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A b stract

The Space Geodesy Programme of the Hartebeesthoek Radio Astronomy Observatory (HartRAO) is actively
engaged in improving the African Earth and Ocean Monitoring Network (sub-project 1.1 of Inkaba yeAfrica) by
installing geodetic, oceanographic and geophysics stations across the Sub-Saharan region and Southern ocean.
This forms part of the drive to monitor different geophysical parameters via denser networks and with increasing
accuracies, so as to better our understanding of the Earth system. The instruments being deployed include
Global Navigation Satellite Systems (GNSS) stations, tide-gauges, seismic stations and meteorological units.
There are four main space geodetic techniques collocated at HartRAO, making it a fiducial site in Africa.
These techniques are GNSS, Satellite Laser Ranging (SLR), Very Long Baseline Interferometry (VLBI) and Doppler
Orbitography and Radiopositioning Integrated by Satellite (DORIS). It is important to ensure that all the collected
raw scientific data as well as the derived data products are accessible in a user-friendly manner. Additionally,
a new data management system needs to be implemented at HartRAO in order to ensure data integrity. This
paper focuses on the implementation of a GNSS data management system. The automated system for the
pre-processing and post-processing of GNSS data and other derived products are presented. The data products
are then visualized utilizing an interactive web-based map. These scientific products are important in
understanding processes that occur on planet Earth such as plate motion, crustal deformation and weather
patterns. The implementation of this data management system will facilitate the monitoring of these processes.
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I n tro d u c tio n

The Hartebeesthoek Radio Astronomy Observatory (HartRAO),
located North West of Johannesburg is the only observatory in
Africa that has four collocated space geodetic techniques.
These techniques are Satellite Laser Ranging (SLR), Global
Navigation Satellite Systems (GNSS), Very Long Baseline
Interferometry (VLBI) and the French Doppler Orbitography
and Radiopositioning Integrated by Satellite (DORIS) system.
The Lunar Laser Ranging (LLR) technique is currently under
development. The observatory collaborates through various
international organizations such as the International Laser
Ranging Service (ILRS), the International VLBI Service for
Geodesy and Astrometry (IVS) and the International GNSS
Service (IGS), which provide astronomical and geodeticproducts and data to the scientific community and the public
through their various analysis and data centres. The geodetic
data are utilized by different scientific organizations such as the
International Earth Rotation and Reference Systems Service
(IERS). These data are used to compute scientific data
products, for example; the International Celestial Reference
System (ICRS), International Terrestrial Reference System
(ITRS) and Earth Orientation Parameters (EOP) (Rothacher,
2003). The HartRAO observatory plays a crucial role in the
estimation of geodetic and astronomical parameters, as
outlined by Mayer et al. (2014).
The Space Geodesy Programme of HartRAO is actively
engaged in improving the African Earth and Ocean Monitoring
Network by installing various scientific stations across the SubSaharan region and Southern oceans. The geodetic instruments

installed include a collocation of GNSS and tide-gauges along
the coasts (e.g., Simons Town, Gough Island and Marion
Island) and GNSS instrumentation in the Sub-Saharan regions
(e.g., Namibia, Botswana, Zambia, South Africa). These are
used for the African Geodetic Reference Frame (AFREF)
project, ITRF, IGS, data products and other scientific projects
(Combrinck, 2014). Geodetic data collected by the instruments
are required to be available to the users in near-real time.
Data latency is required to be minimal for near-real time data
processing applications. Users require raw data, processed
data as well as metadata for various applications and uses.
These data are often downloaded automatically via scripts or
web browsers. Therefore, it is important to make all the
collected raw scientific data as well as the derived data
products available in a user friendly manner, to both the
scientific community and general public, for research and
educational purposes.
A new data management system needs to be implemented
at HartRAO to ensure minimal data latency. The data
management system includes data products from the regional
GNSS station network of which data are archived by
HartRAO depicted in Figure 1. This network includes stations
maintained by HartRAO and the IGS stations (for more
information on these stations the reader is referred to Dow
et al., 2008 or Beutler et al., 2008 and references therein).
Data from the stations are required to be quality checked
for errors, reworked into a specific format and stored for
access timeously.

GNSS Stations data archived at Hartebeesthoek Radio Astronomy Observatory (HartRAO)

Legend
a

H a r t R A O S t a t io n s

•

IG S S t a t io n s

K ilo m e tre s

0

900 1,800

Figure 1. Regional GNSS station network data archived at HartRAO.
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System architecture and the interaction between the three sewers to produce data products created fo r the end user.

