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ABSTRACT

This thesis studies the movement of GPS (IGS)astattlue to elastic surface deformation of
the earth caused by hydrological water loadingeasaled by the combined monthly Gravity
Recovery and Climate Experiment (GRACE) and GP& fat a period of five years from
June 2008 to March 2012. The GRACE data was olutdnoen four different data processing
institutes which are Geoforschungszentrum (GFZ)s®woh, Centre for Space Research
(CSR) Texas, NASA Jet propulsion Laboratory (JRig €entre National d’Etudes Spatiales
(CNES) to estimate total water storage anomalies the whole of East African region as a
case study involving Tanzania, Kenya, Uganda, Raamiirundi and Ethiopia. Five IGS
stations were used in this study in addition tossabilization IGS sites in order to strengthen
the network and get improved deformation estimatesng 650 km half radius Gaussian
smoothing, GRACE detected about 5 mm to 17 mm pegdeak of total water storage
signal with maximum of 7.3 mm in May 2010 and migmnof ~ -17 mm in July 2011 with
2.88 cm mean standard deviation from the meanefdbr standard deviations of the four
GRACE data models. The derived water load estimiates GRACE were compared with
3D deformation estimates from GPS observationsfandd good agreement in areas with
high and low hydrological signals at every GPS paiith maximum correlation of 0.8 for
horizontal and vertical components shown by MALA &CMN stations considering enough
data between the two signals being correlated. mbmethly station positions were obtained
with good repeatability computed as weighted ro@amsquare of ~0 mm to 4 mm for
horizontal component and ~3 mm to ~10 mm for vatt@momponent. NKLG showed the
largest repeatability of 4.6 mm and 18.4 mm fort emsnponent and vertical component
respectively. The annual GPS signal for north aast eomponents ranged from 1 mm to 4
mm and ~5 mm to ~9 mm for vertical component. Hosve\ADIS and MBAR stations
showed strong negative correlation with GRACE dignanorth components while RCMN
and MAL2 showed strong negative correlations irt eemponents compared with other IGS
stations. The analysis of the combined resultsaledestrong coincidence between GRACE
and GPS signal on water loading effect to all ®ddiGS stations in the study area. The
agreement was also observed when GARCE monthlyti@olgignal from this study were

compared with precipitation, rainfall and river atischarge from previous studies.

Key words: GRACE, GPS, hydrological water loading]JGS station movements
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CHAPTER 1: INTRODUCTION

1.1 Background

The Gravity Recovery and Climate Experiment (GRA@IBjch is a joint mission of NASA

in the USA and German Aerospace Center in Germas laanched in March 17, 2002
aiming at making detailed measurements of Earthéwity field with spatial resolution of
~400 km. GRACE mission has two identical spacesrffftng at about 220 kilometers apart
in a polar orbit of 89° mean inclination at a medtriude of 500 kilometers above the Earth.
GRACE uses geodetic quality Global Positioning eryst(GPS) receivers and microwave
ranging system to map the Earth’s gravity field ogking accurate measurements of the
distance between the two satellites which provefésient and cost-effective way to map the
Earth’s gravity field with unprecedented accuraGRACE has generated independent
models at approximately one month interval of tlaetles gravitational field from which one
can identify the pattern of changes in the surfaess anomalies with time which consists of
sets of stokes coefficients which can be used mbhggize global grid of gravity anomalies,
of geoid height or of surface mass density (Swerswh Wahr, 2002; Tapley et al., 2004;
Wabhr et al., 2004). Any of these can be transformgma representation where the source of
the gravity field is an equivalent layer of watem the Earth’s surface with a variable
thickness. Although GRACE lacks spatial resolutimetter than few hundred kilometers
(spherical harmonic degree < 50) but, when averagea regions of this size, it detects
consistent water mass changes equivalent to teetedff few millimeters (~4.5 mm) of water
thickness (Bedada, 2007), which is at least thmees better than 15 mm accuracy of
equivalent water thickness claimed by Tapley et[2004] when smoothed by 1000 km
Gaussian filter. Wahr et al, [2006] also statedhmnvariation of errors in GRACE from one
month to another depending on the size of the regi they decrease as smoothing radius
increases falling from 38 mm to 15 mm at 500 km 4060 km Gaussian smoothing radius
respectively. This resolution and accuracy of eastirface deformation as detected by
GRACE can be directly observed by other space dmodehniques such as GPS, VLBI and
SLR. GPS can be used to monitor long-term geodycalnmhenomena including crustal
deformations, plate tectonics, postglacial reboward/or volcanic uplift by measuring the

position of a fixed benchmark point continuouslytime.



However, positioning time series from an individuaPS site commonly contains a
significant displacement or movement associateth wWie response of the earth to surface
mass loading (Van Dam and Wahr, 1998). Among thelddikely to be important are those
due to changes in atmospheric pressure, tidal amdtidal fluctuations in the ocean, and
variations in the distribution of water, snow, ai@® on land. One of the effects of
hydrological loading (e.g. continental water st@ag the swelling of the soil below the
basement of the pillar supporting the antenna tieguin GPS station uplift (Nahmani et al.,
2012). For example, Rajner & Liwosz, [2011] showleak, continental water loading leads to
crustal deformation which results in variation oP% heights as well as variations in the

horizontal positions though being affected by seraimplitudes (1-2mm).

The main aim of this thesis is first to use GRAC&EuBon time series to detect
variations in the gravitational potential or equerdly changes in seasonal and inter-annual
variability of continental water storage over thbole East Africa. Secondly, compare the
elastic surface deformation derived from GRACE wdtead estimates with the three-
dimensional deformation estimates computed direftdyn GPS time series solutions. The
comparison is made for the period of five yearsvieen June 2008 and March 2012 to study
the movement of IGS stations due to effect of higdyical water loading.

1.2 GRACE and GPS in studying changes in mass rettibution

The Earth’s gravity field and its change dependhanmass redistribution which is constantly
changing deep within, at or above the Earth. Thgelaarying masses are caused by tides in
the ocean and solid Earth at 12-hour and 24-houiogee atmospheric disturbances
associated with synoptic storms and seasonal e¢limatiations, and coupling of land and
ocean through evaporation, precipitation and run@he of the key components of
hydrological cycle is terrestrial water storage €&yet al., 2008). A wide variety of
geophysical processes involving change in massildisbn can be studied using either
satellites or ground based instrumentation by ofisgrthe variation of Earth’s gravity field
that varies with time (Dickey et al., 1997) .To ntonthese hydrological mass redistributions
through their gravitational effect, Gravity Recoyeind Climate Experiment (GRACE)
satellite mission was launched for this purposé wyatial resolution close to 400km (Tapley
et al., 2004; Kusche and Schrama, 2005). The oagdented accuracy of these gravity field
time variations enable us to monitor these geophygrocesses especially water storage



change which is the dominant source of mass vaniat seasonal time scale (Wahr et al.,
2004; Schmidt et al., 2006).

In principle, gravity field changes sensed by thhe GRACE satellites and surface loading
observed by GPS networks include the combined tdiaed indirect effect of all mass
redistributions within the earth and its atmosphamnd fluid envelope. The gravity changes
on timescales can be uniquely inverted into madistrébution within a spherical shell at the
surface. Since the atmospheric contribution toam@fdensity change can be reasonably
modelled using atmospheric pressure models, GRAG& @PS displacements allow
detecting changes in the Earth’s larger hydroldgitarage systems (Kusche and Schrama,
2005). To improve the reliability of estimates, \&m-for mass, configurations are
constrained either by low degree truncation, spatiaraging (Swenson and Wahr, 2002) or
by regularization operations employing mathemdircat physically motivated constraints.
This is done so because the errors in GRACE or @&R®i8ed spherical harmonic coefficients
are not white over spectral domain but increasd Wwigher resolution because load love
numbers quickly loses their power and so the splkesensitivity decreases (Kusche and
Schrama, 2005).

1.3 Previous studies

GRACE has been adopted in global perspective isgmténg information susceptible to aid

flood forecasting (Reager and Famiglietti., 20089l &n estimating ground water variability

in several major water basins such as Congo riasinb(Crowley et al., 2006), the

Mississippi river basin (Rodell et al., 2004), TAmazon river basin (Tapley et al., 2004;
Syed et al., 2005), the Yangtze river basin (Hwalet2006) and the Zambezi river basin
(Winsemius et al., 2006) to extract annual, semuah and long term trends of the

continental water mass variations. Majority of #hasudies compared GRACE signals with
hydrological land surface in predicting, validatiagd improving models. However, the main
results of these global inter-comparison studiesr auajor water basins (Ramillien et al.,
2005; Schmidt et al., 2008; Syed et al., 2008; tearal., 2010) showed high level of

agreement regarding the magnitude of semi-annudlaamual terms and of inter-annual
variations with some underestimation of the sedsamlitude of water storage in the model
predictions (Nahmani et al., 2012). At monthly tsoale, the models showed less variability
and revealed a systematic phase advance in thalaeno as compared to GRACE products
in the range of 1 to 6 weeks (Schmidt et al., 2008jowever, the discrepancies were

3



attributed to model deficiencies in surface watrage representation of runoff and
horizontal transport terms (Nahmani et al., 2012her recent analysis of GRACE data
indicated long term mass loss from Alaskan glasystem (Tamisiea et al., 2005) equivalent
to 0.31+0.09 mm/year of geographically uniform smzel rise which agreed with estimates

from earlier altimetry survey (Arendt et al., 2002)

The most recent studies were conducted in West#fio study three-dimensional ground
deformations measured with permanent GPS statmnsvéstigate the hydrological loading
deformations associated with West African Monsooecipitation. The results showed that,
weekly station positions were retrieved with repbdity (including unmodelled loading
effects) of 1-2 mm in horizontal components andMeen 2.5 and 6 mm in the vertical
component. This was modeled with a combinationyafrblogical, atmospheric and nontidal
ocean models. The analysis of in situ hydrologidata revealed a strong coincidence
between transient signal detected in vertical campband the peak river discharge at three
river sites located along river Niger (Timbuktu, GAand Niamey) and at Ouagadougou
with the seasonal variations of the water Tabledephis was proposed to be a mechanism
that involved a sequence of swelling/shrinking lafys combined with local loading effects
associated with flooding of Niger River (Nahmaniagt 2012). Several studies have been
used to examine the existing permanent GPS networksmpare and somehow validate the
hydrological signals of GRACE products and/or modehulations (Davis et al., 2004;
Kusche and Schrama, 2005; King et al., 2006; Vam Baal., 2007; Tregoning et al., 2009;
Steckler et al., 2010; Tesmer et al., 2011). Kusahd Schrama, [2005] found good
agreement between the annual variations of cortaherater mass seen by GPS and GRACE
and those predicted by a global hydrological m@delhmani et al., 2012). Tregoning et al,
[2009] computed elastic deformations using contialemwater storage variations derived from
GRACE products and compared with 3-D deformatiostsreated from global reprocessed
GPS network including 80 sites. They got good agesd for the two data with Root-Mean-
Square (RMS) of GPS coordinate anomalies decreastingb0% of their sites when the
derived deformations estimates were subtracted tiwir GPS solution. The good fit was
obtained on European stations with 32 out of 3@osta which showed decrease in RMS
anomalies which was in contrast with past resuttsh®e same area (Van Dam et al., 2007).
Less or more same approach was used by Tesmer[2051] over larger global network of
115 stations using longer data sets for both GRAGEGPS products i.e September 2002 to



April 2009. The results obtained improved compangth previous global studies where
80% of their stations showed decrease in RMS anemaMoreover, they estimated the
precision of the GRACE-derived deformations at ~héh by comparing three different
GRACE products. Another study is from Grippa et[2011] who focussed on West Africa
by comparing land water storage estimates fromGRACE products (GFZ —v 04, JPL —v
04, CSR -v 4.1, DEOSS DMT V1, CNES -GRGS v2 and GSMascons) and soil
moisture estimates from nine hydrological land acefmodels from year 2003 to 2007. The
GRACE products were consistent with water maximseoled in September and minima in
April (Nahmani et al., 2012).

1.4 Case study of the thesis

This research considers Eastern African countribiclware Tanzania, Kenya, Uganda,
Rwanda, Burundi and Ethiopia located approximabaiween 20°S and 20°N latitudes, and
30°E and 53°E longitudes (Figure 1.2). In thisithese construct a time series of monthly
estimates of equivalent water thickness from GRA&E time series of GPS position
estimates for each individual GPS site expectecbtdain displacement associated with the
response of the earth to surface mass loading,lynlayirological water loading from June
2008 to March 2012. The area includes all surfae¢ervsources such as rivers with all
tributaries in their catchments, lakes, soil maistand ground water. Five IGS stations used
in this study include ADIS in Addis Ababa EthiopMAL2 in Malindi Kenya, RCMN in
Nairobi Kenya, NURK in Kigali Rwanda and MBAR in dgda. The six stabilization IGS
site used include NKLG (N'KOLTANG in Gabon), BAN2Bdngalore), MAS1
(Maspalomas), SEY1 (Republic of Seyc), WTZR (Wdltza German), and RAMO
(Mitzpe_Ramon).

Figure 1.1: Some of IGS stations used in this study



Figure 1. 2: Location map of the study area. Treegrsquare shows East Africa with respect
to a globe; red stars represent the distributiolG& station points used in this study; the blue

features represent hydrological water bodies ag phteey an important role in hydrological

cycle.



1.5 The Statement of the Research Problem

Temporal mass changes in the Earth system aretedléen both gravity field variations and
the load deformations of the Earth’s crust thassociated with the Earth’s response to mass
change. Global-scale gravity field variations ateseyved by the Gravity Recovery and
Climate Experiment (GRACE) satellite mission. Spamodetic techniques such as the
Global Positioning System (GPS), Very Long Baselmerferometry (VLBI) and Satellite
Laser Ranging allow the measurement of site positisplacements (Zhang et al., 2005).
Due to its high precision, 24 hours availabilitpeoability under all weather conditions and
automation, GPS technique has been widely used amitoring ground movement,
deformation and subsidence (He et al., 2004; Kingl.e 1995; Kogan et al., 2000; Zhang et
al., 2005).

Recent studies have shown that, East Africa is nguileg on various deformation processes.
For example, Saria, [2007] studied the kinematicshe Nubian and Somalian plates and
sub-plates using GPS data in order to gain ingigfiot the kinematics of East African Rift
System (EARS). These studies and others such dgirsuthe Surface Deformation in the
East African Rift (EAR) using GPS data needs adeuaad stable GPS station monuments.
However, due to hydrological processes such asdieial water storage which is a key
component of global hydrological cycles (Syed et 2008), there is a need to monitor the
movement of these IGS stations due to hydrologieaér loading (HWL).

1.6 Objectives

1.6.1 Main objectives

The main objective of this thesis is to study thevement of permanent GPS (IGS) stations
due to effect of hydrological water loading usinBACE and GPS data. The objective is to
compare the GPS derived surface deformation estsnaith GRACE based elastic surface
water loading estimates over the entire East Affrcen June 2008 to March 2012 and

correlate the two signals.

1.6.2 Specific objectives

The specific objectives of thigudy are:

0 To use GRACE statistical data to construct meanthipfGRACE gravity anomalies,

standard deviations and root mean squares.



To convert GRACE gravity anomalies to equivalenterghickness.
To construct mean monthly GRACE solution time seakequivalent water thickness.
To prepare GPS position time series from June 2008arch 2012.
To prepare velocity estimates for each IGS stahdabular format.

To prepare the velocity map showing movement o8 stations.

O O O O O o

To correlate between continuous GPS time seriek WIRACE hydrological water

loading signal.

1.7 Thesis structure
The thesis consists of five chapters. Chapter s the reviews in both GPS and GRACE

measurements. It explains generally on theory asiclprinciples of GPS and the IGS site
station status based on current International $ertaé Reference system (ITRF) 2008. This
chapter gives literature on how space geodesy GRIS$ can be used in monitoring earths’
deformations based on reference systems and reterb|ames. It explains further on
principles of GRACE measurements from space torgtphow it measures the time-variable
gravity and how it is related to mass redistriboitiwhich affects different geophysical
processes on the earth. It also gives the revie@RACE measurements and the associated
errors in both, measurements and data processimglly it reviews on how the time varying
gravity field is converted to an equivalent wateickness by applying different smoothing

functions.

Chapter three presents data acquisition technigda® processing techniques and the

software packages for processing GPS and GRACE data

Chapter four contains quantitative results andyamalof GRACE and GPS estimates. The
first part of this chapter looks at the monthly @ge estimates of changes in equivalent
water thickness over the whole East African regaanacquired from the four GRACE
processing institutes. It also shows the patterihshe obtained equivalent water mass
described in the form of gravity anomaly maps. Aiddilly it looks at the comparison of the
obtained results with the results in previous &sidiThe second part of the chapter looks at
GPS results and analysis considering the positigplatements and velocities for the 5 IGS
stations with their accuracies based on repeatabilhe results for velocities are depicted on

the velocity map shown in Figure 4.7. Finally thepter explains the results obtained after



combining GPS and GRACE results including accuraoyselation analysis, and comparison
of GPS and GRACE time series.

