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Abstract

Space geodesy is one of the disciplines that contributes uniquely to the global society;
its applications have grown to such an extent that system Earth is better understood
today. The current accuracy of the Global Navigation Satellite Systems (GNSS)
technique is below centimetre level and this allows very accurate determination of
velocity field parameters. This study focused on utilizing GNSS to determine the inter-
continental plate velocity field for Africa in support of the African Geodetic Reference
Frame (AFREF). Data spanning 12.4 years were processed in the International
Terrestrial Reference Frame (ITRF2008) using GAMIT/GLOBK 10.4 (developed at the
Massachusetts Institute of Technology). Primarily, processing of data focused on
International GNSS Service (IGS) stations with a few non-IGS stations (which are of
geodetic quality) included, such as Hamburg (HAMB) and Matjiesfontein (MATJ). The
same data set was analysed using the Combination and Analyses of Terrestrial
Reference Frame (CATREF) software developed at Institut National de I’Information
Géographique et Forestiere (IGN). Validation of the results was achieved through
comparison of the velocity solution from this study with a solution obtained from a core
of IGS GNSS stations processed by the Jet Propulsion Laboratory (JPL). No significant
differences were evident between the GAMIT/GLOBK 10.4, CATREF and JPL

solutions. The results from the Matjiesfontein station indicated that the proposed
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Matjiesfontein Observatory site shows no significant vertical or horizontal local motion;
this information is valuable in that there is no obvious local site instability. The velocity
field as derived by GNSS displays no unexpected deviations and supports current
understanding of the motion of the Nubian, Somalian and Arabian plates. Furthermore,
the comparison of the velocity vectors derived from the IGS station HRAO, Satellite
Laser Ranging (SLR) MOBLAS-6 station and 26 m Very Long Baseline Interferometry
(VLBI) telescope, which are collocated at the Hartebeesthoek Radio Astronomy
Observatory (HartRAO) indicated good agreement and both techniques exhibit no
significant vertical motion. This study also contributed to the first computation of the
AFREF solution. It is envisaged that as more stations are added to the sparsely
distributed current network, more accurate results and better tectonic models can be
derived. The availability of station velocities will facilitate adjustments within the
AFREF.

Keywords: AFREF, CATREF, GNSS, ITRF, GAMIT/GLOBK, SLR, VLBI, Tectonic

plate velocities.
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CHAPTER 1

Introduction

"Anyone who has never made a mistake has never tried anything new"- Albert Einstein,
1951.

1 General introduction

Plate tectonics drives nearly all the geodynamic processes on Earth such as orogenesis,
volcanic activities and earthquakes (Marshak, 2005); these shape the Earth. For many
years, scientists have been studying the processes underlying the movement of
continental plates to enhance their knowledge of plate tectonics (Anderle, 1986). An
understanding of plate tectonics leads to a better understanding of the geophysical
processes that affect the environment. It was only a few decades ago when it became
possible to measure accurately the rates of plate movements through the development of

space geodetic techniques (Erdogan et al. 2009).

Space-based techniques such as Satellite Laser Ranging (SLR), Very Long
Baseline Interferometry (VLBI) and Global Navigation Satellite Systems (GNSS) have
characterized and yielded valuable results about plate motions over the years (Stein,
1993). These techniques also contribute in defining reference frames (Altamimi et al.
2012). Other geophysical parameters are studied using these techniques; for example,
Earth Orientation Parameters (EOPs) which are used to study orientation dynamics of

the Earth System.

This thesis focuses on using one of the most commonly used geodetic
techniques i.e., GNSS. In this specific case, the Global Positioning System (GPS) is
used to determine horizontal and vertical velocities of the inter-continental plates of the
African continent to support the establishment of the African Geodetic Reference Frame
(AFREF). The problem statement, research rationale, aim and objectives and thesis

structure are outlined in this chapter.
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1.1 Problem outline

African countries have been using different geodetic datums for surveying and mapping
purposes. For this reason, many projects that involve crossing political boundaries or
those which require geo-spatial information are prone to errors due to the differences in
the accuracies of the local reference frames across different countries (AFREF, 2002).
Many proposals have been put forward since 2002 for the establishment of the AFREF;
these proposals have received positive responses from most African countries (AFREF,
2002). Different structures of AFREF have been designed and partially implemented
(scientific working group, advisory board) but other practical (implementation) issues
still remain. Among these is the development of a velocity field for the African plate,
based on long-term observations obtained from space geodetic techniques such as
GNSS. Different maps such as gravity, geological, topographic maps etc., have been
developed and are being published for different countries in Africa but velocity field
maps have not yet received such attention. One of the reasons is that Africa has been
lacking in technology to derive velocity field maps; in particular, a dense enough
network of permanent GNSS receivers did not exist. One important application of
velocity field maps is to monitor plate stress levels associated with seismic events.
Seismic areas such as the East African Rift System (EARS) need to be monitored very
closely for natural hazard mitigation purposes; this will require robust and dense
velocity fields. This particular research is devoted to the derivation of a velocity field
solution for the African continent using state of the art GNSS techniques, with the
solutions determined in the current International Terrestrial Reference Frame
(ITRF2008).

1.2 Rationale of the project

Space geodesy techniques such as GNSS provide cutting-edge technology, which has
allowed many scientists to observe (in near-real time) the movement of GNSS stations
(which then can be extrapolated to local plate motion). The accuracy of this geodetic
technology has been reported to be at millimetre level (Yu et al. 1997; Bock et al.
2003). In order to ensure the robustness of the velocity solution, the measurements

require long time series, which implies continuous and long-term observations
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(Combrinck and Chin, 2001). Many scientists have taken advantage of this technology
to solve geodynamic problems on a regional and global scale (Perez et al. 2003; Kaiser
et al. 2005).

Several countries such as Europe, South America and Central America have
utilised space geodetic techniques to develop unified geodetic reference frames based
on permanently installed GNSS equipment, within the framework of the IGS, and based
on non-IGS (local) stations. The realization of unified geodetic reference frames by
these countries enabled the establishment of projects that require geo-spatial
information which can then be executed with high precision. A successful geodetic
reference frame requires monitoring of inter-continental crustal plates using
permanently installed GNSS stations and other techniques in order to provide accurate
velocities for maintenance and adjustments of the existing reference frames (Bruyninx,
2009).

The establishment and maintenance of a unified AFREF will contribute towards
refining the African geoid, creating a 3-D reference network and will enhance the
process of GNSS installations to increase the density of the current sparse network of
GNSS in Africa (AFREF, 2002). The determination of velocity field maps will enable
the development of datum transformation parameters for different countries on the
African continent and on a global scale. Such a velocity field map, derived for Africa,
will be a crucial scientific product for establishing AFREF. Once AFREF is operational,
different scientific and non-scientific (e.g., civil engineering) projects will emerge. The
initial computation of AFREF will not involve or require a velocity field, as it will
basically be a static computation utilising 2 weeks of data to determine a reference
frame at a certain epoch. However, future adjustments and accurate realizations will
require careful consideration of differential velocities of GNSS sites, in particular when
a local survey uses an AFREF GNSS station as a reference and high accuracy is

required.
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1.3 Aim and objectives

This study aims at deriving horizontal and vertical velocities of the inter-continental
plates over the African continent using permanently installed GNSS stations (both IGS
and local) to support the establishment of AFREF. Other applications such as hazard
mitigation, regional and global plate tectonics will emerge from this project.

The main objective of this research is to determine robust velocity field vectors
over Africa as determined through processing and analysing GNSS data provided by a

network of GNSS stations located on the African continent.
Other sub-objectives of this project are to:

» Validate the velocity fields derived at HartRAO against velocity fields
computed from other IGS analysis centres e.g., Jet Propulsion Laboratory
(JPL).

= Compare velocity solutions from the MOBLAS-6 Satellite Laser Ranging
(SLR) station with the IGS station HRAO and the 26 m Very Long Baseline
Interferometry (VLBI) telescope collocated at Hartebeesthoek Radio

Astronomy Observatory (HartRAO) as an independent inter-technique

comparison.

1.4 Thesis structure
Chapter 2: Space geodetic techniques and applications

In this chapter, space geodesy techniques such as GNSS, SLR and VLBI and the current
status of the modern geodetic reference frames are introduced and briefly described.

Chapter 3: Data and analysis strategies

The methodology of processing GNSS data using the GAMIT/GLOBK (version 10.4)
software developed at the Massachusetts Institute of Technology (MIT) (King and
Bock, 1995; Herring, 1997) and the Combination and Analyses of Terrestrial Reference
Frame (CATREF) software developed at Institut National de I’Information

Geographique et Forestiére (IGN) (Altamimi, 2007) are discussed.
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Chapter 4: Results and discussions

Velocity solution results derived from GNSS stations are presented with their associated
statistics. The validation of the derived velocities was done through comparison with
velocities derived by the Jet Propulsion Laboratory (JPL, NASA). Furthermore, the
velocity vectors of the I1GS station HRAO are compared with the velocity vectors from
the SLR MOBLAS-6 station and the 26 m VVLBI telescope collocated at HartRAO.

Chapter 5: Examples of the applications GNSS velocities to geodynamics

In this chapter, applications of GNSS velocities in geodynamics are discussed. This
includes geodynamics of the Nubian-Somalian-Arabian plates and South Africa. The
stability of the proposed space geodesy and geophysics observatory site in

Matjiesfontein (Great Karoo, South Africa) is discussed.
Chapter 6: Conclusion and recommendations

In this chapter, a summary of the contents and results of the thesis are made and

recommendations for future research are provided.

1.5 Concluding remarks

The aim of this research was to derive the horizontal and vertical velocities of inter-
continental plates over the African continent using permanently installed GNSS stations
(both IGS and local) to support the establishment of AFREF. It is envisaged that the
derived GNSS velocities for Africa will not only contribute towards the AFREF project

but also towards a better understanding of geodynamics of the African continent.
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CHAPTER 2

Space geodetic techniques and applications

"Look deep, deep into nature, and then you will understand everything better, Albert
Einstein"- 1951.

2 Space geodetic techniques

2.1 Introduction

Planet Earth is a complex system that is driven by both interior and exterior forces.
Interior forces involve mantle interaction that drives plate movements and external
forces involve forces between the Earth and extra-terrestrial bodies such as the Moon
and Sun, which affect the orbit of the Earth and produce tides on Earth. These physical
phenomena require accurate measuring techniques and long-period observations to
understand them. Space geodetic techniques such as GPS, SLR and VLBI have been
developed to study processes that affect the Earth on different scales. Pictured in Figure
1 are examples of geodetic instruments (GPS, VLBI and SLR) collocated at HartRAQ,
South Africa.

This unique state of the art site is the only observatory in Africa that is
collocated with four different space geodetic techniques. A French Doppler
Orbitography and Radiopositioning Integrated by Satellite (DORIS) system is located
close-by (1.5 km), but not in the main valley of HartRAO as it produces radio frequency
interference which affect observations made with the VLBI radio telescopes.
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Figure 1. Geodetic instruments collocated at HartRAO, South Africa. In the far distance
left, the 15 m VLBI antenna, left-foreground the 26 m VVLBI antenna, centre-foreground
the SLR (MOBLAS-6) station, right-centre the Lunar Laser Ranging (LLR) in
development and the IGS GNSS station (HRAO) antenna in the foreground.

Geodesy has the capability to determine, unambiguously and with high
precision, the geometric shape of the Earth, tectonic plate movement and gravity of the
Earth as a global function of space and time (Plag et al. 2009a). Considering global
plate motion, which is of the order of several millimetres to tens of millimetres per year,
space geodesy techniques are able to determine the rates of plate motion with high
accuracy. Additionally, as radio signals from satellites in orbit travel through non-
homogeneous space, parameters describing the state of the atmosphere can be extracted
and used e.g., in meteorological (water vapour) (Combrink et al. 2004) and ionospheric
(total electron content) studies (Moeketsi et al. 2009). The three pillars of geodesy
(gravity field, Earth rotation and reference frames) make it possible for scientists to
integrate information from these pillars to produce unique products. As an example, the
International Terrestrial Reference Frame (ITRF) consists of a set of selected positions
and velocities of globally distributed reference points on the surface of the Earth (the
physical reference points of SLR, GNSS, VLBI and DORIS instruments). In turn, the
International Celestial Reference Frame is realized through positions (determined by
geodetic VLBI) of radio sources such as quasars, which are selected such that they have

© University of Pretoria



NIVERSITEIT VAN PRETORIA
N Y OF PRETORIA
u

ITHI YA PRETORIA

virtually no proper motion and very little source structure; they are therefore, used as
fixed, point sources (Plag et al. 2009a). These points can be represented or derived from
one or more space geodesy techniques. These two reference frames are connected to
each other through the Earth Orientation Parameters (EOPSs). The EOPs are a product of
the various geodetic networks, but especially rely on geodetic VLBI. During the
determination of plate tectonics on global or regional scales, for the final solution to be
accurate, it must be referred to these well-known points of reference. This chapter

provides a brief overview of the space geodetic techniques pictured in Figure 1.

