positively charged molecular ieq,

N*+0, - NO"+0O

In the second stage, electrons combine with thdynéwmed molecular ion, forming two neutral

atoms

NO"+e - N+O



The dissociative recombination rate is about 1G3@ef than the radiative recombination, resulting
in much shorter lifetime for molecular ions tham ftomic ions. Due to molecular ions’ short
lifespan, when their production is rapidly redu@tdight, rapid recombination quickly reduces the
plasma concentration. The @t higher altitudes often survives the night (Kgland Heelis, 1989).
Daytime ionisation involving UV radiation is term@thiotoionisation Because different gas atoms
and molecules are more abundant in some regiotiseaieutral atmosphere than others, ionisation
and recombination of the different species resuoldiffering electron densities concentrated at
different layers of the ionosphere. These layeescalled the D, E and F regiorsiqure 2) and

their structure and composition are briefly disedss

2.2.1D-layer

The D-layer peaks at 90 km above the Earth. loisais due to the Lyman alpha-hydrogen
radiation at 121.5 nm ionising nitric oxide (NCDuring periods of high solar activity (50 sunspots
or more), hard X-rays (< 1nm) ionise &d Q in this region. The maximimum electron density at
noon reaches 1.5x1@m?> Recombination is high in this region with a ésg low net ionisation.
High frequency (HF) radio waves are subsequentlyrafiected by this layer. The D-region is
mainly responsible for HF absorption around 10 Vil below with smaller absorption at night
and greatest at midday. The D-layer greatly dighas after sunset, but remains due to galactic

cosmic rays.

2.2.2E-Layer

The E-layer peaks at 110 km above the Earth witmmeak electron density values of 1.5.¢0>
and nighttime highs of less than 1%1€m?® lonisation is due to soft X-rays (1-10 nm) and
ultraviolet (UV) solar radiation of molecular Oxygyd€O,). Nighttime E is due to electron and

meteor bombardment.
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2.2.3F;-layer
The R-layer peaks at 200 km above the Earth with noak éectron density of 2.5x1@m?>. It

dissapears at night when combining with thddyer to form the nighttime F-layer. lonisatioh o
atomic oxygen (O) by Lyman continuum or by He enwsiais lines, probably accompanied by N
ionisation which dissapears after sunset. Moshefivnisation is in molecular form and disappears

by dissociative recombination.

2.2.4F,-layer

The R-layer peaks at about 300 km with peak electrorsitewvalues of 1®cm® (noon) and 190

cm® (night). The k layer's height and electron density is highly aate and large daily, seasonal
and sunspot-cycle variations are combined with gdnerratic behaviour. lonisation is due to
extreme ultraviolet radiation (EUV) (10-100 nm) aolradiation of atomic oxygen (O). The

ionosphere’s highest electron density values agsgmt in the F2-layer.

2.3 Parameters relevant to ionospheric measurements

The definitions of ionospheric and solar paramegers concepts relevant to this study are briefly

presented:

foF> : The critical frequency of the,fayer

NmF2: The maximum electron densityte F, layer
hoF2 - The k peak electron density height

K-index A three-hourly quasi-logartithmic local indef geomagnetic activity relative to an
assumed quiet day curve for the recording site. Khedex measures the deviation of the most
disturbed magnetic horizontal component and isndicator of geomagnetic storm intensity. The

index range is from 0-9 with 9 inidicating seveeomagnetically disturbed conditions.

Ke-index. A three-hourly planetary (global) geomagnandex of activity based on the K-index of

12 or 13 stations distributed across the globe.



SSNThe Sunspot number is an indication of solar @gtiand is calculated from the number of
individual sunspots on the Sun and the number o§ot groups. High SSN values indicate high
solar activity. The Sun experiences an 11-yeaspoincycle with periods of relative high (Solar

max) and relative low (Solar min) SSNs as illugdain Figure 3.

300

“nanhe A

1880 1900 1920 1940 1960 1980 2000
Date

Figure 3. Time series of sunspot number observations illtiatyathe 11-year SSN cycle. Note the Solar

maxima and minima. Image courtesy of NASA.

2.41onospheric variation

As the ionosphere owes its existence to the Sdimeasiain ionisation energy source, the ionosphere
naturally varies with time of day, season and gaplgic position. The following major variations

are briefly discussed.

2.4.1Diurnal variation

The day-night variation due to the Earth’s rotatioNighttime electron densities are much lower
than daytime values, because of higher recombimmattes in the absence of a radiation source.
Daytime electron densities typically reach theialpat two hours past local noon due to the Earth’s

atmosphere lagging two hours behind the solid Earttation.



2.4.2Seasonal variation

At different times of year the Sun is verticallyozle different geographic locations. At equinox
noon (March 21, Sep 23) the Sun is vertically abolbservers at the equator and vertically above
observers at the Tropics of Capricon and Cancesalstice dates (21 December, 21 June). As
vertical illumination from the Sun results in high®snisation rates, higher electron density

concentrations are observed at these locationsaeme tdates than at other locations.

2.4.3Latitudinal variation

Similar to diurnal and seasonal variation, the Supmosition relative to the atmosphere plays a
significant role in latitudinal variation of ionoseric densities. The solar zenith angleéhe angle
measured from an observer’s local vertical to tha, Sletermines the intensity of ionisation where
locations with small zenith angles are exposedigbdr radiation rates. The Sun’s zenith angle at
the Tropic of Capricorn (23?5) at noon on 21 March (sourthern Autumn equinoil) ve 47°,
with expected lower ionisation rates and densitres at the Tropic of Cancer where the Sun will

be vertically overhead (zenith angle 6j.0

2.4.4Solar activity variation

Refers to the ionosphere’s response to increasedpet activity or sporadic phenomana like
coronal mass ejections, solar flares or X-ray #aedl of which introduce raised levels of radiatio
resulting in increased plasma densities in thesphere. As discussed in paragraph 2.3, the Sun
exhibits an 11-year sunspot cycle with periods igfhhand low sunspot activity. As plasma
production in the ionosphere is proportionate tospot numbers, the ionospheric densities follow
the 11-year sunspot cycle. This is aptly illugtdaby the long-terni,F, variation measured at
Grahamstown, South Africa and illustratedrigure 4.

2.4.5Equatorial anomaly

The equatorial anomaly is a region of high electlensity distributed symmetrically at 15° around

the geomagnetic equator. This anomaly is also ka®the “fountain effect”.

10
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2.5 Conventional ionospheric measurements

2.5.1lonosonde

In South Africa vertical electron density profilaee measured at 15-30 minute intervals from three

Lowell DPS ionosondes located respectively at Gradtawn (26.53°E, 33.30°S), Louisvale

(21.20°E, 28.50°S) and Madimbo (30.90°E, 22.40°Slhese presently constitute the only

operational measurements of the ionosphere ovethSéfrica. An ionospheric sounding

constitutes a vertical sweep of the ionosphere Ipyeadetermined frequency band (< 30 MHz).

During a sounding, electron density values areutaled from reflected radio waves corresponding
11



to the density-dependent critical plasma frequefycpf the ionised plasma and density heights are
inferred from the time-delay of the reflected radvave Figure 5). The relation between the
electron densityiNe, and density-dependent critical plasma frequeficis given by (Chen, 1984)

2
N, :—m(z’;f) % 2.1

where
Ne Electron density (number of electronyy/m
f Reflected radio frequency (HizF f,
e, m Electron charge and mass respectively (1.6025%@09.1095x15"kg)

€0 vacuum permittivity (8.854x1 F.ni%)

Profilogram, GR13L, DPS-4, SAD Explorer, v 3.4.08
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Figure 5. Profilogram illustrating reflected frequency (Jagnd corresponding electron density (bottom) of

the lower ionosphere as observed by the Grahamdtowonde on 15 March 2006.
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The heightz, at which the frequency-dependent electron densiye, N, ( f,) occurs, is calculated

from the following parameters (Huang and Reinid&96)

fs  Starting frequency in MHz,

fn  Ending frequency in MHz,

Zn Peak height of the layer in km,

A Coefficients of the shifted Chebyshev polyndmia km

M-

ZiZZn+\/EX

AL
B

whereg; is a scaling factor associated with theeflected frequency, and Tji are the shifted

AT

J

1l
o

with

Chebyshev polynomials fgel, ... 4:

T, =1
T =29 -1
Tji :2(29 _1)1?—1_-';—2

The calculated electron densities and associateghtiseconstitute an electron density profile of the
bottomside ionosphere up t@ peak density heighhgF,) (Figure 6). Signals above the,peak
density frequencyf{F,) are transmitted through the ionosphere. Top prdéles are extrapolated

by fitting Chapmara function to the measured bottomside profile (Rshiand Huang, 2001).
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Figure 6. A typical profile of electron density vs height abtained from ionosonde data. The specific
profile pertains to 31 May 2005, 14:30 UT as reedréit the Grahamstown ionosonde. The bottomside
profile (below the peak electron density valuedéived from a measured ionogram, while the toe sid
profile is obtained by fitting a Chapman modelthe peak electron density value. The total electamtent
(TEC) is obtained by integration of the densityngidhe vertical height co-ordinate. For this peofihe TEC
was determined to be 19.6 TECU

2.6 lonospheric Models

2.6.1Chapman function

Chapman profiles are generally used to describsosed local time, and latitudinal variations of

electron density and are given by (Rishbeth andi@gr1969)

N(z)=Ee—(FZ) 2.2

whereNg(z), the electron density which applies at a solar heauitgle ofy is
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1[1— z-€*% seC)(]

Ne(z x)=¢€ 23

and N F, is the peak electron density of thelayer. In Eq. 2.2,zis the normalised height given

by

In Eq. 2.4’ is the distance above the F2-peak Bnd the scale height

H=XT 25
mg

where
k. Boltzmann’s constant
T. Kelvin temperature
m molecular mass of gas

g: gravitational acceleration

2.6.2International reference lonosphere (IRI)

The IRI is an international project sponsored by @ommittee on Space Research (COSPAR) and
the International Union for Radio Science (URSHor a given geographic location, time and date,

the IRl model describes the elecron density, edecttemperature, ion temperature and ion
composition (O, H, He", NO', O;), ion drift and Total Electron Content (TEC) iretlaltitude

range 50 — 2 000 km. IRI provides monthly averagdble non-auroral ionosphere for magnetically

quiet conditions. The major data sources for tRé rhodel development are the world-wide
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network of ionosondes, incoherent scatter radaellga top side sounders ama situ instruments

on several satellites and rockets (Bilitza, 2001).

2.6.3South African Bottomside lonospheric Model
The neural network-based SABIM ionospheric modecKiinell 2003; McKinnell and Poole

2004) is the only regional ionospheric model spedd South Africa. It comprises a set of
coefficients derived from a neural network traimeth measured ionosonde data, geographic
location, K, index and sunspot number. Estimated coefficigetsnit the prediction of vertical
electron density profiles over South Afriap toh,F, within the input space defined by the training

data sets.
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Chapter 3

GPS-derived ionosphere

3.1 Introduction

The Global Positioning System (GPS) is a consteliabf navigation satellites operated by the US
Department of Defence (DoD). GPS became operdt@mné January 1980 and consists of at least
24 operational satellites distributed in 6 orbgkdnes with 4 satellites per plane. Each satdibte

a 12-hour orbital period and 55° orbital inclinatiand orbits at approximately 20 200 km above the
earth. Up to twelve satellites are visible at anyeqg time. The time, position and velocity of all
GPS satellites are continuously monitored by a agtvof ground-based radar and satellite laser
ranging (SLR) instruments and reported to the magtund control which processes and regularly
updates each satellite’s ephemeris (positionakimnétion). GPS satellites transmit their individual
ephemeris (and other information) on two carriegérencies in the L-band for civilian ude:=
1575.42 MHz (L) andf, = 1227.60 MHz (k). GPS receivers record accurate range measateme
to each visible satellite from the observed sidgralelling time (time-of-flight) and phase (number
of wave cycles). From the known satellite posia@and the observed range measurements it is
possible to derive the GPS receiver position (pmsifix) by means of a least squares or Kalman
filler solution (Strang and Borre, 1997). The eigive nature of the electrically charged
ionosphere, however, introduces a phase advancgrand delay on observed GPS signals, causing

errors in the measured range and, subsequentbysenrpostion fix.

This chapter describes the theory of radio wavepggation through the electrically charged
ionosphere and how the refraction-related errory be exploited to obtain line-of-sight (LOS)

measurements of the ionosphere along GPS sigried.pat
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3.2GPS theory

GPS signals, like other electromagnetic (EM) waaes,affected by the electrically charged ionised
plasma in the plasmasphere and ionosphere. Theytbé EM interaction with a charged medium
is well understood from such works by (Ginzberg7@;9Chen, 1984; Davies, 1989; McNamara,
1991). Within the context of GPS signals propagatihrough the ionsosphere, this paragraph
substantially relies on the work reported by (HoimaVellenhofet. al, 2001).

3.2.1Wave propagation
The phase velocity of a single electromagnetic waik wavelengthd and frequency is denoted

by

=Af 3.1

<
|

ph

The group velocity of a group of waves with slightiifferent frequencies is defined by

Vy = —%AZ 3.2

The phase and group velocity can be related bydggtkie total differential of Eq. 3.1

dvph = fdA + Adf 3.3
and rearranging as
d
af _1%h 3.4
daA A di A

Substituting Eq. 3.4 into Eq. 3.2 yields
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Vor = = + fA 35
gr dA

Noting thatv,, =fA, Eq. 3.5 becomes the Rayleigh equation

dA

3.6

Note. EQq.3.2 implicitly contains dispersion, defined as tfependence of the phase velocity on the
wavelength or frequency. Phase and group vel@ityequal in non-dispersive media and equals

the speed of light in a vacuum.

The refraction index of a medium is defined by
n=% 3.7
v

Applying this expression to phase and group vejotite corresponding refractive indicag, and
Ngr are obtained

Vph :L,\/gr :i 38
nph ngr
Differentiation of phase velocity w.rX.yields
dv,, __¢C dn,, 3.9
dA nf)h dA
and substituting into Eq. 3.6
dn
€ - C & 7ph 3.10




or

dn
S Pl s 3.11
this may be inverted to
dn
Ngr = Npp| 1= A———P | 3.12

by using the approximatiofi+¢) ™ =1-¢ for e<< 1

Thus

dnph
dA

3.13

is the modified Rayleigh equation. A slightly @ifént form is obtained by differentiating the

relationc = Af w.r.t. A andf, i.e.

a__df 3.14
A f '
and by substituting the result into Eq. 3.13
dn
Ny = Ny + f?"h 3.15

3.2.2lonospheric refraction

The ionosphere is a dispersive medium with respethe GPS radio signal. Following (Seeber

1993), the phase refractive index may be approxachhy the series
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=1+:—2+&+&+... 3.16

The coefficients; do not depend on frequency, but on electron dgrisé expressed as number of
electrons i1, along the propagation path. Using an approxionaliy trunctuating the expansion
after the quadratic term yields (more than 99.9%ueate ignoring higher terms)

c
Nph =1+f—22 3.17
Differentiating
__ 2

and substituting Eqgs 3.17 and 3.18 into Eq. 3.&kygi

_ Co 202
Ngr -1+—2—f—3,or 3.19
f f
_._C2

It can be seen from Eg3.17 and 3.20 that the group and phase refracttieas deviate from unity
with opposite sign. With an estimate fpr(Seeber, 1993)

c, = —40.28\e [HZ7], 3.21
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the relationng, > npn and thusyy < vph follows, becauséleis always > 0. As a consequence of the
different velocities, a group delay and phase adeaaccurs. Stated differentlfcPS code
measurements aréelayedand the carrier phaseslvanced Therefore, the code pseudo range
measurement i®o longand the carrier phase pseudo range measurtsd short compared with

the geometric (true) range between satellite acéiver. The difference is the same in both cases.

3.2.3Total Electron Content

According to Fermat's principle, the measured raagis defined by

s= Inds 3.22

where the line integral is extended along the digath. The geometric rang®, is the straight line

between satellite and receiver and may be obtdigesttingn = 1.
So = _[ dsy 3.23

The differenceA’®™ between measured and geometric range is calleiriospheric refraction and

follows from
A" = [nds- | dg 3.24

this may be written for a phase refractive indgy, from Eq. 3.17 as
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ion _ Cz
A —j(1+?jds—j ds 3.25
and for a group refractive indeny,, as

N :j(l—%jds—j ds 3.26

A simplification is obtained when allowing the igtation for the first term in Eq8.25 and 3.26

along the geometrical path. In this cadsbecomesls, and the formulas become

ion _ C
A= +If—22dsb
c 3.27
ay =~ ~5d
Substitution of Eq. 3.21 into Eq. 3.27 renders
oo _ 40.3
Aph - _?j Ne[ﬂ%
40.3 3.28
A=+ le J'NeEtlg
Defining the Total Electron Content (TEC) as theelintegral
TEc=jNem|sO 3.29

and substituting into Eq. 3.28 yields

23



40.3

Ay =+—"TEC
f
403 3.30
A =-—5"TEC

The TEC introduced by Ed.30 is the total electron content along a sigagl path between
satellite and receiver. The integral is assumaddiude all the electrons in a column with a cross
section of 1 mand extending from receiver to satellite and TE@neasured in TEC units with 1
TECU = 10° electrons.n.

lonospheric range delay on L1 L2 carrier frequencies
T T T

30

—— L1=1575.42 MHz
—— L2=1227.60 MHz |

25

N
o

Range error (m)
[
(&)}

10

TEC units

Figure 7. lonospheric delay dependence on TEC and frequesiog Eq. 3.30

It is clear from Eq3.30 that TEC may be quantified given an ionosgheange errorA®". The
following section discusses the methodology foraobhg the ionospheric range error from the

differential of the two carrier frequencies.
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3.2.4Relating GPS observables to Total Electron Conter(fTEC)

The fundamental observation equations for code @rder phase measurements are given by
(Schaer, 1999)

P =0+ 000 +D0yep +C(OL° = A7) +c(b° +bF) + £ 3.31
L = p=Dpy, +DP,, +C(AL] —AL %) + AB+E 3.32
where
p - geometrical range between receiver andlgatel
At At - satellite and receiver clocks esyor
Doy s DOyop - ionospheric and tropospheric retfcm,
bS,bR - satellite and receiliardware delays,
A - wavelength,
c - speed of light&a vacuum,
B - frequency-specghase ambiguity bias,
& E - residual random esrdue to multipath interferencetc

Note the ionospheric delay sign difference in #ed phase-derived pseudo range expressions. The
implication is that the pseudo rangerisreasedby the ionospheric effect, while the phase-derived

pseudo range decreasedy the same amount.

By setting

o' =p+c(AtcS —AtCR)+Aptrop 3.33

the equations for P-code observations and carhease observations from dual frequency GPS

receivers can be simplified (Schaer 1999)
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P =p+ 1 +c(b’+ )

3.34
F>2:,0'+£I+c(b§’+b;)
L =p'-1+AB,; 3.35
L,=p'-¢él +A,B, '

where
£=1°/1,> = 1.647 - factor relating ionospheric refracttor_,

I - ionospheric refiantrelated td_; [metres],
B1,, B - carrier phase ambiguitied.@andL,

The “geometry-free” linear combinations for P-caohel carrier phase observations are defined by

EZE:E 3.36
When Eqgs 3.36 are applied to Eqs 3.34 and 3.3%bian
P, =+&, +c(AbS—AbR) 3.37
L,=-¢,] +B,
where
& =1-1,°/1,> =0.647 - factor relating ionospheric refractmml4 to L,
B, =41B1 —1:B; - ambiguity parameter (unknown wavelerajthet)
Ab® =h°-b° - Satellite Differential Code Bias (DYJB nanoseconds
Ab® =17 - b} - Receiver Differential Code Bias (DdBnanoseconds

The geometrical range, clock-offsets and troposplaglay defined in Eq 3.33, are identical for
both frequencies and are effectively eliminatedthsy linear combinationB, andL, in Eq. 3.36.
lonospheric modelling is conducted using the “getoynBee” P, andL, as they only contain the

ionospheric refraction, the hardware delay#b® 4b® (code measurements) and the ambiguity
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parameteB, (phase measurements). Solving Barand the satellite and receiver DCBs however, is

not a trivial exercise and will be discussed inrb&t section.