Chapter five discusses on the results obtained aamtlusion. It explains on how the
comparison of GPS coordinate anomalies and GRAG&r™ation estimates have shown
high level of agreement on studying the effecthgtirological water loading on GPS
stations. It further explains how their agreemest been coincided with other results from
previous studies; and finally the conclusion frdma tliscussion with recommendations in the

future studies.



CHAPTER 2: REVIEW OF GPS AND GARACE MEASUREMENTS

2.1 Overview of theory of GPS geodesy

This section gives a theory of GPS system staftimy its basic principles of positioning in
an introduction part and its applications in monitg deformations. It also explains how
positioning is done in a suitable reference systamg frames. It also gives theory of
satellites and satellite orbits and shows how &t glositions are determined using broadcast
or navigation message based on Keplerian elemiémnially the section gives an overview on
GPS signal structure, GPS observables and howaidgn of a GPS receiver is determined.
The purpose of this section is to give knowledgeh reader in preparation for the next

chapters.

2.1.1 Introduction to Global Positioning System

The aim of NAVSTAR Global Positioning System (GR&)ich is a satellite-based radio
navigation system is to determine precisely thregedsional position, navigation and time
information to suitably equipped users in a commaference system anywhere on or near
the earth on a continuous basis. It was developeBdpartment of Defense (DoD) under
NAVSTAR satellite program to satisfy the requirersefior military purposes but made
available for civilian use in 1980’s on a world-witlasis under all meteorological conditions.
NAVSTAR GPS also contains the features that lirh@& ficcuracy for authorized users by
protecting from malicious interface through Antesfing (AS) method (Zhang, 2007).

The basic principle of GPS is based on simultanemae-pseudorange and carrier phase
observations between the user GPS receiver. At feas satellites in code-pseudorange
measurements and four satellites at three epocbtarirer phase measurements are required
to determine the user-receiver coordinates staftmg the satellite of known coordinates in
a suitable reference frame. A fourth observationctviis a clock synchronization error and
which is the reason for pseudorange is necessacg §PS uses the one-way range technique
and the receiver clock is not synchronized witlelite clock (Seeber, 2003). Section 2.1.6
explains clearly how user position is determinethgiode-pseudorange and carrier phase

measurements.
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Figure 2. 1: Basic principles of positioning withPG (source: Seeber, 2003).

GPS geodesy has been supported by a large permamigastructure which has
revolutionized the way in which geodetic observatgi@re planned, acquired and analyzed.
The international GNSS service for Geodynamics Jl@&ich is headed by the Central
Bureau located at US Jet Propulsion Laboratory X JfPavides precise orbits for all GNSS
satellites starting from January, 1994 to datettierpurpose of high precision geodynamical
studies. GNSS in its space segment has a congtellait 27 satellites with mean altitude of
20,200 kilometres whereby, 24 are operational &neetare spares (Hofmann-Wellenhof et
al, 2008). This makes a total of 31 GNSS satellite&PS constellation status up to May
2013 (Miller, 2013). The orbital constellation caims six equally-spaced orbital planes (A-
F) surrounding the earth with 55 degrees inclimatiaving four satellites per orbital plane.
The arrangement of 24 satellites ensures thate they at least four satellites in view from
virtually any point on the planet. The full globebverage of satellites depends on the
elevation mask whereby, four to eight satellitea t® viewed simultaneously above 15
degrees at any time and occasionally up to terlisegecan be viewed if the elevation mask
is reduced to 10 degrees. If the elevation madurteer reduced to 5 degrees, occasionally
twelve satellites can be visible (Hofmann-Wellentfal, 2008). To maintain the full
coverage whenever the baseline satellites arecegihdr decommissioned, the US Air Force
usually flies more than 24 GPS satellites by insirgg extra satellites which increase

performance but not considered as part of the constellation. However, in June 2011, the
11



US Air Force successfully completed GPS consteltaéixpansion by expanding the three of
the 24 slots whereby, six satellites were repas#iib so that, three of the extra satellites
became part of the constellation baseline making &P effectively operate as a 27-slot
constellation with improved coverage in most paftshe world. More information can be

accessed throudtitp://www.gps.gov/systems/gps/spasité.

GNSS satellites can be categorized as Block I, iBlgdBlock IIA, Block IIR, Block 1IR-M,

Block IIF, and Block Il satellites which are explad in details in Hofmann-Wellenhof et al,

[2008], Seeber, [2003] and throubtip://www.gps.gov/systems/gps/modernizatisité. The
first Block | satellite which is now not operatidiveas successfully launched in the period of
1978 to 1985 from Vandenberg Air Force Base (ARBjlifornia (Hofmann-Wellenhof et al,
2008). Compared to Block | constellation which B&sdegrees orbital planes inclination,
Block Il constellation has 55 degrees orbital ptamelination and the signals were restricted.
The first Block Il satellite weighing 1500 kg wittie expectancy of 7.5 years was launched
on February 14, 1989 while the first Block 1IA dite (“A” means advanced) which is an
upgraded version of Block Il satellites was launitire November 1990, and the last launch
occurred in November 1997. Being equipped with rautaommunication capability
(Hofmann-Wellenhof et al, 2008), Block IIA satedkt contain a total of 19 satellites but only
9 satellites are remaining up to May 2013 (Mill@Q13).

Block IIR satellite (“R” donating replenishment mplacement) whose first and last launch
occurred in July 23, 1997 and November 2004 resmdgtweigh more than 2000kg with
total of 13 satellites in the constellation. Aletkatellites in this Block have a life expectancy
of 10 years and carry improved communication angrigatellite tracking capabilities
(Hofmann-Wellenhof et al, 2008). The IIR seriexBaes were produced in order to replace
the II/lIA series satellites which have graduallggdaded or have exceeded their intended
design life. However, there were only 12 satellimsaining in the GPS constellation as of
May 2013 forming the backbone of today’s GPS abith the IIR-M series.

Block IIR-M (“M” denoting modernized) which is arpgraded version of IIR series contains
8 satellites in the GPS constellation. Howeveryegheere only 7 health satellites in the
constellation up to May 2013 where the final ones wat to unusable status. Its first satellite
was launched on September 25, 2005, and the lastHaoccurred in August 2009 with new
features of civil L2C-code on L2 frequency with amproved performance in commercial

12



applications allowing for ionospheric correctioaad a military M-code on L1 and L2 carrier
signals which provides enhanced military jam-resise (See section 2.1.6 for more
information on signal structure). However, theialioperation capability (I0C) under the
new codes is expected in 2014 while the full openatapability might be archived in 2015
(Hofmann-Wellenhof et al, 2008).

‘ _

s ..

DN
£ .fﬁ.

Figure 2. 2: GPS space segment showing GPS samilistellation (top left), GPS Block IIA
(top middle), GPS Block IIR (top right), GPS Blodtik-M (bottom left), GPS Block IIF

(bottom middle), and GPS Block Il satellte (botto right). (Source:

http://www.gps.gov/systems/gps/space/

After Block IIR-M, the next generation will be BlkdIF satellites (“F” denoting follow-on)

which will be added with a third civilian signal signated as L5C-code in a frequency
protected for safety-of-life transportation, ance ttwo military M-code signals. These
satellites will be equipped with improved onboampabilities such as initial navigation
systems and are expected to weigh more than 200@itkglonger life expectancy of 12

years. The Block IIF series will improve the acaysasignal strength, and quality of GPS
since its spacecraft uses a mix of rubidium andioae atomic clocks to keep the time to
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within 8 billionths of a second per day. The fiBlbck IIF satellite was launched in May
2010 making a total of 12 satellites in the GPSstatation but, up to May 14, 2013 only
three satellites were operational whereby, thetfioane was successfully launched into orbit
on May 15, 2013. More studies are being undertaiemently under DoD for the next
generation satellite block called Block Il satiel§ which are expected to carry GPS starting
from 2015 to 2030 and beyond (Hofmann-Wellenho&let2008). As the newest block of
satellites, GPS IIl will provide more powerful sga in additional to enhanced signal
reliability, accuracy, and integrity all supportifggh precision, navigation, and timing
services. GPS Il series will be featured with arfb civilian GPS signal (L1C) for
international interoperability, Distress Alertingat8llite System (DASS) for search and
rescue (in the future), and satellite laser reflectors (in the future) with increased design
life span of 15 years. The future versions’ wiltliease capabilities to meet demands of
military and  civiian users alike. More can be a@&smd through

http://www.gps.gov/systems/qpsite.

GNSS satellites are tracked in GPS control segrmader Operational Control Segment
(OCS) which consists of a global network of grodadilities that track the GPS satellites,
monitor their transmissions, perform analyses, @&ethd commands and data to the
constellation. Currently OCS has a master contadla, an alternate master control station,
12 command and control antennas, and 16 monites Btated throughout the world which
includes six stations from the Air Force and 10rfrthe National Geospatial-Intelligence
Agency (NGA) as shown in Figure 2.3. Visittp://www.gps.gov/systems/gps/controlfor

more information.

Apart from tracking GNSS satellites for orbit andak determination and prediction, OCS
synchronises the time of satellites and uploadsiivegation data message to the satellites as
well as imposing selective availability (SA) on adzast signals. Monitor stations under
OCS send tracking data to the Consolidated Spaegafdpns Center (CSOC) which then
calculates the satellite orbit and clock parametisiag Kalman estimator and pass it to the
four ground antennas which are under master costatibn and located at Ascension Island,
Diego Garcia, Kwajalein, and Cape Canaveral ini&toifor eventual upload to the GPS
satellites via S-band radio links. Each of mongtations is equipped with a precise atomic
time standard and receivers which continuously oregsseudoranges to all satellites in view

at every 1.5 seconds. The pseudoranges are thenttmdousing the ionospheric and
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meteorological data to generate 15-minute intedaah transmitted to master control station
(Hofmann-Wellenhof et al, 2008).

GNSS satellite constellation observation capabligy2005 has been improved under GPS
modernization program by incorporating into the tcoinsegment six new monitor stations
located in Washington, DC (the US Naval Observatotygentina (Buenos Aires), Bahrain
(Manama), United Kingdom (Hermitage), Ecuador (Quiand Australia (Adelaide) which
has lead to improved data and new data uploacegiratith an increased update rate of the
navigation data to the GPS satellites at threeagder day for each satellite. Five more
monitor stations located in Alaska (Fairbanks), iiafiPapeete), South Africa (Pretoria),
South Korea (Osan), and New Zealand (Wellingtonjewedso added by 2006 (Hofmann-
Wellenhof et al, 2008).
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Figure 2. 3: GPS control segment (soutd&://www.gps.gov/systems/gps/contjol/

Apart from consecutive satellite acquisition inchglGPS IIR-M, GPS IIF, and GPS Il and

increase monitor stations, GPS modernization prodras improved its GPS control segment
through the Architecture Evolution Plan (AEP) ahd Next Generation Operational Control
System (OCX) as shown in its space and control segmpgrade schedule in Figure 2.4.

Visit http://www.gps.gov/systems/gps/contyddr more information.
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Figure 2.4: GPS space and control segment schedpleto May 2012 (source:
http://www.gps.gov/systems/gps/contjol/

Other improvements under GPS modernization prograstude accuracy of the Kalman
filter state estimates which are necessary forutating accurate satellite orbits, accuracy of
the broadcast ephemerides and clock parametergharability to observe the performance
of the GPS satellites. The accuracy improvement been archived by installing new
software packages on the Operational Control Sysf®@@S) and by implementing the
National Geospatial-Intelligence Agency (NGA) monistation network in which, both have
yielded improvements in monitoring the signal imiggand constellation performance and
the data used for satellite position and time esimn which has resulted in more accurate

predicted satellite orbital positions and clockad@iofmann-Wellenhof et al, 2008).

The high accuracy and reliability of orbit deteration for GNSS satellites has been
obtained through the global tracking networks basedbservations at monitor stations of
the respective control segment. The tracking siteseither distributed regularly around the
global or each network site is surrounded by atetusf additional points in order to facilitate

ambiguity resolution and hence strengthening thetiso of the orbital parameters. Several
global orbital tracking networks have been esthblisincluding 8 stations in North America,
Europe and Japan in 1988 whereby, the number isedeto 20 stations by 1991, and 30
more satiations were incorporated in the networld @94 (Hofmann-Wellenhof et al, 2008).
Up to August 2006, the IGS tracking network waseda®n more than 330 globally

distributed active tracking sites (Figure 2.3) witbordinates and velocities related to
International Terrestrial Reference Frame (ITRFpfthann-Wellenhof et al, 2008) which
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has expanded from 410 to 440 stations since 200202 from 200 contributing
organizations in 80 countries of which 84% arevatyi transmitting data (IGS Progress
Report, 2012; Neilan et al., 2012). Although not iy¢egrated through the IGS network and
being under experimental basis, the number ofostatdelivering real-time streamed data to
IGS has increased from approximately 40 in 200888 currently (IGS Progress Report,
2012). The IGS network which collects code ranged earrier phases from all GNSS
satellites in view using dual-frequency receivess la mission of providing the highest
quality GNSS data, products, and services in suppbITRF, Earth observations and
research, positioning, navigation and timing, atitepapplications that benefit the scientific
community and society. After being collected, thatad are analyzed independently by
agencies and are achieved daily in RINEX and SIN&Xhats by global and regional data
centers. The IGS service also provides raw traclatg, satellite clock parameters, the earth
orientation parameters (EOP), and other data bkespheric and tropospheric information.

The IGS service can be accessed via the followielgsite http://igscb.jpl.nasa.gov
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Figure 2. 5: The current global IGS tracking netaof IGS site stations.
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2.1.2 Space Geodesy with GPS in monitoring Deformans

GPS and other geodetic observation techniques s scfGRACE and Interferometric
Synthetic Aperture Radar (INSAR) allows for validat of the individual time series. The
combination of velocities derived from GPS and gyawdata, allows us to monitor
continuously in space and time crustal movementglwis important in understanding the
processes responsible for the observed deformafmrbin et al., 2007). Zerbin et al, [2007]
for instance derived long-term trends which enalfegping of the behavior of subsidence
with high spatial resolution in the Southern PoirPldtaly) in which, they identified the
uplifting behavior of Apennines chain bordering e Plain together with a narrow zone

separating the contrasting vertical crustal moveamen

In present days, Space Geodesy technology is aseahjunction with terrestrial techniques
to monitor land-surface deformations with high sgdaind temporal resolution as referred to
a global reference system by measuring positiongeodetic monuments to a better than
centimeter accuracy even for sites which are mioa@ thousands of kilometers apart. The
advantage of using these combined techniques tisl#inge area is covered than it would for
with traditional geodesy which is restricted teesiwhich are in view of each other. More-
over, the accuracy of using individual space gaodetchnique is mainly limited by the
systematic errors of the individual techniques tbeles as well as by our understanding of
geo-dynamic driving mechanism at the observatiaimakescales. Combined systematic
techniques extended over a certain period of tihosva validation and inter-comparison of
the individual observations enabling us in idemtifyproblematic data and provide the basis
for exploiting the potential of each single techugdZerbin et al., 2007).

2.1.3 The Reference Systems and Frames in Space Gesy

A reference system is conceptually showing how @dioate system is formed by defining
the origin and the orientation of fundamental ptame axes of the system including the
underlying fundamental mathematical and physicallelm A reference frame is the practical
realization of the reference system through obsemns consisting of a set of fiducially

identifiable points on the sky (e.g. stars) or aartk's surface (e.g. fundamental stations).
Reference frame is described by a catalogue ofiggrquositions and motions at a specific
epoch. The two fundamental systems required in espgeodesy are space-fixed
(Conventional Inertial Reference System (CIS))describing satellite motion and an Earth-

fixed (Conventional Terrestrial Reference SysteniTSY describing positions of the
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observation stations and for describing resultsnfrepace geodesy. The latter must be
connectedo the earth’s crust in a well defined way and banrealized through a set of
Cartesian coordinates of the fundamental stationsnarkers within a global network
(Seeber, 2003).

Reference coordinate systems are crucial in desgribe satellite motion, the modelling of
observables, and representation and interpretafioesults. Increase in accuracy of satellite
observation techniques, requires increase in acguné reference systems. The reference
systems are global in nature since they refer & déntre of mass of the Earth. Since
terrestrial measurements are local in nature aeduaually described in local reference
coordinate systems; there must be a common resdtiproetween all systems in use and
must be known with sufficient accuracy due to cleaong relative position and orientation
with time. However, it should be clear that, difet observation methods refer to a particular
reference coordinate systems which relate to ttieigtlual method. The relationship between
these particular systems is known with accuracyciwhs lower than the accuracy of
individual observation techniques. The most impdrtask is the transformation formulas

between the systems (Seeber, 2003).