2.2 Global Navigation Satellite Systems
2.2.1  General GNSS description

The generic name for the various navigation satellite systems is Global Navigation
Satellite Systems (GNSS). Currently, the components of GNSS are the Russian
Federation GLONASS system, the European Union Galileo system, and the Chinese
Beidou system. These systems are similar to the USA GPS, but not exactly the same, so
modern GNSS receivers must be designed and configured to receive data from the
different systems, whereas older receivers typically only receive GPS data. In this work,
only GPS data was processed. In general, when reference is made to GNSS, it includes
GPS and specifically when reference is made to data processing it implies GPS data

only.

The U.S. Department of Defense originally designed the satellite-based
navigation system (GPS) for military purposes. It has a constellation of at least 24
satellites orbiting at about 20 000 km altitude, with orbital periods of 24 hours, in six
different planes, with approximately four or more satellites per plane (Yu et al. 1997).
These satellites are specially arranged to allow positioning anywhere in the world at any
time. The GPS constellation also has five extra satellites for emergency purposes. The
GPS technique has been applied in different fields such as geodynamics e.g., since the
mid-1980s (Erdogan et al. 2009) to study geophysical phenomena. The principal
application of GPS is the quasi-static applications, where there is appreciable relative
motion among the points being measured (Wells, 1986); such applications include

geodynamics and movement monitoring.
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The GPS satellites transmit signals at L1 (1575.42 MHz) and L2 (1227.6 MHz)
frequencies, which are equivalent to 4 19 cm and A ~ 24 cm wavelengths, respectively.
The frequencies are modulated with navigation messages and two types of codes, i.e., P-
Code (Precision Code) which is available in both the L1 and L2 bands and C/A Code
(Coarse Acquisition Code) available only in the L1 band. The navigation message is
modulated on both the L1 and L2 bands and consists of information about ephemerides
of the satellites, the satellite's clock, the satellite orbit positions and various correction
data (Yang, 1995). Recently, the GPS Block I1IR-M SV (space vehicle) was launched in
2005 to make the L2C signal available for civil purposes. Additionally, the M-code was
added for a modernized military signal centred on L1 and L2 frequencies (Bartone,
2006). In 2007, the GPS Block IIF SV was launched to add the L5 new civil signal with
frequency centred on 1176.45 MHz (Bartone, 2006). In order to determine the 3-D
position of the GNSS receiver on the ground, at least three satellites must be visible at a

time; to determine time as well, four satellites must be visible.

The GPS receiver network has been growing consistently to meet the needs of
geodetic communities such as the IGS over the last decade. One of the objectives of the
IGS is to increase the density of the GNSS network in the world
(http://igsch.jpl.nasa.gov/network/ complete.html). Figure 2 depicts the current GNSS
network in the world; it is controlled and maintained by the IGS. The GNSS network in
Africa is sparse, with higher numbers south of the equator. Geometrically the network is
non-uniform, with large sections which are unoccupied. Rothacher et al. (2009) outlined

the important multi-purpose applications of the global GNSS network:
. Monitoring of global plate tectonics and deformation phenomena.

. Monitoring of displacements during and after earthquakes to provide

additional information to geodynamic communities.

" Contributions towards the reference frame realization including its
monitoring and maintenance. This means that accurate crustal
velocities measured using space geodesy techniques such as GNSS

will be required for reference frame realization and maintenance.
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Figure 2. Distribution of GNSS stations around the world (sourced from: http://igscb.jpl.nasa.gov/network/complete.html; accessed:
March 2012).
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2.2.2 GNSS observables

Observables of the GNSS can be described as ranges that are derived from phase
differences or are time-based, based on the signal generated by the GNSS satellite and
the signal received by the GNSS receiver on the ground (Hofmann-Wellenhof et al.
1992). The X, Y and Z coordinates of a point on the surface of the Earth can be
accurately determined if distances from three or more fixed points are measured to that
point. Similar principles apply in determining coordinates of a GNSS station on the
surface of the Earth. Figure 3 illustrates point N; on the surface of the Earth with GNSS
satellites K!, where r1, r2, r3 and r4 represent ranges from different satellites. If the
positions of the satellites KI (j=1, 2, 3, 4; X!, Y, Z}) are known then this information is

enough to determine the (X, Y, Z) position of the point N;.

Figure 3. Principle of pseudo-range positioning in the satellite reference system,
adapted from Kahmen and Faig (1988).

When the satellite transmits PRN-codes (Pseudo Random Noise) that are

modulated onto carrier signals (Kahmen and Faig, 1988) to the receiver on the ground,

11
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the receivers generate a reference PRN-code of a similar pattern and synchronise it with

a very accurate clock. The PRN-code depicts a phase or time shift (Ag) depicted in

Figure 4 that results in a signal delay.

| ‘ Satellite signal

Reference signal

Figure 4. PRN-code generated by satellites and receivers, adapted from Kahmen and
Faig (1988).

<= t = phase shift ==

Having similar signals generated in the satellite and receiver, one can shift the

two signals to become congruent and determine the distance (¢/ ) between the
satellite and the receiver by multiplying the time (t) or phase shift (Agp) by the
propagation speed of light (c) given by:

[/ p]=t*cC. [2.1]

The (¢/p) can be extended to form an observational equation that describes the

geometric distance ( p{) between satellite and receiver:

[¢/ p]= pik :|kj _Ni|:\/(xj _Xi)2+(yj _yi)2 +(Zj _Zi)z' [2.2]

Note that coordinates N; are unknown and can be determined only if ranges from more

than four satellites are measured. Due to errors inherent in the clocks, this term

c*(dt, —dt*) is added to the observation equation to correct for clock errors:

[¢/p]=|kj - Ni|=\/(xj _Xi)2 +(yj _yi)2 +(Zj _Zi)2 +C*(dti _dtk)- [2-3]

12
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A pseudo-range term (4*) is used to describe phase ranges. Additional terms can then
be added into the observation equation to compensate for other errors such as
tropospheric refraction (T*), ionospheric refraction (1), integer ambiguity (N*), and
multi-path effects (&) to give Eq. [2.4] and Eq. [2.5] reported in Yang (1995) which

represents phase range and code pseudo-range measured at the L1 and L2 frequencies,
respectively, from satellite k and receiver i. Therefore,

B =pf —[11 1 F2]+T  + A* NS +c(dt, —dt*)
+L(t) — " (t)]+ &",
Pl = pf +[1F F2]1+ T  +c(dt, —dt*) + &, [2.5]

[2.4]

¢, p’are the phase range and code pseudo-range measured at L1 and L2 frequencies,

respectively, from receiver i to satellite k. In Eq. [2.4] and [2.5]:

P = geometric distance from satellite and receiver,

1/ f %= first-order atmospheric ionosphere refraction,

T = tropospheric refraction,

A*NX = wavelength and integer ambiguity associated with L1 and L2 phases,
¢ = vacuum speed of light,

(dt, —dt*) = dt,clock error of receiver i and dt* clock error of satellite k,

Ao (t,) — ¢*(t,)] = nonzero initial fractional phase contained in the satellite generated

signal and the receiver and

&= remaining errors.

Code pseudo-range is the measure of the distance between satellite and receiver
antenna and is computed by observing the signal transmitting time from the satellite to
the receiver by analysing the utmost correlation between the GNSS signal and receiver
code (Stebler, 2008). Code pseudo-range is mainly used for navigation purposes and it

has a low accuracy (~1 m). As geodesy requires very high accuracies, much higher than

13
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typically required for navigation, phase pseudo-range measurements are being used
instead of code pseudo-range to achieve millimetre accuracy (Torge, 1991).

2.2.3 Positioning techniques

Carrier beat phases are used in geodetic high precision measurements to obtain a
positioning accuracy of about 1 mm or better. This is usually done by differencing the
phases of simultaneously received signals at each epoch from at least two satellites and
at least two receivers on the ground transmitted at both L1 and L2 frequencies (Herring
et al. 2010). By carrying out single, double or triple differencing, atmospheric effects,
instabilities within satellite clocks, ambiguities and cycle slips can be resolved (Yang,
1995). The single differencing method involves differencing GNSS signals from a
satellite and between two receiver stations on the ground only. However, this technique
is affected by the distance between receivers, i.e., if the baseline is large (more than 5
km) not all effects are removed using this technique. Instead, the double differencing
method (Figure 5) is used to cancel out all the effects by applying a Linear Combination
(LC), i.e., combining the two phases or measurements into a linear form (Herring et al.
2010; Yang, 1995). This is done by differencing between two receivers on the ground
and between two satellites i.e., applying Eq. [2.6] and [2.7]:

P = pk +[1E 7 £2]+ TS +c(dt, —dt*) + &, [2.6]
po = pb +[12/ 2]+ T2 +c(dt, —dt®) +&°. [2.7]
Application of Egs [2.6] and [2.7] creates a free ionospheric refraction model (Yang,
1995) Eq. [2.8]:

P = Pi — Pa. [2.8]
where p, represent the ionospheric free model derived from Eq. [2.6] and [2.7]. The
satellite clock error dt* is removed after differencing; therefore, the term p, can be
described as a geometrical distance between two satellites and receivers plus the
tropospheric refraction T*. See Figure 5 for an illustration of the principle of double

differencing between two receivers and two satellites.

14
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Satellite K Satellite b

GPS i, records Li from GPS z, records Lz from
satellite K and b at different satellite K and b at different
epoch epoch

Figure 5. Principle of double differencing between two receivers (i and z) and two
satellites (k and b) (adapted from: Yang, 1995).

2.2.4 GNSS limitations

The signal from a GNSS satellite does not propagate through a vacuum only, but also
traverses through the atmosphere. Atmospheric effects as well as atmospheric
boundaries are not static but vary with time. This has introduced a challenge in GNSS
positioning due to unpredictable behaviour of the GNSS signal as it propagates through
the atmospheric medium (Figure 6). Different models have been developed in an
attempt to compensate for atmospheric effects. These models predict the behaviour of
the GNSS signal at different levels of the atmosphere (Komjathy, 1997; Ma et al. 2001).
Well known factors that affect the GNSS signal such as ionospheric, tropospheric and
multi-path effects are discussed and the contribution of each error type is listed in Table
1.

15
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Cylinder of cross-sectional area=1m’

Tonospheric shell height

1000 kng

Receiver

IRI90 profile

Total Electron Content (TEC)
shown as dotted outline of
cylinder, in e/m’

Figure 6. Concept of GNSS signal propagation through different atmospheric levels
(Komjathy, 1997).

lonosphere

The atmospheric region ranging from approximately 50 km to 1000 km above
the Earth’s surface is referred to as the ionosphere. The ionosphere contains free
electrons which are caused by ultraviolet radiation from the Sun ionizing gas molecules
and as a result, electrons are realized (Grejner-Brezezinska, 1995). Free electrons in the
ionized medium cause radio signals to behave in a nonlinear fashion and cause the
ionized medium to be dispersive. The delay of broadcasted GNSS signals depends on
the Total Electron Content (TEC) along the propagation direction, time, geographical
location and the frequency of the signal (Hofmann-Wellenhof et al. 1992). The range
error can be anything from less than 1 m to more than 100 m. The refraction coefficient

n, describing propagation of the carrier phase is given by Eg. [2.9] and Eg. [2.10]:

16
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n,=1+c,/ f2+c,/ f°+... [2.9]

n,=1-40.3n,/ f2. [2.10]

Here, f = frequency and c; = coefficients, which are not depend on frequency but

largely depend on n. which is the number of electrons per m* along the propagation
path of the signal (Hofmann-Wellenhof et al. 1992). For derivation of these formulas
see Seeber (1993) and Hofmann-Wellenhof et al. (1992).

Troposphere

The troposphere is the lower layer of the atmosphere and its height above the
Earth's surface ranges from 9 km at the poles to 16 km at the equator (Torge, 2001). It is
referred to as the non-ionized region of the atmosphere and it causes tropospheric delays
of the GNSS signals. This region of tropospheric refraction is not dispersive with
respect to radio waves that have a frequency of less than of 15 GHz, unlike the
ionospheric refraction region. Therefore, the tropospheric refractions caused by this
region cannot be resolved using the LC method because the propagation path of the
signal is frequency independent (Grejner-Brezezinska, 1995; Hofmann-Wellenhof et al.
1992). Different models have been developed to correct the effects caused by
atmospheric refractions. Dodo and Idowu (2010) assessed three models i.e., the refined
Saastamoinen, Neil and Hopfield models in search of an optimal model to reduce
tropospheric effects in GNSS observations. They found that the refined Saastamoinen
model Eg. [2.10] is a better model to mitigate the tropospheric effect with an average
percentage improvement of 33.6%, while the Hopfield and Neil models have 12.5% and

13.8% improvements, respectively, (Dodo and Idowu, 2010).