The relationship between TEC aRg code observations is obtained by equating thesioneric

refraction,| in Eq 3.37, with the group delaygr” in Eq 3.30, ignoring the DCBs, pseudorange

multipath, ambiguity paramet&; and phase measurements for now:

P 54 ion

EC
=& f2

=a TfEC 1- fl} 3.38

_ f2—f
aEI'ECEI—

= aEI'ECEE —izj
fl f2
1 1\
f1 f2

3.2.5Resolving integer ambiguity and differential clockbiases

Subsequently

3.2.5.1Phase levelling

Carrier phase-derived TEQKEQG) is 2-3 orders of magnitude less noisy than TEEG) (Wilson
and Mannucci, 1994), but requires correction fa timknown ambiguity-offseB, and infrequent
cycle slips due to signal loss of lock. SolviBgis non-trivial and the subject of ongoing research
eg on the Fast Ambiguity Resolution Approach (FARA) (Faeid Beutler, 1990) and the Least
Squares Ambiguity Decorrelation Algorithm (LAMDA) (De nlge, 1996). A simpler approach
eliminates the ambiguity-offset by means of “phleselling”, which involves adjusting continuous
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arcs of TEG. to the mean value of the correspondifgGs values (Wilson and Mannucci, 1994;
Rungeet. al, 1995).

TEG ™" = TEG +( TEG - Tng) 3.40
where
TEC -j"™ carrier phase-derived TEC valueiBfcontinuous data arc
TECPi, TEQi - mean code and phase-derived TEC valuéSaintinuous data arc

The correction of cycle slips and elimination oé #timbiguity-offset by means of phase levelling is

illustrated inFigure 8.

3.2.5.2Differential Clock Biases (DCBS)

According to Eq. 3.37TEGs contains satellite and receiver DCBlb® and4b®. DCB values may
range from 1 to 20ns, the equivalent of 3 to 57 UHEQ. 3.39), compared to expected summer
mid-day TEC values of about 30 TECU. These DCBsnaggated toTEC through the levelling
process (Eqg. 3.40), and needs to be removed taeeasuunbiased TEC measurement. Satellite
DCBs and IGS GPS receiver DCBs are regularely estimajedPL and CODE and available at
[IGS] and [DCB]. Non-IGS receiver DCBs, however, neethé¢ determined independently. Since
ionospheric delay and intrumential biases mustdbenated simultaneously, the tasks of estimating
biases and modelling the ionosphere are intertwisnedl complementary (Wilsoat. al., 1995).
Receiver DCBs are typically resolved using leastasegi or Kalman filtering techniques as part of
the ionospheric modelling process (Wilson and Macnd993; Gacet. al. 1994; Sardoret. al.
1994; Lin and Rizos 1996). In this investigatiddCBs for individual receivers in the South
African GPS network are estimated as part of the ptedaonospheric modelling process using a
weighted least squares method, which is detailechap@r 5.
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Code and Carrier phase slant TEC comparison. SV 15. 5 May 2005.
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Figure 8. Comparison of code and carrier phase-derived TEECE, TEG) calculated along the slant signal
path of GPS satellite 15 observed from Grahamstowrd® May 2005. The data gap between 05:00 and
11:00 UT is due to the satellite being below thezom. The GPS receiver DCB is still presenTiaG (top
plot). The large TEC value iIREG (centre plot) is due to the ambiguity-offsBf)( A cycle slip in the phase
measurement is evident by the discontinuity inhia data. In the bottom pldEEC. has been phase-levelled
to TEG using the approach discussed in Par 3.2.5. Natesignificantly lower noise levels of the phase-

derived TEC to the code-derived TEC in the bottdot. p
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3.3GPS time

Several time systems are used in the GPS system.arFexhaustive coverage of the topic, see
(Seidelmann, 1992; Montenbruck, 2000).

The time scale to which GPS signals are referencesfésred to as GPS time. GPS time is derived
from composite or paper clocks that consists obpdirational monitor station and atomic clocks. At
the integer second level, GPS time equaled UTC i913%8owever, due to leap seconds that have
been inserted into UTC, GPS time is presently ahéadT€ by about 14 seconds. The following

relations are defined.

e TAI=GPS +19.00s (International Atomic Time)
e TAI=TDT -32.184s

« TAI=UTC +1.000h s

The actual integer value for is annually reported by the International Earthtaflon Service
(IERS). In June 2000, for example, the integeu@alash = 33 and thus GPS time differed exactly

13 seconds from UTC at the time.

3.3.1Julian date

The Julian date (JD) is the number of decimal ddgssed since 12:00 UTC on January 4713
BC.

3.3.2GPS week

The GPS week is defined as the number of seven-daksnelapsed since 06 January 1980 (JD
2444244.5). Due to computer word-length restricti@ansiaximum GPS week number of 1024 was
reached on 22 August 1999 (JD 2451412.5) and neatessia GPS roll-over; this was introduced
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after 22 August 1999. The desired GPS week for ang2 is calculated as the integer part of
{(JD-2444244.5)/7}.

3.3.3GPS second

The number of Sl seconds in the GPS week elapseéd 800 hours of day 1 of the GPS week to
23:59 UTC of day 7 of the same week. A GPS week can@id 800 Sl seconds.

3.3.4GPS and UTC1

GPS time is measured in Sl seconds linked to comtisunternational Atomic Time (TAI). UTC1

is linked to Earth rotation (Terrestrial Time) arsdupdate six-monthly or annually with a leap
second. GPS time matched UTC1 on 6 January 198@O00Gtut currently leads UTC1 by 19
seconds.

3.4GPS geometry

Slant TEC calculations along oblique GPS signal pé#gs. 3.37 and 3.39) use measured phase and
pseudo range values and are subsequently satgdaenetry-independent. Satellite geometry,
however, plays a significant role in satellite vikil analysis and TEC spatial mapping, as will be
discussed in Chapter 4. To this end, a detailgdrihm for calculating GPS satellite position from
long-term predicted mean orbital parameters (GPS A&mgor four-hourly updated broadcast
ephemerides is presented in Appendix A. The prih@paordinate sytems required for describing
satellite geometry are briefly discussed and relewansformations between co-ordinate systems
presented in Appendix A. See (Escobal, 1985; Vallad8y) for a detailed discussion of these co-

ordinate systems and transformations.

3.4.1Co-ordinates in orbital plane

Satellite motion around the Earth is confined inefliptical orbit with the Earth at one focus. The
shape, orientation and satellite position within #satellite’s co-ordinates in an elliptical orbital
plane are sufficiently described by classical Kepiéements defining the orbit's shape and

orientation and the satellite’s position. See Amler for a definition of the Kepler elements.
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3.4.2Earth-Centred-Earth-Fixed (ECEF)

The ECEF co-ordinate system origin is centred m Harth’'s geocentre and co-rotates with the
Earth. Its X-axis is directed to Greenwhich, Y-axisnp®iEast and Z-axis coincides with the Earth's

axis of rotation and points North.

3.4.3East-North-Up (ENU)

The ENU co-ordinate system is a topocentric horialocd-ordinate system centred on an observer’'s
geographic location. The XY-plane lies in the ldeatizontal plane with the X-axis pointing East,

the Y-axis pointing North and the Z-axis pointinghe observer’s zenith.

3.4.4Spherical co-ordinates

A satellite’s spherical co-ordinates within the lobakizontal co-ordinate system are described by
its azimuth(angle from true north measured eastwagtiyation(angle above local horizontal plane

measured positive towards the zenith) earte (euclidian distance between observer and satellite)

3.5GPS hardware and South African receiver infrastrucure

The South African GPS network consists of fourty-sedeal frequency, twelve-channel Ashtech-
FX and Trimble receivers operated by Chief Direcmr@trveys and Mapping (CDSM) and two
Ashtech receivers operated by Hartebeesthoek Radimrsshy (HartRAO) on behalf of the
International GNSS Service (IGS). All receivers usetéadh choke ring antennas. The two IGS
receivers continuously stream 30s sampled data wRKM® and seventeen CDSM receivers
continously stream 1Hz data to CDSM in Cape Town.réngaining CDSM receivers operate from
03:00-18:00 local time and transfer registered ddfdine to CDSM. All CDSM GPS data is
archived in Cape Town and available in compressetkiRer Independent Exchange (RINEX)
format with twenty-four hour latency from [TrignetPff-site data copies are stored at the HMO in
Hermanus (19.22°E, 34.42°S). The CDSM GPS distrinusallustrated irFigure 9.
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Figure 9. CDSM GPS network. Solid (red) triangles represeat-time receivers and blue (open) triangles
represent off-line receivers. The three ionosoradesindicated as black squares. Note the coddc@PS
receivers at Grahamstown and Louisvale ionosondAs. explanation of the receiver codes and their

geographic positions is given in Appendix B.
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Chapter 4

GPS-based ionospheric models

4.1 Introduction

Global and regional Global Positioning System (GPS)alT&lectron Content (TEC) models
employ various algorithms to resolve the threelehgkes of

» quantifying ionospheric TEC from dual frequency Gfé8e and phase measurements,

» resolving satellite and receiver differential cldukses and

» spatially relating the TEC measurements

to render a static or time-dependent two or threeedsional ionospheric product.

This chapter gives an overview of recent models algbrithms developed to resolve these
challenges and which are relevant to the researtnthesis. In the context of this thesis, a GPS-
derived ionospheric model refers to a data-drivesthematical model developed to estimate
ionospheric and instrumental parameters from duadjuency GPS observations, occasionally

supplemented by other data sources, depending delrmomplexity.

The notion of GPS-based ionospheric models evolkad fnvestigative studies into improving the
position solution obtained with single-frequency GieSeivers. The Klobuchar model, a set of
polynomial coefficients transmitted with GPS navigatsignals, was one of the first ionospheric
models developed for;Lobservation improvements by reducing the ionosphaias on single-
frequency position solution (Klobuchat al, 1986). Studies like those of (Roydenal, 1984;
Georgiadou and Kleusberg, 1988; Lanyi and Roth, 1988¢o et al, 1991; Newby, 1992;
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Komjathy et al, 1995) focused on developing local ionospheric e@dor removing, or greatly
reducing, the ionosphere-induced scale bias of GH&ians obtained from single-frequency
receivers operating close to one or more dual-eaqu receivers. In his PhD thesis focusing on
modelling and monitoring the ionosphere, Wild depeld several local ionospheric models for a
number of International GNSS Service (IGS) stationd eoncluded that valuable information
concerning the ionosphere could be derived from@® network (Wild, 1994). Other early works
exploiting ionospheric error on GPS signals for igpiteric mapping was described by (Lanyi and
Roth, 1988; Mannucat al, 1993; 1994; Beutler, 1995).

... . 5
.o .gi:.': . ™
z -.::E .lo'..: :'. " ”
. "

Figure 10.Present IGS network of dual frequency receivértsp{//igscb.jpl.nasa.ggv

4.2 Global Models

The IGS network for geodynamic research was formalisel992 Figure 10) and has become a
valuable resource for global ionospheric reseadumpergeet al, 1994). Frequently employed
techniques in global and regional TEC models irelutalman filtering, spherical harmonic
analysis, least squares, computerised ionosplmriodraphy (CIT) and Kriging, a 2D interpolation

technique. All the 2D mapping techniques employ edarm of ionospheric shell model with a
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fixed or variable shell height and a slant to waitiTEC mapping function to geographically tie
down the obligue TEC measurement. Several indivedwand groups have contributed to
developing global ionospheric models using sigriedsn the IGS network and the models most
relevant to this thesis’ research are briefly désea. A brief explanation of the Kalman filter is

given in Appendix C.

4.2.1Klobuchar Model

The Klobuchar ionospheric delay model is a globallymomial-based model developed for
correcting the single-frequency receiverg'dignals for ionospheric delay. Though not as ateur
as recent models, Center for Orbit Determinationoger(CODE) supplies a global TEC product
derived from Klobuchar coefficients. The Klobuchavdal approximates the ionospheric delgy,
by a polynomial (Klobuchar, 1986; Grewatlal, 2001; Hofmann-Wellenhddt al, 2001).

where
X = M (radians)
with
dc constant offset
Tp constant phase
amplitude (calculated from broadcast polynomgafticients)
P period (calculated from broadcast polynomial casfits)
t local time at ionospheric pierce point (IPP).

A mean ionospheric shell height of 350km is assuartithe constant offsetic and phasingT,,
are respectively held constant at 5 ns and 14:000® s) local time. The amplitud&)(and period

(P) are modelled as third-order polynomials constdcfrom broadcast coefficients;,, £, and
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from the IPP’s geomagnetic latitugg,, which corresponds to a simple dipolar model's

geomagnetic latitude

3 n 3

> B, ((éfp"p)n [seconds]

n=0 n=0

ﬁ
]
IS
£

U

1

The IPP geomagnetic latitudg, , is calculated from IPP longitude and latitudiy( ¢p) and

geographic co-ordinates of the magnetic pdie ) = (291.0°E, 78.3°N)

@, = By, +11.6 (A, — 291)

ipp
cosgl, = sing, sig, + cog,, Cag c()zipp—/] P)
The Klobuchar model approximates IPP longitude atidube values from satellite azimuthz)

elevation €l) and approximated subtended Earth ang)ethe angle between the GPS receiver,

Earth centre and satellite:

By = Gyt yCOS@Z)

)'ipp =, cos@z)
cos(qqpp)
Y= 445
el+2x10*

The ionospheric time delay, in seconds, is finalliculated as

2 4 T
k| dc+ A1-2X +% |X|S§
T, = 2 4|

T

K e 23
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wherek is an elevation scaling factor:

3
k=142 96 —el
90

4.2.2Mannucci and Wilson (Jet Propulsions Laboratory)

The global model developed by Mannucci and Wilsas wnotivated by ionospheric calibration
requirements for deep space tracking and navigatiwposes (Mannucat al., 1993). The model
uses a Kalman filter technique to generate timetsetipl global TEC maps that are individually
constructed from a set of locally supported veltidaC-functions defined on a tessellation of the
sphere into 1280 triangles (Wils@t al., 1995; Mannuccet al, 1998). The individual maps are
constructed by employing a (350 km) spherical sghie!l elevation mapping function to convert all
receiver-to-satellite TEC measurements to equitalertical TEC at unique IPPs (Lanyi and Roth,
1988; Mannuccet. al. 1993; 1994) and interpolating vertical TEC estesdbetween pierce points
using weighted base functions defined on the tiemginterpolation accuracy is ensured by
defining each triangle vertex in an orthogonal cohmate system, defined by a near Sun-fixed
longitude (local time) and geomagnetic latitudetesrys to provide for diurnal and geomagnetic TEC
variation. Model details can be found in (Mannuetcal., 1993; 1998).

4.2.3Komjathy (University of New Brunswick, Canada)

The UNB algorithm uses a spatial linear approxioranf the TEC above each GPS receiver with
stochastic parameters estimated in a Kalman formisation to describe the local time and
geomagnetic latitude dependence of TEC (KomjatB9,7). A thin-shell mapping function, based
on an IRI-derived variable shell height, is introdd to map slant to vertical TEC values and
accounts for the temporal and spatial variabilitghe assumed ionospheric shell height. The UNB
model is briefly discussed.

For each receivgr=1, 2..N in a network, the following observation equatisrtonstructed:

1760 =M (e7) D, (1) + &, (104 + a, (D] + b + b 41
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Ifj? (tk) Li-L» phase-levelled TEC measured by receiyebserving satellitg at time
ty
M (eﬁl) thin-shell elevation angle mapping functionapping the slant TEC

measurement to a vertical Witkjj being the elevation angle of satellge

observed by receivey

B8y, 8y parameters for spatial linear approximation of Tle®e estimated per station
T

o= /]r? -4 longitude difference between the IPP and thahefmean Sun.

op= @J -9 geomagnetic latitude difference between the IRPthat of receiver.

b, , b receiver and satellite differential dala

J

After estimating the three stochastic parametersefixh GPS receiver, hourly TEC maps are
computed using a (1°x1°) grid for regional TEC mapsd (5°x5°) grid for global TEC maps. TEC
is evaluated at thé" grid point using a weighted distance function &f#C estimations at the

nearest four GPS receivers

4

Z%TEC,.
TEC :1141—1 4.2
L

j=1 M

39



4.2.4Schaer (Center for Orbit Determination Europe)

Unlike the aforementioned JPL and UNB models, Sc¢harodel does not depend on a number of
local models. Schaer improved on Wild's local ispleeric models (Wild, 1994) by developing a
single global ionospheric model based on a spHeheamonic expansion, which integrated

observations from multiple receivers into a singledel for regional or global application (Schaer
et al, 1995; Schaer 1999).

N n
TEC(¢A) =D B, [sing]( G, cos(m }+ S, sin(vh ) 4.3
n=0 m=0
where
@ IPP geographic (or geomagnetic) latitude
A=A = Aan IPP sun-fixed longitude
Appr Asun geographic longitude of IPP and Sun respectively
N maximum degree of the spherical harmonic exjpansi
P.. normalised associated Legendre function of degend ordem
C..S.. unknown spherical harmonic coefficients and glabnospheric map

parameters respectively.

Schaer’'s model employs a (450km) thin-shell elevathapping function to convert slant to vertical

TEC values at the ionospheric pierce points. The c®efficientsC,_, S, are estimated in a

m? ~nm

weighted least squares solution and are used id Bdo interpolate TEC on a global (or regional)
scale. The model developed for this thesis iethas the work of Schaer and will be presented in
Chapter 5.

Schaer’s model has been implemented by the Cemt@rbit Determination Europe (CODE) in an
operational system computing two-hourly Global Igploeric Maps (GIMs) from the IGS network
(Schaer, 1996). GIMs are generated on a dailyshasing data from about 150 IGS and other
institutions’ GPS receivers. The VTEC is modelladhi solar-geomagnetic reference frame using a

spherical harmonics expansion up to degree and d&le The spatial resolution is 5° and 2.5° in
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longitude and latitude respectively. Instrumertialses for all GPS satellites and ground stations
are estimated as constant values for each day. p&lameters required to represent the global
VTEC distribution are distributed in the IONEX foatn(Schaeet al, 1998). Four analysis centres
presently provide IGS VTEC maps, i.e. CODE, JPLAE®d UPC. These GIMS are properly
combined in terms of IGS VTEC maps. CODE also udates Global lonospheric Maps derived
from Klobuchar coefficients.

4.3 Regional Models

Though the IGS network inspired the developmenglobal ionospheric models, regional models
are valuable tools for applications such as stuglyime effects of geomagnetic storms on the
ionosphere (Rideout and Coster, 2006). The highes &ind spatial resolution imaging achievable
with regional models permits observation of loadisionospheric structure and dynamics not
observable on a global scale. One such an exasfie observation of ionospheric plumes using
observations from dense regional GPS networks gCestal, 2001). Two operational regional
models are the Japanese GEONET TEC system andhitedd$tates TEC model.

4.3.1GPS Earth Observation Network GEONET (Japan)
The Japanese GPS Earth Observation Network (GEONET)nanaged by the Japanese

Geographical Survey Institute and consists of nmibes 1000 GPS receivers spaced about 25km
apart (Miyazaket al, 1997). TEC measurements are obtained for alldatreceiver paths at 30 s
intervals and a grid-based least squares fittingitpie, developed by (Otsuké al, 2002), is used

to remove instrumental biases and generate TEC naps30 s time and 0.15°x0.15°
longitude/latitude spatial resolution. Other madeleveloped for GEONET include Ma’s
improvement on Otsuka’s model (Ma and Maruyama32@dd Gao’s 2D and 3D models (Gao and
Liu, 2002). GEONET TEC products are distributedBEONET].

4.3.2NOAA real-time US Total Electron Content (US_TEC)

US TEC is a data assimilation model developed at National Oceanic and Atmospheric

Administration (NOAA) Space Environment Center (SEQhe current ionospheric products are
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generated using real-time data from about 60 GR®ivwers in the Continuously Operating
Reference Station (CORS) network and the produ@scalculated with a sample interval of 15
minutes (Fuller-Rowelet al, 2006). The US-TEC model uses an emprical modtl s&vKalman
filter based on the MAGIC software developed bygiSgeret al, 2004).