In 1988, International Earth Rotation Service (IER#ich provides with highly accurate
earth orientation parameters with high temporabltg®n used modern space techniques
such as SLR, VLBI, GPS and DORIS (Doppler) to dsthland maintain both the celestial
and terrestrial Reference systems and frames. dtaemed and refined reference frames are
Inter-national Celestial Reference Frame (ICRF),sebla on Interferometric radio
observations, and the International TerrestrialeRefce Frame (ITRF) based on different
space techniques. The International TerrestrialeRete System (ITRS) which was
established and maintained by IERS is a converititareestrial system realized through
International Terrestrial Reference Frame (ITRFEef&r, 2003). The realization of ITRF is
formed through Cartesian coordinates and lineancitets of global set of sites equipped
with various space geodetic observing systems. Mew&RS80 frame is recommended if
geographic coordinates (ellipsoidal latitude, Itndé and height) instead of Cartesian
coordinates (X, Y, Z) are used. A new ITRF basedaew observations with geodetic space
techniques was realized nearly each year startitlyg WRF88 and ending with ITRF2000
(Altamimi et al., 2011) and the results were pui#® under the denomination ITRFxx,

where xx means last digits of the year whose datigewsed in the formation of the frame
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(Seeber, 2003). Later on ITRF was realized at titerval of five years starting with
ITRF2000, ITRF2005 and the latest being ITRF200BafAimi et al., 2011). In this case, the
future ITRF is planned to be published in late 2061 8arly 2014. Beginning with ITRF2000,
each particular ITRF is assembled by combining setesults from independent techniques
as analyzed by a number of separate groups. By msamy different techniques as possible
helps in minimizing significant systematic errorBhe most recent solution which is
ITRF2008 is a refined version of International Estrial Reference Frame based on
reprocessed solutions of the four space geodatiinigues whichare Very Long Baseline
Interferometry (VLBI), Satellitd_aser Ranging (SLR), Global Navigation Satellitesteyns
(GNSS) and Doppler Orbitography Radio positioningegratedby Satellite (DORIS),
spinning 29, 26, 12.5 and 16 years of observatiesgectively (Altamimi et al., 2011).
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Figure 2. 6: ITRF2008 network (top) and GPS/IGS Slistribution (bottom) (Altamimi,

2010).
20



2.1.4 GPS satellites and satellite orbits

GPS applications depend on knowing satellite orhitéch move as a result of earth’s
gravitational attraction and other forces. The tsrimf GPS satellites along with other
thousand detectable objects as reported by NASAgaverned by three laws of orbital
motion as discovered by astronomer Johannes Képld7" century. As a first law, he
discovered that; all planets move in elliptical itglwith the sun at one focus. He further
discovered his second law governing the motionlafgts that; a line joining the sun to the
planet sweeps out equally sized areas in a givienvil of time regardless of the position of
the planet in its orbit. Finally in his third lave Istated that; the square of the time taken by a
planet to complete its orbit is proportional to thée of its means distance from the sun. To
calculate accurately the position of satellitetgarbit, gravity and other small forces acting
on satellite need to be carefully taken into acto@iven the position and velocity of the
satellite at a given initial epoch, the future HBaeeposition can be determined based on six
Kepler elements. Starting with two Keplerian eletsamhich define the size and shape of an
orbital ellipse which are semi-major axis (a) andemtricity (e), other three Kepler elements
which define the orientation of the orbit in spadéh respect to the fixed stars are inclination
(i) which is the angle between satellite orbit @ne earth’s equatorial plane; right ascension
of ascending nodeC)) which is the angle measured in the equatoriahelbetween the
reference direction in space called vernal equifvaxich coincides with the position of the
sun the instant spring begins in the Northern Hphese) and the ascending node which is
the point on the satellite orbit where the satltitosses the plane of the equator moving from
below the equator above it; and the argument afjper() which is the angle measured in
the plane of the orbit between the ascending nadetfee perigee (the point on the orbit that
is closest to the earth’s centre). The last Kepteglement which shows where the satellite is
on the orbit at a certain time is the true anongglyvhich is the angel between the perigee
and the satellite. Figure 2.4 shows the orbitakrdation defined by the six-Keplerian
elements where, the x-axis points towards the Vexgainox, the z-axis coincides with the
celestial pole and the y-axis completes the rigintchcoordinate system in the equator. The
coordinate system {@nd @) defines the orbital plane with its origin at fleeal point of the
ellipse that coincides with the centre of earthassiwhileZ defines the principle axis of the
ellipse in the equatorial plane. This system idedaEarth Centred Inertial system (ECI)
which uses earth’s centre as the origin (Hunegizairl).
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Figure 2.7: Keplerian and disturbance parametentagted in the navigation message.

Using Keplerian elements with additional perturbatparameters, satellite positions can be
estimated in the Kalman filter process (Seeber3p08Il parameters which refer to a given
epoch ¢ and clock 4. represent satellite orbit and the state of thellgatclock as shown in
Table 1.1. These parameters are broadcasted at elservation epoch and renewed on
every two hours causing small steps between thiereift overlapping representations
(Seeber, 2003). However, they must not be usedfoptescribed time which is about four
hours since the extrapolation error grows expoaéntbeyond the given period. To compute
the satellite time and the satellite coordinaties,garameters in Table 1.1 are used in groups
by following some steps which can reach a few det#ns but may be smoothed by suitable
approximation techniques. For more information ppraximation techniques, refer Seeber
[2003]. The parameters are arranged in three greuph that, the first group is used to
correct satellite time, second group determinegplétian ellipse at reference epoch and the

third group contains nine perturbation parameteigufe 2.4).
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Table 1. 1: GPS broadcast ephemerides

Time Parameters

Explanation

toe Reference time, ephemeris parameter (S)

toc Reference time, clock parameters (s)

a0, al, a2 Polynomial coefficients for clock coti@t [bias (s), drift(s/s), drift]
rate (ageing) (sfj

IODC Issue of Data, Clock, arbitrary identificatinnmber

Keplerian parameters

Va Square root of semi-major axis'(t

e Eccentricity

® Argument of perigee

io Inclination at reference epoch

Mo Mean anomaly at reference epoch

Qo Longitude of ascending node at reference epoch
IODE Issue of Data, Ephemeris, arbitrary identtiima number

Perturbation

parameters

An Mean motion difference from computed value

Dot i Rate of change of inclination

: Rate of change of right ascension

Q

Cus, Cuc Amplitude of the sine and cosine harmanitection terms to th
argument of latitude respectively.

Crs, Crc Amplitude of the sine and cosine harmauiaection terms to th
orbit radius respectively.

Cis, Cic Amplitude of the sine and cosine harmaocrection terms to th

angle of inclination respectively.
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2.1.5 Calculation of GPS satellite position and tien

The main characteristics of GPS system time areekwumber which varies between 0 at
the beginning of a week and 604800 at the endwéek; and the number of seconds since
the beginning of the current week. The initial épa¢ GPS was on January 5, 1980 't 0

UTC which makes the GPS week to start at midnigini\(ersal Time) between Saturday and
Sunday. The GPS week number which is includediimfeame 1 of the navigation message
and represented by 10 bits has the largest possdgs& number of 1023 which rolls over to

zero at the end of the week (EOW). The end ofitise dycle was on August 21, 1999 and the
second runs from August 22, 1999 and will end onilAjy 2019 (Seeber, 2003). However,

numbering of the GPS week is continuous (no rolipfa RINEX data (Seeber, 2003).

GPS system time is defined by the weighted meathefatomic clocks in the monitor

stations and the satellites. Although it is a caumus time scale, GPS system time differs
from UTC due to drift in the GPS clocks, the diffiece which is continuously monitored by
the control segment and is broadcast to userseémésvigation message. For example the
difference was about 13 seconds (GPS time aheadammary 1, 2003. Satellite oscillators
(rubidium or caesium) have constant and irregulagqdency errors which makes satellite
clock readings to differ from GPS system time. Tihaviour of individual satellite clocks

is monitored by control segment and predicted & fbrm of a second degree polynomial.
Seeber [2003] showed that, the individual satellitee &y is corrected to GPS system time

t using equation 2.1.

t =ty —Atg, (2.1)
In which;
Atg, = ay +a,(t —t,,) + a,(t —ty.)° (2.2)

Wherely s the reference epoch for the coefficidfts & and @z .

By differentiating (2.2) with respect to time, egpsion for drift of satellite clock is obtained
as:

Atw =a +2a,(t 1) (2.3)

The elapsed timd, from ephemerides reference epJ@h(aII expressed in seconds in GPS
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week) is given by equation 2.4. In this case, threect time of ephemeriéc(e) must first be

found in the navigation file.

L =t-1, (2.4)

The mean anomaly is given by:

M, :M0+n(t_t0e):MO+(1/§+An))tk (2.5)

Where:

— — 8 3 -2
H#=GM =3986005d10"m"sec is the WGS84 value of the geocentric

gravitational constantMis the corrected mean motiotén is the correction to the mean

motion, and@ is the semi-major axis.

E

Solving iteratively, the Kepler equation for eceannomaly =k is given by:

Ek =M+ esin Ek (2.6)

Since the value of eccentricity of GPS orbit isyvemall(e <0.001) , two iterations are

usually sufficient.

E,=M, E =M +esinE _,, i =123,...... (2.7)

The true anomal)yk is computed by:

1-€e’sinE
J k

v, = arcta
“ cosk, —e (2.8)

C

Using argument of perigée, true anomalyk, corrections ~uc andCus ,the corrected
argument of latitud&k is given by:

u, =aw,+C,cos2(w+v,)+C,sin2(w+vV,) (2.9)
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The corrected radial distande considering correctiongrc and Crs is given by:

. =a@@-ecosk,)+C, cos2(w+v,)+C_sin2(w+V,) (2.10)

The corrected inclinationk of the orbital plane from inclinatidn at reference timé0e and

C

corrections™~ic and Cis is given by:

i, =i, +it, +C_cos2(w+V,)+C_sin2(w+V,) 2.11)

The corrected longitude of ascending no@a (referring to Greenwich) using its right
ascensionQo at the beginning of the current week corrected ftbenapparent sidereal time
variation in Greenwich between the beginning of Week and reference tim& and the

change in longitude of ascending node from thereefse timetOeis given by:

Qk = QO + (Q - a)e)tk - a)etOe (2.12)

Where &e = 7.292115146%10°rad /Secis Earth rotation rate in WGS84.

The position of satellite in orbital plane is givieyt

X r, COSU,
Y, |=|r.sinu, (2.13)
Z, 0

Finally, the position of satellite (satellite corates) X, Y., Z, with respect to Earth-

fixed geocentric frame are given by:

X, X, cosQ, - Y, sin Q, cosi,
Y, |=| X, sinQ, +Y, cosQ, cosi, (2.14)
Z, Y, sini,

For more information on the steps in satellite posidetermination, refer Seeber [2003].
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2.1.6 The structure of GPS signal and navigation da

The GPS navigation data is organized in data fraumieh is subdivided in five subframes.
Each subframe has six seconds duration (correspgridi 300 bits each) and contains ten
data words of 30 bits each, six of them being abribits. This makes total information
content of navigation data set to be 1500 bits \aithit-rate of 50 bps and a cycle of 30
seconds. The first two words of each subframeladdlemetry word (TLM) which contains
a synchronization pattern to facilitate the acdesthe navigation data and C/A- to P-code
called hand over word (HOW) (Seeber, 2003).

Dataframe (30 sec.) Subframes

1 2 3 4 5

Data block 1
(clock parameters)

Data block 2

Subfr 6 sec.
ubframe (6 sec.) (Broadcast Ephemerides)

0|1 |2]|3|4|5[6|7]8]9

Data block 3
(Almanac, UTC
Ionosphere

Information/Control N .
special information)

24 bits 6 bits

Figure 2.8: GPS navigation data structure.

The records in the navigation data are divided thtee blocks known as Data Block |, Data
Block Il and Data Block lll. Information containéa Data Block | which appears in the first
subframe include GPS week number, satellite caoed¢erms and the satellite vehicle (SV)
accuracy and health while Data Block Il which appem second and third subframes
contains all necessary ephemeris parameters forpwiimgy satellite coordinates. The
information in Data Block Ill which appears in theurth and fifth subframes includes the
almanac data with clock and ephemeris parameteralfavailable satellites of GPS system,
ionospheric correction parameters, universal timmadand particular alphanumeric
information for authorized users. The fourth arfthfsubframes which have total information
content available every 12.5 minutes consist ofpages that appear subsequently, where
each page covers the almanac data of one safeldiitethe total constellation. The almanac

data includes the parameters which represent thenagris of a particular space vehicle,
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corrections to the satellite clock, identificationmber, and satellite health status. However,
almanac and satellite health status are includedilirame five for satellite 1-24 while those
in subframe four are for satellites numbered 25 laigtier. The less accurate almanac data
are useful since they can be used for satellitdigiien computation (alerts) and for faster
lock-on to satellite navigation signals. For moetails on GPS navigation data refer Seeber
[2003] § 7.1.5.4.

Currently the signal broadcast on two L-band fremies by GPS satellites has three
components namely: a carrier signal at the cenéiguency, a bi-phase shift key (BPSK:

phase modulation wit + 71y modulated PRN code(s), and binary navigation @@tang,
2007). In order to determine position in real-tim@ng GPS signal, carriers are modulated
with sequences of binary values (zeros and oned @nd -1) which appear to have random
character called pseudorandom noise (PRN) codesio RN codes used to derive
pseudorange are the P-code and the C/A-code whéamsnprecision or protected code and
clear/acquisition code respectively. The P-code @Ml-code are modulated on the two
carrier frequencies known as L1 and L2 signals.hEsatellite transmits signals on the two
carrier frequencies also known as the navigatignads (codes), and on the navigation and
system data (message) (Seeber, 2003). Both P-cold€/A-code are contained in L1 signal
while the P-code is contained only in L2 signal.

The generation of the three carrier frequencies ([2land L5) are coherently derived from
the fundamental 10.23 MHz frequency generated byotiboard atomic oscillators in such a
way that: L1 = 154 x 10.23 MHz = 1575.42 MHz (~®cm) and L2 = 120 x 10.23 MHz

=1227.60 MHz (~ 24.45 cm) (Seeber, 2003) and thid tme being L5 = 115 x 10.23 MHz =

1176.45 MHz (~25.48 cm).

Being present on both L1 and L2 frequencies, tred® which is the principle code for

navigation has 10.23 MHz frequency which corresgoia about 30m wavelength. Its

sequence of 10.23 million binary digits or chips gecond known as chipping rate is
extremely long since it repeats after 266 daysw@8ks). When implemented and activated
with Anti-spoofing (AS), the P-code can only be esxed by authorized users (mainly
military) when encrypted with the protected codened Y-code through the service called
Precise Positioning Service (PPS) (Seeber, 200®).alm of AS was to prevent an adversary
from generating a copy of GPS signal and to spoohislead a receiver. This was aimed so

to prevent unauthorized users to access L2 caigeal which carried the encrypted P-code.
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However, receiver manufacturers developed a teadkeniq gain access to L2 signals under

AS though with decreased accuracy (Seeber, 2003).

The C/A-code which is transmitted on L1 carriegenerated at a chipping rate of 1.023
MHz that corresponds to about 300m wavelength &e&®03). The C/A-code which has
phase lag of 90° on L1 to the P-code known as ptpaaeérature is designed only for civilian
access through the service available to the ciehmunity called Standard Positioning
service (SPS) (Seeber, 2003).