The atmosphere consists of wet and dry parts. The wet component; however,
largely depends on the distribution of the water vapour in the atmosphere, making it
difficult to model. Therefore, to accurately model the wet component would require that

regional meteorological measurements be made during the experiment to calibrate the

observations (Wells, 1986). The tropospheric path delay (V™) is defined by:
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V'™ = [(n-1)ds. [2.11]
Here n represents the refractive index (see Hofmann-Wellenhof et al. 1992 for
derivation) and this can be expanded to give:
V™™ =0.002277 / cos(z)[ o+ (1255/T +0.05)*e — B tan® z]+ RJ. [2.12]

Where z = Zenith angle of satellite,
p = pressure (mbar),
T = temperature (K),
e = partial pressure of water vapour (mbar),

VT = tropospheric path delay (m); B and R& are the corrections that

depend on the height of the station and on z.

Hopfield (1969) expressed the tropospheric delay of the GNSS signal as the
tropospheric refractivity N™, which is the sum of the wet (N,,"®) and dry (N¢")

components that contribute towards the signal delay as follows:

N1 = NP 4 NP [2.13]

Multi-path Effect

The signals transmitted by GNSS satellites are not only prone to influence from
atmospheric and ionospheric effects but are also influenced by the vicinity of the GNSS
antenna. These are referred to as multi-path effects, which are usually the result of
reflective objects that are located near the antenna such as reflective surfaces, buildings,
trees etc., Multi-path effects affect both code and carrier measurements at different
levels which can reach about 1 to 5 m in very high reflective surroundings (Seeber,
1993).

One of the best methods to eliminate multi-path effects is to wisely select the
observation site in terms of GNSS stations, which should be permanently installed. The
site should be free from reflective objects and the site should be regularly checked to
keep reflective objects such as trees away from the GNSS antenna. Combrinck and Chin

(2001) provided more details on IGS site selection. Other possible methods include
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using the LC method or carefully selecting an antenna that uses a single vertical
polarization since reflected GNSS signals are left-handed polarized (Hofmann-
Wellenhof et al. 1992), this will allow reflected signals to be filtered out in the receiver.
The choke ring design is widely used in different antennas to mitigate the multi-path
effect. It consists of three or more concentric ring-like structures with varying radius
and depth (Tranquill, 1988) that are designed to prevent reflected or surface waves from
entering the antenna. Table 1 contains a summary of the average error contribution by

different kinds of sources (Grejner-Brezezinska, 1995).

Table 1. Summary of the errors and their contribution to a single range observation
equation (Seeber, 1993; *Kahmen and Faig, 1988).

P-code C/A-code
Source SA off SAon SA off SAon
Satellite
-Orbit 5m 10-40 m 5m 10-40 m
-Clock Im 10-50 m Im 10-50 m
Signal propagation
-Relativistic propagation | ~2 cm ~2cm ~2cm ~2cm
-Multi-path effects 1m 1m 5m 5m
- Troposphere* - - +1-5m +1-5m
-lonosphere* - - +1-3m +1-3m
Receiver
-Observation noise 0.1-1m 0.1-1m 1-10 m 1-10 m
-Hardware delays - mm-1m Imm-1cm 1m
-Antenna phase centre I1mm-1cm 1mm-1cm 1 mm-1cm
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2.3 Satellite Laser Ranging

2.3.1 Introduction

The tracking of satellites using the SLR technique was pioneered in the early 1960s
(Combrinck, 2010). The first successful SLR experiment was reported on 3 December
1964 (Smith, 1964). The Explorer-22 (also known as Beacon-B) satellite was
successfully tracked for ten sessions during 11 October to 13 November 1964. This
experiment was led by a NASA team and a team from General Electric Co. (Valley
Forge, Pennsylvania) also participated. The expected range accuracy was about 3 m
(Combrinck, 2010). Since then, the SLR technique has greatly improved in accuracy (1-
2 cm), and diverse applications are routine; these range from geodynamics, geophysical
studies and tests of the General Theory of Relativity (Combrinck, 2011).

The distribution of SLR stations is depicted in Figure 7, it can be seen that
Africa has limited station coverage, which results in poor coverage and a weaker
network in the Southern Hemisphere. For this reason, many satellites have poor
coverage in the Southern Hemisphere resulting in less ranging data being available. In
1993, IFAG (now BKG) operated an SLR station at HartRAO and SAAO (Sutherland)
for a period of one month at each site (Combrinck, 1993). During 2000, NASA installed
MOBLAS-6 (see Figure 8) at HartRAO, South Africa (Combrinck, 2009). It has been
operating since then and participates on international level to provide SLR data.
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Figure 7. Map illustrating ILRS (International Laser Ranging Service) SLR network stations  (source:
http://ilrs.gsfc.nasa.gov/network/stations/index.html; accessed: 08 April 2012).
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Figure 8. Collocated geodetic instruments at HartRAO, South Africa. Left: LLR/SLR
station under development; Right: SLR (MOBLAS-6) station, due to bad weather the
telescopes are closed up.

2.3.2 Basic SLR principles

The basics of the SLR system are illustrated in Figure 9, which depicts a base station on
the surface of the Earth and a Laser GEOdynamics Satellite (LAGEOS) in orbit. The
SLR system requires a Pointing Control System which controls the pointing directions
of the telescope and the laser transmitter, this system is required to be accurate in order
to point at the target perfectly. The laser transmitter transmits a laser pulse to the target
LAGEOQOS in orbit, the corner-cube reflectors mounted on the surface of the LAGEOS
satellite reflect the transmitted pulse back to the base station. The returned pulses are
collected by the tracking telescope and the final round trip time of flight of ultra-short
pulses of light to satellites are detected by special detectors (photo multiplier tube or
single photon avalanche diode). Time and frequency are crucial in SLR operation, for
example, MOBLAS-6 at HartRAO utilizes a rubidium clock where short-term stability
and long-term drift of approximately 2*10 ** and approximately 5*10*%/month are
achieved (Combrinck, 2010). The timing system allows range or time of flight to be
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calculated accurately. The instantaneous range of measurements then provides a
millimetre level of precision and these data can be accumulated to provide a range of
applications in the science community including a contribution to crustal dynamics
(Pavlis, 2010). More information about hardware specifications, range models, force
and orbital models, calculated range, SLR System and logistics are described in detail in
Combrinck (2010).
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Figure 9. Schematic view of a Satellite Laser Ranging tracking artificial LAser GEOdynamics Satellite (LAGEOS) launched 4 May
1976 (adapted from: Degnan, 1985).
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2.4 Very Long Baseline Interferometry

2.4.1 Introduction

The Very Long Baseline Interferometry (VLBI) technique is an important space
geodetic technique that was developed during the 1970s. Figure 10 depicts the 26 m
VLBI antenna at HartRAO and Figure 11 depicts the global VLBI tracking network.
The VLBI technique was developed by radio astronomers as a tool to study
extragalactic radio sources such as quasars. Soon after, this technique was applied in
many different areas to derive geodynamic parameters such as polar motion, changes in
the Earth's rotation, Universal Time, Earth tide parameters, study of the General Theory
of Relativity and reference frame definition (Robaudo and Harrison, 1993).

Figure 10. The HartRAO 26 metre VLBI telescope facing north-west.
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Quasars are so far from the Earth that they can be seen as motionless in the sky; this
characteristic of quasars allows the implementation and maintenance of a stable
reference frame which is required to provide millimetre accuracy in determination of

plate motions on the surface of the Earth (Combrinck, 1993).
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http://cddis.nasa.gov/images/ivsmap.qgif; accessed: 08 April 2012).
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2.4.2 Basic VLBI principles

The principles of VLBI are simple; a radio frequency bandwidth is selected from two or
more radio telescopes (see Figure 10 and Figure 12) with long baselines to observe
radio signals from a target that emits radio signals such as quasars. The observing
stations can be separated by thousands of kilometres. If the stations are relatively close
to each other, phase-synchronized local oscillators can be utilized and the signals from
the antennas can feed a correlator directly. If the antennas are far apart such as the South
African SKA and Australian SKA projects, this usually requires highly accurate timing
systems (hydrogen MASER atomic clocks) to allow determination of “phase delay” or
“time-delay” at later stages and data can be stored on high density magnetic tapes or
disks (Combrinck, 1993). The radio signal being observed by two antennas located far
apart will arrive at the two antennas at different times. That is, one antenna will observe
a signal with additional distance defined by z*c, where 7 is the time difference of the
signal arriving at the two stations obtained by cross correlating the signal from two
stations and c is the speed of light (Plag et al. 2009b). The total time-delay between two
antennas is the sum of geometric delay, the instrumental delay and transmission-media
delay (Thomas et al. 1976). For crustal deformation monitoring purposes, it is necessary
to measure the total delay for many different radio sources and on several baselines
(Robaudo and Harrison, 1993). The parameter t and other delays allow one to solve for

astronomical and geophysical quantities (Sovers et al. 1984).
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Figure 12. Illustrated basic principles of Very Long Baseline Interferometry; a very
stable atomic clock is required as well as a fast and high capacity storage medium.
(source: http://www.spacegeodesy.go.jp/vibi; accessed: 01 October 2012).

2.5 Modern Geodetic Reference Frames

2.5.1 Introduction

Modern society is faced with complicated natural processes that tend to affect our daily
lives. Some of these processes require advanced science, long periods of observation
and the observation of different processes to provide a deeper understanding of system
Earth and its environment. This better understanding then leads to better solutions,
applications and enhanced benefits to society. Space geodesy plays a crucial role in this
regard. This section discusses the role of space geodesy in the development of modern
reference frames, particularly for Africa.

The Earth and its dynamic processes are not static and the celestial bodies in the
universe are also not static, they change positions with time. Some of the dynamic
processes that affect the geodetic reference points are polar motion, Earth’s rotation,
plate tectonics, loading effects on the Earth’s crust, dynamics of the stars etc., For this
reason, it is impossible to have a reference frame that is time independent (lliffe, 2000)
hence, the geodetic reference frames need to be updated and maintained. Different
epochs of the International Terrestrial Reference Frame (ITRF) exist which include
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ITRF1992, ITRF1993, ITRF1996, ITRF2000 and ITRF2005. They were created to

account for dynamic processes.

The current accurate geocentric reference frame is ITRF2008 which can be
described as a highly accurate geocentric reference framework, with the accuracy of the
coordinates of the reference stations defined at a millimetre level. The ITRF includes
the velocities of the stations and a set of coordinates that can be used to monitor
dynamic processes on Earth’s surface (http://itrf.ensg.ign.fr/general.php). It is
maintained by the International Earth Rotation Service (IERS), this is done using
geodetic techniques such as GNSS, SLR, VLBI and DORIS (Doppler Orbitography and
Radiopositioning Integrated by Satellite) (Kovalevsky et al. 1989; Figure 13).
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Figure 13. Hlustration of global sites that are equipped with different, collocated space-
based techniques i.e., SLR, GNSS-red dots, VLBI and DORIS, and these sites are used
for the realization of ITRF (Altamimi et al. 2011).

The International GNSS Service (IGS) has contributed towards the
establishment of the ITRF since 1991 by providing high quality GNSS data (Altamimi
and Collilieux, 2009) and the spatial resolution of GNSS stations has since increased. In
addition to other geodetic techniques (i.e., VLBI, SLR and DORIS), GNSS technique

contributes towards the realization of ITRF. The ITRF is important in deriving unified
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reference frames such as AFREF, as the derived velocity fields and other geophysical

measurements need to be tied to an accurate global reference frame.

2.5.2 Background on AFREF

A datum can be defined as a geometrical quantity that serves as a reference for other
measured quantities (e.g., during cadastral surveying) (lliffe, 2000). It is realized by an
accurately determined shape and size as given by the spheroid and sets of selected
geodetic positions (e.g., latitude, longitude and height) that are fixed at the origin, an
azimuth of a line to another geodetic control point and the geoid separation at the origin
point of the ellipsoid (lliffe, 2000; DMA, 1983). Due to continental plate motion, the
reference positions need to be updated at specific epochs, hence, ITRF exists. The
knowledge of the datum was generally confined to a small community of scientists and
geodesists only, until recent years, where the development of geographic information
system (GIS) and satellite remote sensing have greatly influenced the knowledge of

datums.