4.4 lonospheric shell model

To facilitate the geographic mapping of TEC measiamets, several models assume a spherical
ionosphere located at some shell heigh} (Figure 11). A simple (cosec) elevation mapping
function (Eq 4.4) is applied to convert the sla®Cl measurement to vertical TEC values. The
vertical TEC measurement is then assigned to tlogrgehic location at the lonospheric Pierce
Point (IPP). Different models use different shights which approximately correspond to the F2
peak density heighttnF2. CODE’s GIM assumes an infinitely thin-shelkdd at 450 km above
the Earth, (Schaer, 1999), the UNB model assumd&bderived, time-dependent variable shell
height (Komathy, 1997) and the JPL VTEC values @kulated using three slab/shell height
assumptions (Mannuceit al, 1993). Several studies have investigated tloaracy of different

shell heights (Komjathy and Langley, 1996).

Satellite

H

lonosphere  Receive
shel
Re

Figure 11. Geometry of slant to vertical TEC (VTEC) mappingdtion. Assumed ionospheric shell height,
H, corresponds to typical F2 peak density heightF2~ 300-450 km). VTEC is mapped at the geographic

location of the IPP, distinct from the receiverdoon.
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The elevation mapping function for converting slemvertical TEC measurements is given by

STEC= VTEC, sinz'= R sinz 4.4
cosz' R, +H
with
z satellite zenith angle,

Re Earth equatorial radius (6378.134 km),
assumed ionospheric shell height.

I

4.5 Data assimilation models

Current research in ionospheric characterisatiomyusPS signals focuses data assimilatiorand
near real-time ionospheric mapping (latial, 2005). Data assimilation techniques evolved from
simple two-dimensional, time-varying TEC mappingtihoglologies to more complex techniques
capable of reconstructing four-dimensional (londgulatitude, height and time) electron density
distributions from GPS signals and other data ssird&Examples of these are the Multi Instrument
Data Assimilation System (MIDAS) (Mitchell and Spen, 2002; 2003), MAGIC (Spencet al,
2004) and the Global Assimilative lonospheric Mo@&RIM) (Wanget al,, 2004).

4.5.1Multi Instrument Data Assimilation System (MIDAS) and MAGIC.

The Multi Instrument Data Assimilation System, deped by the University of Bath (Mitchell and
Spencer, 2002; 2003), is based on Computerisedsjdmeoic Tomography (CIT) principles utilising
a set of orthogonal basis functions and slant TEGvdd from GPS differential phase. MIDAS
inverts the four-dimensional ionisation distributian the ionosphere as electron density values
contained in volume elements (voxels). In MIDAR&STEC observations may be supplemented
with ionosonde profiles, LEO occultation observasip Typhoon Operational Experiment
(TOPEX/Poseidon or T/P) TEC or incoherent scatwa.d MIDAS is scale invariant and can be
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applied in a regional or a global context. Theenmsion process, however, requires an integration

period of up to one hour, placing a restrictionotasserving short-term varying phenomena.

MAGIC, developed by (Spencet al, 2004), evolved from MIDAS. The major differenoetween
the two is MAGIC's utilisation of a Kalman filtewhich provides a means of optimally updating a
solution to a linear least squares problem by comgitime-dependent observations and a prior

model estimate of the solution.

4.5.2Global Assimilative lonospheric Model (GAIM)

Jet Propulsions Laboratory (JPL) and University tBetn California (USC) jointly developed the
Global Assimilative lonospheric Model (GAIM). GAINs a three-dimensional, time-dependent
model constructed by combining first principle igpberic, plasmaspheric and neutral wind models
with a Kalman filter optimisation technique, whiellows the assimilation of various types of
ionospheric measurements (letial, 2005). lonospheric data used in GAIM includesugud and
space-based GPS measurements, ionosonde pradiiedifes UV limb scans, UV airglow radiances,
in situ electron and neutral densities, plasma driftstraéwinds, neutral densitiesic (Wanget al,
2004). GAIM’s Kalman filter optimization provides predictive capability, making it comparable
to a numerical weather prediction (NWP) model. T¥®IM model is routinely validated against
T/P and Jason TEC measurements. More details oMG#¢ available at (Hagt al, 2004; Wang

et al, 2004; [GAIM])).

Another GAIM is the Utah State University’s Glol#sdsimilative lonsopheric Model, USU-GAIM,
developed by (Schunét al, 2002; Schunlet al, 2005). This model uses a Gauss-Markov Kalman
Filter (GMKF) model, which uses a physics-based ehad the ionosphere and a Kalman filter as a
basis for assimilating a diverse set of real-timen(ear real-time) measurements (Scherlessl.,
2002; Scherlieset al, 2004; Scherliesst al, 2006). The physics-based model is the (global)
lonosphere Forecast Model (IFM), which covers thee@on, F-region, and topside from 90 to
1400 km. It takes account of five ion species (NO2+, N2+, O+ and H+). The main output of
the model is a 3-dimensional electron density ithgtron at user specified times. In addition,
auxiliary parameters are also provided, includimgy hmE, NmF2, hmF2, slant and vertical TEC.
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The Gauss-Markov Kalman Model assimilates bottode-$Ne profiles from a variable number of
ionosondes, slant TEC from a variable number oftigdoGPS/TEC stations, in situ Ne from four

DMSP satellites, and line-of-sight UV emissions swead by satellites

4.6 Other ionospheric TEC resources

4.6.1Very Long Baseline Interferometry (VLBI)

Very Long Baseline Interferometry is a space gepdeshnique which measures and utilises the
time differences in the arrival of microwave signdfom extragalactic radio sources (quasars,
pulsarsetc received at two or more radio observatories, ampute (sub-millimetre) accurate
positions of the receiving antennae. The geodsifications of VLBI include Earth rotation and
orientation parameters determination, co-ordinaference frame definition and refinement and
crustal movement monitoring. Similar to GPS natt@asignals, extragalactic radio signals are
attenuated by the Earth’s ionosphere and are ¢eddry removing the ionospheric delay using
two receiving frequenciegg 2.28 and 8.4 GHz, depending on the applicatiamnospheric TEC
may be quantified from VLBI observations by usireghniques similar to those used in GPS
signals. VLBI-derived TEC has been used in sev&ralies to evaluate or compliment GPS TEC
measurements (Sekiao al, 2003; Hobigeet al, 2006).

4.6.2TOPEX/Poseidon (T/P) and Jason-1

The Typhoon Operational Experiment (TOPEX/Poseidoa) co-operative satellite project between
the USA (NASA) and France (CNES) to observe thétEsapceans using radar altimetry @al,
1994; Mannuccet al, 1994). TOPEX was launched on 10 August 1992@bds Earth at 1300
km with orbital period of 112 minutes and repeabugrd track every 10 days (one cycle). A
successor satellite, Jason-1, was launched on &nilmsr 2001 to compliment T/P. Both satellites
are still operational with the Jason-1 orbit laggir/P by 70 seconds. The main payload on T/P and
Jason-1 is a dual-frequency radar altimeter opegyaimultaneously at 13.6 GHz (Ku band) and 5.3

GHz (C band). Measurements made at these two dreges are combined to obtain altimeter
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ocean-height (corrected for ionosphere), neutraldwspeed and wave height (Benada, 1997).
Vertical ionospheric range delay values are catedlaat 1 s, permitting 1 Hz calculation of
ionospheric TEC using the relation (Benada, 1997)

lono_ corr

TEC=- 2 (403 4.5
with
lono_corr the ionospheric delay in mm
f the carrier frequency in GHz.

As T/P and Jason-1 orbit above the ionosphere, #ineywell suited for a variety of ionospheric
studies and are frequently used for comparing arptionenting other ionospheric measurements or
techniques (Mannuceit al, 1994; Hoet al, 1997; Pinget al, 2004; Reinisclet al, 2004). T/P and
Jason-1 measurements, however, are restrictedeto @geans and large inland lakes and biases in
the measurements have been pointed out (&tea, 2004). T/P and Jason-1's radar altimeter
ionospheric delay measurements, as well as DORI&unements and Bent model ionospheric
parameters, are archived and distributed by NASAysical Oceanography Distributed Active
Archive Center [PO.DAAC].
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Chapter 5
South African Regional TEC Model

5.1 Introduction

This chapter presents the original research coeduah this study to establish a working
methodology for estimating ionospheric TEC fronegional South African GPS receiver network.
In his research, Schaer (Schatal, 1995; Schaer 1999) pointed out the applicabdlitg relevance

of his global model as a regional model. Aftercassfully implementing this model in software
and evaluating it for South African latitudes, thgestion arose as to whether this model, developed
for a global application, might be adapted to taleantage of densely distributed observations in a
relatively small geographic region. In this stu@dy, adaptation to Schaer’s global ionospheric
model is presented and evaluated for applicatiannegional context. The new Adjusted Spherical
Harmonic Analyses (ASHA) model introduced in thigdy is based on the Conventional Spherical
Harmonic Analysis (CSHA) methodology introduced (8chaer, 1999) and implemented by the
Center for Orbit Determination in Europe [CODE]This chapter discusses the similarities and
differences of the two models. It also presengésrttathematical description and tests the software
implementation of both algorithms as well as eviuzoth algorithms’ ability to estimate the TEC
for a single GPS receiver and also to construct THBC maps from multiple GPS receiver

observations.
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5.2 Model development

5.2.1Spherical Harmonic Model

Conventional spherical harmonic analysis (CSHA) el®dEC as a spherical harmonic expansion:

TEC(A,¢) = iiﬁm[cos(;o)]{ a,, sin(m }+ by, cos(m )

n=0 m=0
A = IPP Sun-fixed longitudél[ "0, 38D ,
= IPP co-latituded [ 0,180 , 5.1

Pnm = Normalized associated Legendre functiofislegreen and orden
a...b,,, = Desired SHM coefficients and
n, m= Degree and order of SHM expansion

A spherical harmonic expansion is a two-dimensioRalirier series defined on a sphere and
comprises the product of latitude-dependent astsutidegendre functions and the sum of
longitude-dependent sine and cosine terms (theiéfoseries). The spherical harmonic expansion
tessellates the sphere into a number of rectangidarwith the boundaries between adjacent tiles
representing the roots of the orthonormal Founrcfions. The number of tiles is determined by
the degreeandorder of the expansion, with higher degree and orderyimg a larger number of

tiles. Within the context of this study, tlteegreecorresponds to the number of wavelengths
spanning the latitudinal space and tivder, the number of wavelengths spanning longitude. An

example of a 15x10 degree/order SHM is giveRigure 12
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Figure 12. Example of spherical harmonic orthogonal basistions of degree 15 and order 10.

The associated Legendre functi®s{cosg, in Eq. 5.1 is given by

e
d(cosg)”

whereP,[cosq] represents the™ degree orthogonal Legendre function

(R[ cogl)

Pm[cosd] = (= 3" (sirg)"

P,[cosy] :id—n[( codg- )n}

2"n! d(cosp)'

The associated Legendre functions can be effigi@aiputed by recursion (Vallado, 1997)

(2I’] _1) D:OSWEF?]—LO [00550 ]' 0_ ]MFrz—z,o [COW ]n> 2
. ,n=

P.olcosp]=

P,.[cosp]= P, , [cospl+ (- 1coplR,, , [cop I O 1
P.[cosp]= (2n-1)copR,, ., [cop m# |
with starting values

Rolcospl=1, B [copp cop , P, [cog - sip.
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Similarly, the trigopnometric functions can be cdétad recursively

sin(mi)= 2cosg )si (- B} - sif - 2)
cos(m )= 2cos{ )cos - B} - césnt- 2.

Normalization is achieved by letting (Vallado, 1997

an[a]

[

Pun[a] =

Where the normalization operatdi,,, is given by

_ (n+m)!
[ “m_\/(n —-m)! (2n+ 1)k

k=1form=0;
k=2 form>1,

5.2.2Co-ordinate System

5.2.2.1Sun-fixed longitude

The adjusted spherical harmonic (ASHA) methodologyoduced in this study utilises the IPPs
Sun-fixed longitude,ls, i.e., the longitude expressed relative to the’'Sunean geographic
longitude. Sun-fixed longitude conveniently encdatas the IPPs time and longitudinal variation in
a single angular observation spanning 360° ovevemtiy-four hour revolution and is calculated

from the geographical longitudg, by

2,=(180-Q,0)- 4,

50



where Q. represents the Earth rotation rate dnthe time elapsed since midnight UT. The
conventional spherical harmonic model used in CQDgbbal ionospheric TEC mapping also

employs Sun-fixed longitude.

5.2.2.2Legendre functions and co-latitude

An n-degreezercorder spherical harmonic expansion izamal harmonicwhich is an associated
Legendre functioP,y, reduced to the Legendre functiBp=Pno. Zonal harmonics are latitudinal-
dependent functions defined along a longitude nearicind, in the context of global modelling,
have a terrestrial wavelength, of 360°h degrees (2R/n km with R the Earth radius). For
example, a 15-degree Legendre function has a tealesavelength of 24° (~2672 km). The 15-
degree Legendre function’s latitudinal coverageao$phere and a hemisphere is illustrated in
Figure 13 In a 15-degree and order conventional spher@monic analysis applied to
observations from a global GPS receiver network ldihge spatial coverage of observations justifies
a 24° wavelength for modelling and interpolatingCT&t the present 2.5° latitude resolution. The
geometry of IPPs from the South African regionalSGietwork, however, constitutes a spherical
cap with spherical angle of about 20° (~2226 kn)icl constitutes a regional, rather than a global
observation data set. In Sun-fixed longitude,atdtide co-ordinates, this spherical cap transkates
a spherical segment confining the IPPs in a redgtimarrow, regional latitude band on the globe
(Figure 14). In a regional context, less than one waveleraftla 15-degree Legendre function
spans the South African 20° latitudinal spherigajla Figure 13, top). The relatively dense IPP
distribution observed from the South African re@b&GPS receiver network, however, permits a
higher spatial resolution TEC interpolation thadaoes on a global scale. To achieve an equivalent

7.5 terrestrial wavelengths on a 20° spherical@amgiuld, however, require a Legendre function of

degree(%X%O: 48(3. This will not be computationally efficient besmuof the substantial

increase in mathematical operations. An equivatemhber of terrestrial wavelengths, however,

can be fitted into a 20° spherical angle by intmdg an appropriate scaling function.
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Legendre functions of order 0, 1, 2, 3 and 15
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Figure 13 Legendre functions defined on the sphere (top)taademisphere (below). A typical South
African regional 20° latitudinal spherical anglansicated by the IPP co-latitude region [118°, 38&p).
Notice the < 1 terrestrial wavelength spanning2@tlatitudinal spherical angle (top).
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A new approach introduced in this study involvealisg the regional IPP co-latitude from a
spherical angle to a hemisphere prior to applyimgdonventional spherical harmonic model. The
scaling function is similar to that introduced by [$antis, 1991, and involves translating and
scaling the IPP co-latitude by employing the minimco-latitude of the IPPg, and the spherical

angle,g, of the observations:

90
¢'=—-lo-q) 5.2

The IPP co-latitudeg in Eg. 5.1 is subsequently replaced by the doatelatitudeg’, defined on

a hemisphere [) 90°] and used in the conventional spherical harmonodel and henceforth
referred to as thadjusted spherical harmonidSHA) model. This transformation is valid as the
Legendre polynomials form a set of orthogonal fiomg on [0, 180°], but may be used as two sets
of orthogonal functions on f090°] to fit any general functions defined in tigerval (De Santis,
1992).

The number of terrestrial wavelengths formadegree Legendre function fitting a hemisphene/ds

The equivalent, scaled terrestrial wavelengthfor ann-degree Legendre function, scaled from a

spherical angl& to a hemisphere, is

A= xom="2 5.3

From Eq. 5.3 the scaled terrestrial wavelengthaf@b-degree Legendre function on a 20° spherical

angle is calculated as 5.33° (~593 km). Pgtand P, respectively denote the Legendre functions

constructed from thephericalco-latitude rangep [ [0°, 180°] and fronthe adjustedhemispherical

latitude rangeg' 0 [0°, 90°]. The difference betweéh and P, on a 20° spherical angle and the

equivalent fit ofP, and P, on the intervalp[ [0°, 180°], are illustrated iRigure 15.
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IPP ground trace from 8 GPS receivers 15 March 2006

Latitude [deg)

15 20 % e 35
Longitude [deg]

IPP ground trace in co-latitude, Sunfixed longitude co-ordinates. IPP ground trace in adjusted co-latitude, Sun-fixed longitude co-ordinates.
y T T T T T

Co-Latitude [deg]
Adjusted Co-Latitude [deg]

B0 120 180 240 300 360 ] B0 120 180 240 300 360
Sun-fixed longitude [deg) Sun-fixed longitude [deg]

Figure 14. lonospheric Pierce Point ground trace from 8 GR8ivers (red triangles, Table 4 ) expressed in
geographic co-ordinates (top), Sun-fixed longitumied co-latitude (left) and Sun-fixed longitude and
adjusted co-latitude (right). The IPP co-ordinatese calculated using a fixed assumed ionosplsied
height of 350 km.
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Figure 15. Comparison ofF}; andP,for n =0, 1, 2, 3 and 15.The top figure illustrates the 24° terrestrial
wavelength ofP35 (red), spanning the spherical 20° co-latituderirgke[118°, 138°], superimposed on the
equivalent 5.33° scaled terrestrial wavelengtrPlc'gf (blue), on the same interval. The bottom figuretes

this comparison in context of the spherical coute.
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5.2.3Algorithm
Having presented the slant TEC quantification filGRS observables (Egs. 3.39 and 3.40) and the

adjusted co-latitude adaptation for the conventigpherical harmonic analysis, what remains is the
derivation of the observation equations from wttiod spherical harmonic coefficierdsy, bnm (EQ.
5.1) and the satellite differential clock biages’, Ab® (Eq. 3.37), required to calculate time and

position-dependent TEC, are estimated.

Define the parametegr from the speed of light and thd.; carrier frequency:

_ 40.228 54
cf;
The ionospheric time delagzion, is defined from Eqs 3.30 and 5.4
Ar,, = uOEC 55
Theslantionospheric delay (including DCBAlfr, Abg) follows from Egs. 3.37 - 3.40.
TEC
AT = + (Ab, —Ab
on =K Cosz (Ab; = 4by) 5.6

= uyWVTEC+(AQ -AR)

Separate the SHM representation of the VTEC
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VTEQA, ¢) = ii_l%m[cos(qo)]{ 8. sin(m )+ b, cos(m ) 5.7

n=0 m=0

into

VTEC(A, @) = izn:_l%m[cos@)]ﬂqm sin(m )+ ii_Rm [cos@ ) h, cos(vh 5.8

n=0 m=0 n=0 m=0

and substitute into Eq. 5.6, which renders the ag®nal equation

AT, = Uy iiﬁnm[cos((p)]@nm sin(m )+ izn:_an [cos@ )[Th . cos( j+(A h-A 5.9

n=0 m=0 n=0 m=0

5.2.4L east squares solution
Let X = (@wm bnm Abgr, Abs) represent the desired unknowns in the obsenaltiequation (Eq.5.9)
and F(X); O ATton; represent an estimated measurement calculated Xr@nthei™ epoch. The

objective of the least squares solution is to deitee those values ok which will minimise the

sum of the squares of the residuals of the obsensatnd the estimated (modelled) observations
P 2
min(z(mmi -F(x),) j
i=1

wherep represents the total number of observations.

Let T = [Afon)i, | = 1,..p denote all the ionospheric delay observations. cBgsidering all
observations and unknowns in matrix notation, theeovation model (Eq.5.9) is obatined by taking

the partial derivatives of the measuremefs,, in Eq.5.9, w.r.t. the unknowns:

with each matrix elemewd; given by

57



_aATlonli 1 _1
T Tox. P q

j

whereq represents the number of unknowns.

The partial derivatives contained in the Jacokaae,explicitly given by

O = 1y3 Y Pn[cossd Coogmi) =3

aanm
= uy> > P, [cosg Tsifml) = J
OF . +1=J 5.10
0Ab,
oF
=-1=
0Ab, T

‘]:[‘]a ‘]b JbR ‘]bS]

The total number of unknowns to be estimated ismyivy

N
q=2(2nj+ Ng + Ng

n=0

whereN, Nr andNs are respectively the SH degree, the number of BP&vers and the number of

GPS satellites.