Applications of the global navigation satellite systems
technique

The applications of GNSS include navigation and positioning
for automobiles, airplanes, ships and cars. These navigation
mediums are sometimes equipped with a moving map display
that indicates the receiver’s location on the centre of the map
for route navigation (Someswar et al., 2013). In precision
farming, Carrier Phase Differential GPS (CPDGPS) tracks the
position of a vehicle within centimetres, which makes it an
indispensable tool for controlling farm vehicles (O’Connor
et al., 1996). For scientific use Argus and Heflin (1995) utilized
geodetic data to estimate motion between tectonic plates and
it was observed that the Pacific plate moves faster than
the Eurasian and North American plates, as predicted by the
NUVEL-1A model and supported by the VLBI data. Larson et al.
(2010) applied the GPS technique to estimate the timing of
volcanic eruptions. In the study, GPS time series was found to
be accurate in depicting the time of eruption of the Kilauae
volcano when compared to tiltmeter records. Recently, Gulala
et al. (2013) monitored Continuous Operating Reference
Stations (CORS) which are installed for the collection of
geographic data and observed that the stations were moving
consistently with the regional tectonic plate after trend
component analyses, except for one station. Other applications
of GNSS are in weather prediction model improvement where
the bending of GNSS satellite signals by the atmosphere can be
used to determine atmospheric conditions, for example air
density, temperature, water vapour content and electron
density (Hofmann-Wellenhof et al., 2008; Someswar et al.,
2013). All these applications can benefit from improvements in
accuracy, availability and integrity of GNSS data (Lechner and
Baumann, 2000).

Implementation strategy of the data management system

There are three servers utilized for the development of the data
management system at HartRAO, these are the Geoid server,
the GNSS server and the Geodesy server. The servers are
displayed in Figure 2 and these servers interact to make the
final data and data products available to the end users.
The Geoid server is a data storage repository that utilizes Linux
as operating system. This server archives raw Receiver
Independent Exchange Format (RINEX) data files from
GNSS stations accessible with internet connectivity as well as
other data servers managed by other organisations.
These organisations include: the National Aeronautics and
Space Administration (NASA), Crustal Dynamic Data
Information System (CDDIS), Scripps Orbital and Permanent
Array Center (SOPAC), University NAVstar Consortium
(UNAVCO) and TrigNet (managed by Chief Directorate:
National Geo-spatial Information, Department of Rural
Development and Land Reform). The pre-processed data are
also archived on the ftp site: ftp://geoid.hartrao.ac.za/rinex/ on
the Geoid server. The data files are also processed using Teqc
(Estey and Wier, 2014; Estey and Meertens, 1999) to derive the
quality check files.
The GNSS server is hosted on a Linux machine to do
processing of RINEX data files using the GAMIT/GLOBK
10.2 software (Herring et al., 2010) to obtain GNSS data
products (time series plots, velocity field vectors and sky plots).
The Met4 data hosted at ftp://garner.ucsd.edu/pub/met/ are
also collected and processed using the GAMIT/GLOBK
10.2 software. Meteorological parameters such as total zenith
delay, wet zenith delay and IPWV can then be extracted.
Finally, the Geodesy server hosts the website; this server is
the front-end where users access the data of the station via the
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Figure :i. An example o f sky plots from HRAO GPS station fo r the date 2015/01/10. The plot depicts data quality parameters i.e. multipath (MP1 and
MP 2) and signal-to-noise ratio (S/N 1 and S/N 2) fo r the fu ll observational period o f 24 hours. It is clear that the GPS observables have low quality at
low elevations.

interactive web-map. The transfer of data files and data
processing in the servers has been automated using Linux
c-shell scripts.

Vapour (IPWV) values and quality check outputs. Finally, the
interactive web-based data management system is derived
which is not yet accessible publicly. This paper focuses on the
current developments on GNSS data products.

Current progress on GNSS data products
S ky p lo ts

The Earth is a complex dynamic system characterized by
various geophysical processes that affect humankind.
For example, tectonic plate motion induces earthquakes and
volcanism, and variations in atmospheric parameters define
weather patterns. Such processes require tools that can
monitor the observed variations at both small and large scales.
Space Geodesy has proven to have the capabilities to observe
these geophysical processes with very high temporal, spatial
and spectral resolutions through global networks of diverse
equipment (VLBI, SLR, GNSS and DORIS), each making a
valuable and unique contribution. The GNSS technology has
been used as a multipurpose technique to study planet
Earth with high accuracy levels, for example, detecting tectonic
plate motion at millimetre accuracy, time transfer applications
using GNSS (Defraigne et al., 2007) and studying atmospheric
water vapour for applications in meteorological studies
(Isioye et al., 2015).
Currently HartRAO is developing a GNSS data management
system. This system is automated for the processing and pre
processing of GNSS data and other derived products such as
positional time-series plots, Integrated Precipitable Water
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The sky plots in Figure 3 depict the geometry of the satellite
tracks in space during the 24 hour period of observation, this
particular example was processed for HRAO GPS station for
the date 2015/01/10. The plots can be used to check the
visibility of satellites at a specific period. The outer circle
(0 to 360 degrees) represents the satellite azimuth.
The multipath (MP 1 and MP 2) and signal-to-noise ratio
(S/N 1 and S/N 2) parameters are plotted for LI and L2 radio
frequencies, which indicates the extent of noise levels at lower
elevations. The multipath which occurs when satellite signals
are reflected off nearby objects can vary from a few
centimetres to metres, depending on the extent of objects
around the GNSS antenna which cause noise in the GNSS data.
The positional solution from GNSS is mainly affected by the
multipath on site, hence, during processing, a cut-off angle
varying from 5° to 15° is applied to improve the positional
solution, which also depends on the number of observed
GNSS satellites (El-Rabbany, 2002). However, Chew et al.
(2013) have demonstrated the use of noisy signal to infer soil
moisture, vegetated or bare soil around the GNSS site by
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Figure 4. Time series o f IPWV estimates fo r the GNSS station HRAO from ground based GPS receivers. The fo u r parameter model fitted to the data
yields a mean square error o f 28.6 mm and the residuals indicate short term trends during summer and winter months.