African countries currently use different datums such as WGS 1984, Clarke
1866, Clarke 1880, Bessel 1841 (AFREF, 2002; Wonnacott et al. 2010). A typical
problem arises e.g., when combining digital map data from two different survey
campaigns, e.g., as part of a cross-border collaboration between neighbouring countries
(lliffe, 2000). The results from such a combination (if different datums are used) tend
not to align and the coordinates might be off-line by several metres. For this reason,
many projects which include remote sensing, mapping, land management, Geographic
Information System (GIS) and hazard mitigation that involve crossing country
boundaries are prone to errors. The lack of a unified African Geodetic Reference Frame
(AFREF) remains a barrier for many geo-spatial projects in Africa.

Different geodetic reference frames have been established and maintained
elsewhere in the world. Such reference frames include: European Reference Frame
(EUREF) which was founded in 1987 and the South, Central American (SIRGAS)
(Bruyninx et al. 2009) reference frame which was established in 1993 (Wonnacott,
2005; Figure 14). The foundation has been laid for Africa and many of the African
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countries are preparing to change their old out-dated reference frames into a new

modern geodetic reference frame.

Figure 14. Examples of existing reference frames, Africa being under construction
(adapted after: Bruyninx et al. 2009).

The Doppler effect technique has been used by Doppler satellites to strengthen
and extend terrestrial networks and connect them to an Earth-centred coordinate system,
to provide geophysical parameters such as the Earth’s gravity field and polar motion
data, and to determine satellite orbits (Anderle, 1986). During the 1980s, Africa, in
collaboration with other international partners, attempted to establish a system that was
going to provide a unified reference frame i.e., the African Doppler Survey (ADOS)
project. It was conceived with the aim of providing a unified African reference frame
for Africa. Anderle (1986) reported that 52 countries were involved in the programme.
But the project came to a halt in 1986, due to a lack of ability to do simultaneous
observations required by the Doppler Satellite system (AFREF, 2002). Most of the
systems that use the Doppler effect are based on the measurement of the Doppler effect
on frequencies transmitted by satellites. Such systems include NAVSAT (the U.S. Navy
Navigation Satellite System); it was designed to allow navigators aboard ships to
determine their position within 100 m accuracy (Anderle, 1986). In addition, the project
suffered from a lack of participation by most of the African countries and the resulting

accuracy of the Doppler system was not good enough to be used in geodynamic studies.
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During the 1980s, scientists knew about the capabilities of GNSS and they hoped
(Anderle, 1986) that if GNSS could grow rapidly, it was going to replace NAVSAT.
Today, GNSS is a reliable technique and accurate enough to be used in multi-

disciplinary applications.

The implementation of the GNSS technique under the auspices of AFREF was
initiated in 2002. Effort included the establishment of a formal structure and
government level support, but a number of scientific, technological and human capacity
challenges need to be addressed before full implementation can be achieved.
Nevertheless, some specific research tasks under the auspices of AFREF are envisioned.
Amongst these research frontiers is the development of a velocity field for the African
plate, based on long-term measurements obtained from GNSS equipment, in particular
GPS. Some of the processes involved in establishing and maintaining such a reference
frame are described in AFREF (2002):

= Defining and establishing a geocentric datum.
= Defining a reference system.
= Establishing and maintaining the reference network.

The reference frame will be derived from the analysis of geodetic data measured
by permanently installed GNSS stations (pictured in Figure 15) and other geodetic
techniques that are linked to the global network of the IGS (AFREF, 2002). Africa
currently has a poor geographic distribution of GNSS stations and this creates problems
in deriving a robust velocity field for AFREF. In addition it adversely affects the study
of plate motions on a regional scale because different sub-plates move at different rates
and station coverage is too poor to provide detailed velocity solutions on a regional or

global scale.
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Figure 15. Map illustrating current AFREF network of GNSS stations. There is an obvious weak station geometry in the north, the
north-east and east central areas of the African continent. These gaps will have to be filled with GNSS stations to improve AFREF
solutions.
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One of the long-term objectives of HartRAO is to increase the network density
of GNSS stations in Africa in collaboration with local and international partners
(Combrinck, 2000). A typical GNSS station is pictured in Figure 16. There is a need to
continuously install additional GNSS stations thereby increase the density of the GNSS
network throughout African countries. This will ultimately improve the geometry of the
network, and as a result lead to long-term, stable and precise monitoring of geodetic
observables vital for the determination and maintenance of the AFREF project.

Figure 16. GNSS installation at Hamburg (HAMB), South Africa. This example station
is totally self-contained. The station incorporates GPRS communication for data
transfer, solar panel, wind charger, regulator and batteries for power, and a hermetically
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sealed box protects the equipment (picture credit: L. Combrinck, 2012, personal
communication).

The establishment of an accurate and well maintained AFREF will contribute
towards surveying and mapping, construction, mining, transport and navigation; all of
which influence many activities in our modern society. In order to obtain reliable
positions for AFREF in the ITRF, estimated positions ought to be tied to a particular
epoch; subsequent measurements at different points in time need to be referred to the
AFREF epoch. Adjustments between the AFREF epoch, and the global reference frame
and later measurements will require velocity field data as an adjustment (Herring et al.
2009).

It has been proposed that Africa be sub-divided into five regions (NAFREF,
SAFREF, CAFREF, WAFREF and EAFREF i.e., North-, South-, Central-, West- and
East African Reference Frames, respectively) (depicted in Figure 17) to facilitate
processing of GNSS data. The results from each region will be then be combined to
form a unified reference frame for Africa i.e., AFREF (Kamamia, 2004). This is clearly
impractical due to the lack of GNSS stations available and, in any event would have

complicated the process.

It has been reported by Wonnacott et al. (2010) that over 22 countries are in the
process of changing their old reference frame systems into and more modern reference
frames. Installation of GNSS Continuous Operating Reference Stations (CORSS) in
NAFREF and CAFREF regions will ensure that there is a station in Africa for
approximately every 1000 km. This will meet one of the objectives of AFREF
(Combrinck, 2011), will increase the GNSS stations network in Africa and ensure a
robust AFREF. Table 2 lists the currently active countries that are participating in the
establishment of AFREF and that are willing to install GNSS CORS in the near future.

The African Geodetic Observing System (AGOS) project is set to enhance space
geodetic observations in Africa. It incorporates AFREF and the African Very Long
Baseline Interferometry Network (AVN), in which Kenya, Ghana and Nigeria have
shown great interest (Botai et al. 2013). It is clear that AFREF is being supported and
that many countries are making an effort to grow space geodesy in Africa.
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Figure 17. It was proposed that Africa be sub-divided into five regions to facilitate the
processing of GNSS data and the results would then be combined later to form a
complete AFREF (Kamamia, 2004). The first AFREF computation (April 2013)
utilised data from all the regions simultaneously.

Table 2. List of countries that are participating in installing GNSS CORSs (Combrinck,
2011).

Algeria Nigeria Ghana Zambia
Benin South Africa Lesotho
Cameroon Tanzania Morocco
Ethiopia Uganda Namibia
Kenya Angola Rwanda
Malawi Botswana Swaziland
Mozambique Egypt Tunisia
37
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2.5.3 Contribution towards AFREF implementation

In 2007, the Working Group on Regional Dense Velocity Fields became part of Sub-
Commission 1.3 'Regional Reference Frames’, which is embedded in the International
Association of Geodesy (IAG) Commission 1 on reference frames
(http://epncb.oma.be/IAG/). The long-term goal of the IAG Working Group on
Regional Dense Velocity Fields is to provide globally referenced dense velocity fields
primarily based on GNSS observations, to be used as a densification of the multi-
technique global conventional reference frame (Bruyninx et al. 2010). The Working
Group co-exists with the six regional reference frame sub-commissions for Africa,
South-East Asia and the Pacific, Antarctica, Europe, North America and South- and
Central America (Drewes et al. 2008). Sub-Commission 1.3 is involved in establishing
and coordinating regional reference frames in different countries (mentioned above).
Other regions have made good progress, except Africa (AFREF), which is the focus of
the Sub-commission 1.3 (Drewes and Hornik, 2005).

This study intends to participate in AFREF by deriving GNSS velocities and
positions in a Solution Independent Exchange (SINEX) file format and combining these
using the Combination and Analyses of Terrestrial Reference Frame (CATREF)
software developed by Altamimi et al. (2007).

The first submission of combined SINEX solutions to the Working Group was
made in 2009. During the combination process done by Bruyninx et al. (2012), the
solutions indicated disagreement between regional and global solutions. The

disagreement was due to:
» inconsistent discontinuity (missing data period) epochs,
= inconsistent station naming and DOMES numbering and

= numerical instabilities caused by velocity constraints at sites with
coordinate offsets and also due to a network effect (Bruyninx et al.
2010).

A call for new re-submissions was made in 2010. The criteria for the new solutions
include that ITRF2008 discontinuities should be applied during stacking with CATREF
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or other software packages to increase the agreement level with the ITRF2008 solution
and the solution should be reprocessed using absolute antenna models (Bruyninx et al.
2010).

2.6 Concluding remarks

Space geodesy is one of the disciplines that contributes to a global society; its
applications and products have been utilised to such an extent that system Earth is better
understood today. This chapter has reviewed three space geodetic techniques i.e.,
GNSS, VLBI and SLR. The accuracy that space geodesy has reached has allowed the
determination of geophysical parameters such as plate velocities, polar motion and the
implementation and maintenance of reference frames. Good progress has been made
with the AFREF project. However, implementation issues still remain which will have

to be addressed before AFREF will be at fully operational and near-optimal status.
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CHAPTER 3

Data and analysis strategies

"A new idea comes suddenly and in a rather intuitive way, but intuition is nothing but
the outcome of earlier intellectual experience”- Albert Einstein, 1949,

3 Methodology

3.1 Introduction

Two scientific software packages are described in this chapter; i.e., GAMIT/GLOBK
(version 10.4) developed at MIT (King and Bock, 1995; Herring, 1997) and the
CATREF software developed at Institut National de I’Information Géographique et
Forestiére (IGN) by Altamimi et al. (2007). These software packages were used to
process phase observations of GNSS data and to accurately estimate station coordinates

and velocities over the African continent in support of the establishment of AFREF.

The development and maintenance a modern reference frame requires velocities
to be consistent with a recent ITRF (currently ITRF2008). Consequent measurements
(e.g., for cadastral surveying) at different epochs will need to be referred to the AFREF
epoch. Since inter-continental blocks may exhibit differential motion with respect to
that of the African plate, continuous measurements will be required (i.e., permanent and
fixed stations are required) to update velocity fields which will then be used to update
AFREF. Velocity maps will result from the research described in this thesis, which will

contribute towards monitoring of sub-continental and local motions.

3.2 Description of GAMIT/GLOBK (version 10.4) software

The long baseline solutions and highly accurate velocities resulting in the ITRF require
the use of scientific quality processing software (King and Bock, 1995; Herring, 1997).
The software GAMIT/GLOBK is a collection of FORTRAN subroutines and C-shell
scripts designed to run in the Unix/Linux OS environment. This software has been used
for scientific research purposes (Nilforoushan et al. 2003; Yu et al. 1997; Feigl et al.
1993; Kendrick et al. 2001; McClusky et al. 2003) to process GNSS phase data and
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combine quasi-observations to estimate geophysical parameters, meteorological
parameters etc., with high accuracy. Other scientific software used to process GNSS
data includes GYPSY-OASIS Il (JPL) and the Bernese GNSS Software (University of
Bern). The solutions resulting from these different software packages indicated
differences in the order of a millimetre (Andrzej et al. 2010), for this reason it makes no
significant difference which software package is used.

The GAMIT module integrates a weighted least squares algorithm to estimate
station coordinates and velocities, atmospheric delay parameters, satellite orbits, Earth
Orientation Parameters (EOPs) and functional representations of post-seismic
deformation. It produces the associated covariance matrix, EOPs and orbital parameters
(King and Bock, 1995) to be fed into the GLOBK processing engine.

The GLOBK module was originally developed to combine quasi-observations
from VLBI data and was later modified at MIT to incorporate GNSS data sets (Herring
et al. 2010). It combines loosely constrained solutions from the GAMIT module to
estimate station coordinates and velocities. In order to quantify any movement observed
by GNSS stations, it is necessary that a long time-series be obtained and analysed by

using scientific software packages such as GAMIT/GLOBK.

3.3 GNSS Instruments

The geodetic observations were performed using GNSS instruments of geodetic quality
such as the one pictured in Figure 18, which was installed by HartRAO at
Matjiesfontein, Great Karoo, South Africa. Other stations that were used in this research
might be different from the one pictured here. These instruments that are located far
from any infrastructure are typically totally self-contained. GPRS communication for
data transfer, a solar panel, regulator and batteries for power and a hermetically sealed
box that protects the equipment are implemented. During installation, the antenna
mount is mounted on bedrock to ensure that the movements measured by the stations
are only due to tectonics or earthquake activities but not due to thermal expansion of
soils or other unrelated tectonic forces or stresses. Specifications for installing GNSS
stations are outlined in Combrinck and Chin (2001), Kouba, (2009) and Gurtner and
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Neil, (1994). Different antennas and receivers have been used in most GNSS stations
(see Appendix A: Table 14). The GNSS technique, particularly GPS, remains the only
geodetic technique suitable to study regional or global plate tectonics due to its relative
cost-effective advantages (Weston and Schwieger, 2010) as compared to other geodetic
techniques such as VLBI, DORIS and SLR.