Finally, the unknownsx, are solved by weighted least squares
X =(3"Wa) "Wt
5.11

whereW,y, is a weighted (diagonal) matrix constructed frdmservation variances

_2 R
V\/ij:{”i o
0, i#]
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5.2.5Shell height assumptions
A Single Layer Model (SLM) ionosphere, using twdfelient shell height assumptions in the cosec

mapping function, was investigated in this studyne two height assumptions were a fixed single
layer model (SLM, Eq. 4.4) with 350 km assumed Isheight and a time-dependent shell height
based on modelledhmF2 values from the neural network-based South Africoitomside
lonosphere Model (SABIM) (McKinnell, 2003; McKinnelnd Poole, 2004).

The variable shell height is an attempt at a meadistic presentation of the diurnal F2 peak dgnsit
height oimF2 variation. For this studyhmF2 values were obtained from the South African
Bottomside lonosphere Model (SABIM). The SABIMasmeural network-based model developed
using relevant geomagnetic parameters and Soutbafifffonosonde measurements (Grahamstown,
Louisvale and Madimbo) and has been rigorousletesind evaluated in this region. The trained
model calculatebimF2 (and other ionospheric parameters) using timer(yaay of year and UT
hour) and geographic location as input parameféng diurnal South AfricarhmF2 variation
modelled from SABIM is illustrated ifrigure 16 as 2-hour interval contour maps for 20 March
2005.

Neural networks interpolate well within the datguh space, but caution should be exercised
otherwise. In the case of the SABIM, the ionosolmbations define the geographic input space.
The SABIM models ionospheric parameters well witthe region between the ionosondes, but
values outside this region might not representttiaal values accurately; the south-western part of
South Africa being a point in case due to lack afospheric measurements in this region. The
SABIM-hmF2values calculated in this regioRigure 16) are probably higher than expected due to
model extrapolation. The diurnaimF2 variation modelled at four distinct geographicdtons
(Figure 17) for 2005 equinox and solstice dategiglre 18 further illustrates the
interpolation/extrapolation.
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Figure 16. Modelled diurnal variation of ionospheric F2 petnsity heightiimF2 over South Africa using
neural network based South African Bottomside Iphese Model (SABIM) for 20 March 2005. Contour

interval is 2 km. The black squares representhheetionosonde locations.
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The Thohoyandou, Grahamstown and KimbdmyF2 values for these dates do not differ by more than
30 km, but the SABIM modelled Cape Town values, éeosv, exceed ThohoyanddwnF2 by 60 km,
which is not realistic as ThohoyandbwnF2 should be higher than Cape Town because of itseclo
proximity to the equator. A comparison of IRI-dexd hmF2 values Figure 19 confirms this. It is
subsequently reasonable to assume that Cape TmwhR2 values are over estimated due to
aforementioned NN restrictions and, qualitativébyyer hmF2 values could safely be assumed. Cape

TownhmF2values are expected to agree more with Grahamstaiues.

For the purpose of this study, the diurhaiF2values modelled at Kimberley (24.81E, 28.74S), the
approximate geographic centre of South Africa,taken as the representative mean for the country
and implemented as such in the thin-shell mod&he assumption is reasonable as the Kimberley
hmF2 values represent a reasonable first order appairinmean between Grahamstown and
ThohoyandouhmF2 values Figure 18). In the model implementation, diurnemF2 values are
calculated for the Kimberley location at 6-minutgervals and assumed constant between samples.
These values then represent the thin-shell hergtite cosec mapping functions for all observations
from all South African GPS receivers. It is expéctieat a better agreement between ionosonde TEC
and GPS-derived TEC might be achieved usinghth&2for shell height, especially at night, as the
F2 peak density height significantly varies durthg day and could have a significant impact on the
spatial distribution of TEC values. The SABIMAF2heights should also be more realistic than IRI-
hmF2
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Figure 17. Geographic locations for which SABIM and IRl 2008ssice and equinox diurn&dimF2 values
were compared. Thohoyandou (30.84°E, 23.08°S),biéntey (24.81°E, 28.74°S), Cape Town (18.46°E,
33.95°S) and Grahamstown (26.53°E, 33.30°S).

62



20 March (day 079) 21 June (day 172)
350 350 ‘ ‘ ‘
""""" Kimberley , g ===eeees Kimberley
— Cape Town — — Cape Town T
—— Thohoyandou / T —— Thohoyandu g
Grahamstown / AN Grahamstown |/

300 300
E E
= =
o~
w o
E £
=
250 250t
200 L L L L L
200 L L L L L L L
0 9 ) 12 15 18 A 2 0 3 6 9 12 15 18 21 24
Time [UT] Time [UT]
21 Sep (day 264) 21 Dec (day 355)
350 T T T 350 T T T
--------- Kimberley sereeeees Kimberley
/
—— Cape Town — Cape Town
—— Thohoyandou \ —— Thohoyandou A‘
— Grahamstown | | el \ Grahamstown t/ PRt
300 300
£ € '
= =
o~
L o
E [S
=
250 250 F
200 L L . . ! | | | | | | |
200
$ 1 15 18 2 A 0 3 6 9 12 15 18 21 24
Time [UT] Time [UT]

Figure 18 SABIM-modelled diurnahmF2 variation at four South African locations for 206guinox and

solstice dates. The SABIM has as yet not beendchio accommodate 2006 ionospheric predictions.

63



20 March 2005

330
320 v ya 7
JRITIeT.
310 - e
/
300 -
g 290 \
o~ & S K
£ 280 i ,
= N D\
270 - i/
Kimberley
260 L
Cape Town
250
240 ! !
0 9 12
Time [UT]
21 September 2005
320 T T T
310 L~ 1
300 - 1
_ 2901 |
15
=,
o 280 PR q
LL ,-'/ J
E 3
270 D 1
s
260 - o/l eannnann Kimberley L
— — Cape Town
250 —<— Thohoyandou |
— Grahamstown
240 L L L L L
9 12 15 18 21
Time [UT]

24

hmF2 [km]

hmF2 [km]

21 June 2005

300

280 -

260 |
240 - |
........ Kimberley
220+ — — Cape Town [
—— Thohoyandou
Grahamstown
200 ‘ | | ‘
5 12 15 18 2 24
Time [UT]
21 December 2005
340 ‘ ‘
330 |
320 F. |
310 - |
300 |
290 - |
280 - |
270 - |
-------- Kimberley
ool — — Cape Town
ol —— Thohoyandou | |
Grahamstown
240 ‘ | | ‘
0 9 12 151822
Time [UT]

Figure 19 IRI-modelledhmF2variation at four South African locations for 2088uinox and solstice dates.

5.2.6Software implementation of spherical harmonic model

For the purpose of this study, the presented madtieah model was implemented in MATLAB®, a

high-level interpreter software language. A schi@rayout of the major steps is presented able

1.
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Table 1 Summary of HMO_TEC program.

Step 1 Procure and pre-process relevant RINEX GR38reation data and sp3 data satellite
position files; conduct data integrity testing amdate necessary directory structures.

Step 2 Batch reading of RINEX observables andlgatpbsitions.

Step 3 Time-synchronise all code and phase pseudye robservables from all receivers.

Step 4 | Calculate geographic locations of IPPs using tireghell model.

Step 5 Calculate code- and phase-derived TEC (BJsahd 3.39).

Step 6 Phase-level phase-derived TEC measurentent8.40).

Step 7 Assimilate all phase-derived TEC measuresreamd associated IPP locations for all
receivers and all satellites.

Step 8 Calculate statistics (standard deviatiorlbslant phase-derived TEC observations.

Step 9 IPP longitude and latitude scaling to suadilongitude and (adjusted) co-latitude.

Step 10 | Construct Jacobian matrix from TEC timexge@heasurements (Eq. 5.10).

Step 11 | Estimation of spherical harmonic coefficients aatkHite and receiver DCBs by weighted
least squares method (Eq. 5.11).

Step 12 | Create diurnal or time-dependent TEC mg@&HM interpolation using estimated
coefficients.

Step 13 | Save estimated SHM coefficients, satallitd receiver DCBs and estimated diurnal TEC.

5.3 Model testing using simulated (IRI) data.

The software implementation of the ASHA algorithmasatested using TEC observations simulated
from the IR12001 model (Bilitza, 2001). Simulatednt TEC observations along actual GPS satellite
signal paths were generated using the IRl moddi witime interval of 60 seconds for a twenty-four
hour period for 2006 equinox and solstice days.r &wy given epoch, a raypath’s azimuth and
elevation were used to calculate the geographiatime of a point on the raypath where the vertical
altitude was 80km. A single electron density valees then calculated from the IRl model for the
given epoch and position. The vertical height walssequently incremented bz (20 km) to 100

km and the electron density was calculated at eépisch and position as before. The process was

repeated by calculating individual electron densi#jues along the raypath up to 2000 km vertical
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height, renderindNy electron density values on the signal path. Taet glistance corresponding to
the dh vertical height increase, given ljVsin(elevatior), was used to integrate through tNg
electron density values to arrive at a slant IRET¥alues for the given epoch. The simulated TEC
values were converted to time delays and usedpad in the ASHA model (Eq. 5.9) to estimate the
spherical harmonic coefficients and instrumentalBSQusing a 15-degree and order spherical
harmonic expansion. An IRI reference diurmafttical TEC profile was calculated with 60-second
time interval. A diurnal vertical TEC profile wasterpolated from the estimated spherical harmonic
coefficients (Eq. 5.11). The interpolated diurmattical TEC profiles were compared to the IRI-
derived reference diurnal vertical TEC profiles floe dates in cas&igure 20). The estimated DCBs
were compared to the reference DCBs. A good ageatlmetween the interpolated and reference
profiles would be an indication of the correct s@fte implementation of the mathematical model.
By definition, TEC must be positive. The differenioetween the reference vertical IRl TEC profile
and ASHA and CSHA estimated diurnal TEC profiles #lustrated inFigure 21. The differences

between the reference and estimated satelliteensivier DCBs are listed ifiable 2
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Figure 20 Comparison of reference diurnal vertical IRI-TEQig#on (thick broken green line) and GPS-TEC
estimated from slant IRI-simulated TEC measuremarsig different implementations of the ASHA
algorithm. Results are indicated for ASHA (bluajiahe conventional CSHA (red) employing the sirgler
mapping (SLM) function with a fixed assumed ionasph shell height of 350 km and an IRI-derivieahF2

varying shell height. Observations were simuldtedhe Grahamstown location on 15 March 2006.
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Figure 21. Differences between the reference IRI vertical T&@ the various ASHA TEC results
estimated from simulated slant IRI-TEC observationhe rms, in TECU, of the respective
differences are 0.5437 (IRI-ASHA(f2), 0.5200 (IRI-ASHA (SLM), 0.3044 (IRI-CSHAM(2
and 0.2812 (IRI-CSHA(SLM)).
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Table 2 Estimated GPS receiver (Rx) and satellite DCBsamaseconds (ns), using ASHA and

CSHA options with simulated observations for a BrM@PS receiver located at Grahamstown, 15

March 2006 using different shell height assumptions

Instrument Ref ASHA [Ref- |ASHA Ref - CSHA Ref - CSHA Ref -
DCBs (hmfa |ASHA |(SLM) ASHA (hmf2 CSHA |(SLM) CSHA
(hmf2 (SLM) (hmf2 (SLM)

PRN#1 -1.353  -1.248-0.1054 -1.348 -0.0054 -1.192 -0.1614 -1.308 0.0454
PRN#2 1.353 1.225 0.1284 1.276 0.0774 1.23 0.1234 1.234 -0.1194
PRN#3 -1.353  -1.509 0.155¢ -1.531 0.177¢ -1.487 0.133¢ -1.541 -0.187¢
PRN#4 1.353 1.208 0.1454 1.264 0.0894 1.217 0.1364 1.223 -0.1304
PRN#5 -1.353  -1.347-0.0064 -1.268 -0.0854 -1.468 0.1144 -1.484 -0.130¢
PRN#6 1.353 1.186 0.1674 1.181 0.1724 1.182 0.1714 1.172 -0.1814
PRN#7 -1.353 -1.523 0.169¢ -1.533 0.179¢ -1.52 0.166¢ -1.527 -0.173¢
PRN#8 1.353 1.48 -0.126¢ 1.534 -0.180¢6 1.334 0.0194 1.351 -0.0024
PRN#9 -1.353 -1.57 0.216¢ -1.669 0.315¢ -1.543 0.189¢ -1.57 -0.216¢
PRN#10 1.353 1.242 0.1114 1.291 0.0624 1.251 0.1024 1.256 -0.0974
PRN#11 -1.353 -1.125-0.2284 -1.093 -0.2604 -1.229 -0.1244 -1.172 0.1814
PRN#13 1.353 1.198 0.1554 1.267 0.0864 1.167 0.1864 1.174 -0.1794
PRN#14 -1.353 -1.079-0.2744 -0.907 -0.4514 -1.148 -0.2054 -1.169 0.1844
PRN#15 1.353 1.26 0.0934 1.171 0.1824 1.28 0.0734 1.306 -0.0474
PRN#16 -1.353 -1.292-0.0614 -1.35¢ 0.005¢ -1.205 -0.1484 -1.313 0.0404
PRN#17 1.353 1.259 0.0944 1.3372 0.0214 1.287 0.0664 1.313 -0.0404
PRN#18 -1.353 -1.46 0.106¢ -1.48 0.126¢ -1.44 0.086¢ -1.437 -0.083¢
PRN#19 1.353 1.509 -0.1554 1.153 0.2004 1.44 -0.106¢ 1.48 0.126¢
PRN#20 -1.353 -1.214-0.1394 -1.104 -0.2494 -1.235 -0.1184 -1.17 0.1834
PRN#21 1.353 1.195 0.1584 1.174 0.1794 1.236 0.1174 1.226 -0.1274
PRN#22 -1.353 -0.933-0.4204 -0.752 -0.6014 -1.003 -0.3504 -0.904 0.4494
PRN#23 1.353 1.4 -0.046¢4 1.386 -0.032¢6 1.463 -0.109¢ 1.409 0.055¢
PRN#24 -1.353 -1.44 0.106¢ -1.389 0.035¢ -1.432 0.078¢ -1.408 -0.054¢
PRN#25 1.353 1.367-0.0134 1.279 0.0744 1.448 -0.0944 1.326 -0.0274
PRN#26 -1.353 -1.519 0.1654 -1.52 0.166¢ -1.462 0.108¢ -1.457 -0.103¢
PRN#27 1.353 1.509 -0.1554 1.097 0.2564 1.408 -0.0544 1.438 0.084¢4
PRN#28 -1.353 -1.42 0.066¢ -1.361 0.007¢ -1.392 0.038¢ -1.366 -0.012¢
PRN#29 1.353 1.187 0.1664 1.199 0.1554 1.244 0.1094 1.256 -0.0974
PRN#30 -1.353 -1.183-0.1704 -1.027 -0.3314 -1.271 -0.0824 -1.236 0.1174
rms (ns) 0.162( 0.212¢ 0.1371 0.1476
rms (TECU) 0.299] 0.392¢ 0.2544 0.2728
Rx DCB (ns) -1.894] -1.658 -1.727 -1.819 -1.898

Rx DCB (TECU) -3.5 -3.0627 -3.1907 -3.3601 -3.5061
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5.4 Model evaluation

The relatively good comparisons of the estimatedC T@hd DCBs in the presented test case gave
sufficient confidence in the successful mathemhbticglementation of the ASHA algorithm in
software. The ASHA algorithm was subsequently tgiarely evaluated by comparing its estimated
TEC results with ionosonde measurements, MIDAS@IM GPS results and with TOPEX/Poseidon
and Jason-1 satellite based radar altimeter TECsunements. The following test cases were

investigated

5.4.1Test case 1: Single receiver comparisons with iomnmsde, MIDAS and GIM TEC.

The ASHA model was evaluated for single receivgrcmparing diurnal TEC profiles estimated
from single GPS receivers located at Grahamstdwest(case 1A)ThohoyandouTest case 1Band
Upington (Test case 1C)and compared with ionosonde measurements resplgctigcorded at
Grahamstown, Madimbo and Louisvale close to 2006inex/solstice dates. These days were
geomagnetically quiet with maximum K-index value ®fas illustrated by the K-index values
recorded at Hermanus, South Afridagure 22). The estimated ASHA GPS-TEC results were for
these dates and locations were also compared teT&RSvalues from MIDAS and CODEs Global
lonospheric Map TEC values. MIDAS TEC values foede dates and locations were obtained by
conducting computerised ionospheric tomographygusioservations from between 32 and 36 GPS
receivers distributed through South Africa and byegrating through the CIT-derived electron
density profiles. The results for the test casespaesented ifrigure 23 (Test case 1A Figure 24
(Test case 1BrndFigure 25 (Test case 1C) In Table 3the satellite DCBs estimated Trest case

1A using the ASHA method, is compared to those estichahd disseminated by CODE for the same

dates
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Figure 22. K-indices produced by the Hermanus Magnetic Obserydor 2006 near solstice and equinox

dates. The low K-indices for these dates indicagnetically quiet conditions.
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Figure 23. Test case 1A Comparison of measured Grahamstown ionosonde WiHCASHA, MIDAS and

GIM GPS-derived TEC results close to 2006 solstitg equinox dates.
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Madimbo. 15 March 2006. Madimbo. 22 June 2006.
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Figure 24. Test case 1BComparison of measured Madimbo ionosonde TEC w8BRHA, MIDAS and GIM

GPS-derived TEC results close to 2006 solsticeeguihox dates.
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Figure 25. Test Case 1CComparison of measured Louisvale ionosonde TEC A8KHIA, MIDAS and
GIM GPS-derived TEC results close to 2006 solstitg equinox dates. No ionosonde data was regiséére
Louisvale during the period 1 Dec 2006 — 1 May 2007
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Table 3. Satellite DCBs as estimated by the ASHA algoritmonf Grahamstown GPS receiver data for 2006
dates Test case 1A DCBs are compared to those estimated by CODi&a aia@ylobal GPS receiver network.
DCBs are given in TEC units.

15 Mal 22 Juni 21 Sej 21 De
GPS s¢ |CODE|GRHM|CODE| GRHM |CODE|GRHM|CODE|GRHM
1 -3.0¢| 10.8¢ | -3.0¢ | 8.6% | -3.07| 6.6F | -3.21| 6.8}
5.82 |-17.4¢| 5.87 | -16.67 | 5.8¢ | -17.6¢| 5.6€ | -17.1;
-252| 7.2¢ | -2.61| 6.9¢ |-2.51| 3.7¢ | -2.7C| 3.9¢
-1.38| 2.7C | -1.21| 3.5% |-1.3%| 5.87 | -1.5% | 6.4¢
-2.5€| 8.3€ | -2.4€ | 6.9€ | -2.4¢| 3.01 | -2.84 | 3.92
-2.11| 5.5€ | -2.15 | 6.0¢ | -2.1¢ | 5.3z | -2.2¢ | 5.41
-4.01| 10.57 | -4.0¢ | 11.6¢ | -4.0c | 7.5z | -4.1€ | 3.8t
-2.86| 7.4z | -2.7¢| 8.0¢ | -2.92| 5.87 | -3.07| 6.8€
9 -1.6€| 491 | -1.6€ | 4.71 |-1.6¢| 3.0€6 | -1.8€| 4.5¢
10 -3.74| 9.04 | -3.7¢ | 11.3¢ | -3.7¢ | 3.54 | -3.95 | 4.8/
11 24% | 547 | 24z | -6.64 | 2.37 | -6.2€ | 2.21 | -6.0¢
12 ne ne ne ne ne ne 2.28 | -2.3¢F
13 2.1€ | -6.22 | 21z | -5.71 | 204 | -2.11 | 1.85 | -2.1¢€
14 0.8C | -0.7€¢ | 0.84 | -1.4¢ | 0.7¢ | -2.8% | 0.6% | -2.6F
15 -3.61| 9.9¢ | -3.6€ | 10.9¢ | -3.6¢ ne -3.97 ne
16 1.1C | -2.2z | 1.0¢ | -2.5¢ | 1.07 | -6.0¢ | 0.9C | -5.82
17 1.04 | -2.08 | 092 | -2.6C | 1.5 | -0.78 | 1.3% | -1.3¢
18 1.5C| -3.6¢| 1.5¢ | -4.11 | 1.7¢ | -7.1¢ | 1.5¢ | -6.11
19 4,15 |-11.0C| 4.0¢ | -10.52| 4.0z |-17.4%| 3.77 | -17.3]
20 -0.95| 447 | -0.8¢ | 3.2z | -0.95| -1.5€ | -1.2C | -2.4:
21 245 | -7.5€ | 235 | -6.14 | 2.37 | -8.35 | 2.17 | -7.9C
22 6.5F |-17.47| 649 | -18.62 | 6.4F | -17.2(| 6.32 | -16.67
23 8.6¢€ |-23.2¢| 8.7z | -23.2% | 8.6C | -24.2¢| 8.4C | -23.0¢
24 -451]| 12.68 | -4.5¢4 | 12.4¢ | -4.61| 11.0¢ | -4.7€¢ | 11.2(
25 -0.7¢| 154 | -0.4¢ ne -0.4€| 1.27 | -0.5¢| 0.3¢€
26 -1.11| 2.34 | -1.2¢ | 3.0¢ |-1.2C| 5.0C | -1.4€ | 5.47
27 -2.36| 6.3 | -2.3E| 6.85 | -2.4E| 4.4% | -2.6Z | 4.6%
28 1.44 | -3.45 | 1.37 | -25¢€ | 1.37 | -4.94 | 1.2€ | -5.67
29 -0.84| 0.91 | -1.0C| 2.11 | -0.9¢| 3.17 | -1.24| 3.0¢
30 0.01 | 0.8¢ | 0.0E | -0.82 | 0.0¢ | 3.9¢ | -0.1z | 4.71
31 ne ne ne ne ne ne 3.2C | -5.0C

0N O™ IWIN
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5.4.2Test Case 2: Two-dimensional evaluation using IRlstmulated and observed GPS

observations.