Additionally, GPS signal accuracy was limited im&tionally through the technique called
Selective Availability (SA). This is the degradatiof the GPS signal by adding controlled
errors in the measurement data (Seeber, 2003). €figots involved in this technique are
ephemeris data manipulation and dithering, or syatie destabilization of the satellite clock
which results in corrupted measured pseudorangeveier, dithering technique was mainly
used which resulted in a roughly five-fold incre@segoositioning error (Seeber, 2003). SA
was implemented first on March 23, 1990 which lates disabled on August 2, 1990 due to
Gulf crisis. However, it was implemented to SPSrsise November 1991 after being
effective again in July 1991. After long discussipthe former U.S. President Bill Clinton
directed the DoD to turn off the SA feature in May 2000. Later in 2007, the U.S.
government announced plans of permanent eliminaifothe SA by building the GPS 1l
satellites without it under the ongoing GPS modstion program in order to benefit the
civil and commercial users worldwide. Until 200hetglobal position accuracy achieved was
< 13 meters horizontal error ard22 meters vertical error with 95% confidence wnakr
(Seeber, 2003). However, through SPS performanderusngoing modernization program,
GPS will provide to the civilian community a “worsase” pseudorange accuracy of 7.8
meters at a 95% confidence level. By combining @®B augmentation systems like Wide
Area Augmentation System (WAAS), the Nationwide f&iéntial GPS System (NDPS),
Continuous Operating Reference Stations (CORS)b#&IDifferential GPS (GDGPS), the
IGS itself, and other augmentation systems, higiceuracy has been achieved enabling the
real-time positioning to a few centimeters and possion measurements at the millimeter
level. GPS augmentation system is any system whids GPS in providing accuracy,
integrity, availability or any other improvement positioning, navigation, and timing (PNT)
that is not inherently part of GPS itself. Safetylite applications will be supported by
combining GPS Space-Based Augmentation System ($Bé&civers using the European
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Geostationary Navigation Overlay Service (EGNOS) &PS Wide Area Augmentation
System (WAAS) by reaching obscured environmentsravibeildings, trees or terrain block
large portion of the sky. Additionally, using thengbination of 31 GNSS satellites (Beutler,
2011; Miller, 2013), 30 GLONASS satellites and 3@lit@o satellites (Clore, 2012), GPS
accuracy, integrity, availability and flexibilityilvbe met in real-time applications. However,
higher civilian accuracy will be enabled by the LgBvernment without these augmentations
under GPS constellation modernization program. fore information on augmentation

systems, refenttp://www.gps.gov/systems/augmentations/

2.1.7 GPS observables

Satellite navigation observables are one-way rangasurements deduced from measured
time or phase differences based on a comparisamebat received signals and receiver-
generated signals (Hoffman et al., 2008). One-veange measurement is the one in which,
clock reading at the transmitter antenna is contpavigh a clock reading at the receiver
antenna. Since the observed signal travel timeagmhta systematic synchronization error,
the ranges are biased by satellite and receivek@aors and thus denoted as pseudoranges.
Three basic types of GPS observables are pseudmafrgm code measurements,
pseudoranges from carrier phase measurementsharidoppler frequency shift (Hofmann-
Wellenhof et al., 2008; Seeber, 2003; Zhang, 20dadjvever, code pseudorange and carrier
phase measurements are generally considered dsasiorange observables (Zhang, 2007)

and will be explained in details in the next sawio

2.1.7.1 Code pseudorange measurements

Code range measurement is obtained when the tifftenehessary to correlate the incoming
code sequence from satellite with a code sequeswergted in the GPS receiver is multiplied
by the velocity of light (Seeber, 2003). The timiifts which is known as the signal

propagation time between GPS satellite and theiveces the difference between clock
readings which aligns the satellite and referengeas during code correlation procedure in
the receiver (Hofmann-Wellenhof et al., 2008; Zha2@07). Due to lack of synchronization
between satellite and receiver clocks to GPS time time shift is affected by clock errors
resulting in the code pseudorange. However, thelsatclock bias can be modelled if the
respective information is transmitted accordingly the navigation message (Hofmann-

Wellenhof et al., 2008). The equation for code pseange is obtained by Hofmann-
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Wellenhof et al, [2008], Seeber, [2003], and Zhd8007] as:
R =( -t *c (2.15)

S
Where Rris the code pseudorange between the recdiveand the satellit§ : tr is the

S
receiver clock time,t is the satellite transmit time arfdis the velocity of light. Expression

2.15 can be related to true range by includingligatand receiver clock corrections.

tr :tr -'-&r,tszts-'_ds (2.16)

t tS . . - .\ﬂ ds
Where *r and * are the receiver and satellite true times respagtiv**r and are
receiver and satellite clock corrections respebttiv@enerally, expression 2.15 for a single

pseudorange can be re-written as:

RE (1) = 7+ (AL, —At) *c+dIZ +dAT+dT +dM 7 —dR*+£5 (517,

S
Where the true or geometrical ranéé between satellite and receiver is given by:

A )=, -t =) - X, @) +(ee) - +2 ) -z @as
Where:
. R is the code pseudorange between sateHigmd receiverl at GPS time ;

o P ) is the true range between satelft@nd receiver ;

» The subscripﬂ. represent the frequency band of the observatieni. i 1for L1, and
| =2 for L2;
. SuperscriptS represents the satellite being observed;

« Subscript! represent the receiver;

d represent the error term;

S
di r is the ionospheric delay;

S
dAr is the atmospheric delay;
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S
dTr Is the tropospheric delay

S
dm r is the multipath effect;

S
dRr is the relativistic effects due to the satellitetimo and the Earth gravitation
field;

S
€: is the associated error with the observation:

. X°Y%Z%s the satellite position;

o XY, Z, s the receiver position;
. &r is the receiver clock correction;

S
. a is the satellite clock correction.

The biased code pseudorange measurement with tdepibe satellite-to-receiver is due to
above listed errors in their absolute values insuoi meters. The ionospheric correction term
is assigned positive since the ionosphere delay/$fS code signal resulting in an increase
in range measurement. The same positive sign igreskto tropospheric correction which
delays the signal travel time. Similar positiversig assigned to the receiver clock which
contributes to an extra signal travel distance cmexb to satellite clock which decrease the
measured distance assigned by a negative signh@&npbsitive sign is assigned to multipath
which causes the measured distance to be longetlibalirect distance. The multipath effect
occurs due to multiple reflections of the indire@nal(s) coming into the receiver (Zhang,
2007).

The derived code pseudorange from code measureinaata precision of about 1% of the
chip length which indicate that, for a C/A-code3®0m chip length would yield a precision
of about 3m, and for a P-code of 30m chip lengthuldigsield a precision of about 0.3m.
However, the precision of about 0.1% is possible da more recent developments
(Hofmann-Wellenhof et al., 2008).

However, one of the complications that arise inecpgleudorange measurements is that, if the
satellite position is not calculated at transmisgime, satellite range can change as much as

60 meters from the time the signal was transmiti@the time the signal was received, which
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is approximately 0.07 seconds later ( Blewitt, 1997

2.1.7.2 Calculation of user position with code pséorange

To calculate the receiver position using code pseutge measurement, the following

expression is used.
RI(t) = p (t) +c(& - ') (2.19)

j .
Where R (t) is the measured code pseudorange between theegsdrer! at site and the

i j
satellite) |, A (t) is the geometrical distance between the satelttethe observing point,

and C is the speed of light (in a vacuum). User poinbrdonates which are implicitly in

j
P; (t) and in 2.19 are defined by the following expression

AO=Jx0-xS+Vo-vf+z'©-zf (2.20)

Where X1(t).Y' (),Z2' () represent the geometric position vectors of thellga at epocﬁ :

and Xi:Yi:Zi are unknown coordinates of the user position irttE&entered Earth Fixed
(ECEF) coordinate system. The known satellite cloels can be calculated at every epoch
using information provided in the broadcast navagaimessage using expression 2.2 in §2.5

in the form of polynomial coefficients. In this easquation 2.19 can be written as:
RJ (t)+c&’ = :OiJ (t) +c& (2.21)
The left hand side of equation 2.21 contains theepnled or known quantities while the right

j
hand side contains the unknowns. After puttiﬁg (t) in linear form using Taylor theorem

with approximate coordinates (Xa: Yo, Za) of the user receiver yield the following

expression:
' ' X! (t) — Xy Y! ) -Ys 4 (t) —Z,
! (t) = oL (1) - . AX, - . AY, ———— N7,
AO=m0= 00 P ) (2.22)
Where:
AO=X O-X S+ O -Y f +{2 0 -2 (2.23)
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Substituting 2.22 and 2.23 into 2.21 and rearrapgiwe get the final expression as follows:

XA~ Xa pye YOV AY _Z'0)-27,
Po(t) Po(t) Po(t)

R’ -po(t) +ed&' =- i AZ; +cd, (2.24)
Equation 2.24 contains four unknowns nanf® &Y. AZ,,. &; and to solve it, at least four

satellites are needed. Arranging 2.24 in matrixeeform and solving it using least-squares,

the user coordinateXi:Yi-Z can be calculated using equations 2.25 to 2.27.

Xi = Xo +OX (2.25)
Y =Yy +AY, (2.26)
Z =2y +AZ, (2.27)

The accuracy of the user coordinates depend onattweiracy of the displacements

AX;,AY,,AZ; \which also depend on the user's accuracy requineneThat is, the
displacements are acceptable if the user’s accuemyirements are met. If the values of
displacements exceed the required value, the pdse®iterated by replaciy by a new
estimates of pseudorange based on calculated pomimtlinates (Hofmann-Wellenhof et al.,
2008).

However, care must be taken in order to achievé lggality results especially relative
positioning, point positioning and kinematic survey (Hofmann-Wellenhof et al., 2008).
The important factor that guide to high accuratsults is the geometry of the visible
satellites during observations called dilution eégsion (DOP). The important DOP values
are vertical dilution of precision (VDOP), positadrdilution of precision (PDOP), horizontal
dilution of precision (HDOP), geometric dilution pfecision (GDOP), and time dilution of
precision (TDOP) which may be computed in advangiegialmanac data or other orbital
information without considering observations (HofmaNellenhof et al., 2008POP values
also can be computed from the cofactor matrix eflttal topocentric coordinates with its
axes along the local north, east , and up by lawowfriance propagation. Refer Hofmann-
Wellenhof et al. [2008] for more information on tiEOP values computation&lsually
VDORP values are higher compared to HDOP which makescal positions to be less precise
than horizontal positions. Since DOP values arelgudunction of satellite geometry, a good

geometry gives low DOP values while a bad geomeftigonstellation gives very high DOP
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values (Blewitt, 1997). In order to have a goodmgetsy and better satellite constellation,
PDOP values should be less than 3 and HDOP vahlwesids be less than 2 (Hofmann-
Wellenhof et al., 2008). For example if VDOP hahkieaof 5, the expected code pseudorange
error of 1 meter maps into vertical position errof$ meters and again if PDOP values are
larger than 5, they are considered as poor. Moreadlghere is insufficient number of
satellites to produce a solution, or if two outf@fir satellites lie approximately in the same
direction in the sky, then the cofactor matrix bees singular and the DOP values go to
infinity (Blewitt, 1997).

2.1.7.3 Carrier phase measurements

Carrier phase measurement which is another wayeafsoring the distance from satellite to
the receiver by multiplying the phase and wavelemgtuires phase comparison between the
received doppler-shifted carrier signal and thestamt receiver generated carrier signal when
there is a lock of a receiver onto a GPS sate(liteang, 2007; Seeber, 2003). The proper
observable in carrier phase measurements is theeptidference which is obtained by
subtracting the incoming or received GPS carriasptifrom satellite from receiver-generated
reference phase. However, the phase differencehwiBi@also known as carrier phase or

carrier beat phase is ambiguous by an integer nuoflycles called integer ambiguity. The

expression of carrier phase in unit of cycles \@gibyHofmann-Wellenhof et al. [2008] as

6t =¢°1)-9.() (2.28)
where @’ 1) is the carrier beat phase or simply carrier phﬂég) is the phase of the received
and reconstructed carrier with frequenf:i/, 6. (1) is the phase of reference carrier generated
in the receiver with frequencf/r , and! is an epoch in a common time system reckoned from

an initial epochto =0, By including satellite and receiver clock erroes)d an integer
ambiguity, the general carrier phase expressigiven by (Hofmann-Wellenhof et al. 2008)

as.

¢f(Tr):fS§+f555—frd F(Fo—f)t-N¢ (2.29)
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Where:

O%is the satellite clock erro@r is the receiver clock errois the phase pseudorandds
the speed of light, an®’is an integer number of cycles between satellité the receiver.
Considering the nominal carrier frequen@f 13GHZ we find that, frequencie§ “and i

may deviate only in some fractional parts of heofz df =15*10°Hz if we take a

df _
consideration of short-time stability in frequermie)szlolzGHz. During signal

propagation with = 007s, the resulting frequency error may generate a maxi error of

1CTﬁlcycles in the carrier phase which may be neglestade it is below the noise level
(Hofmann-Wellenhof et al., 2008).

Scaling equation 2.29 with wavelength, the camlease measurement relating receiver and

satellite position is given by Zhang, [2007] as:

AG () =07, 1°)—dI7, +dT° +cdt () —cdt®(t-7;)-AN;, +A 4 O +dM° —dR +&; (2.30)
Where:

o A is the wavelength of the carrier phase whereby3 I9n is for L1 carrier

frequency and 24.4 cm is for L2 carrier frequency;

o A#’(t)Is the carrier phase observable of the i-th frequéar the receiver and

satellites ;

o & (t)is the carrier phase measured on L1 and L2 fredgegnc

o N7 is the integer ambiguity of the carrier phase measent of the i-th

frequency;

o A#’(0) is the initial fraction of the carrier phase oe tkth frequency for receiver

r and satellites when the receiver achieves the initial lock;

o €& isthe noise of the carrier phase measurement;

o A (t.t°) is the true or geometrical range between sateHiamd receiver ;
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o The subscripti represent the frequency band of the observatien.i i 1for L1,

and! =2 for L2:

o

SuperscriptS andr represent the satellite and receiver respectively;
o] dIrS Is the ionospheric delay;

o] dTrs is the tropospheric delay;

o] dm rS is the multipath effect;

S
0 dRr is the relativistic effects due to the satellitetimo and the Earth gravitation
field;

S S
dtr(t) anddt (t_rr)are the receiver and satellite clock corrections

o

respectively;

o A#’(0)-AN? is called the bias term.

The carrier phase model in equation 2.30 lookslamo code pseudorange model except
that, the bias term doesn’t appear in code psenderand the ionospheric delay is equal but
in opposite negative sign due to phase advancihgr(@, 2007). Other terms like geometrical
range, clock, and tropospheric errors are simitangaring to code pseudorange. However,
multipath errors and the noise terms are much small phase compared to those in

pseudorange (noise term being 100 times smalleh@se data).

Although the instantaneous fractional part of @rphase on a receiver at epotrdr;an be
measured, the initial number N of cycles betweetellga and receiver called integer
ambiguity is unknown. However, if no loss of lo¢ke integer ambiguity remains constant
over an orbit arc. If loss of lock occurs betweateBite and receiver, the integer number of a
receiver-satellite pair changes resulting in cytle. When a cycle slip occurs, it is necessary
to introduce a new integer ambiguity (Zhang, 2007).

37



Figure 2.9: Integer ambiguity on phase measuren{@atsis, 2010).

Since the wavelength of the carrier waves are skoyt about 19cm for L1 and 24 cm for L2
approximately compared to the C/A-code (~300m) dmdode (~30m), the phase
measurements can be made to better than 0.01 aybleb corresponds 1% of wavelength
resulting in millimeter precision of ~2 mm for L+2.4 mm for L2, and ~2.6 mm for L5
compared to a few meters precision for C/A-code senkral decimeters for P-code for a
frequency in the gigahertz range (Hofmann-Wellenbobfal.,, 2008). This makes phase
measurements to be very precise and accurate lgaous compared to code pseudorange
measurements which are less precise but absolbeeadcuracy of 0.2 mm is theoretically
possible for accurate phase measurements in GRFeexif ~0.005 cycles are used (Calais,
E., 2010). Note that, one missing wavelength fagghmeasurements can causes an error of
19 cm or 24cm if ambiguity term which is the mosineanding problem in the geodetic
technique of evaluating GPS observations is noerdehed with appropriate techniques
(Seeber, 2003). The appropriate and simplest metihatktermine this integer nature as it
guarantees the high accuracy of relative GPS posity particularly on short observation
time is to use additional frequencies or signalshie carrier phase measurements (Seeber,
2003). However, since GPS doesn’t use more thanfieguencies for the time being, other
techniques which can be used instead include antpigearch in the measurement domain,
search technique in the coordinate domain, ancclsdgachnique in the ambiguity domain
(Hofmann-Wellenhof et al, 2008). Fortunately, anoliigdomain search is the most effective
and powerful approach which is currently consideesdecially for fast solutions (Seeber,
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2003). All these basic approaches on ambiguityluéso are demonstrated in detail in the
Hofmann-Wellenhof et al., [2008] in §7.2.

2.1.7.4 Calculation of user position with carrier phase measurements

The procedure is the same as in code pseudorargrelyh the linearization is performed for

,Olj (® in 2.31 and known terms are shifted to the lefichaide and the whole equation

multiplied by/] which yield equation 2.32 (Hofmann-Wellenhof et 2008).
. c. 1 . 1 .
'O)+—a' =-g O+ a& +N
4\ y Apl() J&N (2.31)

Where #' () is the measured carrier phase expressed in C)/&I'Essthe Wavelengthﬁj ® is

the geometrical range from satellite to user re:&reib‘iJ is the unknown integer ambiguity,

and Cdenotes the speed of light. The tergtéand & are the satellite and receiver clock

biases respectively

X! () =X X Y ) -Y AY _zi(t)—z
Po®) Po®) Po®)

Ag () - o) +c&' =- TAZ +cd +AN! (2 39)

Comparing to code pseudorange measurements, thieenwhunknowns is increased due to
increase in ambiguity terM’ . Considering four satellites and re-arranging éque2.32 in

matrix-vector form, four observation equations alogained which are inadequate to solve for
the eight unknowns. This makes impossible to sébrekinematic point positioning with
phase measurements in this form which require siegloch unless phase ambiguities are
known from some initialization which makes phasegeamodel to convert to code range
model (Hofmann-Wellenhof et al., 2008). To solvee thbove equation using phase
measurements, at least three epochs (i.e. 12 iwmseltontaining 12 equations and 10
unknowns should be taken into account. This salui® performed using least-squares
adjustment (Hofmann-Wellenhof et al., 2008) whehe final receiver coordinates are

calculated using equation 2.25 to 2.27.