Figure 18. Example of a GNSS station. This particular station (MATJ) located at
Matjiesfontein, Great Karoo is power and communications independent. The station
was installed by HartRAO. Solar panels and metal boxes containing batteries to supply
power can be seen on the ground.
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3.4 Data acquisition and pre-processing

Receiver Independent Exchange (RINEX) data (sampled at a 30 second rate) are
automatically downloaded in twenty-four hour (24 hr) session from data archieves such
as geoid (ftp://geoid.hartrao.ac.za/), Scripts Orbital Permanent Array Center (SOPAC),
Crustal Dynamic Data Information System (cddis), University NAVstar Consortium
(UNAVCO), TrigNet (ftp://ftp.trignet.co.za/) etc., using automated specialized scripts
incorporated in GAMIT/GLOBK software. The IGS stations from the African and other
continents were included to improve the geometry of the network. A few non-IGS
stations but of geodetic quality (HAMB-Hamburg and MATJ-Matjiesfontien) were
included in the processing. Raw data in Topcon Positioning Systems (TPS) format from
the HAMB and MAT]J stations were transformed to RINEX format and large files were
disseminated into 24 hrs session RINEX files using the Translation Editing Quality
Control (TEQC) software provided by UNAVCO (Estey, 2011).

The quality of RINEX files from the surveying stations were checked using the
TEQC software. In Table 3, MP1 and MP2 represent a linear combination of C1, L1
and L2 and C2, L1 and L2 frequencies, respectively, and provide an estimate of a
pseudo-range multi-path. The acceptable MP1 and MP2 values must be below 0.35. For

this particular example, the values indicate good data with acceptable multi-path effects.
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Figure 19. Satellite visibility for Hamburg (HAMB) station, South Africa, on 27
December 2010, cut off elevation:10°.

Table 3. Summary of statistics for MP1 and MP2 for the Hamburg station, South
Africa, as on 27 December 2010.

Statistics MP1 MP2
Mean rms (mm) 0.24322 0.27888
Observations 36121 36121

Slips 6 1

The MP1 combination frequencies indicate a lower mean RMS value and six
slips while the MP2 combination frequencies indicate a higher mean RMS value with

only one slip. The slips are also depicted in Figure 19, where symbols 1 and 2 represent
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MP1 and MP2 slips, respectively, and symbol c represents clock slips for both MP1 and
MP2 that occurred for all satellites being observed. Figure 19 is a graphical
representation of a complete elevation-azimuth list, based on an elevation cut off angle
of 10", illustrating the satellite in view for a certain epoch. Shown on the vertical
coordinate system is the satellite with corresponding PNR number. An improved
representation of satellite visibility is depicted by the sky plot in Figure 20. The sky plot

represents phase vs. time residuals projected onto the sky.

12 - 16 hrs UT 16 - 30 hrs UT 0 - 2 hrs UT
HAMB Day 361 RMS 6.2 mm

Retpd 2011 Mow 03 13.57 51 | HAME DPHLS Reddual Sosbe 0.5 Tids 1 rme

Figure 20. Polar sky plot for Hamburg, South Africa, on 27 December 2010, cut off
elevation:10".

3.5 Data sets

In Table 4, a list of the GNSS stations and years in which they were operating between
the 2000 and 2012.4 periods are given. Note that this table only indicates data

availability in terms of years but not in terms of day numbers. Data for certain dates
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might not be available; this can be seen in the time series analyses in the following
chapters. The geometric distribution of the GNSS stations used in this study to derive
velocities for Africa are depicted in Figure 21. A gradual increase in the number of
GNSS stations with time can be seen from Table 4 and Figure 22. This shows that
stations are constantly added into the 1GS network. This indicates an effort made by
participants in the IGS to increase the density of the GNSS stations around the world
(Kouba, 2009).

Figure 21. Geometrical distribution of GNSS stations used in this study.

Tectonic movement occurs on a very small scale i.e., at millimetre level over a
long period of time (~21 mm per year for HartRAO) and to measure and quantify such
movement requires relatively long time periods of observation using space geodesy
techniques such as GNSS. This research utilised a long enough time series of
observations (i.e., twelve years of GNSS observations) to produce reliable results from

which concrete conclusions can be derived.
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Table 4. Availability of yearly GNSS data within the 2000 to 2012 period.

2012
2011

2010

2009

2008

2007

2006

2005

2004

2003

2002

2001

2000

X

X
X

X
X

X

X
X

X
X
X
X

X

X
X
X

X

Station ID

ADIS

ABPO
BAN2

BRFT
BRAZ
BJCO
CHPI

CAGL

CAS1

DAV1

DEAR
DGAR
GOUG

GMAS

GRAS

HAMB
HRAO
HARB

HYDE

HNUS

HERS

KERG
LPGS

MATE

MATJ

MAL2

MAS1

MALI

MAW1
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Table 4. (Continued).

NOHN X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
NOHH X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
NOHO X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
2009 X X X X X X X X X X X X X X X X X X X < X X X X X X
2008 X X X X X X X X X X X X X X X X X X X x X X X X X X
NOON X X X X X X X X X X X X X X X X X X X X X X X X
NOO@ X X X X X X X X X X X X X X X X X X X X X <
2005 X X X X X X X X X X X X X X X X X X > e =
2004 X X X X X X X X X X X X X X X X X X X > =<
Noow X X X X X X X X X X X X X X X X X X >
NOON X X X X X X X X X X X X X X X X <
NOOH X X X X X X X X X X X X X X
NOOO X X X X X X X X X X X X X -4
Saton D1 0 C o g E S S35 EE N 59855748028
Sz20558 U EzESER2 85533453255
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Figure 22. Distribution of measurement time span of GNSS stations used in this study.

3.6 Input files into GAMIT/GLOBK (version 10.4)

A brief description of setting up files to run the GAMIT/GLOBK software is outlined in
this section. The scripts that are mentioned in this section are not described in detail,
however, more detail can be found in King and Bock (1995) and Herring (1997). It is
necessary to create an experimental directory (e.g., scal with two sub-directories: /rinex
and /tables). The setup files should be edited prior to processing to suit processing
requirements. All necessary RINEX files can be downloaded (using the sh_get rinex
script) into the /rinex directory, the sh_setup and sh_links.tables scripts can be invoked
to link and copy all the control files described in this section into the /tables directory.
Other files such as station coordinates in the form of an L-file, satellite list and scenario
file i.e., session.info, satellite and station clock values (i.e., I-, J- and K-files) that are
required prior to processing usually do not require editing. Selected files that usually
require editing are outlined below.

= process.default: this file contains variables such as computational

environment, sampling interval and number of epochs.
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= site.default: specifies all sites to be downloaded automatically from a remote
archive.

= station.info: for a site to be processed by sh_gamit, the header of the RINEX
file needs to be included in this file. To do this, run sh_upd_stnfo, which will
invoke the mstinf program to update the station.info file.

= sestbl and sittbl: optionally, these files can be edited to adjust analysis
strategy, for instance, setting tight constraints on specific sites.

= autcln.cmd: this file does not require any editing unless the data contain

unusual errors.

3.7 Strategy for processing GNSS data

Data from GNSS stations were processed for the 2000 to 2012.4 period using the
GAMIT/GLOBK software (King and Bock, 1995; Herring, 1997). Data analysis was
carried out at HartRAO at the Space Geodesy Laboratory (SGL). A cut-off elevation

angle of 10" was used, i.e., all data sampled below 10" elevation were discarded due to
the adverse effect of the atmosphere (increased wet component) and the possibility of
increased multi-path effect on the data at low elevations. The software TEQC was used
to quality check the data for possible errors using least squares adjustment and for
transforming raw data into RINEX format (for HAMB and MATJ stations). Processing
was done in two steps as illustrated in the GAMIT/GLOBK flow chart (Figure 23) and
described as follows:

1. Processing of single-day GNSS phase observations for each year was
carried out using the GAMIT module. Analysis of carrier beat phase
observations and estimation of daily station coordinates, EOPs, orbital
parameters and their associated covariance matrices using a least squares
method were done. Different models are incorporated to correct for
ocean loading. Resolved integer ambiguities, data sets and control tables
are linked into the GAMIT module as depicted in Figure 23.

2. The loosely constrained solutions from the GAMIT module are then fed
into the GLOBK processing engine as quasi-observations (H-files) to
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combine and estimate long time-series of station velocities and station
coordinates using a Kalman filter approach. This procedure of processing
GNSS data has been described and adapted by Feigl et al. (1993),
Kendrick et al. (2001), Nilforoushan et al. (2003), McClusky et al.
(2003), King and Bock, (1995) and Herring et al. (2010).

| Ifi:i?’? ﬁ Module : (data conversions)

Atmospheric parameters Non-1GS

Ambiguity, Cycle slips resolved stations
EOP table from IERS
rv
GPST-UTC (Siui
Ocean loading models
GAMIT Tablesh l

> GAMIT TEQC

~ Estimated daily
station positions

GLOBK Estimated positions
«,:\ ’—b .y .
- Module ~ ; and velocities

Figure 23. Simple flow chart of GAMIT/GLOBK 10.4 software.

In step 1, the GAMIT module calculates theoretical values for the carrier phase

observations at both L1 and L2 frequencies for each satellite-station combination. The

results are then subtracted from observed values to produce phase residuals. Results are

also combined through a double differencing method in a least squares approach to

estimate parameters such as ambiguity (Feigl et al. 1993). Common errors that are

attached to or contained in the GNSS signal such as multi-path effects, cycle slip and

atmospheric refractions (tropospheric and ionospheric effects) are minimized by using

the autcln, model and solve programs (incorporated in GAMIT). These programs are
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executed automatically during the processing stages and errors are resolved
automatically. The remaining errors are investigated by examining time series plots, sky
plots and RMSE (Root Mean Square Error) values of each station for each particular

observation.

Criteria for selection of stations were the inclusion of long-term operating
stations i.e., those that have least two to three years’ data should be included (with the
exception of local stations) and GNSS data should be of high quality. Due to poor
geometric distribution of the GNSS stations in Africa, selected IGS stations outside the
African continent were included in the processing stage to improve and strengthen the
geometry of the network and to tie the network into the ITRF. Well-known GNSS
stations i.e., stations with well-constrained positions, were used to stabilize the network
and to reduce geometric errors that might propagate into the final solution. This was
achieved by defining well constrained stations as stabilization stations. Stations in the
ITRF2008 reference frame were constrained to 5 mm in the horizontal components and
10 mm in the vertical component. Local stations were kept loosely constrained to allow
free determination of their coordinates, since they are not well known. The final
solution is an estimate of a polyhedron consisting of global and regional stations.
According to Kendrick et al. (2001), this approach places weak constraints on the
coordinates of the local stations.

3.8 Description of the CATREF software

Development of CATREF started in 1995 and currently it is capable of reading and
writing SINEX files with full variance matrices, combining station positions and
velocities, estimating EOPs, datum definition, time series combination, quality
evaluation and can handle constraints before combination (Altamimi et al. 2007). The
model implemented by CATREF allows simultaneous combination of velocities and
station positions. Basic transformation equations utilized by CATREF are given in
(Altamimi et al. 2012); it is based on 7 (14)-parameter similarity given by [Eq. 3.1]:

X, =T +ARNX,,
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with translation vector: T = (T,T,T,)",

scale factor: A and [3.1]
rotation Matrix: ®=R R R,.
Here:
1 0 0 cosR2 0 -sinR2 cosR3 sinR3 0
R,=/0 cosRl sinRl|, R, = 0 1 0 , R,=|—sinR3 cosR3 0.
0 -sinRl cosR1 sinR2 0 cosR2 0 0 1

In space geodesy, the linearized formula is used:

X, =X, +T +DX,+RX;; 1=(1+D),

[3.2]
R=>1+R),
0 -R3 R2
where R=| R3 0 -R|.
-R2 R1 O

Since T is less than 100 metres, D and R are less than 10” in magnitude. The second
order terms are neglected since they are less than 10%° ~ 0.6 mm. If Eq. 3.2 is

differentiated with respect to time, then DX, =0 and RX, = 0in Eq. 3.2.

A general combination model is given in [Eq. 3.3 and 3.4] assuming that for

each individual solution s, and each point i, there is a position X! at epoch t!and

velocity X! expressed in a given Terrestrial Reference Frame (TRF) k.