carefully studying the multipath signals. In the study, it was
illustrated that the signal strength received by the GNSS
receiver can be correlated to the material that reflected the
signal prior to being observed by the antenna. In this way,
a type of material, or moisture content around the GNSS site,
can be inferred.
In te g r a te d p r e c ip ita b le w a te r v a p o u r

Water vapour is a dominant greenhouse gas (Kiehl and
Trenberth, 1997). The GNSS space geodetic technique is utilized
for remotely sensing atmospheric water vapour as small
amounts of atmospheric water vapour affect the GNSS signal
propagation velocity (Rocken et al., 1995). When GNSS
microwave signals propagate the atmosphere, they are delayed
by the Earth’s ionosphere and the troposphere. The ionospheric
delays can be removed from the dual frequency (Ll=1575.42
MHz — L2=1227.60 MHz) observations and the tropospheric
delay is estimated during the data processing steps (Bevis et al,
1992). The Zenith Wet Delay (ZWD) is related to the
precipitable water vapour and temperature (Nilsson et al.,
2013). Therefore, the ZWD is transformed to estimate IPWV as
outlined by Bevis et al. (1994).
The general relationship between IPWV and temperature is
that the amount of water vapour rises as the atmospheric
temperature increases. This is due to the equilibrium vapour
pressure of water increasing due to temperature increases; a
state of 100% relative humidity occurs at the point when the
partial pressure of water vapour is equal to the equilibrium
vapour pressure (Soden et al, 2002). The IPWV values for the
HartRAO GNSS station are plotted in Figure 4, processed in
two-hour intervals for the period 2011 to 2013. The three
depressions on the graph represent the winter months over the
three-year period when the moisture levels in the atmosphere
decrease. The summer months are represented by the peaks of
the seasonal cycles and this is due to moisture increase in the
atmosphere during rainy seasons. The four parameter model
described by Gradinarsky et al. (2002) and Haas et al. (2003) is

fitted to the data points to display this phenomenon. The linear
trend fitted to the data indicates a decrease at a rate of
-1.2086 mm/yr.
These results have direct implications for understanding daily
weather patterns and they can improve the current models that
are used in meteorology. Furthermore, understanding
atmospheric water vapour leads to a better understanding of
climate change and the hydrological cycle as water vapour
influences it (Duan et al., 1996; Allen and Ingram, 2002).
S ta tio n p o s itio n tim e s e r ie s

Time series plots (Figure 5) derived from processed GPS data,
represent the positions in which a GPS station is moving in
terms of north, east and height components over a specific
time period. The positions on a time series plot could be
affected by external factors such as the Earth-Moon
interaction, which causes solid Earth tides (this is modelled by
the analysis software), local movement of bedrock, local
multipath (reflection of GPS signals off nearby reflective
surfaces before reaching the receiver antenna, thereby
erroneously increasing the apparent signal path length),
groundwater variations (causing local crustal motion) and
thermal noise of the GPS antenna (Dong et al., 2002).
Apart from these factors, offsets can be introduced by a faulty
instrument which is not working for a short period,
anthropogenic effects and unfavourable environmental
conditions (Williams, 2003). The factors mentioned, introduce
biases or uncertainties in the quality of estimated parameters
such as velocities and tropospheric zenith delays (Kenyeres
and Bruyninx, 2004).
The height/up component in Figure 5 has the greatest
noise relative to the North and East components; this is visible
in the power spectrum plots of the components. This is
expected from the time series data processed at HartRAO as
Kenyeres and Bruyninx (2004) established that approximately
90% of the inconsistencies visible on time series plots
appear in the height component. Time series plots are utilized
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Figure 5. Time Series plotfor the GNSS station SUTHfor each component (North, East and Up) with their respective power spectrum.
when studying crustal deformation due to plate tectonics and
other applications.
GPS velo c ities