To evaluate the ASHA algorithm’s capability at esiting two-dimensional TEC over a large region
such as South Africaglant IRI-TEC observations were simulated for multipleugh African GPS
receivers Table 4) and 2D vertical TEC maps were interpolated on2&%0.25° longitude/latitude
grid using the estimated spherical harmonic coeffiis from a 12-degree model (Eg. 5.11). The
procedure was repeated for the CSHA algorithm. A8&IA and CSHA algorithms were evaluated
by comparing 2D TEC maps derived using time-varyiRgthmF2 values in the cosec mapping
function (Test cases 2A and 2Cand a fixed assumed ionospheric shell heigh&0fidn (Test cases
2B and 2D to 2D vertical IRI reference TEC maps. Finally, the ASHA and SCRIA TEC maps
derived from actual GPS measuremefitab{e 4) were comparedTEest case 2[E The results for
selected hours on 15 March 2006 are presenté&igure 26 (Test case 2A, Figure 27 (Test case
2B), Figure 28 (Test case 2§, Figure 29 (Test case 2§ andFigure 30 (Test case 2E) For DCB
analysis, biases of respectively +/- 2.5 TECU (3488s) for satellites and +/- 3.5 TECU (1.8947 ns)
for receivers were used in the IRI-simulated testes2A-D. Statistics on the differences between
reference and estimated DCBs are presentddhiole 5 Table 8 In Table 9 the estimated satellite
and receiver DCBs are compared for test cageB. Statistics on the difference between ASHA and
CSHA for Test case 2Hs presented ifable 10 For the sake of completeness, the estimated DCBs

for Test case 2Hs presented ifable 11 A maximum IRI-height of 2 000 km was considered.

Table 4. Location of GPS receivers used for Tesase 2: 2D TEC map evaluation

Receiver code Receiver Position (Longitude, Latitude
BFTN Bloemfontein 26.30, -29.10
MBRY Cape Town 18.47, -33.95
DRBN Durban 30.95, -29.97
MFKG Mafikeng 25.54, -25.81
NSPT Nelspruit 30.98, -25.48
PELB Port Elizabeth 25.61, -33.98
PRET Pretoria 28.28, -25.73
SBOK Springbok 17.88, -29.67
TDOU Thohoyandou 30.38, -23.10
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Figure 26. Test case 2AComparison of ASHA estimated 2D vertical TEC mapimg simulated IRI slant TEC
observed by eight receivers and reference 2D & ifRi TEC maps for 15 March 2006 (day 74). A"dzgree and order
harmonic expansion and an IRI-deriveniF2varying thin-shell height were used in the analysthe &' column

illustrates the difference between the estimatetraference TEC results.
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Figure 27. Test case 2BComparison of ASHA estimated 2D vertical TEC mapismg simulated IRI slant TEC
observed by eight receivers and reference 2D & ifRi TEC maps for 15 March 2006 (day 74). A"dzgree and order
harmonic expansion and an 350 km assumed ionospstesil height were used in the analysis. TAe@umn illustrates

the difference between the estimated and referéB€eresults.
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Figure 28. Test case 2CComparison of CSHA estimated 2D vertical TEC magiagisimulated IRI slant TEC
observed by multiple receivers and reference 2BoaiRI TEC maps for 15 March 2006 (day 74). 12" degree and
order harmonic expansion and an IRI-deriteaF2varying thin-shell height were used in the analysihe 3 column

illustrates the difference between the estimatetraference TEC results.
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Figure 29. Test case 2DComparison of CSHA estimated 2D vertical TEC magiagisimulated IRI slant TEC

observed by multiple receivers and reference 2Eoa#iRl TEC maps for 15 March 2006 (day 74). Z"Hegree and

order harmonic expansion and a 350 km assumedpbeds shell height were used in the analysis. 3heolumn

illustrates the difference between the estimatetraference TEC results.
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Figure 30. Test case 2EComparison of CSHA and ASHA estimated 2D vertitBC results from actual GPS data
from eight receivers (Table 4) on 15 March 2006y(@4). A 12" degree and order harmonic expansion amiR2
varying ionospheric shell height were used in thalysis. The horizontal features in the columm2ges are subtracted
from column 1 images, rendering the “differencadages in column 3, attributed to the differenceveen the terrestrial

wavelength and the adjusted terrestrial waveleafithe Legendre functions (Sparagraph 5.2.2.3.
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Table 5. Test case 2A statistics on difference ASHA (hmF2)-IRI 2D TEC maps for 15 March 2006.

Hour Min TEC Max TEC | Mean TEC | Stdev RMS

00:00 -0.6662 1.9131 -0.1003 0.5202 0.5297
06:00 -2.5498 2.6855 -0.3801 1.1393 1.2008
12:00 -3.4377 -0.6296 -1.8770 0.5101 1.9450
18:00 -2.9738 0.9032 -0.8295 0.8087 1.1584
22:00 -0.5602 2.1695 0.0335 0.5444 0.5454

Table 6. Test case 2B statistics on difference in ASHA (SLMRI 2D TEC maps for 15 March 2006.

Hour Min TEC Max TEC | Mean TEC | Stdev RMS

00:00 -0.9197 1.3233 -0.4460 0.3968 0.5969
06:00 -2.7591 2.4209 -0.5657 1.1435 1.2756
12:00 -3.8619 -1.2711 -2.3671 0.5452 2.4290
18:00 -3.1045 0.5796 -1.1332 0.7141 1.3394
22:00 -0.8239 1.8188 -0.3239 0.4694 0.5703

Table 7. Test case 2C statistics on difference irSEIA (hmF2)-IRI 2D TEC maps for 15 March 2006.

Hour Min TEC Max TEC | Mean TEC | Stdev RMS

00:00 -0.6299 1.2326 -0.221: 0.2054 | 0.301¢
06:00 -2.6287 2.5871 -0.2952 1.2408 | 1.275:
12:00 -3.6694 -0.1352 -1.898¢ 0.4509 | 1.951:
18:00 -2.7447 2.5428 -0.621¢ 0.9998 | 1.177:
22:00 -1.2347 0.5511 -0.103: 0.1825 | 0.209¢

Table 8 Test case 2D statistics on difference in CSHA (SLMRI 2D TEC maps for 15 March 2006

Hour Min TEC Max TEC | Mean TEC | Stdev RMS

00:00 -0.3567 1.2425 0.0003 0.1693 0.1692
06:00 -2.3894 2.8664 -0.0535 1.2465 1.2475
12:00 -3.2289 -0.1285 -1.5658 0.4267 1.6229
18:00 -2.4398 2.3529 -0.3704 0.9642 1.0328
22:00 -0.7197 0.7266 0.1581 0.1617 0.2261
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Table 9. Comparison of estimated GPS receiver (Rx) andlgatéPRN) DCBs using ASHA and CSHA

options inTest Cases (TC) 2A-2D All DCBs are given in nanoseconds (ns).

Ref ASHA (hmF2 [Ref—  |ASHA (SLM)[Ref—  |CSHA hmF2 [Ref—  [CSHA (SLM) Ref—

Device |DCBs TC2A TC2A  [TC2B TC2B  [TC2C TC2C [TC2D TC2D

BFTN Rx -1.894 -1.546 -0.3481 -1.467 -0.4277 -1.708 -0.1867 -1.568 -0.326[7
DRBN Rx 1.894 2.344 -0.4493 2.444  -0.5493 2.131 -0.2363 2.274 -0.3793
MBRY Rx|  -1.8947 -1.562 -0.3321 -1.473  -0.4217 -1.70]1 -0.1937 -1.612 -0.2827
MFKG Rx 1.8947 2.143 -0.2471 2.293 -0.3983 1.927 -0.032: 2.057 -0.1628
PELB Rx -1.894 -1.566 -0.3281 -1.476 -0.4187 -1.699 -0.1957 -1.608 -0.2867
PRET Rx 1.894 2.153 -0.2583 2.304  -0.4093 1.938 -0.043: 2.068 -0.1733
SBOK Rx -1.894 -1.498 -0.3997 -1.409 -0.4857 -1.662 -0.232] -1.524 -0.3707
TDOU Rx 1.894 2.056 -0.1613 2.14  -0.2453 1.833 0.0617 1.932 -0.0378
rms 0.327( 0.427: 0.168¢ 0.2756
PRN#1 -1.353 -1.017 -0.3364 -0.955 -0.3984 -1.043 -0.310/ -0.986 -0.3674
PRN#2 1.353 1143 0.2114 1.154  0.1994 1.14 0.213/ 1.149  0.2044
PRN#3 -1.353 -0.939 -0.4144 -0.903  -0.4504 -0.952 -0.401/ -0.92 -0.4334
PRN#4 1.353 1.091 0.2624 1.108  0.2484 1.084 0.269/ 1.094 0.2594
PRN#5 -1.353 -1.454  0.1004 -1.38]1 0.0274 -1.586 0.232¢ 1527 0.173p
PRN#6 1.353 1.247 0.1064 1.312  0.0414 1.213  0.140/ 1.273  0.0804
PRN#7 -1.353 -1.438  0.0844 -1.374  0.0204 -1.463 0.109¢ -1.405 0.051p
PRN#8 1.353 1.841 -0.4876 1.8 -0.5266 1.591 -0.237¢ 1.655 -0.301p
PRN#9 -1.353 -2.057 0.7034 -2.08 0.7266 -1.989 0.635¢ -1.978 0.624p
PRN#10 1.353 1.187 0.1664 1.202  0.1514 1.186 0.167 1.194 0.1594
PRN#11 -1.353 -0.652 -0.7014 -0.634 -0.7194 -0.849 -0.504/ -0.826 -0.5274
PRN#13 1.353 1.621 -0.2676 1.6 -0.3266 1.641 -0.287¢ 1.696 -0.342p
PRN#14 -1.353 -0.67 -0.7334 -0.662 -0.6914 -0.84 -0.513 -0.785 -0.5684
PRN#15 1.353 0.77§ 0.575 0.783  0.568 0.823 0.530 0.832 0.5214
PRN#16 -1.353 -0.976 -0.3774 -0.917 -0.4364 -0.933 -0.420/ -0.885 -0.4684
PRN#17 1.353 1174 0.1754 1.196 0.1574 1.196 0.157/ 1.206 0.1474
PRN#18 -1.353 -1.84  0.5366 -1.887 0.5334 -1.918 0.561¢ -1.899 0.545p
PRN#19 1.353 2.279 -0.9256 2.321 -0.9676 2.226 -0.8726 2.273 -0.9196
PRN#20 -1.353 -0.816 -0.5374 -0.819 -0.5344 -0.922 -0.431/ -0.93]1 -0.4224
PRN#21 1.353 0.74§  0.6054 0.757 0.5964 0.806 0.5474 0.818§ 0.5354
PRN#22 -1.353 -1.168 -0.1884 -1.139 -0.2144 -1.22] -0.132/ -1.192 -0.1614
PRN#23 1.353 2.171 -0.8176 2.241 -0.8876 2.1 -0.7764 2.188 -0.834p
PRN#24 -1.353 -1.328 -0.0254 -1.305 -0.0484 -1.386 0.032¢ -1.373 0.019
PRN#25 1.353 1.617 -0.263¢ 1.667 -0.3134 1.571 -0.217¢ 1.619 -0.265p
PRN#26 -1.353 -1.633 0.2784 1611 0.2576 -1.559  0.205¢ -1546 0.192p
PRN#27 1.353 2.488 -1.1346 2.514 -1.1606 2.271 -0.9176 2.334 -0.980B
PRN#28 -1.353 -1.20] -0.1524 -1.197 -0.1564 -1.108 -0.245/ -1.074 -0.2794
PRN#29 1.353 1134 0.2194 1.154  0.1994 1.198 0.155/ 1.209 0.1444
PRN#30 -1.353 -0.812 -0.5414 -0.748 -0.6054 -1.25] -0.102 1191 -0.1624
rms 0.494¢ 0.511: 0.425: 0.4447
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Table 10 Test case 2E. Statistics on difference in CSHA ariSHA estimated 2D GPS TEC maps for 15
March 2006. All values in TECU.

Hour Min TEC Max TEC | Mean TEC | Stdev RMS

00:00 -1.9215 0.7176 -0.1552 0.6348 0.6534
06:00 -0.8148 1.0376 0.0228 0.3722 0.3729
12:00 -0.5478 0.5725 0.1525 0.2121 0.2612
18:00 -0.9420 1.0354 0.1339 0.3980 0.4199
22:00 -1.6181 1.0038 -0.0511 0.6174 0.6194

Table 11 Test case 2EEstimated DCBs compared to CODE DCBs. All valuesanoseconds.

Rx CODE  ASHA SHM Sat n CODE ASHA SHM
BFTN ng 6.14¢ 6.00] PRN#] -5.70¢§ 7.21] 7.11€
DRBN ne 1.70¢€ 1.55¢ PRN#: 10.769: -7.00¢ -7.05¢
MBRY F 9.63¢ 9.55/ PRN#: -4.655! 6.067 5.99¢
MFKG ne 8.69: 8.5¢ PRN#: -2.493¢ 4.04¢ 3.95¢
PELB ng 13.744 13.64¢ PRN#: -4.765¢ 6.79 6.78¢
PRET ng 10.23¢ 10.16€ PRN#¢ -3.897" 5.02¢ 5.0%
SBCK ne 6.39: 6.21¢ PRN# -7.407: 7.64¢ 7.65¢
TDOU ng 6.24¢ 6.10¢ PRN#¢ -5.320: 6.35¢ 6.29¢

PRN#¢ -3.121¢ 4,43 4.4¢
PRN#1( -6.908" 6.99¢ 6.97]
PRN#1: 4.,488¢ -0.5¢ -0.65%
PRN#1: ne ne ne
PRN#1! 3.9¢ -0.40¢ -0.447
PRN#1- 1.477¢ 1.34 1.24¢
PRN#1! -6.668¢ 7.30¢ 7.37:
PRN#1¢ 2.032 0.54: 0.53¢
PRN#1" 1.921: 0.65¢ 0.5¢
PRN#1¢ 2.770¢ -0.13¢ -0.18]
PRN#1¢ 7.666! -3.86¢ -3.9¢
PRN#2( -1.754¢ 4.69: 4.57¢
PRN#2: 45257 -2.012 -1.932
PRN#22 12.099:- -7.62i -7.67¢
PRN#2! 16.052Y -10.96¢ -11.02:
PRN#2: -8.331: 9.03¢ 8.94:
PRN#2! -1.459: 2.98¢ 2.87]
PRN#2¢ -2.050¢ 3.06¢ 3.15¢
PRN#2 -4.396¢ 5.38¢ 5.40¢
PRN#2¢ 2.6¢€ 0.52¢ 0.47
PRN#2¢ -1.551" 2.73 2.8%7
PRN#3( 0.018¢ 2.54¢ 2.471
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5.4.3Test Case 3: TOPEX/Poseidon (T/P) and Jason-1 (J-1)

T/P and Jason-1 TEC measurements were used aseanatlependent reference source for
evaluating the ASHA TEC estimation algorithm. Besa T/P and Jason-1 measurements are
restricted to open ocean regions, vertical TEClteastimated from an IGS GPS receiver installed
on Gough Island (9.88°W, 40.35°S) were used in shisly and compared to T/P and Jason-1 TEC
measurements taken along orbits passing near-aigytiover the GPS receiver. Relevant T/P and
Jason-1 data arcs were identified as those seatibogbits passing within 15° of the Gough GPS
receiver’s zenith. T/P and Jason-1 orbits areredlén cycles, with each 10-day cycle containing
127 passes and measurements are stored in binage®1&eophysical Data Records-B (MGDRB)
data files available at [PO.DAAC An example of selected T/P passes of cycleaf@lpresented in
Figure 31 andFigure 32 and the cycles/passes relevant to this studyistesllinTable 12 Diurnal
GPS-TEC estimated at Gough close to 2005 equindsalstice dates are illustratedrigure 34.

Table 12 T/P and Jason-1 orbit footprints intersecting @§oGPS receiver’'s 40° elevation footprint close to

2005 equinox/solstice dates.

Cycle (TOPEX) | Cycle (Jason-1) Pass Date (2005) Day of year ThieC)
461 48 22 March 81 05:06-05:12
461 109 24 March 83 13:46-13:53
118 109 24 March 83 13:38-13:51
118 226 29 March 88 No GPS data
470 48 19 June 170 10:53-10:59
470 109 21 June 172 19:33-19:39
127 109 21 June 172 19:25-19:37
127 226 26 June 177 09:28-09:40
480 48 26 Septemberr 269 14:38-14:45
480 109 28 September 271 23:19-23:25
137 109 28 September | 271 23:10-23:23
137 226 03 October 276 13:13-13:25
145 109 17 December | 351 06:59-07:11
145 226 21 December | 355 21:02-21:14
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TOPEX groundtracks and Gough Island's GPS IPP geometry.
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Figure 31. Selected T/P ground tracks for cycle 461, highlightpasses 48 (22 March 2005) and 109 (24
March 2005), passing close to Gough Island zenhGPS IPP footprint corresponding to a 40° elerati

angle (~800 km) around Gough Island is illustrat@dson-1 ground tracks are very similar to T/P.
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Figure 32. Enlarged view of relevant T/P and J-1 ground tra@ledble 12) intersecting the Gough GPS
receiver’s 15° zenith angle IPP footprint calcutlabsing a 350 km assumed ionospheric shell height.

Data processing involved downloading the releva@DRB files, converting them to ASCII format,

extracting the time, ground track co-ordinates Hraionospheric delay parameters and calculating
TEC along the ground track using Eqg. 4.5. Theuwated TEC was smoothed using 25 and 35 point
windows on measurements respectively taken betWéedD-24:00 and 00:00-06:00. Examples of
smoothed T/P and J-1 TEC values over Gough Islémgk do 2005 equinox and solstice dates are

presented ifrigure 33.
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As none of the selected T/P J-1 orbits pass véticaer the receiver on Gough Island, ASHA'’s
capability at consistently estimating TEC at loga$ distinct from the receiver location had to be
evaluated prior to interpolating GPS TEC along sheellites’ off-zenith ground footprint. For this
purpose, a 15° zenith (75° elevation) angle IPRpiaat was defined around the receiver and diurnal
vertical TEC was calculated at three distinct lmoet (P1, P2, P3) on a J-1 ground track intersgctin
this footprint(Figure 35). The comparative diurnal TEC results at thesations are presented in
Figure 36. The good agreement between the resulting didmaal profiles illustrates the algorithm’s
capability at estimating TEC away from the receiwgving confidence to proceed with the T/P and

J-1 TEC comparison.