2.1.7.5 Doppler shift measurements

Doppler shift is a result of relative motion betweeceiver and a transmitter which cause

frequency difference between the received signal #re source signal in the receiver
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(zhang, 2007). Using the received carrier frequeficffom satellite and the reference

frequency f, within the receiver, pseudorange differences cardérived from Doppler

shift observations yielding an integrated Doppleurtt N ;, as:

Uy
N, = !(fg - f,)dt. .33

Where N is the measure of range difference between receivéenna and the two

consecutive orbital positions of the same satedittéwo different epochd; andt« (Seeber,
2003).

Carrier phase measurement of a GPS receiver relamtesntegrated Doppler shift
measurements by taking first derivative of Dopleift with respect to time (Zhang, 2007).
The Doppler shift observation is given by firstigdative of phase equation 2.30 as given by
Zhang, [2003] as:

ADS 0 =A8; =07 1) —d | +dT +ed, () —cd*(t-7) +dM; -R +&° (2.34)

i

Whereby, a dot over a variable denotes its firsivdéve with respect to time, and all other
terms being defined in §2.1.7.1 and 2.1.7.3. Equa?i34 shows that, the initial fraction part
of phase measurement and integer ambiguity havéshesh This makes Doppler shift
measurements to be free from integer ambiguity Iprobcompared to carrier phase
observations (Zhang, 2003). Doppler shift obsersldre also cleaner than carrier phase
observables since the errors and biases are tledarivatives of error sources in carrier

phase measurements (Zhang, 2007).
The achievable accuracy of integrated Doppler dkifestimated to be 0.001 Hz which

correspond to3” 10°ms™ if the raw Doppler shift which is less accuragebased on an
emitted frequency of 1GHz. Regardless its low amcyr and apart from being used in
navigation purposes, Doppler shift observations a@pplied in determining the integer
ambiguities in a kinematic surveying and for pgsitioning as an additional independent
observable (Hofmann-Wellenhof et al., 2008).

Doppler shift can also be measured using codeshieutesolution of the code frequency is

very poor compared to carrier phase frequency &e2b03).
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2.2 GRACE measurements

2.2.1 Introduction

GRACE is a satellite mission which consists of t@entical space-crafts flying in the same
orbit about 220 kilometres apart in a polar orl§it88° mean inclination and at a height of
approximately 500 kilometres above the Earth. laigpair nicknamed “Tom and Jerry”
orbiting the Earth about 95 minutes. GRACE was ¢&ea on March 17, 2002 from the
Russian Plesetsk cosmodrome with its primary objestbeing determination of the global
high-resolution gravity field of the Earth and teongl gravity variations. Additionally, it is
aimed at determining total electron content by GfR&surements in order to get knowledge
on the refractivity in the ionosphere and troposphét is a joint project of the U.S National
Aero-nautics and Space Administration (NASA) and fheutches Zentrum For Luft- und
Raumfahrt (DLR), the University of Texas Center f@pace Research (CSR),
GeoForschungsZentrum Potsdam (GFZ) and the JetuBrop Laboratory (JPL). The
uniqueness of GRACE is that, the quality measurésngimass flux (movement of materials
around and within the Earth) are global, consisterd uniform. GRACE can also monitor

the movement of water over the Earth’s surfacedffjin

Figure 2.10: GRACE twin satellites nicknamed “TOMnda JERRY” (Source:
http://arstechnica.com/science/2012/03/earth-catebsten-years-of-grage/
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2.2.2 Theory and principles of GARCE measurements

The theory on how GRACE works is based on the @i$elmand ranging system equipped to
satellites to measure inter-satellite distancetedlado gravity change and the change in
satellite speed which is measured continuously waiticrometer accuracy. The K-band
ranging system as the key instrument of GRACE dse$ band microwave signals (i.e. two
one-way ranges) with 1pmso measure the range changes obtained at a samptie of
10Hz between both satellites (Avsar et al., 2012 on-board GPS receivers operate to
determine satellite position and synchronizing the time tags

of these range measurements of the two satellitesrder to measure high non-gravity
accelerations, high accurate accelerometers ai together with two star cameras which
provide the satellites’ altitude. Mean while, tlasdr retro-reflectors are used to track the

satellites from the ground stations (Avsar et2012; Dunn et al., 2003).

Grace satellites use the principle of satellitesétellite tracking (SST) in high-low mode
(SST-hl) and low-low mode (SST-II) which improvdsetaccuracy of the gravity field after
processing the data (Avsar et al., 2012).

GPS Satellites

SST-11

MNASA Stations
LEOPFP & Contingency.g
(Also McMurdao)

— —
B e - lﬂ'._' Softrirergenr

R a v n"‘\» ay Conbtro
(DLR-DFD)

+* A Lr e e

- - L
Science Data System ission Control g "
(CSR/IPLSGFZ) ¥ (DLR-GSOC) b eSSy endrr {,,,;%*

Figure 2.11: Satellite to satellite tracking (Sautdtp://www.csr.utexas.edu/grae/
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Basically as the two satellites travel in spacehtad 500 kilometers above the earth (Figure
2.12A), the precise speed of each satellite anddib&nce between them are constantly
communicated via a microwave K-band ranging inseoimAs the front satellite approaches
the area of high-gravity, its speed increases sihc¢g pulled towards the area of higher
gravity (Figure 2.12B-D). The increase in distat@tween the two satellites disturbs the
orbit slightly. As the front satellite passes otte area of high gravity, it slows down while
the speed of the trailing satellite increases at thoment towards the front satellite (Figure
2.12E). Again when the trailing satellite passesrdhe area of high gravity, it slows down
leaving the front satellite’s speed unaffected (Fég2.12F). The procedure starts over from
Figure 2.12G-K. This change in distance as the $atellites move around the Earth, is
measured uniquely and precisely by GRACE microwaargjing system to an accuracy of
smaller than micrometer per second in relative cigfoHence the scientists can create a map
of the Earth’s gravity field every 30 days from timeasured relative motion of the satellites.
At the same time, the satellites use the GPS sytiemetermine precisely where and when
the measurements were taken. Figure 2.12L showsvtheatellites at the moment of taking

measurements. For more information rdfep://www.csr.utexas.edu/grace

Figure 2.12: Theory and principles of GRACE measwaeis (Source:

http://lwww.csr.utexas.edu/gracaidhttp://www.astrium.eads.net/en/programme/grace atml
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GRACE data extraction and processing is done biyaaesl system called GRACE Science
Data System (SDS) distributed between Jet Propulsidoratory (JPL), University of Texas
Center for Space Research (UTCSR) and DeutchesdagstftingsZentrum (GFZ). GRACE
data is categorized in three levels known as Léyellevel-1B, and Level-2 data. The
Level-1A data which is a raw data is collected freatellite, calibrated and time-tagged in a
non-destructive sense before undergoing extensigdareeversible processing. These Level-
1A data are converted to editable and cleaned ptedwut not distributed to the public. The
level-1B data which are calibrated instrument datdudes among others, the inter-satellite
range, range-rate, range-acceleration, the nontgtianal accelerations from each satellite,
the pointing estimates, the orbits, etc. Thesa da¢ processed to generate Earth’s gravity
field estimates called Level-2 data in form of wated sets of spherical harmonic
coefficients at approximately monthly intervals (@norter). The time variations in these
spherical harmonic coefficients can then be usedestimating the changes in mass
distribution in the Earth’s system. After that, SB&ivers and distribute the Level-2 data in
accompany with Level-1B to the public after validatvia two portals named the Physical
Oceanography Distributed Active Archive Center (PARAC) at the Jet Propulsion
Laboratory, Pasadena, USA, and the Information eédys®& Data Center (ISDC) at
GeoForschungsZentrum Potsdam in Germany (see Chapte 83.1) (Avsar et al., 2012).

For more information refdrttp://www.csr.utexas.edu/grace/asdp.html

GRACE data processing is done using the satelitg-and combined models recently
released depending on the improvements of the psoug methods, updated softwares and
increasing data (Avsar et al., 2012; ICGEM, 20T2)ese models have been developed by a
number of scientific teams worldwide since the Euonf GRACE twin satellites (Newton’s
Bulletin, 2009). The GRACE-only models include GGAB(Tapley et al., 2005), EIGEN-
GLO4C (Forste et al., 2008), GGM03S and GGMO03C [@aet al., 2007) and the most
recent being EGM2008 (Pavlis et al., 2008). Howgtlex Gravity Observation Combination
(GOCO) has the aim of computing high-accuracy aigth-hesolution static global gravity
models based on data from satellite gravity missi@HAMP, GRACE, and GOCE,
terrestrial gravity field, satellite altimetry, aishtellite Laser Ranging (SLR) data (Pail et al.,
2011). The Gravity field and steady-state Oceawculation Explorer (GOCE) is a satellite
mission which was launched on March 17, 2009 with objective of providing high-

accuracy and high-resolution global model of thetlEs static gravity field and the geoid
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(Farahani and Ditmar, 2011). These satellite-onbylets will be complemented in the future

by combined global gravity models also incorpomtiterrestrial gravity and satellite

altimetry data (Pail et al., 2011). Figure 2.13 wshahe improvement of global gravity
models derived from GRACE. The images show that,global model from GRACE and
surface gravity (right) data has better resoluttmmpared to global model from GRACE
only of 2004 and 2010.

Figure 2.13: Global gravity models from GRACE faays 2004 (left), 2010 (middle), and
GRACE with surface data (right) (Barthelmes and K010).

Figure 2.14: Global Gravity maps showing gravitpm@alies from decades of tracking Earth-
orbiting satellites (top left), from 111 days of GBE data (GGMO01S) (top right), from 363
days of GRACE data (GGMO02S) (bottom left), and frimar years (2003-2006) of GRACE
data (GGMO03S) (bottom right). (Sourdetp://www.csr.utexas.edu/grace/gravjty/
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Figure 2.14 shows global gravity anomaly maps usiifigrent global gravity models. The
maps show clearly the increase in resolution otlk&@-determined gravity field from
decades of tracking Earth-orbiting satellites as)gared to new improved gravity models.
For example the Figure shows that, GGMO03S gravitgehwhich was derived from globally
distributed, precise inter-satellite range rate sneaments derived by GRACE mission, and
which was developed from older GGM02S model, hasraved GRACE data, processing
methods, and accuracy as compared to the prevadeiased models. In this case it is clear
that, the new generated models are more accurateptevious models at all wavelengths.
Hence the models help in providing dramatically ioyed map of mean Earth gravity field
which helps to refine the knowledge of the compaositand structure of the Earth by
providing the accurate reference surface relattvewhich deep ocean currents can be

determined. For more detail on the context, refgy://www.csr.utexas.edu/grace/gravity/

The interpretation of static gravity field and skayf the Earth is based on the surface geoid
which is the level surface that approximates seel lie the absence of disturbing forces. The
increase in Geoid caused by spatio-temporal vditialim hydrological signal indicates an
increase in mass and the decrease indicates msssTlbe mass redistribution and time
variable gravity are explained in the following sew.

2.2.3 Time-variable gravity and mass distribution

The mass distribution of the earth is irregulart (canstant) and bumpy which makes gravity
to vary since its variation depends on mass angesbfthe earth. The changes and bumpy of
the Earth is caused by molten rocks which flowhia thantle of the Earth. The changes in the
earth’s mass in time are occurred due to dynanucqsses taking place in the earth’s interior
or on or above its surface. These dynamic processes to the mass transportation of
continental water storages, oceans, atmospheresheets and glaciers and post-glacial
rebound, tectonic motions and mantle dynamics withe Earth. The temporal variations of
the earth’s gravity field caused by these physpmrakesses range from 10 to 100 parts per
million (variation from the mean) and they occur @awariety of time scales from minute to
secular. The signals which are varying with timesthyocome from Earth’s fluid envelope
(Avsar et al., 2012).

46



2.2.4 Mass change and Gaussian smoothing

The errors affecting GRACE measurements includgelarrors along satellites’ orbits (Wahr
et al., 1998; Avsar et al., 2012). Other systens@arrors in the inter-satellite range-rate
include accelerometer error, error in the ultrdlstabscillator and measurement errors. The
GRACE satellites are featured mainly with nearlyap@rbits which make their along-track
direction mostly parallel to North-South directions this case, there is an East-West
variations of accuracy of GARCE derived gravitatibfield sensed more badly than North-
South directions which results in North-South ¢timgy effects strongly in higher degrees.
The presence of these stripping effects meansaitielations in the gravity field coefficients.
Hence the noise degrades GRACE solutions espethalghort wavelength component. This
error can be suppressed by filtering GRACE datais&Gan filter is the best preferred method
which is proposed by Wahr et al, [1998]. The filte remove correlated errors in the
spherical harmonic coefficients has been desigyesvienson and Wahr, [2006] whereby, a
modified filter is given by Chen et al, [2008]. Svgen et al, [2003] developed a filter called
the optimal regional filter to minimize both GRAG&easurement and leakage errors. The

latter being undesired signals since they causpdeahaliasing (Avsar et al., 2012).

The reliability of spherical harmonic coefficien®" and S!" in GARCE models decreases

rapidly with large degree, with some additional increase for large onmderlt is better to
apply filter which suppress the noise making itrdase smoothly to zero asincreases
rather than truncating the spherical harmonic setesome particular degree. A suitable filter
is the one that convolves the space domain graigtyal with a Gaussian curve. As Gaussian

half width increases, smoothing increases andwacea (Bedada, 2007).

From Avsar and Ustun, [2012], the static part af Earth’s gravitational potentidl on a
reference sphere expressed as a series of sphéacalonics is given by Hofmann-
Wellenhof and Moritz [2005] as:

o |,
v<r,m>:%z[$j 3°(C,p,COTM + S, SiNMAYB,, (co%) 2.35)
m=0

n=0

Where I' ;& and A are the spherical geocentric radial distance atitstle and longitude

coordinates respectively of the computation poifdM is the geocentric gravitational
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constant; Ris the semi-major axis of a reference ellipsofd;,, and S,,, are spherical

harmonic coefficients wher8, Mare the degree and order respectiv&_hn (cosb) are the

fully normalized associated Legendre functions. Heer, due to the condition of the
available data such as the precision, the measuteaitéude of the gravity field cannot be

estimated with unlimited spatial resolution whichkas it necessary to truncate GRACE data

to a certain maximum degre8l{,, ) and set to equation 2.35 (Avsar et al., 2012).

The residual gravitational potenti&V which is associated with the residual signal i=giv

by

nﬂax
av@. o0 =M [R

n+l n
Tj > (AC,,coal +AS, sinnA)P, (cog) (2.36)
m=0

n=0
WhereAC,,, and AS,, represent the time variable dimensionless stokefficents.

The spatiotemporal changes in observations of deedgheightN which is the distance from
geoid to reference ellipsoid are quantified by thanges in the distribution of mass in the
Earth (Swenson et al., 2003). Geoid height canldreved from disturbing potential using
Bruns formula. The disturbing potential is the elifince between real gravitational potential

V and normal gravitational potentil.

V(r,6,4)-U(r,6)
Y(8.4)

N(8, 1) = (2.37)

Where, y is the normal gravity on ellipsoid. The normalhgtational potential is constant
(i.e. does not change) since it is connected treete ellipsoid. In this case, the differences
in the geoid heights are completely determined bg tesiduals or changes of the

gravitational potential. Hence, the shape of gasigxpressed as the sum of normalized

associated Legendre functions and spherical hagsoni

AN(8,2) = RY" ¥ (AC,,, cosm/ + AS,, sinmA)P, (cosd) (2.38)

n=0 m=0

48



Where,R is the mean radius of the Earéh,is co-latitude andd is the longitudeAC,,. and

AS,,, represent the time variable dimensionless sto&efficients. The spatial scale which is
half-wavelength of the Legendre function is rougf®p000/n) km (Swenson et al., 2003).
Swenson and Wahr, [2002] showed that, the StokeSicients AC,,, andAS,, can be used

to estimate water storage anomaly as:

T 2n+ 1(

Ao(6,2) = Pern D)

n=0 m=0

AC__cosnl +AS _sinmA)P, (cod) (2.39)

For a region, water storage anomaly is given as:

b, 1 n+1 I
D00 =33 " TG, oS +05, SIMR(C09)  (aany
n:Om:O region

Where o, is the average density of the Earth is the angular area of the region (i.e.

region

area divided byR? ), N =120 is the largest angular degree in GRACE gravity tamhu

k, are the load Love numbers representing the effieitteoEarth’s response to surface loads.

Importantly, the ratio ofAC / Peartn is the ratio which represent the variation in gglent

water thickness often used to interpret the sedswr@tions of global land water from
GRACE solutions (Avsar et al., 2012).