= Different parameters are estimated: Positions X' at a given epoch t and

velocities X!, expressed in the combined TRF c.

* Including transformation parameters T, at an epoch t, and their rates

T, from the combined TRF ¢ to each individual frame k.

Therefore, the combination model that is implemented by CATREF can be generalized

as follows:
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XI= X+t -t,)X! +T, +D X! [33]
+R XL+ () =t [T, + DXL+ R X1, '

X! =X +T +D X! +R X!, [3.4]

Where k = individual frame, Dy = scale factor, Ty = translation vector and Ry = rotation

matrix (Altamimi and Boucher, 2003).

The CATREF software currently reads and writes only SINEX files, for this
reason the program glbtosnx which is embedded in GAMIT was used to generate
weekly SINEX files by processing RINEX files. The network used in this case is the
same as used in Figure 21. The following summary is the combination strategy as
described in Altamimi et al. (2012) which was used in work reported in this

dissertation:
= Remove initial constraints from individual SINEX files

= Apply minimum/internal constraints equally to all individual SINEX

files
= Combine all SINEX files
= Handle outliers and locate discontinuities

= |terate and scale the variance-covariance matrices by the estimated

variance factors

Re-iterate until variance of unit weight (7) is close to unity i.e., o7 ~1

The combination model implemented in CATREF assumes input variables as a
network of N points: X}, Vs, 2o, %o, Voo Zg-erd =1,..., N; K being TRF (Terrestrial
Reference Frame) and a set of S solutions i.e., SINEX files with station positions and or
velocities: x!,y!,zl, %, y!,2!..tl..s=1,...,.S. Polar motion: x?,y?,UT, and their daily

rates: x”,yP, LOD,(Length of the Day) with full variance covariance matrix:}s

(Altamimi et al. 2012).

Given the inputs above, the software is currently able to estimate:
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e positions at t,and velocities of the N points x;, yi, Zy, %), Yo, 2y that are

expressed in a combined frame.

e the 7 (14) transformation parameters at t, and their time derivatives
including EOP parameters (Altamimi et al. 2012).
During the iteration process to archive o ~1, the matrix scaling factors for

individual solutions are multiplied by the estimated variance factor (Altamimi et al.
2012) using [Eq. 3.5]:

T
Vs Psvs
~ 6npS +Ngps
eops unk
nobs

, [3.5]

2
Ops =
6n,, +n

which is referred to as a Classical Estimator (after: Altamimi et al. 2012). Where: v, =
residual vector; n ;= number of points of solution s; n,, .= number of EOPs of solution

S, N, = number of observations; n,, = number of unknowns and P,= inverse of

. - . -1
variance matrix of solution s (P, = zs ).

The concept of 'minimum constraints’ was used to define the datum of the
combined frame with respect to ITRF2008. Altamimi (2002) pointed out that the normal
equations constructed using (Eq. 3.3 and 3.4) are singular with a rank deficiency of 14
that relates to the datum definition parameters, hence, it is efficient to use an equation of

minimum constraints given by:
(ATA) AT (X, - X.) =0, [3.6]
which is included in CATREF. Here X_is the vector of estimated station positions and

velocities, Xy is the reference solution containing a selected set of stations and A is the

design matrix of partial derivatives (Altamimi, 2002). This method best defines a TRF
datum, no distortions introduced in the TRF and the actual quality of space geodesy

observations are preserved (Altamimi et al. 2012).
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3.9 AFREF computation

No formal computational procedure was suggested for the AFREF solution, all the
participating analysis centres used their own strategies. Each individual analysis centre
utilised different software packages such as Bernese, GAMIT/GLOBK and GIPSY
OASIS Il. The first computation used data spanning two weeks (day 340 to 360 of year
2012), to produce a static coordinate solution. It was recommended by the AFREF
committee that only loosely constrained solutions be submitted to the IGN for
combination by Zuheir Altamimi (IGN) using the CATREF software.

As part of the contribution towards AFREF, HartRAO (as part of this study)
processed the data using GAMIT/GLOBK, following a similar processing strategy to
that described in this chapter. The GNSS station network in Figure 15, Chapter 2 was
used. The first submission call was in April, 2013 and the loosely constrained solutions

in the SINEX format were submitted to IGN for combination analysis.

At some stage, the AFREF committee will have to decide which stations are
optimal to use. Not all stations are of geodetic quality, some stations might have wrong
a-priori coordinates or others might have high levels of noise. To ensure that the
AFREF solution is the optimal solution, Table 5 lists the proposed selection criteria for
GNSS stations to be included in the AFREF solution.

Table 5. Proposed selection criteria for GNSS stations to define AFREF (modified from
Rebischung et al. 2012). This was not applied to the first AFREF computation.

Data span Threshold

Minimum time span 3 years

Number of Discontinuities < 2 years

Residual time series 3D RMS < 10 mm, visual inspection from
time-series

3D formal error of latest velocity estimate < 0.3 mm/yr
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3.10 Concluding remarks

This chapter described the strategy of processing GNSS data using the GAMIT/GLOBK
(version 10.4) and CATREF software packages. Processing of GNSS data was done in
two steps; in the first step, the GAMIT module was executed to process phase
observations. In the second step, the loosely constrained solutions including H-files
from the GAMIT modules were used as input files to the GLOBK module that then
estimated station position and velocities. Since CATREF reads and writes SINEX files,
H-files from GAMIT module were transformed into SINEX files and fed into the
CATREF software to also estimate position, velocities and transformation parameters.
As global terrestrial reference frame, ITRF2008 was used during processing of GNSS
observations. The resulting contribution to the AFREF computation was completed and

the solution was submitted to IGN.
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CHAPTER 4

Results and discussions

"All of science is nothing more than the refinement of everyday thinking"- Albert
Einstein, 1936.

4 Introduction

Results from the GAMIT/GLOBK and CATREF processing sessions are presented in
this section. Validation of these results was carried out through a comparison between
GNSS velocities derived from this study and those derived by the Jet Propulsion
Laboratory (JPL). Furthermore, velocity vectors derived from the collocated SLR
MOBLAS-6, 26 m VVLBI telescope and IGS station HRAO are compared.

4.1  Evaluating GNSS data
41.1 Daily evaluation of GNSS data

To assess the quality of geodetic data and the accuracy of the derived velocities,
statistics were used to try to understand the errors in GNSS positioning. In most cases,
the error spectrum in GNSS positioning is very complicated and the sources of errors
are difficult to locate and resolve (Hofmann-Wellenhof et al. 1992). However, errors
can be observed and it usually requires a long observation period to understand the
behaviour and source of the error spectrum. This is due to the fact that some of the
"errors” are remnants of incomplete modelling. The imperfect modelling of, for
instance, Earth-tide, will lead to seasonal, diurnal and semi-diurnal signals embedded in
the positional signal. Statistics presented here are computed using the entire network

depicted in Figure 21.

Computed geodetic data sets were assessed by plotting GNSS residuals against
elevation angle and fitting with a polynomial (see Figure 24 as an example). The station
Root Mean Square (RMS) values were calculated (by taking the square root of the
computed arithmetic mean of the observations) for each observation for all the stations
in the network (see Figure 25 and Figure 26). The best sites would typically have RMS
values of 3-5 mm and the worst sites would be about 5-9 mm, RMS values of more than
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15 mm suggest a poor tracking receiver, a multi-path environment or severe weather

conditions (Herring et al. 2010).

FERT FM3=5.2mm error medel a*2+b*2fisinlelevi)*2 a=3.1mm b=2.3mm
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Figure 24. Residuals of GNSS data against elevation angle for station PERT, 2001 day
001. Error model gives RMS value of 5.2 mm.
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Figure 25. Quality assessment of daily GNSS data for HRAO, GRAS and SUTH
stations between day 1 and 100, of year 2000. Average RMS values are 7.7 mm, 5.2
mm and 6.7 mm for HRAO, GRAS and SUTH stations, respectively.
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Figure 26. Calculated RMS values for two best and two worst GNSS stations from the
overall processed stations during 2001 of January from day 1 to 6.

Two best stations and two worst stations from daily processed data were extracted to
analyse the maximum and minimum RMS values for the entire network for a specific
processed period. Figure 26 depicts best and worst performing stations from the
network during January of 2001 from day 1 to 6.

Figure 25 illustrates the example of calculated RMS values for SUTH, HRAO
and GRAS IGS stations. The IGS station GRAS depicts a very low consistent RMS
value for the period of 100 days of the year 2000 while both HRAO and SUTH stations
depicts higher variability of RMS values. The same analysis was done for the same
stations for the period of 100 days of the year 2012 (Figure 27), the results indicate
similar trends to those in Figure 25. The noise levels are not largely dependent on the
type of instrumentation used, these stations have had both antennas and receivers
upgraded since they were installed and currently the stations are using Ashtech choke
ring antennas (ASH701945G_M, ASH701945E_M, ASH701945E_M) for the SUTH,
GRAS and HRAO stations, respectively (log files see: http://sopac.ucsd.edu/cgi-
bin/dbAllLogs.cgi). This suggests local noise instead, as the GRAS station maintains
low RMS values while other stations are still noisy. The local noise might be due to
weather conditions or a multi-path effect on site. In the case of HRAO, the current
coaxial cable is very long, leading to a low signal-to-noise (SNR) ratio. This is due to
change, as the receiver will be moved during July 2013 to a seismic vault being

constructed about 30 m from the GNSS antenna.
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Figure 27. Quality assessment of daily GNSS data for HRAO, GRAS and SUTH
stations between day 1 and 100, of year 2012. Average RMS values are 9.7 mm, 7.2
mm and 7.8 mm for HRAO, GRAS and SUTH stations, respectively. Station GRAS still
maintains low RMS values while other stations are noisy.

The common factors that can be observed that affect GNSS data quality are
mainly multi-path and water vapour content. These effects can be studied by plotting a
time-series of polar sky plots as depicted in Figure 28 (see Figure 64 of Appendix B;
these are computed daily; therefore, the contents of Appendix B is for illustration
purposes). This provides ways in which temporal effects can be examined and a
possible source of such effects can be sought. Moreover, the potential application of
GNSS to meteorological studies is highlighted by making use of these polar sky plots.
Figure 64 illustrates a series of polar sky plots of IGS station HRAO for only six days.
The effect of water vapour can be clearly seen from the series of polar sky plots.
Changes in the spontaneous spikes along the satellite tracks as a function of time
indicates water vapour effects resulting in higher RMS values e.g., day 5 and 6. Multi-
path effects would be represented by the consistent spikes along the satellite track for a
given observation period. However, it must be noted that some meteorological
measurements are required to quantify water vapour content. Sky plots can only infer

the presence of water vapour or the presence of a multi-path effect.
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Figure 28. Polar sky plot of GNSS station HRAO as on January 1, 2000. Each plot
covers a 4 hour period. The period 8-12 (UT) clearly contains more noise as there are
several satellite tracks which exhibit larger RMS values than at other times of the day.

4.1.2 Multi-year data evaluation

As errors in GNSS are difficult to pinpoint, GNSS residuals are plotted as time series
for each processed year and outliers are manually deleted or excluded before the final
combination. The network geometry is affected by two components of the error
spectrum; i.e., the temporal scale, which is comparable to the duration of the data
processed, and spatial scales, which can be linked to the baseline length or distance
between GNSS stations, affects the network geometry (Feigl et al. 1993). One can
assume that the noise is stationary (Gaussian) but to justify this assumption is difficult
due to the continuous upgrades of GNSS receivers in the network (i.e., changing
hardware), addition of new satellites (and decommissioning of others) in orbit, as well
as other bias introducing events during the time span of the data set processed for this
study. These non-fixed network and technology variations could introduce equipment

and network dependent biases. These biases should be of a relatively long period
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compared to diurnal and sub-diurnal noise biases. As an example, water in a (damaged)
coaxial cable at HartRAO has been seen to drastically reduce the signal-to-noise ratio of
GNSS signals. This would increase RMS noise, especially for low elevation satellites,
as SNR is lower at low elevations (this is antenna dependent). It is important to note that
the statistics presented in this section are of a slightly different network, before
combination in GLOBK. From Table 4 and Figure 22; it can be seen that more stations
are being added and others ceased functioning and came on line again, causing data
gaps during the 2000 to 2012.4 study period. This introduces a greater baseline effect
and intensifies the spatial error component. For temporal effects, most stations are
active for a long period (large percentage of study period) and others only for a short
period and we assume that this would have similar effects to those of the spatial error
component. Therefore, each 24 hour session should be evaluated separately and this
should indicate the best and worst network over the given time period before
combination in GLOBK.