The GPS technique is indispensable for deriving the velocities
of surface points. These velocities are used in studying Earth

phenomena such as plate kinematics, strain and estimating
rheology properties (Hackl et al., 2011). The velocity data
archived at HartRAO can be used for incorporation into global
plate tectonics models such as NUVEL-1, NUVEL-1A and
MORVEL (DeMets et ah, 2010). Velocity vectors of some of the
GNSS stations whose data are archived at HartRAO are
displayed in Figure 6. The stations on the African plate move

Figure 6. Velocityfield vectors for some of the GNSS stations in the HartRAO data archive (Munghemezulu, 2013).
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slower than those of the South American plate and move in a
different directions, as noted by DeMets et al. (1990).
C on tribu tion to u n ified-A frican g e o d e tic refe re n c e f r a m e
(AFREF) p r o je c t

The HartRAO observatory participated towards the first
computation of the AFREF static solution by utilizing
GAMIT/GLOBK 10.2 software (Herring, 2002; King and Bock,
2000) to process GNSS data for the GPS weeks 1717 and 1718
which added South Africa’s contribution. Different institutions
namely: SEGAL (UBI/IDL), Portugal; Ardhi University, Tanzania
and Director of Surveys and Mapping, Australia also
participated by submitting an independent solution each, for
combination by the French National Institute of Geographic
and Forest Information (IGN). The combination was done by
the IGN using the CATREF software (Altamimi et al., 2007).
The AFREF project is aimed at establishing a unified African
reference frame by utilizing GNSS as an observational
technique, and this new reference frame must be consistent
with the modern ITRF. Currently, different countries in Africa
are using different reference frame systems (Rothacher, 2003).
More information on the AFREF project can be obtained from
Wonnacott (2005).
The combined preliminary results were presented at
the Reference Frames for Applications in Geodetic Science
(REFAG) meeting by Wonnacott et al., (2014). The solution
computed by HartRAO indicates good agreement with the
ITRF2008, see Table 1. A time series of Solution Independent
Exchange (SINEX) files that contain station positions and
velocities are freely available at ftp://geoid.hartrao.ac.za/sinex/.
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7. GPS data products are accessible to the end user via the

interactive web based map (currently under development).

the interactive web based map. If there are connectivity
problems preventing data from being acquired from a certain
station, then, one will be able to see what time the problem
occurred. The benefit of this is that problems can be fixed or
people in charge of the remote station can be contacted.
This helps to ensure that data delivery is not interrupted for
prolonged periods. The monitoring system was created by
utilizing a script that uses an internet link to log into a remote
GNSS station to check if a station is working. The report
generated is then automatically e-msailed to the GNSS
specialist at HartRAO, this report can be accessed on any
device which can access e-mails.
C o n c lu sio n s

P re lim in a ry w e b -b a se d GNSS d a ta m a n a g em en t sy ste m

An interactive web based map (Figure 7) was developed in
CartoDB to make GNSS data products such as station position
time series, quality check reports and sky plots available to
users. Time series plots for the stations that HartRAO archives
data for, that were not publicly available before, is now
accessible to users. The users can access data quality reports
and the sky plots. The GNSS data products derived from
automated processing are accessible via links on the info
windows which also have the picture of the GNSS station and
information relating to the GNSS station such as the country,
location and coordinates. The other GNSS data products such
as velocities and IPWV values will be integrated into the system
in future.
An automated GNSS monitoring system was developed to
allow the GNSS specialist based at HartRAO to monitor remote
GNSS stations. This was necessary as the GNSS stations stream
in data which gets processed to obtain the data products for

The HartRAO observatory hosts four collocated space geodetic
techniques VLBI, SLR, DORIS and GNSS. Meanwhile, the LLR
technique is still under development. A data management
system was implemented for GNSS data. These data are
important for monitoring natural phenomena such as plate
tectonics, sea level changes and crustal deformation on a large
scale. This interactive map forms a basis for the establishment
of a space geodetic data centre at HartRAO. In future, this
interactive map will be expanded to include all GNSS stations
which HartRAO archives data for, and the IPWV values and
velocities will be incorporated into the data management
system. It is recommended that more GNSS stations be installed
to improve the current network so that the GNSS data products,
for example, velocity vectors can cover the area of interest
more densely. Collaborations should be formed with other
organizations to enable data exchange. This data management
system should be implemented for other space geodetic
techniques (i.e. VLBI, SLR and LLR).

Table 1. Static solution statistics for HartRAO. The values are small

A c k n o w le d g e m e n ts

indicating good agreement with ITRF2008.
WRMS (m m ) for HartRAO solution
E

N

UP

GPS Week 1717

1.4

1

4.9

80

GPS Week 1718

1.2

1.1

5

79
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