Avsar and Ustun, [2012] indicated that, level-2 GZRdatasets contains some errors which
makes equation 2.40 triggering to misinterpretarafmass variability. The method suitable
for reducing the error is the low pass filteringig¥his a kind of spatial average. That is,

smaller weights are given to higher degree coeffits. By putting weight vaIuWn for

degree n, equation 2.40 can be modified as;

nmax p—
Ao(B1) = %“ZV\AZZ” 1(Acnmcow+Asnmsinnﬂ>F;m(coss') .41

The most used Gaussian filter from Jekel (1981)\&athr et al. (1998) is given as;

49



W) = b exp[-b(l-cosy)] |

21 1-exp2b) (2:42)
Wherel/ is any angle between 0 aft, and
_ In2
1-cos(,,/R) (2.43)

Ris the radius of the Earth anfi,,is the half width radius of the Gaussian averaging

function.

That means whet// = I, / R, w(y) has decreased to half its valud/at= 0.

The values in equations 2.42 and 2.43 can be eaémlifrom recursive formula from Jekel
[1981] and Wabhr et al. [1998] as:

W, + Wiy (2.44)

n

1 1| 1+e® 1 2n+1
W,=— W, = - — = -
0 ! ZH{l—e'Zb) b] i

2.2.5 Changing gravity anomalies to water layer tlukness

The spherical harmonic coefﬁcient&zr:n and 55:‘ describing gravity potential can be

related to spherical harmonic coefficients desnghbihe varying water thicknebﬁm. This

relation is different for each term of degrBeand can be shown as:

v =M g -

4GA+K)AR
h R

2n+1 "

(2.45)

Where kn is the load Love number of degreeaccounting for extra potential created when
the Earth is distorted elastically under the loadvater; O, is the density of water usually

1OOOkngl_3 . The relationship between free air anomaly ancctedficients of potential can

be given from Heiskanen & Moritz, [1967] as:
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GM n-1
Ag) =————C
g, = R R (2.46)

Relating to water thickness it can be written as:

m n-
Ag, =476Gp,, > (2.47)

However, since the ratign —1) / (2n + 1) tends to 0.5 for large value Bf, the approach is
estimating average water thickness which is indéeenof wavelength and is given by:

Ag = 27Gp,h (2.48)
In this case the thickness of an equivalent layevater in mm is given by:

oh = 23.8Ag(mm) (2.49)

The equation 2.49 is describing an equivalent watgsr thickness and has been used in this

thesis in interpreting hydrology of free-air grgvénomaly patterns due to hydrology.
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CHAPTER 3: METHODOLOGY

3.1 GRACE data acquisition

The data used in this thesis are level-2 data mtsdeersion RLO5 of the temporal gravity
field estimates from four data processing cent&entre for Space Research (CSR),
Geoforschungszentrum (GFZ), Jet Propulsion LaboyaidPL), and the fourth data being
time-variable gravity field (RLO2) of Centre Nataird’ Etudes Spatiales (CNES). RLO5 time
series and release 02 of CNES data are availaltleeatwo GRACE archives GFZ/ISDC
(Information System and Data Centre) and JPL/PO.DAAPhysical Oceanography
Distributed Active Archive Centre) for the periodl leebruary 2004 to present. CSR, GFZ
and JPL data can be downloaded frdim://podaac-ftp.jpl.nasa.gov/allData/grace/L@/
ftp://podaac-ftp.jpl.nasa.gov/GeodeticsGravity/gfa@/ portals and GRGS/CNES can be

downloaded fromhttp://grgs.obs-mip.fr/grace/variable-models-grémeos/grace-solutions-
release-02site in official GRACE format. On contrary to rake-04 (RLO4), RLO5 data

products are more consistent among themselvesexamnple, Chambers and Bonin, [2012]

showed that, the variance of residuals with th@uiubf ocean model was 50-60% lower for
RLO5 data than for RLO4 data. Also they found thhg standard error was about 1cm
(equivalent water thickness) in low- and mid-ladiés, and 1.5 and 2cm in polar and sub-
polar oceans which is comparable to estimated taiogy for the output from the ocean

models.

3.2 GRACE data processing

Data processing was done using Schmidt Fortranranoginder Linux environment which
synthesize global grids of gravity anomalies frophexical harmonic coefficients. This
program was used to extract statistical informafimean, standard deviations and root mean

squares) by first converting raw (full normalizetita format into semi-Schmidt normalized

data that contains degraes order mand spherical harmonic coefficientg,znand Srr,n).

Secondly, the program uses the parameters of Gedeleterence System 1980 (GRS80) to

evaluate the arrays of the free air anomalies awdgfrom global model of the gravity

potential described by spherical harmonic coeffitse given with Schmidt semi-

normalization. The program convolves the Stokedfictents with the Gaussian filter in the

space domain providing a smoothed version of fregravity anomalies on a regular grid of

latitude and longitude. The spherical harmonicsgareerated by a recursive procedure where
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the height above reference ellipsoid is set to .zeestly, the program extracts statistical
information (mean monthly gravity solutions, stamtideviations and root mean squares) in
units of mGals from global grids of gravity anonesaliusing Generic Mapping Tools (GMT)
script developed by Wessel & Smith, [1998]. Thedgtarea (East Africa) was masked by
extracting the latitudes and longitudes along thendlary enclosing the study area. This file
was used by GMT to project the area of interegbdryorming coordinate transformation and
map projections. The mask had the value of umsyde and on the polygon and Not-a-
Number (NaN) outside the polygon. The four difféar&RACE data sets used in this study
spanning from 2008 to 2012 were truncatedntomax=60 for CSR and GFZ RLO5 data
products, n_max=50 for 10-day CNES-GRGS solutions RL0O2 andmax=60 for RLO5
JPL.

Sep_2010_GFZS—jan_2008_GFZ r 650km Sep_201 U_GFZS—jan_2008_GFZ r_1300km
i 5 " . 20° 30° 40° 50°

200 30 =4 o 20° = 20°
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0.008-0.006-0.004-0.0020.000 0.002 0.004 0.006 0.008 |[~0-008-0.006-0.004-0.0020.000 0.002 0.004 0.006 0.008
mGal mGal

Figure 3.1: Effect of applying Gaussian filter 880 km half Gaussian radius (left) and 1300
km (right) for GFZ data products for the differenoetween September 2010 and January
2008.
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The GRACE data were processed using Gaussian simgdther of 650 km half radius to

suppress the ripple errors. This is a better amgbraather than truncating the spherical
harmonic series at particular degree (Bedada, 2B0fyever smoothing is not necessary for
CNES/GRGS solutions since they are much less affeby the stripping effects because
they are much stabilized during their generatioocpss (Avsar et al., 2012). For example
Bedada, [2007] stated that, an effect of large ekegs suppressed for large value of half

radius. Gaussian smoothing is explained more otose2.2.4.

3.3 GPS data acquisition

The GPS data used in this thesis involved 5 permtd&S stations which are ADIS (Addis
Ababa, Ethiopia), MAL2 (Malindi Kenya), MBAR (Mbara Uganda), RCMN (Nairobi

Kenya), and NURK (Kigali Rwanda), in addition tax sstabilization IGS site which are
NKLG (Libreville Gabon), BAN2 (Bangalore), MAS1 (Mpalomas), SEY1 (Republic of
Seyc), WTZR (Wettzell in German), and RAMO (Mitzgamon) for a period of 5 years
from June 2008 to March 2012. All the GPS data weatewnloaded from

ftp://garner.ucsd.edsite.

3.4 GPS data processing

Data processing was done using GAMIT (version 168cf)ware and GLOBK (version 5.2)
to generate daily estimates of network station dimaites and velocities for the 5 IGS stations
operating in East Africa. The software was develod Massachusetts Institute of
Technology MIT), the Harvard-Smithsonian Center for Astrophysfc8\), and the Scripps
Institution of Oceanographys(O) to estimate station coordinates and velocitiesghastic or
functional representations of post-seismic defoionatatmospheric delays, satellite orbits,
and Earth orientation parameters (Herring et &1102. The IGS stations were tied to the
global International Terrestrial Reference FramBHF2008. To improve the repeatability of
baseline lengths and significant changes in theestral reference frame (Boehm et al.,
2004), the Vienna mapping functions (VMF1) were cuge data processing. The VMF1
functions were used to model the tropospheric effdtdch is one of the major sources of
errors in the analysis of Global Positioning Systemd Very Long Baseline Interferometry
(VBLI) observations (Boehm et al., 2005). Boehnale{2005] showed that, VMF improves
the precision of geodetic results and reveals sedsignals in the station height time series
more clearly. VMF1 were also used to adjust atmesplgradients (estimated twice per day

for N-S and E-W directions) and zenith tropospheetays (ZTDs) (Nahmani et al., 2012).
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The elevation cut-off angle was set to 15 degrébss is the maximum value recommended
whereby, the minimum is 10 degrees. Setting att [&@sdegrees elevation angle, helps to
eliminate the noisiest data, and therefore imprdaliesaseline statistics, while setting above
15 degrees may eliminate usable data (Henning, ;20ahya and Kamarudin, 2008). The

model FES2004 was used during data processingoiveating ocean tide loading effects.

During data processing, non-tidal atmospheric pmeskading was used since it affects the
vertical component of GPS stations at 1 to 2 mnellfMahmani et al, 2012; Tregoning and

Watson , 2009; Dach et al.,, 2011]. Second and tbicter ionospheric corrections which

affect the station positions at sub-mm level neardquator with a quasi-annual oscillation in
north component of less than 1 mm (Nahmani eR@ll2) were also used. GPS position time
series from GPS station position residuals wereamesl to 30 days epochs to comply with
GRACE solutions which were also averaged to 30 dayigtions for comparisons.

3.5 Quality of GPS solution

The quality of obtained GPS positions and velosiie based on standard deviations, the
weighted root mean squares (wrms) and repeatabiligstimated coordinates (Saria, 2007).
Assessing the quality of GPS positions and velegivas necessary due to dominant errors in
GPS observations which have correlation times rapffiom a few minutes (multipath, water
vapor) to days or months (station motions) due tmument instability and atmospheric,
hydrological, and ocean loading together with neoavgational forces on the satellites
(Herring et al., 2010). Past studies show thatstlying long-term GPS coordinate time
series, the white noise over few days’ period iases steadily over long periods. The
weighted root mean square was obtained by combitinagoinary h-files on generation of
GPS time series and velocity solutions from GAMIbgesses. By generating time series for
multiyear analysis, statistics of the data can baluated and determined if there is any
outlier that can distort the velocity solutions. get the statistics, a Linux “grep” command
was used to get position status that gives the ssamnof status on wrms and nrms which are
used to assess the quality of the obtained posito velocities. For better results, the wrms
in horizontal components should be 1 to 2 mm an 30 mm in vertical component.
Additionally, the histograms of nrms and wrms skloappproximate the Gaussian curve with
median nrms ~1. After averaging the coordinatesiquseLOBK, the obtained position
estimates and velocities are accompanied with atandieviations. For results on

repeatability, standard deviations, wrms and nree®, next chapter. The equation used to
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measure precision of station coordinates by meaguhe position scatter from the mean is
given by equation 3.1 while the standard deviatod correlation equations are given by

equation 3.2 and equation 3.3 respectively.

(y:i — y)i
N Z 2

2 (3.1)

(3.2)

1 N
Sdev = [——> (y; - Y)°
|\I_li(y. y)

Where:
«  WIMESis the weighted root mean square;
* Sdev is the standard deviation;

o Corrdl is the correlation:

« N is the number of occupation days;

« Y, are the estimated coordinates of the station;

N .
« > o?isthe error of the coordinates for day

« VYis the weighted mean of the coordinates of théostat
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The correlation COrrel ) between two sets of data given by the followiggation:

N

Doy - V)% - X)

\/Z (v, - MY (x, - %) oY

Correl =

Where:

N is the number of days;

« X are the estimated data of first dataset;

e Y, are the estimated data of second dataset;

« Xis the weighted mean of the estimated data ofithedataset;

« Yis the weighted mean of the estimated data ofe¢bersi dataset.
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CHAPTER 4: RESULTS AND ANALYSIS

4.1 Overview
This chapter looks at the results obtained froni E®RACE monthly solutions from the four

data processing institutes, GPS coordinate estsvaatd velocity solutions. The chapter will
also show GRACE monthly solution time series todate the hydrological signal pattern,
GPS time series, and finally combining the two tisexies to see their correlation on a

different time scale.

4.2 GRACE hydrological mass estimates

In this section, the monthly average estimateshefdhanges in equivalent water thickness
over the whole East African region will be looked Bhe hydrological mass estimates were
processed usinghe four processing groups which are CSR, GFZ, aRtd CNES and
equation 2.49 was used to estimate the correspgrught changes (hydrological mass
estimates) from GRACE monthly gravity solutions.thV650km Gaussian smoothing, the
signal pattern for all groups looks almost simflar the mean monthly water thickness. The
computed mean standard deviation between the &iima&tes which indicates the mismatch
between the four products is 2.88 cm. The meanakigmplitude of equivalent water
thickness ranges from ~5 mm to ~7 mm maximum aooh fr10 mm to 17 mm minimum.
The signal pattern shows little decrease in masageé from August 2008 to March 2009 by
8 mm of equivalent water thickness which later éased to 4.5 mm in April 2009. From
April 2009, the mass storage decreased by 11.5 manr@ached 10 mm in October 2009
which later increased again to 7.3 mm maximum paaklay 2010. The great mass loss
occurred between November 2010 and October 201thwigiached to a maximum loss of
~17 mm in July 2011. The mass storage then incdetsd.2 mm peak in November 2011
but decreased from there to ~10 mm in March 201#s Fignal pattern shows that, the
maximum mass storage which is 7.3 mm occurred ig BAH0 while the greatest mass loss

which is 17 mm occurred in July 2011.
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Table 4. 1. Mean of equivalent water thickness, m&andard deviations, and the mean of

RMS of the four GRACE processing groups averagext tive years from 2008 to 2012.

GRACE data processing CSR GFz JPL CNES MEAN

institutes

Mean equivalent water

thickness (mm) 1.0 -0.1 0.9 -1.13 -2.4
Standard deviation (cm) 2.84 2.76 2.80 3.10 2.88
RMS (cm) 2.89 2.85 2.87 3.38 3.00

Although the variations are small in standard earal root mean square, they may have been
caused by processing errors during transforming GRAdata from level-1 to level-2
products or may have been caused by GRACE instriaihemors (Bedada, 2007). However,
the mismatch between the three data groups CSR, &EZJPL is very small (0.2 mm)
compared to the mismatch between the three grougp<CAIES which is 3 mm for standard
deviation and 5 mm for RMS which makes the fouadatbe almost equal in accuracy.

Equivalent water depth (em)

$ B B S & H D T T T T I T, S, VR .
(o) ,&5 S e S S s S o oy o o
?? :‘,' stﬁngtﬁ ?@?}@b '}ﬁ.@x}t :.l:?&:\f 7? ?w'?. '}Q \/Q ? » ?? " >
R U U A U T

Data collection period (Months)
—o=CSR - =GFL === JPL = = CNES ——MEAN

Figure 4.1: The pattern of the mean monthly eqenaater thickness of GRACE gravity
solutions for the four data processing institut@easthed with 650 km half radius Gaussian

filter.
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Figure 4.2: The signal pattern of the standardatens with their mean for the four GRACE

data processing institutes smoothed with 650 kriradlus Gaussian filter.
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Figure 4.3: The signal pattern of the root mearmasegi (RMS) with their mean for the four
GRACE data processing institutes smoothed withkgbMalf radius Gaussian filter.

More results are the maps which show the patteregafvalent water thickness (in mGals)
for the four groups of data (Figure 4.4). 1lpGalkresponds to ~23.8 mm of equivalent water
thickness (see equation 2.49) and one milligah{@al) is equivalent to 0.00001 rhishich
can be compared to the total gravity on the Eaghiface of approximately 9.8 /s
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Figure 4.4 shows that, the gravity anomaly mapshef four GRACE data processing
institutes have similar patterns for January 200i%e datum chosen to find the change in
gravity anomalies was arbitrary (Bedada, 2007) alhdhe data were subtracted from this.
The chosen date also was arbitrary but it is tregagge dry month for the whole East African
region. However, the patterns shown are sensitivthé choice of datum month (Bedada,

2007) which gives time changes of gravity within BEE data to be identified.
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Figure 4.4: Water induced anomaly maps for Janp@fy from CSR (top left), GFZ (top
right), JPL (bottom left), and CNES (bottom rightavity models with 650 km Gaussian

smoothing radius.
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4.3 GRACE results with hydrological data of previous stidies

Figure 4.5 to Figure 4.8 show the comparison betwesterns shown by the four GRACE
data and the rainfall pattern shown by Bedada, TR@& August, September, and October.
Although the years of study are different for GRA@Ed rainfall data, but the seasonal
patterns between the two studies look almost sirfolathe three months which seems to be
the rainfall seasons for most of East African caest GRACE has been interpreted as
change in terrestrial water storage mass and ttee & observed hydrological data of
monthly rainfall. However, much of monthly change water storage shown by GRACE
results reflects seasonal storage of water innsoikture, ground water recharge, and surface
water in lakes and reservoirs while only very snmattion of the rainfall water becomes
stored in the rivers (Bonsor et al., 2010). Borestoal., [2010] showed that, large amount of
rainfall which reaches ground surface in the NikesiB is lost through evapotranspiration.
This comparison was taken between smoothed raiafallthe four smoothed GRACE data
using half radius of 650 km of Gaussian filtersiitould be noted however that, the level-2
GRACE data used in this thesis is corrected tocatdi monthly change in terrestrial water
storage in East African region (excluding atmosphemrter). This is different from previous
GRACE release (RL04) which indicated monthly chamgetotal water mass including
atmosphere (Bonsor et al., 2010). The compari¢em shows that, much of the rainfall is
stored within terrestrial water bodies which ar@amant since along with other geophysical
processes, continental or regional water storageesacrustal deformation which results in

variations of station positions (Rajner et al., 201

The comparison in Figure 4.5 to Figure 4.8 shoved, tthe pattern of rainfall seems to be
maximum in August indicating large amount of wastorage but seems to decrease in
September and October indicating that there isvWedsr stored in September and the least in
October.