Finally, ASHA-derived GPS TEC values, calculatedng T/P and J-1 satellite ground tracks
intersecting the 15° zenith footprint, were compate the corresponding T/P and J-1 TEC
measurements. To this end, the intersection tiMhéER® and Jason-1 ground tracks with the GPS
zenith footprint were determined and ASHA coeffitgewere estimated from 24-hour period RINEX
observation files. GPS-TEC was interpolated altvegrelevant T/P and J-1 ground tracks sections
by applying Eq. 5.1 to the estimated ASHA-coefinige the satellite time measurement and
corresponding satellite geographic position. TI&HA-interpolated TEC and T/P and J-1 TEC for
these dates are presented respectivellyigure 37 and Figure 38 The effect of using different
ionospheric shell heights in estimating GPS-TEC inasstigated and the results compared with J-1
TEC close to 2005 equinox and solstice d&ygyre 39).
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Figure 33. Smoothed T/P and Jason-1 (J-1) TEC calculated aleatjpns of their respective orbits

transecting the Gough Island GPS receiver’'s 407agilen footprint close to 2005 equinox and solstages.

No T/P data was available for December. The dginlEC difference and solstice instability is agpa in

the data. Se€able 12for satellite orbit details.
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Gough diurnal TEC. 24 March 2005 Gough diurnal TEC. 21 June 2005
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Figure 34. Diurnal GPS-TEC variation close to 2005 equinox antbtice dates at Gough island using the
ASHA algorithm with different slant to vertical m@ipg functions: Fixed shell height Single Layer Mbd
(SLM, 350 km), varying shell height (IRI-derivéunF2 and Modified Single Layer Model (MSLM, 570 km
shell height). These dates to coincide with theefirof T/P and Jason-1 orbits passing near veuial the
island Table 12. Note the low winter TEC values and the highogpheric variability associated with

solstice dates.
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Jason Cycle 118 (pass 109) and Gough GPS IPPs. 24 March 2005
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Figure 35. Jason-1 pass 109 (Cycle 118) footprint transedBnggh Island GPS receiver 40° (red) and 75°
(black) IPP footprint on 24 March 2005. The egéat section (right) illustrates the location ofethrdistinct
points along the satellite ground track at whichHASdiurnal TEC was calculated to verify it's abjlito

interpolate within the vicinity of the receiver.

TEC variability at Gough Island GPS Receiver. 24 March 2005
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Figure 36. ASHA-derived diurnal TEC variability at four distihlocations on Gough Island illustrated in
Figure 35.
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Cycle 461 Pass 048. 22 March 2005 Cycle 461 Pass 109. 24 March 2005.
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Figure 37. Comparison between T/P and ASHA-derived TEC obskefvem Gough Island close to 2005
solstice and equinox dates. These results corresjpatme satellite transition time through the 28hith angle
footprint and illustrate the difference in TEC #fatent times of day. Transition times are listadrable 12
No T/P MGDRB files were available after Septemb@0=2
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Cycle 118 Pass 109. 24 March. Cycle 118 Pass 226. 29 March.
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Figure 38. Comparison between Jason-1 (red) and ASHA-deriie@ Tblue) observed from Gough Island
close to 2005 solstice and equinox dates. Thes#tsesrrespond to the satellite transition timeotigh the
15° zenith angle footprint and illustrate the diffiece in TEC at different times of day. Transitiones are
listed inTable 12 No GPS data was available for 29 March and JasbiEC for 03 October is suspect.

93



Cycle 118 Pass 109. 24 March. 2005. Cycle 127 Pass 109. 21 June 2005
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Figure 39. Comparison between Jason-1 and ASHA-derived TE@rabd from Gough Island close to 2005
solstice and equinox dates. These results corrdspihe satellite transition times through the zBhith
angle footprint and illustrate the difference ind' &t different times of day and season. The redaftthree
different ionospheric shell models are illustrat&tie fixed height (350 km) Single Layer Model (SLNhe
variable shell height model (using IRI-derivéuinF2 and the Modified Single Layer Model (MSLM).

Transition times are listed inable 12
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5.5 Discussion

The IRl is a complex data-driven model which wasgeli@ped using long-term monthly mean values
of ionospheric observations from instruments distied across the globgansSouthern Africa. The
IRI reflects our current understanding of the igiwre but, as with any model, only approximates
reality. For the purpose of generating simulatiord aeference data for software testing and
evaluation, the IRI sufficiently describes geneatalrnal mid-latitude ionospheric behaviour. Given
these known model limitations, a qualitative TE@nrgarison is discussed for the simulation results.
The ASHA-IRI interpolated resultd=igure 20) follow expected diurnal TEC variations with low
nighttime TEC values and midday peaks with no negafiEC values. It appears that the magnitude
of TEC derived values using tlenF2 varying shell height approximated the referenceiced IRI
diurnal values slightly better than fixed heightMBL The relatively good comparison between the
single receiver ASHA-interpolated profiles and tieéerence profile, combined with the relatively
small difference between the reference and estansdeellite DCBs for the test case, is encouraging
and gives an indication of the correct softwarelengentation of the ASHA algorithm. Comparisons
of the difference between reference and estimate@, Teceiver DCB and satellite DCB reveal a
marginally smaller rms error for CSHA results tHan results from the newly introduced ASHA
methodology Figure 21 andTable 2). The rms errors for both methods were less th&dms for
estimated DCBs and better than 0.6 TECU for thenes¢d TEC.

In all the single receiver test cas@gst cases 1A-QFigure 23 - Figure 25, GPS-derived TEC
values exceed ionosonde-derived TEC. This is pea®gd as ionosondes only measure up to the F
peak density heighttnF2~ 350 km) and the top side Chapman extrapolat@njschet al, 2004)
may contain some uncertainties. A significant congmt of the TEC difference, however, can be
attributed to the plasmaspheric TEC contributidine plasmasphere extends 1200-35000 km above
the Earth’s surface and contains charge densitiessty H), which are considerably lower than
those of the ionosphere. The large extent of thenpasphere, however, can produce significant
integrated charge column densities (TEC) alongadigaths passing through the plasmasphere. The
daytime plasmasphere contribution to GPS-TEC ig@apmately ten percent, but increases to 20-
35% at night (Webb, 1997). Plasmaspheric TEC s¢pdifrom GPS-TEC supplies a novel means of
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investigating plasmaspheric charged densities ¢éeolland dynamics (Mazzella, 2002; Belehaki,
2002 and 2003; McKinnedt al, 2007).

Apart from the plasmaspheric TEC offset, the ASHAd aMIDAS solutions tracked the diurnal
ionosonde TEC profiles consistently with the exmapof larger MIDAS nighttime TEC for June and
September offest case 1A(Grahamstown), where MIDAS appears to over-esentiaé nighttime
TEC. This might be attributed to the solstice ibsity for the June case, but cannot be explairoed f
the September case as yet. The GIM-TEC also folliotne general diurnal ionosonde TEC profiles
in all the test cases, but because of the stari@&Bdwo-hour resolution, fails to reveal finer deta
such as the June and December daytime dynamicghvare clearly illustrated by ASHA and
MIDAS. MIDAS and GIM TEC values are generally hegithan ASHA. The higher GIM values
might be attributed to the higher, fixed assumetbspheric shell height of 350 km, compared to the
variablehmF2height employed by ASHA.

The two-dimensional TEC maps presentetest cases 2A-0O0Figure 27 - Figure 29) illustrate the
difference between ASHA and CSHA estimated TEC neaps reference vertical TEC maps. The
maximum differences between the estimated and eeter maps appear around 12:00 UT with
maximum TEC differences for both methodologies leetww3-4 TECU. The statistics Trable 5
Table 8reveal that the ASHA and IRI difference maps hawightly higher maximum rms value at
midday (2.4 TECU) than the corresponding CSHA mydddference rms value (1.95 TECU). For
test cases 2A-Dthe statistics on the difference between the C@&M&thmated and the reference TEC
maps point to a slightly better estimation by CStian the newly developed ASHA algorithm. This
is evident from the marginally smaller rms TEC alable 5- Table 8).

The terrestrial wavelength for a 12-degree CSHA ehagl 30° and the equivalent, scaled terrestrial
wavelength for a 12-degree ASHA model is 6.67° (). The apparent horizontal structures in
the difference maps between the ASHA and CSHA ed&écth2D GPS TEC mapBigure 30) can be
attributed to the amplitude difference between 2i& terrestrial wavelength (20°/30°) and the 3
scaled wavelengths (20°/6.67°) of the 12-degreeehdre function (see paragrapl.2.3. The
relatively small difference in TEC (rms < 1 TECU)daestimated DCBs is a good indication of the

ASHA algorithm’s comparability with the CSHA algthhim.  The apparent discrepancy between
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CODEs satellite DCBs and those estimated by the A8Rd CSHA methods may be attributed to
the statistical process by which satellite DCBs eatculated from DCBs estimated from global
observations by several institutions using diff¢methodologieseg CODE and JPL.

In the TOPEX/Poseidon and Jason-1 TEC analyses AA&Hived TEC consistently appears lower
than the satellite-measured TEC. This is contranywhat is expected as the longer GPS signal path
(20 200 km) should render a higher TEC value thenT/P or J-1 which orbits at 1 300 km. While
T/P TEC has been used extensively for GPS-TEC cosgres (Mannuccet al, 1994; Imel, 1994;
Hoet al.,1997; Jeet al.,2004; Ping, 2004), long-term studies of TOPEX/Rtse TEC have shown
that a bias exists in its data (Zheibal, 2004). The apparent ASHA under-estimation sulsety
does not necessarily imply an inferior TEC estioratmodel. It should also be pointed out that in
GPS-TEC studies similar to this research work, @S model's ionospheric shell height was
adjusted to improve agreement between T/P TEC aP8-@Gerived TEC (Mannucat al, 1994).
This improved agreement by using a higher shedititas illustrated by the MSLM results Figure

39. By increasing the shell height to 600-800 kntidyeagreement between GPS-TEC and T/P and
J-1 TEC may be achieved. This, however, is notsadile for studies over South Africa, as a bias
will be introduced in the model, resulting in ovestimated TEC values. The good agreement of
ASHA with MIDAS in these test cases, gives sufintieonfidence in the ASHA model to accurately
estimate TEC from GPS observations to within exgekbnits.

5.6 Conclusions

A new methodology was developed and evaluated timat® ionospheric Total Electron Content
from GPS observations over South Africa. Resulbenfthis study show favourable comparisons
with measured ionosonde data and two independeftiiaBed methodologies. Simulation results
for two-dimensional TEC maps calculated over thgiae are promising and the small TEC error
between the CSHA and ASHA algorithms indicate thigability of both algorithms for constructing

regional TEC maps from estimated coefficients. @lgerithms and software developed in this study
supplies the means for observing and investigabngspheric dynamics over Southern Africa and
investigating the constitution of plasmaspheric TiEGhe near-Earth region. The developed ASHA

methodology is the first of its kind for South Afai and may be adapted for application in other
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regions. With code optimising, a near real-timeCTiapping system for South Africa is feasible
with either of the presented ASHA or CSHA methodas.
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Chapter 6

Application to the Square Kilometer Array

6.1 Introduction

Astronomical radio signals were discovered by Jaridknsky, 1932) and early pioneers in this field
included Reber, who first mapped the Milky Way gs&n home made antenna (Reber, 1949) and
Kraus (Kraus, 1986). Since its inception, radstr@nomy (RA) has contributed significantly to
science, leading to the discovery of pulsars, ggasaeutron stars and the cosmic background
emission (CBE) for which the 1978 Nobel prize wagaaled to Penzias and Wilson. It also
contributed significantly to our understanding bé tearth and its near space environment through
applications such as space geodesy using Very [Basgline Interferometery (VLBI). Modern
operational RA observatories include the AmericarWLarge Array (VLA), Aricebo, the world’s
largest single dish at 305 m diameter, the IndiaanGMetrewave Radio Telescope (GMRT), the
British MERLIN and Australian Compact Telescope arr(ACTA). Present efforts include the
European Low Frequency Array (LOFAR) operating be®00 MHz and the South African Karoo
Array Telescope (KAT-7) and meerKAT (“more” KAT, 8intennas) operating at 1.2 — 2.0 GHz
(Horrel, 2007). Though South Africa has been imedlin radio astronomy since the 1950s, its single
26-metre telescope at Hartebeesthoek has to daiedi research to pulsar search and timing and
VLBI.

6.2 Square Kilometre Array

New developments in all fields of astronomy haveulght the next generation of astronomers to the
brink of probing the origin and evolution of theiverse as a whole. To address these questions
directly, a new generation of astronomical fa@htis needed with a revolutionary new instrument at

radio wavelengths playing a critical role. To thrgd the international radio astronomy community is
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proposing the Square Kilometre Array (SKA), whictil wave a 16 m? collecting area (International
SKA Project Office, 2004).

The proposed SKA receiving area would probably @ionseveral thousand small diameter dishes
(large N-small D), or a small number (50-60) ofglrdishes (large D-small N), with 20% of the
dishes contained withing a 1 kasilameter core (or hub). The remaining 80% of tishek will be
distributed at remote locations (stations). Edeltian will have a footprint of between 200-400 m.
The initial site suitability study assumed 48 stas for large D-small N and 100 stations for lakge
small D configuration. A preliminary proposed Soudtfiican SKA configuration, including remote
stations, is illustrated ifigure 40. At the time of this thesis research, South Aframd Australia
have been shortlisted to host the SKA with a faedision awaited towards the end of 2008.

6.3 SKA requirements

As part of the site suitability requirements to thibee SKA, several suitability criteria such asioad
frequency interference (RFI), infrastructure, cliematc required investigation and quantification
(International SKA Project office, 2004; SKA stegyicommitee, 2005). Because the ionosphere
affects the propagation of, especially, lower frergey radio signals, as will be discussed in folluyvi
paragraphs, a throrough ionospheric stability stwdg required to investigate the following aspects:

» Total electron Content (TEC) variation over the SKagility including diurnal, annual
and variation with solar activity

* lonospheric scintillation (S4 index) at variousguencies and at various times of the year

» Description of large scale phenomena in the ionespbluch as gravity waves, Travelling
lonospheric Disturbances (TIDs) and presence ofipity to the equatorial anomaly.

» The effect of particle precipitation rates in reggofalling within the South Atlantic
Anomaly (SAA)

» Possible impact of the equatorial electrojet on SKA

At the time of the site suitability study, this e research on developing a South African GPSebase
ionospheric TEC model had just commenced and, mitlie study’s short time frame, the

conventional spherical harmonic analysis model §6ch1999) was implemented for deriving GPS-
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TEC and conducting the ionospheric TEC-related stigation of the site suitability study. The
implementation of a GPS-TEC model and subsequentsggheric GPS-TEC studies were scientific
firsts in South Africa and significantly contribateéo this research thesis. Selected TEC-related
results from the study presented in this chaptbseguently constitute the first South African GPS-
TEC observations. The reader is referred to (Qpparet al, 2005) for the complete ionospheric
stability study which was included in South Afrisasfficial bid to host the SKA (SA SKA, 2005).

South Africa’s Initial proposed SKA antenna configuration
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Figure 40. Initial proposed South African SKA logarithmic-splirantenna configuration used in the site
suitability study. The black and red broken lirfeft) respectively represent the geomagnetic exuand
(southern) equatorial anomaly. The trianglesgpleft and red, right) indicate locations of GRSeivers
used in the ionospheric stability study. The dbwgb) is located at (21.39°E, 30.71°S).

6.4 Scientific background

6.4.1Resolution

Because of the large distances involved, it is ragslthat an extra-terrestrial radio signal of
frequencyf and wavelengthi reaches Earth in the form of an oblique planar wa¥ée angular
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resolution, @ in radians, which may be resolved of a radioca&tmy source using a telescope of

diameteD is given by [AIPS++]

6= 6.1

b
A
From Eq. 6.1 it follows that the dish diameter rieggh to observeegthe 21 cm Hydrogen line at an
angular resolution of 30", is 1.4 km, which is tewally unfeasibile. This resolution, however, is

feasible by using the techniques inferferometryand earth rotation synthesisy placing two or

more antennas 1.4 km apart and integrating theredisen over several hours.

6.4.2Interferometry

The combination of two or more antennas (telesqoipean array to form a larger receiving antenna
the size of their seperation baseline is termethemferometerand it operates on wave interference
principle similar to the two-split experiment. deise of the spatial seperation of the individual
antennas and the oblique incidence of the radioewtw wave front reaches antenna 2 before it
reaches antenna Figure 41). This is compensated for in hardware by delayimg signal from
antenna 2 by the time, it takes the same wave front to reach antennghbngpson, 2004). As
illustrated in further paragraphs, the ionosphateoduces a frequency-dependent phase shift which
needs to be compensated for and is not alwaysialttask, especially at long baselines and low

frequencies.
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Figure 41. Schematic presentation of a simple two-antennafermmeter. The vectorB;, represents the
baseline co-ordinates projected on the equatolde@and s represents the pointing vector in the direction of

the astronomical the source.

6.4.3Earth rotation synthesis

The process of earth rotation synthesis rendersogeqtion of each baseline pair on a plane
orthogonal to the interferometer’s pointing vectd@y integrating over time, all baselines pairsl wil
trace a pattern in thigv plane, which will serve as the basis for recortsing the astronomical
object in study. FON telescopes in a telescope array, thereNéike1)/2 baselines. Given the East-
North-Up co-ordinates of antennasndj w.r.t. a known local origin at latituge the antenna co-
ordinates are transformed to the equatorial pléwneugh Eq. 6.2,Kigure 42). The baseline co-
ordinatesB; of each antenna pairis calculated (Eq. 6.3) and projected ontoulaglane using the

right ascension and declination values of the jpogntector (Eg. 6.4).
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The baseline co-ordinates of each antennaipais,then given by
Bji :X]_ =X 6.3
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Figure 42. Relationship and geometry of the ENU and equatonabrdinate systems.

The (equatorial) baseline co-ordinates are finadpsformed tavw co-ordinates which are
orthogonal to the interferometer pointing vector.
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where
J = signal wavelength in metres

0, h = declination and hour angle of the celestial obysmder consideration.

The baseline projection in the~plane is essentially the natural 2D Fourier trameftion of the
object in consideration, hence the tezamplex visibility i.e., the interferometer response to the sky
intensity distribution of the astronomical objedtleally the antenna array should constitute a @ens
gaussian-distributed antenna configuration to itatd a very dense complex visibility trace when
integrating over a period. This, however, is nietags feasible because of financial and technical
restrictions. An example of the proposed KAT-7eamta configuration and associated complex
visibility is given inFigure 43,

Antenna configuration [ENU co-ordinates] Complex visibility
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Figure 43. The complex visibility (right), associated withe proposed KAT-7 antenna configuration (left),
located at (21.388°E, 30.715°S) is illustratedddr.5 GHz signal from a fictitious object locatadight
ascension-declination [10:00:00, 60:00:00S] foRéhbur integration period starting 21 March 2009&00

UT. (Antenna co-ordinates courtesy of Jasper HoK&T manager).
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Let the complex visibility obtained through earthation synthesis be denotedfify,v). The spatial
domain imagek(I,m), is then inferred fronfi(u,Vv) by the inverse Fourier transform

F(I,m) =H f(u,v) €™ dudy, | =u.A, m=vA

Due to antenna density restrictions and observatioise, the inferred radio image contains
uncertainties and noise which have to be removesligh cleaning algorithms and techniques that
are beyond the scope of this study. The readeefesred to (Krauss, 1986; Taylet al, 1999;
Thompsoret al, 2004 and Rohlfst al, 2006) for further details.