This section presents the Normalized Root Mean Square (NRMS) statistics for
the processed yearly data before data are combined to compute a velocity solution. The
NRMS is based on Eq. [4.1]:

X2
f

where »° = chi-squared and f = degree of freedom (Feigl et al. 1993). The mean NRMS
values for each individual experiment are presented in Figure 29 and the plots of each
individual experiment (network) are presented in Figure 30 (a series of other networks
are presented in Figure 66 of Appendix C). Each individual experiment indicates
different NRMS values (Figure 29) for all the components. Data processed during 2003
and 2010 indicate a mean NRMS value of more than 2.5 in this North and East
components while other experiments maintain average NRMS values of less than 2.5.
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Figure 29. Mean values of NRMS (mm) for GNSS residuals for each individual
experiment before combination (each experiment has a duration of 1 year).
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Figure 30. Histogram derived from the network the year 2000. The NRMS values (mm)

are calculated for East, North and Up components.
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4.1.3 Combination of loosely constrained solutions

Loosely constrained solutions from individual experiments were combined to form a
daily-unconstrained network using the GLOBK software (Herring, 1997). The sub-
networks were tied into a reference frame i.e., ITRF2008 to reduce spatial correlation
errors. The loosely constrained solutions were combined in GLOBK by solving a
system of equations as described in detail by Dong et al. (1998). Here, a summary of
this approach is given, this approach is based on the Kalman filter of which sequential

least squares is a special case. Let
Sl=1, -1, [4.2]

be the vector of linearized quasi-observations at epoch tx, where the term lo represents
a-priori values and Iy is the estimation of the quasi-observations from the analysis of

the original observations. The observation equation is given by Eq. [4.3]:

ol, =AX, +¢&. [4.3]
Where Xy represents the parameters to be estimated, Ay is the design matrix,
& represents the errors in the estimates Iy such that E{¢, }=0, E{¢, ,&,'}=0, where E

is the mathematical probability operator (Dong et al. 1998).

The »* was calculated from each H-file derived from GAMIT, which measures

the goodness of fit of observed data sets and the computed data sets. Data with high »?
increments were rejected by setting a maximum chi-square value of 100.0 (this is a
default setting in the GLOBK software) and data with reasonable »° increments are
allowed in the final combination. Figure 31 depicts the daily combinations and their
associated y” values. Fluctuation of » values from multiple networks can be seen as

illustrating the differences across the networks. Herring et al. (2010) reported on the
effect of using H-files from multiple analyses with the same parameters during the

combination. The reported result is that the estimates of common parameters will clash

causing y° to increase and this is depicted in Figure 31.
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Figure 31. Calculated 4 for the combined solutions. Note the variations of 4 in
different H-files.

The combined solution indicates an improvement of NRMS values from the
individual sub-networks (Figure 32, Figure 33 and Table 6). Systematic errors, spatial
and temporal errors as well as the geometry of the network used, contribute towards the
final solution; however, the final solution shows an improvement over that of the
individual network before combination. Bastos et al. (2010) pointed out that the
standard method used to process GNSS data and estimate parameters is the ordinary
least squares method. This method gives optimal results if observations are independent
and normally distributed (Agnew, 1992; Bastos et al. 2010). Therefore, one expects
deviations and slightly higher statistical errors due to the non-continuity of some GNSS
stations in Africa, which will cause non-homogeneous data sampling as well as network

geometry variations.
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Figure 32. Histograms of NRMS values for the combined solutions.
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Figure 33. Comparison of the NRMS (mm) values of the sub-networks and a GLOBK
combined solution plotted next to the 2000 sub-network.
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Table 6. Summary of NRMS statistics for individual networks and the final GLOBK
combined solution in terms of percentages. This was calculated by taking the sum of
NRMS values for all the networks and determining the error contribution (%) of each
individual network.

Year North East Vertical

(Up)
NRMS %

2000 5.59 6.13 7.20
2001 6.58 6.75 6.40
2002 3.29 3.37 5.60
2003 7.89 7.06 6.40
2004 8.22 7.98 6.40
2005 8.55 8.28 7.20
2006 9.54 10.43 8.00
2007 8.88 9.20 8.80
2008 9.87 10.43 7.20
2009 10.20 9.82 8.00
2010 8.55 9,51 8.80
2011 6.91 6.75 7.20
2012 3.62 3.37 5.60
Final Solution 2.30 0.92 7.20

4.1.4 Time-series analysis

Time-series plots represent mean daily positions derived from GNSS measurements.
The velocity of a GNSS station can then be estimated from the GNSS data over a
certain period. Since GNSS stations are attached to the bedrock, any motion or position
change in the time series plot is thus assumed to be equal to tectonic plate motion or
local motion (Bastos et al. 2010). Figure 34 illustrates a variation of estimated GNSS
positions over a period of 10 years. The north component of station HRAO has a shift of
about 15 mm upwards during 2009. This shift was not due to tectonic movement but the
result of a mechanical misalignment that occurred during antenna maintenance, as the
antenna was not repositioned correctly (screwed back to its locking point) onto the
pillar. After the antenna was correctly positioned, the coordinates of the station moved

back to its normal position.
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Figure 34. Time-series plot for IGS station HRAO. Note the displacement of about 15
mm in the north component during the year 2009.
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In Figure 35 a time-series of the same station, after corrections were made is
illustrated. This is a good example showing the sensitivity of this technique in
estimating daily positioning. However, it also points out the importance of external
validation methods to confirm conclusions about any movements depicted from the
position time-series plots. In this example, a technical error might have appeared to be a
displacement due to tectonics.

Station motions depicted in time-series plots are non-linear motions. Figure 36
and Figure 37 illustrate vertical components of the HRAO and VESL IGS stations,
respectively. The vertical components indicate seasonal variations (with peaks during
mid-summer for HRAQ), which can be linked to many geophysical processes such as
the ground water recharge and discharge cycle, varying atmospheric processes
(ionospheric cycles) and changing multi-path effects. Even though the fluctuations are
in the order of millimetres, a decreasing trend is evident over the processed data interval
at a rate of -0.9 £0.02 mm/yr for the HRAO IGS station. This is a very small signal and
cannot correctly be ascribed to any particular process. In addition, some data gaps exist,
which within the context of the small negative vertical "signal™ can be considered to be
well within the true error bars (even though the statistical error is much smaller) and
are; therefore, not significant. The VESL station can be linked to the same processes but
at a rate of 0.3£0.05 mm/yr. Lambeck, (1988) discussed the underlying processes that
might result in subsidence-uplift mode in the continental interior. They can be linked to
lateral variations in the thermal system, response of the crust to the variations in surface
loading caused by deposition of sediments and erosion of the elevated regions or the
response of the crust to horizontal forces. In addition, there will be remnants of
mismodelling due to imperfect solid Earth tides and ocean loading global models.

Selected time series plots are given in Appendix D.
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Figure 35. Corrected north component of IGS station HRAO. Note the effect of
correcting the north component of the velocity estimation on the other two components,
especially the east component, which is most affected.
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X = 5085352.455m Y = 2668395.855 m Z = -2768731.503 m

Figure 36. The vertical (Up) component of HRAO exhibiting seasonal variations. The
signal contains peaks after a period of a year with minimum values occurring at the
middle of the year (winter) with pronounced increases in height during summer. This
could possibly be linked at some level to the ground water cycle. This will require
careful recordkeeping of borehole water levels, rainfall and water withdrawal.

UP cm

Reference Position :

X =2009329.802m Y = -99741.474 m Z=-6033158.415m

Figure 37. The vertical component of IGS station VESL also illustrating seasonal
variations. An improvement in data volume and quality can be seen after the year 2010
when HartRAO upgraded the station with a new receiver.
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4.2 GNSS velocity solution

The estimated velocities in ITRF2008 are listed in Table 11 of Appendix A and the
calculated average station positions are listed in Table 13 of Appendix A. A few stations
indicate unreliable velocities (SOLA and TGCV), due to limited data processed for
these stations. More accurate results will be achieved as more data for these stations
becomes available. Figure 38 depicts vertical velocities derived from GLOBK. The
velocities indicate variable velocities across the network. Since these velocities are
highly correlated with atmospheric effects (Rodrigues, 2007) and the vertical
component is loosely constrained due to poor geometry of the visible satellites in the
vertical component, this increases the level of the uncertainties associated with this

component.

Distinct inter-continental plates can be clearly distinguished in Figure 39 where
stations from the Somalian and Arabian plates exhibit different motions to that of the
Nubian plate. The calculated average angular vectors of the stations using a dot product
approach i.e., each vector is pictured as a Euclidean vector. The vectors between the
Nubian-Somalian plates, the Nubian-Arabian plates and the Somalian-Arabian plates
are 13.23", 6.92° and 10.07°, respectively. If this angle was equal to zero between two
plates, it would imply that the two plates are moving in the same direction but this is not
the case. Station velocities clearly indicate that the Nubian, Arabian and Somalian plates

move independently from each other.
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Figure 38. Vertical velocities calculated in ITRF2008. These velocities are highly
correlated with atmospherically introduced errors (Rodrigues, 2007). Therefore, they
have a larger uncertainty than the horizontal components.
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Figure 39. Global horizontal velocities plotted at 95% confidence interval calculated in ITRF2008. Each continental plate exhibits
independent plate motion and well-known major plate boundaries can be observed e.g., the mid-ocean ridge between the African and
South American plates is evident since the station velocity vectors in both continental plates depict motion in different directions.
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As is well known, stations on the African plate move faster than those from the South
American plate (DeMets et al. 1990) and in different directions. This is shown by the
magnitude of the velocity vectors in Figure 39. Figure 40, Figure 41 and Figure 42
display colour enhanced velocity gradients (these are enhanced interpolated velocity
maps without a particular direction; they depict variations between GNSS stations). It
can be seen that stations on the Arabian plate move faster than the Nubian plate. The

vertical velocities are pictured in Figure 42. This is the weaker component and the

results are inconclusive, as most stations are within the error margins.

East Velocity

[maa/yr]

55.73333
51.46667
47.2
4293333
38.66667
344
30.13333
25.86667
216
17.33333
13.06667
8.8
4.533333
0.2666667
<-4

Figure 40. East velocity component depicting variability of the velocity solution across
different continents. More GNSS stations are required to improve spatial geometry and
densification of points measured. A map such as this will be very informative and
should graphically delineate the various intra-continental blocks.
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Figure 41. North component depicting variability of the velocity solution across different continents.
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Figure 42. Vertical component depicting variability of velocity solution across different
continents. Note that vertical component is weaker, by a factor of 3, than the horizontal
components. Therefore, very few definite conclusions can be derived from this plot. The
Western Cape region seems to have slight vertical motion.

If more stations were available, especially on islands in the Atlantic Ocean, it
would have made the colour visualizations more instructive as the Atlantic Ridge
margin would have been visible. Future analysis could include new stations installed on
Gough Island and Tristan da Cunha. The derived velocities are consistent with the
NUVEL-1 model (DeMets et al.
observations) in terms of the direction of velocities. Nilforoushan et al. (2003) analysed
the Arabian-Eurasian plate collision using GNSS stations. The BAHR GNSS station

1990; which is based on geological models or

was included in the analysis, where 31.1 mm/yr east and 27.7 mm/yr North velocities
were obtained. Velocities derived from this study (i.e., 31.01 £ 0.05 mm/yr East and
29.36 *
(2003) and obtained.

0.12 mm/yr North) were comparable to velocities from Nilforoushan et al.
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4.3  Validating GNSS velocities

One way to validate or evaluate the accuracy of the derived GNSS velocities is to
compare the results with the results from other analysis centres such as the Jet
Propulsion Laboratory (JPL; http://sideshow.jpl.nasa.gov/mbh/series.ntml) and other
space geodetic techniques. Due to the lack of other space geodesy techniques in Africa
(apart fron GNSS), only IGS station HRAO will be compared against SLR station
MOBLAS-6 and the 26 m VVLBI telescope collocated at HartRAO.