Figure 4.5 to Figure 4.8 show that, the rainfallswagh in August when there was more
concentration of terrestrial water stored in theugrd. The rainfall pattern seems to decrease
in September and October indicating decrease ireseial water mass especially over
Ethiopian highlands. The trend shown by the fourAGIE data products indicates westward
movement of main storage water flux accompaniedobgl evaporation and movement of
moist air into Chad and Central Republic (Beda@d®,72.
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Figure 4.5: Comparison of (climatological) rainfatiaps (top) (Bedada, 2007) with CSR

gravity anomaly maps for August, September and laxt8010.
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Figure 4.6: Comparing (climatological) rainfall gt (top) (Bedada, 2007) with GFZ
gravity anomaly maps for August, September and laxt8010.
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Figure 4.7: Comparing (climatological) rainfall et (top) (Bedada, 2007) with JPL gravity
anomaly maps for August, September and October.2010

65



40 @ B0 130130 740 160 W0 200 230 90 M0 MO 00 T 240 200 T 400 420
HAIT

September

s

40 00 B0 100 130 140 700 180 300 270 3O 200 287 0 10 140 360 T80 400 420

THim

October

0 W @ B WO TN 1A VD W0 200 230 MO 260 I60 300 00 340 369 360 00 430
mmm

rd_week_2010_CNES-jan_1st_week_2008_CNEShrd week 2010 CNES-jan_1st_week 2008 CNES

rd_week_2010_CNES-jan_1sl_week_2008_CNES|

500

30"

40

0

20

20

ay

40

50

200

20

40'

50°

20'
207

30

20

[ __ = )
-0.008-0,006-0.004-0.002 0.000 0.002 0.004 0.006 0.008
mGal

| |
-0.008-0.006-0.004-0.0020.000 0,002 0.004 0.006 0.008
mGal

=0.008-0.006-0.004-0.002 0.000 0.002 0.004 0.006 0.008

mGal

Figure 4.8: Comparing (climatological) rainfall fah (top) (Bedada, 2007) with CNES

gravity anomaly maps for August, September and laxst8010.

66



December January ~ February

o b o

S S — . - -
mm Y . mm
d. week_2009 CNES-jan,_ 1st week 2008 CNES'd_week_2010_CNES-jan_1st_week_2008_CNES'd-Week 2010 GNES-jan Tst week 2008 CNES
20 30° 4 50° 2 30 4 0 2 20 2 _40 2 20°
. 2 \ 520 " 3

20" ——— 20 B

3 -

— T ) e ) S e )
~0.008-0.006-0.004-0.0020.000 0.002 0.004 0.008 0.008  ~0.008-0.006-0.004-0.0020.000 0.002 0.004 0.006 0.008 -0.008-0.006-0.004-0.0020.000 0.002 0.004 0.006 0.008
mGal mGal mGal
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Figure 4.9 shows the comparison between precipitathaps (Bedada, 2007) and CNES
maps (this study) for December, January and Fepriumamwhich, rainfall seems to have

stopped in December. The mass seems to drain an@nuary to February creating a flux to
the Southern part of Tanzania through Lake Victaimch is the same trend when compared

with precipitation maps from Bedada, [2007] andexatorage anomaly maps in this study.

4.4 GPS results and analysis

The daily GPS position estimates were average® tdays solution to comply with GRACE
mass solutions after being transformed to ITRF 20§l8g coordinates of 12 sites. Five sites
in the study area were used in the analysis, warehADIS, MAL2, MBAR, RCMN, and
NURK. The quality of obtained GPS results were Hase formal standard deviations of
obtained coordinates and repeatability of the esttoh coordinates. The horizontal velocity
accuracy results ranged from 0.1 to 0.27 mm/yea @i to 0.79 mm/year for vertical
velocities. The monthly position repeatability carmgd as weighted root mean square
(WRMS) of daily station position residuals were fiduto be between 1 mm and 3 mm in
horizontal component and 4 mm to 6.7 mm in verte@hponent (Figure 4.10). Table 4.2
shows the results in position, accuracy, repeatylaihd correlation in northing, easting and

up coordinates while Figure 4.11 (b) illustrates tpeatability in the form of histogram.

Table 4. 2: Obtained positions, accuracy and reybday

Position Accuracy | Repeatability Correlation
SITE Positions (Deg) (mm) (wrms)(mm)
Name Lat Lon oN | oE oU N E U NE NU EU

MAL2 2.9961| 40.1941 0.39| 1.01| 0.51| 1.1| 16| 6.0
0.961| 0.186| 0.086

ADIS 9.0351| 38.7663| 0.22| 0.45| 0.44) 22| 19| 6.5
-0.87 | -0.01] -0.05

RCMN | 1.2208| 36.8935| 0.09| 0.80| 0.46| 1.0| 1.7| 4.5
-0.26 | 0.23| 0.02

MBAR | 0.6015| 30.7379| 0.78| 0.73| 0.54| 1.4| 28| 5.9
-0.97 | 0.15] -0.09

NURK | 1.9446| 30.0897| 0.86| 0.88| 0.54| 1.2| 1.7| 6.7

-0.98 | 0.17] -0.11
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Table 4.3 shows the obtained ITRF 2008 positiomoaities, and their accuracies while

Table 4.4 displays the final ITRF2008 positions hwtheir accuracies. The accuracy in

velocities is shown in Figure 4.11 (c) and it ikstrated as sigma in northing, sigma in

easting, and sigma in up for each station. Figutd 4a) illustrate the precision in station

position estimates which range from 0 to 1 mm fathkhorizontal and vertical components.

Table 4. 3: Obtained ITRF 2008 positions, velosit&d velocity accuracies.

Long Vel N Vel E Vel U oVN oVE oVU
Site | Lat(Deg)| (Deg) | (mml/yr) | (mm/yr) | (mml/yr) | (mm/yr) | (mml/yr) | (mm/yr)
MAL2 -2.9961| 40.1941 14.42 24.52 2.37 0.19 0.27 0.72
ADIS 9.0351| 38.7663 17.54 23.42 1.02 0.2 0.26 0.72
RCMN -1.2208| 36.8935 14.7 25.03 -3.03 0.18 0.24 0.72
MBAR -0.6015| 30.7379 16.59 22.34 -1.52 0.18 0.22 0.79
NURK -1.9446| 30.0897 15.74 21.78 -9.9 0.19 0.22 0.77
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Figure 4. 10The weighted root mean square (WRMS) for GPS cormipksn
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Table 4.4: The obtained final ITRF2008 positionfhviheir accuracies.

SITE
NAME | X (m) Y (m) Z (m) X (M) |eY (M) |e6Z(m)
MAL?2 4865385.5829 4110717.3020 -331137.5311 0.0007| 0.0009| 0.0004
ADIS 4913652.7352 3945922.6844 995383.3514 0.0004| 0.0005| 0.0002
RCMN | 5101056.7025 3829074.3161 -135016.2377 0.0006] 0.0007| 0.0001
MBAR | 5482951.1800 3260442.7174 -66519.7153 0.0006] 0.0007| 0.0008
NURK | 5516756.5632 3196624.8616 -215027.2071 0.0007| 0.0008| 0.0009
NKLG | 6287385.7176 1071574.689( 39133.0864 0.0008] 0.0005| 0.0032
BAN2 1344087.3269 6068610.2902 1429292.1808 0.0009| 0.0016| 0.0044
MAS1 | 5439192.1907 1522055.3097 2953455.0353 0.0018] 0.0022| 0.0049
SEY1 3602870.4280 5238174.5553 -516275.3402 0.0016] 0.0022| 0.0022
WTZR | 4075580.4258 931853.9808 4801568.2319 0.0029| 0.0037| 0.0019
RAMO | 4514721.6990 3133507.9757 3228024.8433 0.0019| 0.0023| 0.0004
Lat (°) Lon (°) H(m) | ¢Lat(®) | sLon (°) | eH (°)
MAL?2 -2.9961 40.1941 -20.9244| 3.5000] 9.1000| 0.0005
ADIS 9.0351 38.7663 2439.1411 2.0000{ 4.1000| 0.0004
RCMN -1.2208 36.8935 1591.9763 0.8000] 7.2000| 0.0005
MBAR -0.6015 30.7379 1337.5116 7.0000] 6.6000/ 0.0005
NURK -1.9446 30.0897 1483.8134 7.7000| 7.9000| 0.0005
NKLG 0.3539 9.6721 31.4828| 28.8000, 5.0000| 0.0007
BAN2 13.0343 77.5116 831.8731] 39.9000, 8.2000| 0.0016
MAS1 27.7637 344.3667 197.1715 47.7000; 17.2000| 0.0010
SEY1 -4.6737 55.4794 537.1893 20.2000, 11.1000; 0.0024
WTZR 49.1442 12.8789 666.0462| 24.0000] 58.0000; 0.0011
RAMO 30.5976 34.7631 886.8554| 3.2000| 30.1000 0.0008
N (m) E (m) U(m)| eN(m)| oE (M) | eU (M)
MAL2 -333519.2563 4468272.820¢8 -20.9244| 0.0004| 0.0010{ 0.0005
ADIS 1005786.7286 4261897.8235 2439.1411 0.0002| 0.0005| 0.0004
RCMN | -135902.1089 4106031.6695 1591.9763 0.0001] 0.0008| 0.0005
MBAR -66955.0948 3421536.1442 1337.5116 0.0008, 0.0007| 0.0005
NURK | -216466.4131 3347637.5797 1483.8134 0.0009] 0.0009| 0.0005
NKLG 39396.8734 1076675.5172 31.4828| 0.0032] 0.0006| 0.0007
BAN2 1450973.949 8406231.809 831.87311 0.00444| 0.00089| 0.00158
MAS1 3090645.744  33921878.6 197.17152 0.00531] 0.0017| 0.00103
SEY1 -520275.9509 6155412.513 537.18934 0.00225| 0.00123| 0.00242
WTZR 5470707.274 937828.8666 666.04624 0.00267| 0.00423| 0.00107
RAMO 3406110.006 3330960.699 886.85536 0.00035| 0.00288| 0.00082
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The velocity map depicting the motion of the fiv&S stations within the study area is shown
in Figure 4.12. The velocity map was generatedgusite Generic Mapping tools (GMT)
software package which was developed by Smith aedsél, (1990) to create high-quality
postscript maps in different projections. The mhpves the rate at which, the IGS stations
are moving both horizontally and vertically.

Figure 4.12: Velocity map showing continuous IG&tishs’ for horizontal velocities (red)
and vertical velocities (magenta). The downward emég arrows represent downward

velocities while the upward magenta arrows repriegpward velocities.
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Figure 4.12 shows that, all stations move approteigaNorth-East in horizontal motion.

ADIS shows very small upward vertical displacemeini.02 mm/year along the ellipsoidal
normal in time while MBAR shows vertical downwargglacement at also a very small rate
of 1.52 mm/year. MAL2 and RCMN show very little uptdl and downward displacements
of 2.37 mm/year and 3.03 mm/year respectively. NURBKows a greater downward
displacement of 9.9 mm/year along the ellipsoidaimmal compared to other IGS stations.

The time series for the five IGS sites are of shawAppendix I.

4.5 Combined GRACE and GPS results

The 3-D deformations from GRACE at every GPS stati@used by surface density anomaly
can be computed using load love numbers which eatteldduced from Preliminary Reference
Earth Model (PREM). The love numbers account fog tharth’s sphericity and radial
heterogeneity (Nahmani et al., 2012). To be coesistith GPS estimates, the potential love
numbers are included in GRACE estimates beforegssing (Nahmani et al., 2012) while
the station velocities for GRACE observations &aized in International Terrestrial Frame
(ITRF2008). Additionally, ocean tidal loading is roected using FES2004 model. The
hydrological mass estimates from GRACE monthly sipghé coefficients which were
computed using equation 2.49 were compared withtlinee component displacements
(north, east and up) obtained from GPS time senesplotted to see their consistence and
correlation. The two GRACE and GPS signals showiggh tevel of correlation when
GRACE and the three GPS (North, East and up) coemgsnwere plotted and correlated.
Note however that, although neither rainfall ncggpitation data were used in this study, but
both show high level of agreement with monthly waterage change indicated by GRACE
data in other studies. Nahmani et al, [2012] whedusydrological loading model estimated
from Global Land Data Assimilation System (GLDASgmed with precipitation data from
Tropical Rainfall Measuring Mission (TRMM) found g agreement with GRACE
estimates both in terms of spatial distribution &e@sonal variations which showed high
level of agreement with GPS estimates. Bonsor ,ef280L0] who compared the change in
terrestrial water storage mass from GRACE with oles®t monthly rainfall over Nile delta
found that, much of the monthly change in wateragje indicated by GRACE data reflected
the seasonal storage of water in the soil moisgn@,nd water recharge, and surface lakes

and reservoirs.
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Further results show that, the weighted root megraues (WRMS) range from 0 to 4 mm for
GPS horizontal components and 2 mm to 10 mm fdroatrcomponent while the normalized
root mean squares (RMS) range from 0 to ~4 mm foth bhorizontal and vertical
components. The GPS WRMS obtained are close toatige of values stated by Herring et
al, [2010] which are 1-2 mm for horizontal compotseand 3-10 mm for vertical component
while Saria, [2007] reported the range of 0.25 nonb0 mm for normalized root mean
square (RMS) for a good solution. On the other h#melaverage RMS for GRACE was 30.0
mm for 650 km Gaussian smoothing radius while that mean square difference (RMS)
between GRACE and GPS was 2.85 cm.

RMS
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Figure 4.13: The root mean squares (RMS) for GRE GRACE (black) (a) and the root
mean square difference (blue) between GRACE {graed GPS (red) signals (b).

74



The errors in RMS in GRACE are nearly longitudeependent and are smaller near the
poles (8 mm) than at low latitudes (25 to 27 mme do presumably denser ground track
coverage near the poles (Wahr et al., 2006). TheSRMIue of 30mm obtained in this
research conforms with the range stated by Wahl, €006] who showed that, the variation
of errors in GRACE from one month to another toatepon the size of the region and they
decreased as smoothing radius increased falling 88 mm to 15 mm at 500 km and 1000

km Gaussian smoothing radius respectively.

The comparison of the obtained GPS deformationsGRACE load love estimates was done
on monthly basis by superimposing the two signslsheown on Figure 4.15, Figure 4.16, and
Figure 4.17 for five years. The two GRACE and GRfaas were then correlated on yearly
basis between GRACE and GPS north component, GRA&AREGPS east component, and
GRACE and GPS up component and the average inlatores for each component was
calculated as shown on Table 4.4 and Figure 4.hé.percentages of correlation results on
yearly basis show that, positive correlations é&88232% and 56% for GRACE and north
component, GRACE and east, and GRACE and up compaespectively. The negative
correlations are 50%, 56% and 28% while zero catimis are 8%, 0%, and 4% for GRACE
and north component, GRACE and east, and GRACE \gndomponent respectively.
Furthermore, the averaged correlation percentages shat, positive correlations are 20%,
20%, and 80% while negative correlations are 4098p.4and 0 for GRACE and north
component, GRACE and east, and GRACE and up compomspectively. The zero
correlations are 40% for GRACE and horizontal congras and 20% for GRACE and up
component. There was 13% of GPS data missing foeleting with GRACE signal.

ADIS and MBAR stations showed strong negative datien with GRACE signal in north
components while RCMN and MAL2 showed strong negatcorrelations in east
components compared with other IGS stations. Tidgates strong anti-correlation or phase
difference between the two signals. The correladoalysis for north component in 2008
indicate that, only MAL2 station showed strong pigsi correlation of 0.8 compared to
MBAR station which showed 0 correlation, and RCMNMNJ ADIS which showed negative
correlations of 0.1 and 0.6 respectively. The datien between GRACE and east
component in 2008 shows that, MBAR and RCMN statighowed strong positive
correlations of 0.6 and 0.7 respectively while ARSI MAL2 had negative correlations of

0.1 (weak) and 0.5 respectively. North componemtetation in 2008 however shows that,
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MBAR and ADIS stations showed strong positive clatiens of 0.5 and 0.6 respectively
while RCMN and MAL2 had zero and -0.3 correlations.