6.5 lonospheric influence on radio astronomy
The effect of the ionosphere on radio waves in@dytlease change, Faraday rotation and ionospheric

scintillation. These phenomena are briefly disedss

6.5.1Phase change

The refractive index of a cold, neutral plasmaiveg by (Chen, 1984)

/ fo
n(f)=,/1--%

where the plasma frequengy(re-written from Eq. 2.1) is given by
f, = /NLGZ ~9,/N, kHz
7,

Because of the refraction indexfé-dependence, the propagation of lower frequencyewag
affected more by the electron density in the Earibhosphere than by high frequency wavég, at
f < f,, the refractive index becomes imaginary and raslaves do not propagate through the

ionosphere. With nominal ionosphere electron dissi~ 10-1C° cmi®, this implies that extra-
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For a nominal

The ionosphiéeict ®n higher frequencies is illustrateéiqure
lonosphere-dependent phase delay

terrestrial radio waves in the ~ 1-10 MHz range wit reach the Earth’s surface and can only be
midday TEC value of 25 TECU, a 1.5 GHz signed} will experience a 22 wavelength shift

compared to a 336 wavelength shift at 100 MHz.
In the context of an interferometer, the phaset giiys a significant role at low frequencies and

44) by considering the phase shift expressed in nunabevavelength cycles per 1 TEC unit,
large baseline-arrays, such as SKA, which are stilbgea non-uniform, time-varying ionosphere.

Knowledge of the state of the ionosphere over peddocations is therefore very important.

obtained by dividing the signal path delay in E@03by the wavelength, i.&A°"A™.

studied using space telescopes.

[ND31/syibuajprem Jagwnu] Aejap aseyd

3

10
Frequency [MHz]

Figure 44. Logarithmic plot of ionosphere-dependent phase shifressed as the number of wavelengths

per 1 TECU in the frequency range 50MHz-20GHz. phase shift is the largest at lower frequency wave
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6.5.2Faraday rotation

If the plasma contains a magnetic fiel, {n Tesla), the refractive index differs for righmdaleft-
handed circular-polarised waves propagating throitighnd right and left circularly polarised
components are phase shifted by different amou@ierf, 1984). This rotation is call€@raday
rotation and has significant implication on polarmetricdséis of radio astronomy signals. The angle
of rotation,Q (in mks units) for a signal of wavelengtlpropagating through the ionosphere at an

angle@ to the magnetic field is given by (Kraus, 1986)

e3

d
Q =—/]Zj N.Bcosdds

3
0

8mg,m.C

d
=2.62x 10°°1*[ N,B co®ds
0

By definition, the integral over the electron déyslistribution along the signal path constitutes t

total electron content and could be substitutesLag

Q =2.62x 101’ [TEC[B co¥
=RM A2

RM represents theotation measurexpressed in radiansin For an assumed B value of 2.3%1D
at 400 km altitude and nominal TEC value of 25 TE®@i¢ RM will be ~1.5

6.5.3lonospheric scintillation

Scintillation is caused by rapid short period véoias of small scale ionospheric irregularities
causing a change in the observed radio signal'slimmde and phase. Scintillation is more
pronounced at frequencies < 1.5 GHz and is moreefapt at very high and very low latitudes. The
standard index for measuring ionospheric scintifatis the S4 index which is derived from the
normalised standard deviation of the rate of chaigeEC (Duet al, 2000).
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6.6 Methodology

The conventional spherical harmonic analysis meed used to calculate ionospheric TEC at the
centre of the proposed SKA hub in South Africa 822E, 30.71°S) using historic (2000-2004) GPS
measurements from the nearest nine dual-frequey f@ceivers in the CDSM network and one
IGS receiver operated by the Hartebeesthoek RadimoAomy Observatory (HartRAO). TEC was
also calculated at remote stations indicateBigure 40 using IGS GPS receivers in close proximity,
where available, or at similar latitudes in theeaatz® of GPS receivers in proximity of the proposed
SKA antenna location. All available IGS GPS fomme stations were downloadga ftp using
automated scripting in MATLAB®. To improve procegsspeed, all GPS RINEX observation files
were decimated to 60-second intervals prior to @ssimg. Significant time was spent removing post
processing splicing comments from several IGS wersi RINEX observation files. RINEX
navigation files were initially used for satellpesition calculation, but as these weren’'t avaddbk
several remote IGS GPS receivers, post-processdilep, containing precise satellite positions in
ECEF co-ordinates at 15-minute intervals, were iabth from [SOPAC]. The processing was
conducted on fifteen P4 personal computers (3.2 GAW, 1 GB RAM) at the HMO in Hermanus.
The resultant diurnal TEC profiles were subseqyemtbcessed further to represent the ionospheric
TEC results in the format required by (InternaticBdA Project office, 2004; SSC, 2005).

6.7 Results

Only selected GPS-TEC results from the ionosphstability study that were obtained using the
CSHA model applied to the proposed South AfricarASKub and Zambia are presented. Similar
GPS-TEC results for the remote locations, as wetitaer non-TEC ionospheric results can be found
(Oppermaret al, 2005). Results illustrating the diurnal, seadand solar cycle TEC variation at
the proposed SKA hub are presentedrigure 45 with mean monthly TEC variation illustrated in
Figure 46. Similar TEC and TEC variation for Zambia are shated inFigure 47 andFigure 48.
The correlation between ionosonde-measured foFZ&tistderived TEC is illustrated gure 49.
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Annual TEC variation at SKA Hub: South Africa 2000 Annual TEC variation at SKA Hub: South Afiica 2002
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Figure 45. Diurnal (time of day), seasonal (time of year) atidn of ionospheric TEC at the proposed SKA
hub in TECU for 2000 and 2002-2004. The solar &ya@riation is evident in the progressively dedreas

TEC values at solar maximum (2000) to solar minin{@e04).
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Mean monthly TEC variation at SKA Hub (21.4E, 30.7S) for 2000.

Mean monthly TEC variation at SKA Hub (21.4E, 30.7S) for 2001.
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Mean monthly TEC variation at SKA Hub (21.4E, 30.7S) for 2003.
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Figure 46. Mean monthly TEC variation for SKA hub with ertmars showing 1 standard deviation for
2000-2004 . Note the decrease in the mean TE@salith the decline in the solar activity from 2G00

2004.
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Figure 47. Diurnal (time of day), seasonal (time of year) &tidn of ionospheric TEC at the Zambian GPS

receiver (28.31°E, 15.32°%)r 2003-2004. Measurements are in TECU.
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Figure 48. . Mean monthly TEC variation with for Zambia wighror bars showing 1 standard deviation for
2003-2004 . Note the decrease in the mean TE@salith the decline in the solar activity from 2003
2004
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Figure 49. The correlation between ionosonde-measured &f2GPS-derived TEC for the years 2001 (top

panel) and 2004 (bottom panel), and for Louisvkg# panel) and Grahamstown (right panel).

6.8 Conclusions

The seasonal, diurnal and solar cycle TEC variagibthe proposed South African SKA hub appear
to follow expected trends of the mid-latitude ioplesre. The linear foF2-TEC correlation illustrates
the potential use of GPS-derived TEC as an appratkom of the critical frequency of the F2-layer in
the absence of ionosonde measurements. The gtabilitdy concluded that South African
ionospheric conditions were sufficiently stable fadio astronomy observations in the frequency

spectrum of the proposed Square Kilometre Array.
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Chapter 7
Response of the ionosphere to a severe geomagnetic

storm in November 2004

7.1Scope

This chapter reports on the relevance of adverseesgveather to society and the importance of
investigating African mid-latitude ionospheric dymas. After presenting necessary concepts for
understanding the solar-terrestrial environmerd,dévelopment of the November 2004 geomagnetic
storm is discussed, followed by an investigatioto ithe associated ionospheric response by using

African-based GPS receivers and ground-based mageétrs.

7.2 Introduction

Technology-dependent society has become incregswigherable to adverse space weather as
demonstrateceg by power failures due to geomagneticly inducedenis in powerlines and the
integrity compromising of safety-of-life (SoL) deeis such as communication systems and GPS-
dependent aircraft navigation and landing systeraling for an improved understanding of the
ionosphere to support the development and impromes e accurate forecasts. To a large extent,
the study of geomagnetic storms in mid-latitudes bhaen neglected for the study of polar and
equatorial effects (Kintnest al, 2007). Advances in ionospheric imaging techegusing ground-
based GPS receiver networks, however, have revéda¢dhe most extreme examples of ionospheric
volume in the form of TEC occur at mid-latitudesidg geomagnetic storms where TEC can change
by factors of 3-10 (Tsurataret al, 2005) and TEC values in excess of 300 TECU Hasen
observed in the South Pacific (Mannu@ti al, 2005). GPS has subsequently been proven an

indispensible instrument for investigating ionosphidynamics.
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Recently observed sharp gradients in storm-inducewspheric TEC, extending thousands of
kilometres over North AmericéFigure 50), are created by unknown factors (Foster and Riteo
2005) and have lead scientists to theorise that dnigin might be be in the African equatorial reqg
(Fuller-Rowell, 2007). To facilitate higher detysionospheric observations on the continent,
endevours are underway by a consortium constituNAGA, NOAA, NSF, EOARD (European
Office for Aerospace Research and Development),PIQInternational Centre for Theoretical

Physics) and others to densify GPS receiver netsvorkthe African continent.

By describing the development of the November 2g@4magnetic storm and investigating the
associated ionospheric response by using AfricaedaGPS receivers and ground-based
magnetometers, this chapter serves as demonsteafingctical application of the developed ASHA

model in the hope it will lead to further reseanthhis field.

Mowernber 20, 2003 20:30 UT log TEC (TECu)

Gaeodetic Latitude

0
Wesl Longilude

Figure 50A plume of excess electron density over the USANBOember 2003. Image courtesy of Andrea

Coster and John Foster, MIT.
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7.3 Necessary concepts

A few concepts are presented to facilitate undedstey of geomagnetic storms.

7.3.1Coronal Mass Ejection

A Coronal Mass Ejection (CME) is a large-scaleudisance propagating from the Sun’s outer corona
into the solar wind and is associated with solarefs. An optical flare such as a CME may be
accompanied by X-ray, EUV and radio bursts. Thedrtance of a X-ray flare peak is indicated by a
class number with each class assigned accordititgetlux (E) measured in the 0.1-0.8 nm range by
the Geostationary Operational Environmental SaelltOES). The major class definitions are

« C-class: 10 <E < 10° W.m?,

+ M-class: 10 < E < 10" W.m?,
« X-class: E > 10 W.m?.

An additional digit added to the class number iatéis the flux coefficienegM5 = 5x10° (Davies,
1989).

7.3.2Sun’s magnetic field and solar wind

The Sun’s magnetic field, the Interplanetary MagnEteld (IMF), extends from the Sun to the outer
solar system. The IMF is embedded in the heapiesitively charged ions which, along with other
charged particles, constitute tbelar windwhich propagates fom the Sun at a nominal spe&)@f
400 km.&". During perturbed solar conditions such as CMEs solar wind speed increases to more
than 1000 km:&

7.3.3Ring current

Electrically charged particles trapped in the Eartimagnetic field experience an equatorial drift
motion resulting in a westward-flowing ring currem the equatorial plane (Baumjohann and
Treumann, 1999). The ring current's associated netg field constitues about 5% of the

measureable geomagnetic field and is sensitiveagnetospheric disturbances. Major perturbations
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in the magnetospheric plasma are subsequently \@abesis changes in the geomagnetic field

monitored by terrestrial magnetometers.

7.3.4Disturbance storm time index

The disturbance storm-time index (Dst), measurethimo tesla (nT), is an index of magnetic activity.
The Dst is derived from a network of near-equatageomagnetic observatories that measure the
intensity of the globally symmetrical equatoriaigicurrent. These observatories are located at San

Juan (Puerto Rico), Honolulu (Hawaii), HermanusutBAfrica) and Kakioka (Japan).

7.3.5Relevant satellite measurements

Data from the following satellites are used in istigating the effects of solar flares and CMEs:

» The Geostationary Operational Environmental Sae{lcOES) orbits Earth at 36 000 km
and measures EM radiation associated with soleedland CMEs. EM radiation travelling
at the speed of light reaches Earth eight minuties the event and is a first quantifying

indicator of the event magnitude.

 The Solar and Heliospherical Observatory (SOHOpcaited at the L1-libration point, a
point on the Sun-Earth gravity vector where the 8nd Earth’s gravitational attraction is
in equilibrium. The L1-libration point is locatepproximately 1.5x10km from Earth and
148.5x16 km from the Sun. SOHO images the Sun’s coronmseireral EM frequencies

including X-ray and UV and gives the first visuatlication of solar flares and CMEs.

 The Advanced Composition Explorer (ACE) satellitbits around the L1-libration point.
ACE measures the velocity, particle composition atrdngth and orientation of the IMF

embedded in the solar wind.

7.3.6General dynamics of a geomagnetic storm.

Earth-directed CMEs travelling with velocities dfaut 1000 km:$, give rise to shock-waves in the
solar wind which reaches Earth 24-36 hours afterGME event. The shockwave interaction with
the Earth's magnetosphere compresses it and iesrélas eastward-flowing magnetopause current,

resulting in an increase of a few tens of nanoateghT) in the geomagnetic Horizontal (H)
117



component observed at low-latitude ground-basednetagneters. This H-component increase
typically lasts some tens of minutes. The ons¢hefshockwave-magnetosphere interaction is called
a Sudden Storm Commencement (SSC) and signifigsitted phaseof a geomagnetic storm. If the
IMF’s z-component is orientated southwards, it desstrongly with the Earth’s day-side magnetic
field, causing magnetic reconnection of the dasithgnetopause, rapidly injecting magnetic and
particle energy into the magnetosphere from thenatagail and creates a storm ring current, an
increased westward-flowing ring current which isiéis a decrease in the H-component. fiae
phasecommences when the H-component decreases bel@regtorm value and ends when the H-
component reaches a minimum. The main phase mashdecterised by substorms, a series of
events in the magnetosphere in which energy is enlgddissipated in association with auroral
breakup. This explosive dissipation representoadihg of energy previously stored in the
magnetotail, in the form of the westward ring catrenhancement and auroral particle precipitation
(Davies, 1989). Theescovery phaséollows the main phase and may take several houdays for
the H-component to reach pre-storm levels (Gonzztl@t, 1994).

During a magnetic storm the plasmasphere opensuepta magnetic reconnection and loses its
plasma to the magnetotail, depleting plasma inidhesphere in the processs (Fuller-Rovetlial,
1994). In the process the F2-layer becomes umstdiigmented and even disappears (Davies,
1989). Three interrelated causal mechanisms agelable for explaining storm dynamics:
mechanical, electrical and chemical (Kinte¢rl, 2007). Transitionary electric fields from thaes
wind propagate into the inner magnetosphere arigetonid-latitude and low latitude over a 1-2 hour
period, leading to ionospheric uplift due to enrehExB drift and increased TEC during the day
(Fejer and Scherliess, 1998). The mechanical psobegins when the high-latitude thermosphere is
heated up by auroral processes (Joule heatingjs drtves thermospheric winds equatorward, also
lifting the ionosphere. Accompanying the thermasphwinds are composition changes in the
thermosphere which chemically remove plasma. Witdeding the competition among electric
fields as well as thermospheric dynamics and coirtippschanges, is required to explain mid-
latitude ionospheric storms (Kintnet al.,2007).
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Prior to the introduction of GPS-derived ionospbemeasurements in South Africa, ionosonde
measurements, subject to perturbed ionosphericvimiraunder disturbed geomagnetic conditions,
remained the only source for investigating stommetiionospheric behaviour. Preliminary results
investigating the November 2004 geomagnetic stoifiects on the South African ionosphere by
using GPS were first presented by (Cillietsal, 2005). This storm is investigated in more detail

the following paragraph.

7.4 Methodology for investigating the November 2004 Saft storm

To investigate the development of the geomagnétiorsfrom 3-16 November 2004, SOHO and
GOES data from this period were used to identiflarsflares and sunspots associated with large
CMEs. Ground based magnetometer data from HermaBosth Africa for the period 5-16
November 2004 was used to calculate the changbkeiriocal geomagnetic field’s horizontal (H)
component and compared to official Dst index f& same period. Both measurements are in nT and
should reveal Sudden Storm commencements (SSCsjodsedden changes in the ring current.
Planetary K-index values were obtained as measutbeoseverity of the disturbed geomagnetic
conditions. IMF field and solar wind speed datrevobtained from the ACE satellite for the same
period to identify rapid direction changes in tMF Bz-component and rapid velocity changes in the
solar wind. The SOHO, ACE, Dst and H-componenteolsions/measurements were used to
correlate flare or CMEs events and shockwave dsriggidenced in IMF Bz direction change and
rapid solar wind speed changes (shock waves), witbable SSCs identified in the Dst and

Hermanus H-component data. These results arenpeesi Table 13.

The ionospheric response to the geomagnetic staamimvestigated comparing profilograms from
the Grahamstown ionosondes for the period and lmgpaoing changes in diurnal Grahamstown
ionosonde-TEC and GPS-TEC calculated from the $laiie receiver data using ASHA. At the
time of this solar storm event, the Grahamstown @&RS8iver had not been installed and Sutherland
is in sufficient proximity to Hermanus and Grahaongt. Two-dimensional ionosphere GPS-TEC

images were also constructed over the country wsiig GPS receivers in the CDSM network.
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7.5 Results

7.5.1Storm development

A major sunspot group, AR 10696, with a complex ne&g field produced several Earth-directed
CMEs and solar flares from 3-10 November 2004 aenled by SOHO. Comparison of ACE solar
wind velocity and IMF z-component (Bz) data, witbunly Dst measurements and groundbased
magnetometer data at Hermanus, South Africa, redegight identifiable SSCs from 7-12 November
(Figure 51). The occurrence and magnitude of notable sants identified by the GOES satellite
from 3-10 November were correlated with the idesdif SSCs to determine the probable events
initiating the identified SSCs (Table 13).

Table 13.Notable SSCs and probable solar flare and CME matgig events observed in sunspot group
AR10696 by SOHO, ACE and GOES in November 2004.

Event ACE Velocity IMF Minimum | Probable Class

shockwave increase | Bz Dst (nT) flare or CME

arrival timing km.s* (nT) time (UTC)

(UTC)
SSC1 7 Nov 01:54 317 - 365 -5.5 +7 |4 Nov23:19| M54
SSC2 7 Nov 10:02 344 - 408§ -1.4 -29|5 Nov 11:30| M4.0
SSC3 7 Nov 17:55 490 - 607 +19.8 -90| 6 Nov 00:34 | M9.3
SSC4 7 Nov 21:51 611 - 66( -44 .4 -273| 6 Nov00:51| M5.0
SSC5 9 Nov 09:15, 580 - 75( +4.8 -155|7 Nov 16:06 | X2.0
SSC6 9 Nov 18:27 632 - 80¢ -29.7 -223| 8 Nov 03:29| C7.9
SSC7 10 Nov 00:00 small -31|3 -289| 8 Nov 15:49 | M2.3
Shock, no SSC| 12 Nov 01:26 610 - 715 +9.7 na|9 Nov17:23| M8.9
SSC8 12 Nov 05:02 small +719 -109| 10 Nov 02:13 | X2.8
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Figure 51 Comparison of solar wind velocity (top), IMF z-cpanent, Dst index and magnetometer H-
121

component changes (bottom) for 5-16 November 2004.



On 7 November, four distinct solar wind shockwawese observed by the ACE satellite and the
IMF was highly variable with several north-soutledtion changes through the course of the day.
The first commencement (01:54 UTC, 7 Nov) was \&mall and insignificant. Increased solar wind
velocity and south-turning Bz initiated the sec@&®C (10:02UTC, 7 Nov) which saw a prominent
initial phase of peak Dst index of +51 nT. The mphase of SSC2, however, was interrupted by
SSC3 (17:55 UTC), which initiated another, but derainitial phase with +40 nT peak value. The
resultant geomagnetic storm severity increasedtautislly when Bz rapidly swung south from
+47.83 nT to -30.9 nT around 19:12 UTC, substdgtiabntributing to the main phase decrease.
Increased solar wind velocity and further decrea®z (-48.4 nT) at 21:51 UTC initiated another
commencement (SSC4) which merged with the mainepbashe storm associated with SSC3. The
storms associated with SSC2, 3 and 4 contributgifgiantly to the main phase decrease which
ended when Dst reached a minimum of -373 nT at®BDC on 8 November. No identifiable SSCs
were observed on November 8, which saw the maiseplaad recovery phase of the geomagnetic

storm.