4.3.1 Comparison of velocity solution from HartRAO and JPL

Velocity residuals for selected sites from JPL and HartRAO are listed in Table 10 of
Appendix A. The results indicate no significant difference between the two solutions. A
linear regression line fitted to the North, East and Up components between the solutions
from JPL and HartRAO (Figure 43) revealed good agreement. The squares of the
correlation coefficients (R? values) were 0.991, 0.993 and 0.578 in the North, East and
Up components, respectively. The correlations were derived from selected common
stations at JPL and HartRAO as illustrated in Table 10 of Appendix A). Accuracy
range of of approximately 0.5 to 2 £ 0.5 mm/yr in both East and North components and
0.5 to 3 = 0.5 mm/yr in the vertical component were achieved. The two solutions are
plotted together in Figure 44 and Figure 45 and no significant difference between the
two solutions can be noted. Jin (2003) showed that the vertical component varies with
the amount of data being processed. Jin (2003) found that Shanghai GNSS station data
from 1998 to 2003 indicated a negative vertical velocity of -1.9 £ 0.6 mm/yr, but
including data from 1995 to 1998, resulted in a positive vertical velocity of 1.5 £ 0.4

mm/yr.
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Figure 43. Correlation comparison of North, East and Up components of GNSS
velocities derived from this study (HartRAO) and those from JPL.
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Figure 44. Horizontal GNSS velocities derived from this study are represented by black
arrows and those from JPL are represented by red arrows. No significant difference
between the two solutions can be noted. Velocities from JPL are available at:
(http://sideshow.jpl.nasa.gov/mbh/series.html).
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Uncertainties or standard deviations for the selected sites are plotted in Figure
46. Solutions from this study exhibit slightly higher errors compared to solutions from
JPL. Stations that are located at the plate boundaries or at mid-ocean ridges such as
MAL2, BABR, VASC, YIBL and ASC1, respectively, indicate higher discrepancies
I.e., they have standard deviations greater than 0.2 mm/yr. Stations that are located close
to each other and within inter-continental plates indicate good agreement i.e., standard
deviation less than 0.2 mm/yr. Weaker stations could be affected by multi-path,
equipment problems, noisy (radio frequency) environments, limited horizons
(restricting access to satellites) and atmospheric effects. Different processing strategies
are another explanation for inconsistency. Bruyninx et al. (2010) further explains that a
solution derived on a global scale (JPL solution) will be different to some degree from a
solution derived on a regional scale (solution from this study). The reason for this lies in
the fact that the least squares method is mainly affected by the spatial distribution of
data points, whereas transformation parameters are sensitive to the reference stations

used.
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Figure 46. Comparison of standard deviations of the velocities derived from this study
(HartRAO) and those from JPL. Solutions from JPL (using GYPSY/OASIS Il precise
point positioning) indicate less than 0.2 mm/yr errors for the selected sites while the
HartRAO solutions indicate slightly higher errors.
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4.3.2 Comparison of velocity vectors between different space geodetic techniques

This section contains results from a manuscript listed in the peer reviewed article
section (page VI). The VLBI, SLR MOBLAS-6 and HRAO station time-series are
compared in this section. These geodetic techniques are collocated at HartRAO (Figure
1 in chapter 2), where they are attached to the same bedrock. Therefore, these
techniques should exhibit similar velocity vectors in all directions. If any deviations are
observed, then this will indicate site instabilities or technique dependent solution errors.

Different software packages were used to process data sets from the three
techniques. Data sets from SLR were processed using the SLR Data Analysis Software
(SDAS) developed at HartRAO by Combrinck and Suberlak (2007) and data from the
26 m VLBI telescope were processed using the VieVS software written by the Institute

of Geodesy and Geophysics (IGG), Vienna University of Technology.

The summary of the results are listed in Table 7 and time-series plots for each
technique are contained in Figure 47, Figure 48 and Figure 49, where good agreement
between the three techniques can be seen. A maximum deviation of 1.7 mm/yr, 0.7
mm/yr and 1.3 mm/yr between the North, East and Up velocity components,

respectively, were achieved.

Table 7. Velocities of MOBLAS-6 SLR station, 26 m VLBI telescope and IGS station
HRAO. Vn, Ve and Vu represent velocities in North, East and Up components,
respectively, and Sn, Se, Su represent standard deviation in North, East and Up
components, respectively, (‘Personal communication: L Combrinck, 2013, *personal
communication: D Mayer, 2013). All outliers were removed (3 sigma) before velocity
estimation.

Technique Vi Sn Ve Se Vu Su
[mm/yr] [mm/yr] [mm/yr] [mm/yr] [mm/yr] [mm/yr]

V/LBI 18.6 7.6 18.1 6.8 0.3 16.3
“SLR 19.7 0.6 18.1 0.8 1.6 1.1
GPS 18 1.9 18.8 4.3 -0.9 6.8
VLBI-

SLR 1.1 0 1.3

VLBI-

GPS 0.6 0.7 0.6

GPS-SLR 1.7 0.7 0.7
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Figure 47. Time series (mm) of the MOBLAS-6 SLR station (personal communication:
L Combrinck, 2013).
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Figure 48. Time-series (mm) of the IGS station HRAO.
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Mayer, 2013).
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The techniques exhibit a high level of agreement; however, small differences in
standard deviations and velocity vectors are evident. The VLBI technique exhibits high
standard deviations compared with the other two techniques utilized; this is due to the
statistically smaller number of observations and limited data sessions, while the SLR

and GNSS observations are available nearly on a daily basis.

The close agreement achieved here validates the GNSS processing strategy used
in this study and the solution provided compares favourably with the other techniques
(SLR and VLBI). The HartRAO developed SDAS software proves to give reliable
results that agree very well with other software packages and different processing
strategies used. Since all the techniques compared here give similar results, we can
conclude that the inter-technique comparison indicates no technique-dependent biases.
Collocation of space geodetic techniques is crucial in the estimation of technique-
dependent biases and scale differences. Fundamental sites such as HartRAO are used in
the combination of techniques for the purpose of ITRF final solutions. The site vector
ties between the various techniques are utilized to provide fixed parameters. That is, the
technique position offsets are taken as known, and are therefore tightly constrained in

ITRF global solutions.

4.4 Estimated parameters from the CATREF software

The estimated o using [Eq.3.7] in Chapter 3 for the final solution was found to be

0.99963 which is close to unity. Estimated transformation parameters for the network
used are plotted in Figure 50. The zero line on the plots represents ITRF2008 and the
stability of the network is illustrated, as well as how it varies with time. Seasonal
variations are evident; this could be linked to non-tidal loading phenomena such as
variation in ocean loading, atmospheric loading and hydrological cycles. Tidal effects
caused by the moon and the Sun are corrected in GNSS and the models for such effects
are accurately derived from the SLR technique; therefore, these parameters are
corrected in GNSS processing.
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Figure 50. The origin and scale-consistency solution derived from the CATREF
combination software.

A gradual improvement can be seen in the transformation parameters: TX, TY,
TZ and scale from 2000 to 2004, mainly due to the addition of more GNSS stations in
the processed network. Results that are more consistent can be noted after 2004 due to
an increase in use of available reference stations. The jump in scale during 2011 could
be related to inconsistencies during migration of 1GS2005 (igs05.atx) to the 1GS2008
reference frame (Rebischung et al. 2012). The 1GS2008 was derived from the
ITRF2008. The IGS solution required a slightly different approach, since there was
inherent error in station coordinates during migration from the ITRF2005 to ITRF2008.
The shift in station coordinates (during ITRF2005 to ITRF2008) was due to antenna
calibration updates, which needed to be accounted for. Therefore, the new 1GS2008 was
also not consistent with the new set of antenna calibrations (igs08.atx). This has resulted
in inconsistency between the use of 1GS2005 and 1GS2008. The reason for the jump
during 2008 is not clear at this stage. It is interesting to see the effect of incompatible
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antenna calibrations as illustrated from the second scale jump in Figure 50. For more
detailed discussions on antenna calibrations, see Rebischung et al. (2012).

The estimated horizontal and vertical velocities using CATREF are plotted in
Figure 51 and Figure 52, respectively. Generally, the derived velocities are consistent
with the NUVEL-1 model (DeMets et al. 1990) which is based on geological models or
observations. It is also consistent with the ITRF2008 solution from Jet Propulsion
Laboratory (JPL, for example see: http://sideshow.jpl.nasa.gov/mbh/series.html) and the
GLOBK solution obtained in this study (Figure 39) in terms of direction and magnitude
of the velocities. Estimated velocities from CATREF are listed in Table 12 of Appendix
A. The magnitude of the horizontal velocities in the network varies up to 3.5 cm/yr.
Variable velocity vectors in terms of magnitude and direction can be noted. Stations on
the Somalian plate indicate an interesting feature both in magnitude and direction, the
vectors clearly indicate that the Somalian plate moves independently from the Nubian
plate. The estimated GNSS station rates for Nubian and Somalian plates are 2.5 and 2.8
cml/yr, respectively. The difference supports current understanding of mantle interaction
along the East African Rift System resulting in high seismic activity along the plate

boundary.
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Figure 51. Estimated horizontal velocities expressed in ITRF2008. The velocities agree
with those derived using the GLOBK software.
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Figure 52. Estimated vertical velocity field expressed in ITRF2008. Vertical velocities
are associated with high errors. The red arrows indicate upwards movement and blue
arrows indicate downwards movement of the GNSS stations.
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45  Concluding remarks

The analyses of GNSS data indicates that most IGS stations are affected by temporal
influences, which leads to seasonal, diurnal and sub-diurnal cycles. This results in an
increase of daily and longer period RMS values. Statistical evaluation of the combined
sub-networks solution indicates an improvement as opposed to an individual solution
with short time span network. It was observed that the vertical component contributed
higher errors compared with other components. This is due to the fact that the vertical
component is highly correlated with atmospheric constituents and is geometrically less

constrained.

The GNSS velocities indicate distinctive inter-continental plates or plate
boundaries i.e., stations on the Arabian and Somalian plates move independently from
stations on the Nubian plate. Even though IGS stations in Africa are too poorly
distributed to effectively study neo-tectonic motions, the existing stations provide
valuable information about the current local plate motions and no unusual station

velocities were observed.

The validity of velocities derived at HartRAO (from this study) was compared
against velocities from JPL. A good agreement was obtained with only 1-2 mm/yr
deviations in East and North components, while vertical components indicated about 1-

3 mm/yr difference between the two solutions.

The results from the VLBI 26 m telescope, MOBLAS-6 and IGS station HRAO
using independent techniques indicated good agreement. No significant or obvious
vertical motion was found at the HartRAO site. These results confirm that the SDAS
software developed at HartRAO produces reliable and high quality results when
compared with other independent software packages and techniques. Velocities from
GNSS can only be reliable if similar results are obtained from at least two different
solutions and in this study, it was illustrated that the HRAO IGS station velocity vectors
compare favourably with other techniques. The derived velocity solutions indicated no
significant difference between solutions computed from the GLOBK software and

CATREF software. Transformation parameters agree well with the ITRF2008.
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CHAPTER 5

Examples of the application of GNSS velocities to geodynamics

"It is important to foster individuality for only the individual can produce the new
ideas"-Albert Einstein, 1952.

5 Introduction

Plate tectonic processes have played a vital role in shaping our dynamic planet upon
which we live. For many years, scientists have been studying the processes underlying
the movement of continental plates to enhance their knowledge of plate tectonics
(Anderle, 1986). We make use of space geodesy techniques (specifically GNSS stations
in this case) to study local neo-tectonics of the African continent and how other plates
interact with it, e.g., the Somalian and Arabian plates. We also look at local motion of

the proposed Matjiesfontein Observatory site and the Southern Africa plate.

The comprehensive theory of continental drift was first proposed by Alfred
Wegener, a German meteorologist, in 1921 (Marshak, 2005). Similarities of the
continental shelf margins around the Atlantic Ocean led to the reconstruction of the
continental margins (Jacoby, 2001). It was concluded that the continents were once
unified landmasses known as supercontinents but over a geological period, they have
drifted to their present positions. However, the theory of continental drift remained the
subject of controversy and at first few scientists (Holmes, 1928; Du Toit, 1937,
Gutenberg, 1930) supported this theory. The controversy was mainly due to insufficient
knowledge about the mechanical processes that are responsible for continental drift and
very little was known about the mantle at that time (Torge, 1991). Geodetic techniques
that could provide near-real time observations of continental plate movement such as
GNSS, SLR, DORIS and VLBI were not initially available to be applied to the field of
geodynamics. To this end, evidence for continental drifting was firstly derived from
studies such as palaeontology, paleoclimatology and paleomagnetism that subsequently
led to the development of the global theory of plate tectonics (Jacoby, 2001).

Before the major development of GNSS during 1990's, many researchers in the

field of geodynamics used mobile SLR and VLBI instruments to measure crustal
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deformation rates precisely (Robaudo, and Harrison., 1993). The mobile systems were
mainly used in dedicated campaigns and not in continuous measurements, due to their
high operation cost requirements (Torge, 1991). With an increase in GNSS satellite
constellation density and GNSS collocation, determination of crustal deformation in 3-
D with very high accuracy became feasible for most parts of the Earth (Torge, 2001).
Furthermore, Torge (2001) reported that geodynamic modelling requires very high
spatial and temporal resolution of the geodetic observations carried out at certain epochs

in order to resolve tectonic motions in detail.

5.1 Geodynamics of Africa

5.2.1 Nubian-Somalian-Arabian Plates

During the late Ordovician (about 445 Ma), the African continent was located at the
heart of Gondwanaland, with the South Pole situated off the northern edge of its present
location (Bumby and Guiraud, 2005). About 140 Ma ago d