Another SSC(5), attributed to the X2.0 flare on @vBimber, commenced on 9 November with a
shockwave registered at 09:15, the initial phasarty} identifiable. This was followed later in ttay

by SSC6 around 18:27, probaly due to the C7.9tewrr8 November. The latter associated Dst
value of -220 nT was observed around 21:00. TheseSSCs followed text-book progression of a
geomagnetic storm. Bz gradually turned South betw21:36 on 9 November and 01:24 on 10
November with a rapid southward change betweenQ0&r@ 01:24 on 10 November. This change
was not associated with any apparent solar windkshaut the high solar wind velocity (817km/s)

coupled with the rapid southward change in Bzjatetd a strong storm which lasted for the major
part of 10 November, registering a minimum Dst 883 nT around 10:00 on 10 November.

Geomagnetic conditions appeared to remain relgtigeiet on 11 November with constant solar
wind velocity and Bz orientation, a sign of theaeery phase. Around 04:48 on 12 November, Bz
started turning South, reaching -10.2 nT at 07:14&, @oupled with the relative high solar velocity

(606 km/s) initiated SSC8 which lasted a few haamd reached minimum Dst of -109 nT around

10:00 on 12 November. From the development of SB@sd 8, it appears that an SSC can be
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initiated by a southward-turning Bz without an amgpé accompanying solar wind shock. Apart from
a smaller disturbance later on 12 November, geoetageonditions gradually stabilised and Dst
gradually increased to -39 nT by 16 November. 3éeerity of the magnetic storm is indicated by

the Kp index values illustrated Figure 52

Kp-index (3 hours)

7 8 9 10 11 12 13 14 15 16
Day of November 2004 [UTC]

Figure 52 The K, index indicates the geomagnetic storm intensity5fd6 November 2004l he high (>6)

values indicate severely disturbed geomagneticitond for 8, 10 and 11 November.

7.5.2lonospheric response

During and following a geomagnetic storm, ionospghehanges around the globe can appear chaotic
and both positive and negative changes in ionogpldensity are observed, markedly noticeable in
the F2-layer. The occurrence of positive or negaitbnospheric storm effects show strong local-time
dependence (Prélss, 1993) with negative storm tsffeeing the dominant characteristic in the
ionospheric response to geomagnetic activity endraeats (Belehaki and Tsagouri, 2001). 1t is
generally accepted that negative storm effectsattrdouted to neutral composition changes where
upwelling and increases in molecular ion speciesl t® hasten the ion recombination and either

slows the rate of increase or causes a decregdasima density (Fuller-Rowest al, 1994).
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The increased ionisation associated with positieenss are attributed to the global manifestation of
the neutral wind effect starting at auroral latéadvhere perturbed interactions between the solar
wind and the magnetosphere yield increased enengatiicle precipitation, convection electric figld
and associated Joule heating. The Joule heatisgsrdhe thermosphere temperature at auroral
latitudes, resulting in enhanced equatorward wants travelling ionospheric disturbances (Jodogne
and Stankov, 2002).

A negative storm is characterised by decreasedretedensities and structure changes in the
ionsophere. Studies (Daniell and Strickland, 200fgwley et al., 2006), confirmed by satellite-
based ultraviolet measurements, attribute the relectiensity decrease to lower ionisation rates

associated with thermosphere wind-driven regiongedficed O/N2 ratios.

The decrease in electron density observed at tabgBrstown ionosonde between 7 and 8 November
is clearly visible in the Grahamstown profilografigure 53), signifying a negative storm. In
Figure 54 the ionospheric TEC observed by the Grahamstowosmde and Sutherland GPS
receiver is compared with the Dst and the changdéndnsontal geomagnetic field component
observed at Hermanus. The TEC decrease on 8,dl0laNovember 2004, associated with the large
negative Dst values on 8-10 November, is evidertotin ionosonde and GPS data. The “normal”
TEC values on November 9 might be attributed to tdraporary recovery of the ionosphere as
evidenced in the increased H-component, signifyndecrease in the storm-time ring current. The
subsequent SSCs, however, resulted in higher reocatidn and subsequent lower ionisation rates on
10 and 11 November. Finally, the comparison of-timensional TEC maps over Southern Africa
on 7 and 8 November 200Eigure 55) illustrates the plasma depletion associated thighnegative

storm.
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Figure 53 Grahamstown ionosonde profilograms for 7-11 Noven20®4 (top-bottom). Colour intensity is
an indication of the critical plasma frequency, teelectron density, at different altitudes.
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Grahamstown ionosonde (red).
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Figure 55. Two-hourly GPS-derived TEC maps for 7 (top) and @&&mber 2004 (bottom) illustrate the

plasma depletion associated with lower ionisatetes/higher recombination rates during a negatiwers
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7.6 Conclusions

In this chapter necessary concepts required foenrsta@hding geomagnetic storms were presented.
The progress of the 8-12 November 2004 geomagrsébion was described using results from
ground- and space-based instruments.  Decreasexspberic TEC results from ground-based
ionospndes and GPS receivers revealed charaatesbiéi negative storm. Comparisons of The 2D
ionospheric maps for 7-8 November reveal the exdélhe plasma depletion and serve to illustrate
the ionospheric imaging capability of GPS receiyemnething not feasible with a sparse ionosonde
network. The demonstration of the GPS-TEC appboato investigate mid-latitude ionispheric

storms should lay the foundation for further reskan this field.

7.7 Future work

To better monitor the change of ionospheric con@md to improve our understanding of the
latitudinal movement of ionospheric plasma duririgrres, a longitude meridian of instruments
through southern Africa equatorward would supphuahble information. The author suggests a
meridian along the west coast through South Afridamibia, Angola and further North. Secure
locations with sufficient infrastructure at the gig magnetometic observatories at Keetmanshoop

and Tsumeb in Namibia might be considered as ind@ations for such a new meridian.
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Chapter 8

Conclusions and future work

8.1 Conclusions

In this study an overview was given of historicaspheric research conducted in South African and
the state of the art on South Africa ionosonde mnesmsents and their associated time and spatial
limitations were discussed. The relevance of GES+dd ionospheric TEC as supportive
measurements for improving the time and spatialuéi®n of ionosonde soundings were presented
and the difference between global and regional @G&8+~d TEC models were discussed and several
state of the art models discussed. The propagatioBPS signals through the ionosphere was
discussed and relevant ionospheric phase advartey@aup delay equations and geometry-free
equations were presented. An adjusted sphericaldrac-based TEC model using ionospheric delay
observations observed by a network of South Afridaal frequency GPS receivers and expressed in
a Sun-fixed longitude and adjusted co-latitude mlirate system was derived, tested and evaluated.
The performance of the ASHA model to estimate tiragfing one and two-dimensional TEC values
from a single receiver and multiple receivers retipely was extensively evaluated by comparison
with simulated data, ionosonde measurements andnsapendent GPS methodologies. Results of
the developed ASHA model were also compared witlPERVPoseidon and Jason-1 satellite-based
measurements. Comparisons with ionosonde measntemed the other GPS methodologies were
encouraging, but for the T/P and Jason-1 test célsesesults were inconclusive as biases in T/P
have been pointed out in other studies. The malctpplication of the presented model was
demonstrated in two studies; an ionospheric stgbilvestigation in support of South Africa’s SKA

bid and the ionospheric response to a severe gewhagstorm in November 2004. From the

129



encouraging test case and practical studies’ edufhay be concluded that the presented model is

well suited for estimating ionospheric TEC fromegional network of dual frequency GPS receivers.

8.2 Future work

The presented ASHA model might be further refingditcorporating a slab thickness model,
investigating alternative latitude scaling factarsd by comparing estimated satellite and receiver
DCBs with those derived from alternative methods|uding methods involving hardware/electronic

procedures.

The investigation of mid-latitude geomagnetic storamd their driving mechanisms is an important
research field requiring urgent attention. It i©ogosed that a longitude GPS receiver chain, co-
located with magnetometers, be installed alongAtlieean west coast equatorward to improve and
densify ionospheric measurements. The presentedAASr CSHA GPS-TEC models could

subsequently be used to investigate latitudinal Té&@anges from the magnetic equator in a

southward direction.

An immediate and pressing application of the preeserGPS-TEC model is its near real-time
implementation for South African space physics eatlo astronomy applications. To this end, the
author has established a near real-time GPS dsdardination and access system between CDSM in
Cape Town and the HMO in Hermanusgure 56), approximately 120 km apart. This system
involves an HMO computer (HMO-1) set up at CDSM ebvhreceives a continuous 1 Hz GPS data
stream from 23 South African GPS receivers. Adtegry five minutes, the most recent five minutes’
data from all these receivers are sub-sampled ®e86nds, compressed into a single file and copied

to the CDSM ftp-serverftf:///www.trignet.co.za/GPS_Downloads/HM@ software script running

on HMO-2 in Hermanus retrieves this compressedvigeftp within 2-3 minutes after the previous
five-minute time-stamp. On successful downloaeé, phevious five minutes’ GPS RINEX files for
each of the 23 receivers are reconstructed froncdhgoressed file and made available for near real-
time use. This system is presently operationalis foreseen that a real-time version of ASHA,
running on HMO-3, will retrieve the most recentBconstructed GPS data to update the Jacobian

from an existing twenty-four hour solution by renmay the oldest five-minutes observations and
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updating the Jacobian with the latest five-minubeservation, advancing a new solution at five-
minute intervals. Resultant two-dimensional TECpmavill then be published on the HMO web-
server in support of space weather studies oreeldisciplines. Analyses indicate that state efah

bandwidth and computational infrastructure pernmamsupdated solution within five minutes with

realistic 10-15 minute latency.

Though a substantial historic South African TEC ablase was established during the SKA
ionospheric stability study, it was restricted toegion in the Northern Cape Province. All histori
South African GPS data should be processed to éxtenexisting database.

Access to GPS receivers in neighbouring Southerica#f countries should be pursued to extend the
TEC mapping region to cover Southern Africa uphe equator. This will permit investigation of

ionospheric dynamics over the sub-continent.
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realised.
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Appendix A

Relevant GPS co-ordinate transformations

Relevant GPS co-ordinate systems and transforngatieferred to in Chapter 3. (Grewel, 2001;
Hofmann-Wellenhof, 2001). These parameters areimad| to propagate satellite positions from

broadcast ephemerides.

Table A.1 GPS broadcast ephemeris

Parameter | Description Units

Mo Mean anomaly at reference time rad

n Mean motion difference from calculated value rad/s

E Orbit eccentricity dimensionless

Ja Square root of semi-major axis Y

[0 Right ascension of ascending node (RAAN) at weekly | rad
epoch

lo Inclination angle at reference time rad

w Argument of perigee rad

0 Rate of change of RAAN rad/s

i Rate of change of inclination rad/s

Cuc Amplitude of cosine harmonic correction term to.arfy | rad
latitude

Cus Amplitude of sine harmonic correction term to asfy. rad
latitude

Crc Amplitude of cosine harmonic correction term toiuad m

Crs Amplitude of sine harmonic correction term to radiu m

Cic Amplitude of cosine harmonic correction term to rad
inclination

Cis Amplitude of sine harmonic correction term to ineliion | rad
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toe Ephemeris reference time S
Afy Satellite clock offset S
Afy Satellite clock drift s/s
Af, Satellite clock frequency drift gis

Table A.2 Algorithm for propagating GPS satellite psition

_ | M
no— ?
At=t-t,
n=n, +An
M =M, + nAt
M =E-esinE
_1( cosE—lj
V=CcoS | ——
1-ecosE
6=v+a

9, =C,. cos28 +C .sin260
o, =C, cos28 +Csin26
o =C_cos260+C_sin26
u=6+a,

r =a(l-ecosE)+J,

i =i, +J +iAt
X, =rcosu
y, =rsinu

Mean motion
Time elapsed from reference epoch

Corrected mean motion
Corrected mean anomaly

Kepler's equation; Solve iteratively for eccentitomaly, E

True anomaly

Argument of latitude

2" harmonic perturbation correction to argument tifuee
2" harmonic perturbation correction to radius

2" harmonic perturbation correction to inclination
Corrected argument of latitude

Corrected radius

Corrected inclination

X, y co-ordinates in orbital plane
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Q=Q,+ (Q - Qe)m -Qt,, ~ Corrected right ascension of ascending node

X =X,c08Q -y, codsin®
Y =x,sinQ -y, coscos? Satellite ECEF co-ordinates
Z=y,sini

8.3 Co-ordinate Transformations

Al. ECEF to ENU

The ENU co-ordinate system is defined as a locakbntal system with X-axis pointing East, Y-axis
pointing North and Z-axis pointing vertically ummmal to the horizontal plane. This system is used
for defining co-ordinates relative to a fixed pasiton the Earth's surface. A similar axis sysiem
the North-East-Down (NED), which relates to ENUoilngh an axis shift:

010

ENU=|0 O 1|NED,i.e.ENU =[S|NED
1 00

Transformation from ECEF to ENU involves a translatand two axes rotations.

Let
rECEF denote the satellite's ECEF position
rERCE,: denote the receiver's ECEF position
Translation:

Shift satellite axis origin to receiver origin
_.S R
F'=Tecer ~TECEF
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Rotation:
Rotate the resulting vector 1) about the Z-axieufghA , 2) about the Y-axis throughgand 3) shift
axis from NED to ENU:

"Ecer = SRy )R (A)0

010 cosp 0O sing | cosA sinA O
rEcgr =|0 0 1 0 1 0 [-sini cosd 0|k
1 0 0| |-sing O cosp 0 0 1

-sinA cos/ 0
rEEé'éJF =| —singcosA -singcosA cosg | [t
| cospcosd  cospsind  sing

A2. Angular position

A satellite's Cartesian position in a local orighame, such as the ENU, affords the means to
calculate its position in spherical co-ordinatesmaith, elevation, range. Let the satellite's posi
in the ENU frame be denoted by= [X Y 4", then range, is defined as the geometrical distance

between satellite and receiver:

r:||r||:\/X2+Y2+Z2

Elevation is defined as the angular distance ofstitellite above the observer's local horizon and i

calculated as

f=sin"XzZ/r).

Azimuth is defined as the angle measured from ™oeh to the horizontal component of over
East and calculated as
a =atanqY X)
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Note atan2 is a software version of the inverse tarction which returns the angtein the correct

guadrant.

A3. lonospheric Pierce Point (IPP) geographic co-alinates

For a given receiver locatiori, ), satellite azimuth and elevation angles ¢ and assumed shell

heightH, the IPP sub-point’'s geographic positidp,( @), is calculated as follows:

Calculate the suspended Earth-angldetween the satellite, geocentre and receivetipos

w:E—H—sin‘l[( R j[tosﬁ]
2 R +H

IPP latitude:

sing,, = sing cog + co@ s .cos

IPP longitude:

IF ¢>70° AND tan(y .cosr) > taeg—qaj

OR
IF @< -70° AND —tan(y .cosr) > tafg + qo)
THEN

—r—

COS(Qpp

OTHERWISE

e

COS(Qpp
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A4. ECEF to Geocentric co-ordinates

Transform ECEF co-ordinates to geographic co-otdma

Latitude (geocentric): @= atan%Zecef X2 ot Yice;

LongitUde: /1 = atanaYecef ’Xecef)

A5. Geocentric latitude to geodetic latitude

r=+vX?+Y?+ 22
P=vX?*+Y?

Initial estimates for latitude and geddeheight
@ =asin(Z/r)
h=r —a(l— f Etinqoe)

lterate untiI‘dP2 + de‘ <€
setp = @'
N =&
v 1-€esity
dP=P-(N,+ hEosp
dZ=Z-(N,@1- é)+ HiBing
h=h+ dZ$ing+ dPCtosy
@' = g+ (dZ [Eosp-dP sinp) ,( N, + h)
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Appendix B

GPS Infrastructure

The GPS infrastructure of South Africa’s Chief Ri@ate Surveys and Mapping is given in the table
below. All receivers sample and store data at 1N»n real-time receivers operate between 03:00-
18:00 SA Standard Time. Data is archived at CD8I@ape Town and at the HMO in Hermanus.

Station Code Station name Real-time Longitude Latitude

ANTH Aliwal North No 26.71601958 -30.6798096
BETH Bethlehem Yes 28.33416251 -28.2497714
BFTN Bloemfontein Yes 26.29781312 -29.10368331
BWES Beaufort West No 22.57356064 -32.8473825
CALV Calvinia Yes 19.76195407 -31.48207443
DEAR De Aar Yes 23.99269333 -30.66521083
DRBN Durban Yes 30.94667286 -29.96501359
ELDN East London Yes 27.8286806 -33.03813399
ERAS Ellisras Yes 27.69608784 -23.68666974
ERME Ermelo Yes 29.98384688 -26.49781008
GDAL Groblersdal No 29.41208168 -25.16145951
GEOR George Yes 22.38164178 -34.0014195
GFNT Graaff Reinet No 24.53450628 -32.24805144
GRHM Grahamstown Yes 26.50717005 -33.32006564
HERM Hermanus Yes 19.22305933 -34.42463455
KLEY Kimberley Yes 24.80646827 -28.74299075
KMAN Kuruman No 23.43247572 -27.46078462
KSTD Kroonstad No 27.24007606 -27.66358108
LGBN Langebaan Yes 18.15775901 -32.97249178
LSMH Ladysmith No 29.78148486 -28.55765614
MBRG Middelburg No 29.45420828 -25.77375894
MBRY Mowbray Yes 18.46854358 -33.95143815
MFKG Mafikeng Yes 25.53996986 -25.80518769
NSPT Nelspruit Yes 30.97516799 -25.47534017
NYLS Nylstroom No 28.40599618 -24.70299721
PBWA Phalaborwa No 31.13432659 -23.95150859
PELB Port Elizabeth Yes 25.61101643 -33.98455435
PMBG Pietermaritzburg Yes 30.38326646 -29.60072944
PRET Pretoria Yes 28.28263226 -25.73203014
PSKA Prieska No 22.74928998 -29.66680392
PTBG Pietersburg No 29.4657001 -23.92321009
QTWN Queenstown No 26.92166017 -31.90810524
SBOK Springbok Yes 17.87920868 -29.66932771
SPRT Steelpoort Yes 30.18522553 -24.67152353
TDOU Thohoyandu Yes 30.38400598 -23.07991352
ULDI Ulundi No 31.42092324 -28.29311986
UMTA Umtata Yes 28.67250571 -31.54877162
UPTN Upington Yes 21.25586903 -28.41365008
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Appendix C

Kalman Filter

A Kalman filter is a stochastic optimization teciue which effectively combines (noisy) sensor
measurements with an uncertain (linear) time-depehdynamic model, to render an optimised
solution of required parameters (states, stateovectln the estimation process, the measured and
modelled observations are weighed according tod#dta quality with stronger weights assigned to
good measurements (low noise) and, during peribges@ or no measurements, stronger weights are
assigned to modelled observations. At each timeement, a linear operator is applied to the state
vector to generate a new state, with some noisednix and optionally, some information from the
controls of the system. The Kalman filter assuthestrue state at tinlkeis evolved from the state at
(k-1) according to theystem equatio(Strang and Borre, 1997):

Xk =Fkxk—1+Bkuk+Wk

where
Fx state transition model applied to previoadesty.;
Bk control-input model applied to control vectgr

wi ~ N(0, Qx) process noise assumed to be derived from zere medtivariate normal distribution

with covariancey

At time k a measurement (observatioh),of the true statey, is made according to tlabservation

equation
bk = H kX k-1 v k

where
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Hx  state observation model, which maps the true sfaéce into observed space
Vk ~ N(0,Ry) observation noise assumed to be zero mean Gaussitse with covariancBy

The Kalman filter is a recursive estimator, i.eoitly requires the current measurement and the
estimated state from the previous time step to caenthe state estimate for the current step. The
update process is expressed in two stagesapredictionandcorrection(filtering) stage of the two

Kalman filter variablesk,, the state estimate at tirk@ndP,, the error covariance matrix (measure

of estimated accuracy of estimated state).

Prediction:

State )A(k|k-1 =FX cuerT By

Error covariance matrix P = P Pege Fig 1 + Qi -
Correction:

State )’Zk|k :)A(k|k—1+K k(b HYX HH)

Error covariance matrix Py =K, (I =K H P .1
The gain matriXX is given by
— T T -1
Ky _Pk|k—1H k(H IPMK—H «tR H)

It is assumed that the initial state; and noise vectorsw; and v; at each step are mutually

independent and that the initial conditianis a random variable with a given mean

E(X,) =X, and covariancé (x, = Xg0) (Xo=X g9) =P
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[US_TEC] United States Total Electron Contemtw.sec.noaa.gov/ustec
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