In 2009, only RCMN, ADIS, and MAL2 showed strongsjitve correlations of 0.8, 0.6, and
0.8 for north, east and up components respectivllRK and RCMN showed also positive
but weak correlations of 0.2 and 0.3 for east gma&amponents respectively. Other stations
like ADIS and MBAR showed strong negative for noctmponent, RCMN and MAL2 for
east component, and NURK and ADIS for up componBitiRK station showed weak

negative correlation (0.1) for north component MBIAR for east and up components.

NURK showed 0.5 (north component) while MBAR showeedrelations of 0.7 and 0.6 for
east and up components respectively in 2010. rQtbreelations were weak except MBAR
and RCMN which showed strong negative correlatfonsiorth, east and up components of

0.8, 0.5 and 0.5 respectively.

The correlations in 2011 were very weak betweera@d 0.2 for north component except for
ADIS station which showed strong negative corretaf 0.9. For the east component, only
NURK and ADIS stations showed positive correlatiai<.5 and 0.1 (weak) respectively
while the rest of the stations were negatively elated with GRACE signal. All the stations
were positively correlated for up component in vihiboth MBAR and MAL?2 stations had a

strong correlation of 0.6.

The correlation in 2012 was faced by missing GR& fita some stations whereby, only three
GPS stations were correlated with GRACE signal. RCMALZ2 and ADIS stations showed
strong negative correlations for both north and easponents ranging from 0.7 to 1.0. The
three stations showed strong positive correlatafris0 (RCMN and ADIS) and 0.6 (MAL2)
for up component. The correlation on average bstsisvs that, many stations showed zero
and negative correlations for north and east compizsnexcept NURK which is the only
station with positive correlation of 0.2 and 0.3 feorth and east components respectively.
All stations were positively correlated with GRAGIKnal for up component ranging from
0.1 to 0.3 indicating weak correlation between tthie signals. Negative correlation in this
analysis indicates anti-correlation or phase diifiee between the two signals (Tregoning et
al., 2009).
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Table 4.5: Correlation coefficients between GRAQH &PS.

(@) GRACE and GPS North component
Period(Years) NURK MBAR RCMN MAL2 ADIS
2008 NA 0.0 -0.1 0.8 -0.6
2009 -0.1 -0.6 0.8 0.0 -0.5
2010 0.5 -0.8 0.3 0.1 0.0
2011 0.1 -0.2 0.1 -0.2 -0.9
2012 NA NA -1.0 -0.9 -0.7
Average 0.2 -0.3 -0.1 -0.1 -0.5
(b) GRACE and GPS East component
Period(Years)| NURK | MBAR | RCMN MAL2 ADIS
2008 NA 0.6 0.7 -0.5 -0.1
2009 0.2 -0.1 -0.5 -0.7 0.6
2010 0.3 0.7 -0.5 -0.2 -0.3
2011 0.5 -0.1 -0.5 -04 0.1
2012 NA NA -1.0 -0.8 -0.1
Average 0.3 0.0 -0.3 -0.5 0.0
(c) GRACE and GPS upmoponent
Period(Years)| NURK | MBAR | RCMN MAL2 ADIS
2008 NA 0.5 0.0 -0.3 0.6
2009 -0.5 -0.1 0.3 0.8 -0.8
2010 -0.1 0.6 -0.5 -0.2 0.3
2011 0.6 0.3 0.1 0.6 0.2
2012 NA NA 1.0 0.6 1.0
Average 0.3 0.2 0.1 0.3 0.0
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Figure 4.14: The temporal patterns of correlatmneiach year between GRACE and GPS.
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The studied correlations on yearly basis show aming results compared to the correlations
on average basis since they show good agreemelnttinat phase of the anomaly signals
between GRACE and individual IGS stations (Figur&54 Figure 4.16 and Figure 4.17).
GPS up component shows good agreement with largditades of 5 mm to 9 mm peak to
peak compared to north and east components whimlr gbod agreement but with smaller

amplitudes of 1 mm to 4 mm peak to peak.
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The displacement time series for north, east an@Bf components for the five IGS sites
superimposed with GRACE water anomaly estimatedr(iiggical water loading signal) for

period of five years from June 2008 to Mach 201igyFe 4.15 to Figure 4.17) indicates that,
all the IGS stations move with horizontal velostepproximately towards North-East (N-E)

direction as shown on the velocity map in Figurk24.

ADIS station which moves horizontally to north-edstection (Figure 4.12) with upward
vertical velocity of 1.02 mm/year has a maximunptisement of <4 mm from April to May
and from August to December 2011 for the North congmt. The rest of the months for
north and east component show little displacemefts 2 mm. However, the trend for
vertical component is different since it shows mawin uplifts in July 2008 ( ~7 mm), June
2010 (~3 mm), February 2011 (5.5 mm), May 2011 if+8), and January 2012 (~8 mm).
The trend for GRACE mass storage in this periodcates that, there was increase in mass in
August 2008 (5 mm), May 2010 (~7 mm), and Novenf#El (~5 mm). Again the station
shows maximum subsidence in January, April and Bées 2009 (~4 mm), August 2010
(6.6 mm), December 2010 (~7 mm), March and April2@~2 mm), and August 2011 (~5
mm) while GARCE signal in this case was 3.4 mmanuhary, 1.5 mm in April, -4.8 in and
December 2009 indicating mass loss for the thremetinso Other months show low amplitude
of -1 mm in August 2010, -5.9 mm in December 201@,1 mm in March 2011, ~ -17 mm
in April 2011, and -10.5 mm in August 2011 all icaliing hydrological mass loss.

MAL2 station in Malindi Kenya which shows upwardrtreal velocity of 2.37 mm/year has
very little displacements for north and east congmi® (up to 2 mm peak to peak) and 6 to 8
mm peak to peak for up component. It shows maximphft of 6 mm in October 2008 when
GRACE signal was 3.5 mm, and ~5 mm to 6.5 mm froavédnber 2011 to January 2012
when GRACE signal was maximum (4.2 mm) indicatingréase in hydrological mass. On
the other hand it shows subsidence of ~3 mm in Aug008 when GRACE signal had 5.2
mm of mass storage, 6.5 mm in October 2009 when GRAignal was low (-10 mm), 4.5
mm in June 2010 when mass storage was very |tk rim), and 5.48 mm in March 2011

when there was great mass loss of -14.1 mm.

MBAR station at Mbarara Uganda which shows downwdigplacement of 1.52 mm/year
has different trend since it shows 2 mm to 4 mmpldieements for north and east

components. It also shows uplifts in vertical comgnt of ~4 to 5 mm in August 2008,
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September 2008, December 2009, and August 2011 WRARCE signal was 5.2 mm, 3.8
mm, -4.8 mm, and -10.5 mm for the respective moatitsyears. Other months like October
2008, January 2009, May 2010, and May 2011 havwelitde uplifts of ~2 mm peak to peak.

The months showing maximum subsidence in MBAR atatnclude May and June 2009
(~5.5 mm) and March 2010 (~7 mm) correspondingdt¢o~3 mm of GRACE signal.

RCMN which has shown a downward velocity of 3.03 fiygar has very little displacements
(< 4 mm) for horizontal components. its verticahqmnent shows maximum uplifts of ~5
mm in September 2008 and February 2012, and ~4miXovember 2008 corresponding to
mass storage of 3.8 mm, -4.2 mm (mass loss), &hthfh for the respective months. On the
other hand it shows maximum subsidence of ~5 mm6a28l mm in August 2009 and April

2011 respectively corresponding to -7.8 mm andd-bin of mass loss in GRACE signal for

the respective months and years.

NURK station which shows the greater downward vigfo8.9 mm/year compared to other
IGS stations shows little displacements of < 2mrakp® peak for north component and <
4mm peak to peak for east component. The vertimalponent shows significant uplifts of
7.2 mm in September 2009, ~7 mm to 9 mm from Deezr2b09 to August 2010, and 8.7
mm in November 2011 corresponding to -8.2 mm, B to 7.3 mm maximum, and 4.2
mm of hydrological mass from GRACE signal for tlespective months and years. On the
other hand it shows subsidence of ~4 mm in May 2060@ and 8 mm in October and
November 2010 respectively, and ~4 mm in April 2@bitresponding to 0.3 mm, -1 mm, -
0.5 mm, and -16.9 mm of hydrological mass loss fIGRACE signal for the respective

months and years. The horizontal and vertical dsghents are summarized in Table 4.5.

Generally the results show that, the horizontal ponents show clearly the seasonal
variations though with smaller amplitudes of ~2 namd ~4 mm for North and East
components respectively as estimated by GRACE &8 ®hile vertical component shows
6 mm to 10 mm peak to peak. The obtained restdtalao comparable to Khan et al, [2011]
who studied hydro-climatology of Lake Victoria ugirhydrologic model. The results
showed that, the peak rainfall occurred in April\M&amilar to great mass storage in April-
May 2010 (this study) and July-November similargteat mass storage in July-November
2008 and November 2011 (this study) which is comrmmparts of immediate equatorial

zone especially in East Africa. Similarly, high charge of Nzoia River which drains water
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into Lake Victoria and Nile river basins occurredMay-September indicating high rainfall
which is the same incidence when MBAR and NURKiatet showed uplifts when there was
an increase in mass storage in 2008, 2010 and &)dlétected by GRACE.

Bedada, [2007] showed that, there was peak pratignit and maximum mass storage from
GRACE in August centered on Ethiopian highlands nvtieere was maximum rainfall. The
same results were obtained in this study when Af&ion showed uplift in June-August
(Figure 4.16(b) when there was an increase in ssage from GRACE in 2008, 2010 and
2011. Similar results were obtained by Khan et[2011] who showed that there was
agreement between monthly model runoff estimatesgange observations for Nzoia River
when runoff values responded to precipitation evevitich occurred across the catchment

from March to early June during wet season
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Table 4.6: Summery of horizontal and vertical dasgiments.

STATION Upward Displacement Subsidence Horizontal
mm
NAME (mm) (mm) Displacements
(mm)
ADIS ~7mm July 2008 ~4mm Jan, April & <4 mm
December 2009
~3mm June 2010
6.6mm August 2010
5.5mm February 2011
~7mm December 2010
~8mm May 2011
~2mm March & April 2011
~8mm Jan 2012
~5mm August 2011
MAL2 6mm October 2008 ~3mm August 2008 <2mm
~5-6.5mm Nov 2011 to | 6.5mm October 2009
January 2012
4.5 mm June 2010
5.48mm March 2011
MBAR ~4 to 5mm in August & | ~5.5mm in May & June 2 to 4mm
September 2008, 2009
December 2009 & August )
2011 ~7mm in March 2010.
~2mm in October 2008,
January 2009, May 2010,
May 2011.
RCMN ~5mm in September 2008 ~5mm in August 2009 <4mm
& February 2012. ) _
6.28mm in April 2011
~4mm in November 2008
NURK 7.2mm in September 2009~4mm in May 2009 <2mm N
~7-9mm in Dec-Aug 2010 ~7mm in October 2010 <4mm E

8.7mm in November 2011

~8mm in November 2010

~4mm in April 2011
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CHAPTER 5: DISCUSSION, CONCLUSION AND
RECOMMENDATIONS

5.1 Discussion

Studying the three dimensional movement of GPS XI&&ions in East African region due
to hydrological water loading using GRACE and GRfadis the aim of this study. The
analysis was done by combining GRACE gravity estmarom the four different data
processing institutes and the GPS residual estgriatdive years starting from June 2008 to
March 2012. GRACE gravity estimates have been tsestimate the annual and seasonal
variations of hydrological mass (water content) oe whole of East Africa. On the other
hand, GPS residual coordinate estimates have bemh to estimate the three dimensional
displacement variations for the five IGS statiotmng with velocity estimates to see their
movements. The signal pattern shown by the fouepeddent GRACE gravity estimates had

a mean standard deviation of 2.88 cm with 650 kmasSian smoothing half radius.

When GPS coordinate anomalies and GRACE estimates eompared, there was high level
of agreement especially when the two signals wereetated. The correlation of the two
signals on yearly basis yielded convincing resatimpared to averaged correlations (see
Table 4.4 and Figure 4.10). Taking correlationsyearly basis seems to be necessary when
comparing small spatial and temporal scale (GP3h Varge spatial and temporal scale
(GRACE in this case). However lack of correlatieivizeen the two signals for some years in
some sites may have been caused by errors in GBI$s&sn missing data in GRACE
estimates (especially in January and June 2011)tla@dGPS data or local geophysical
processes or site specific analysis errors dominat&PS deformation estimates (Tregoning
et al., 2009).

The results showed the reduction in RMS differebeeveen GRACE and GPS to 2.85 cm
and 3.0 cm RMS for GRACE only. The obtained meamuahand seasonal GRACE signal
amplitude of ~5 to 7 mm maximum peak and ~10 tanit@ minimum coincided well with
most of GPS stations’ displacements. For exampld®showed a maximum correlation of
0.8 for north and up components in 2008 and 200&whshowed maximum uplift of 6 mm
in October 2008 and maximum subsidence of 6.5 mi@adtober 2009. The same incident
happened to GRACE signal which showed increasgdndfogical mass storage of ~3.5 mm
in October 2008 and hydrological mass loss of all®utnm in October 2009. Other stations
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which showed uplifts and subsidence in vertical ponent corresponding to increase and
decrease in hydrological mass and which also shgueeitive correlation with GRACE

signal are ADIS except 2009, MBAR station in 20RGMN in 2009, 2011 and 2012, and
NURK in 2011. Positive correlation for verticalmponent is evident since about 56% of
IGS stations were positively correlated with GRAGIgnal on yearly basis and 80% on

average basis.

The vertical displacements or velocities of mos§ I§ites shown on the velocity map may
have also been influenced by increase and decira&&RACE hydrological mass due to
positive correlation shown by most of the sites tloe vertical component indicating high
level of agreement between GPS and GRACE signaiseMer, this cannot be guaranteed
since there was no time series for both horizoatal vertical velocities which could be

superimposed and correlated with GRACE signal.

The increase and decrease in hydrological mass G&ACE is evident when compared
with previous studies for example Nahmani et ab1f2) who showed consistence between
GRACE and hydrological model and precipitationadiat West Africa; (Bedada, 2007) who
showed consistence between GRACE and rainfall ppateend GRACE and precipitation
data; Bonsor et al, [2010] who compared the changerrestrial water storage mass from
GRACE with observed monthly rainfall over Nile geland found that, GRACE reflected
seasonal storage of soil moisture, ground water santhce lakes and reservoirs. Similar
study by Khan et al, [2011] over Nzoia River wasisietence with GRACE results in this
study due to the fact that high discharge and lowesxharge which occurred during high
rainfall in May-September and low rainfall in Dedeen-February respectively was highly
consistent with great mass storage and less masagest from GRACE respectively
accompanied with uplifts and subsidence of a ne##$ station (MAL2). Bedada, [2007]
showed similar consistence with GRACE results is #tudy where, the peak precipitation
and maximum mass storage with high rainfall in Astgon Ethiopian highlands, coincided
with uplift of ADIS station.
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5.2 Conclusion

High level of agreement between GRACE and GPS Egtmmether with high level of
correlation when the two signals were combined ssgthat, water loading effect is one of
the major causes of IGS station movements in Ea&tah region. The effect of hydrological
water loading has been well detected by GRACE &sist shown large amplitudes ranging
from 5 mm to 7 mm peak to peak for hydrological megrease and 10 to 17 mm minimum
for hydrological mass loss. When compared with GEAGignal, the GPS vertical
component has shown great correlation with largpliamdes of up to 10 mm peak to peak
compared to horizontal position which showed snaafiplitudes up to 4 mm maximum.
However, horizontal movement of GPS sites needferdifitial technique to be resolved
better (Rajner and Liwosz, 2011). Good analysisonzontal and vertical motion of IGS
sites is shown by horizontal and vertical velositvehich may have been also influenced by
many other geophysical processes taking place nwahd on the earth’s surface. But water
loading effect remains to be the most essentiabfdor most of these geophysical processes
such as earth or crustal deformation, glacial rebdpwand tectonic movements which may

also affect the two observation techniques diffdygffregoning et al., 2009).

Care should however be taken into account on b&AGE and GPS results since they may
have been affected by errors during data acqumsitiata generation, data transformation and

data processing which may have resulted in diso@ps.

5.3 Recommendations
* In order to overcome the missing data in this stutdg suggested in the future study
to include more continuous GPS data in the anal@msidering long time interval.
This is due to the fact that, only 5 IGS statioresevused in this study for a period of
five years from June 2008 to March 2012. This carabhieved by extending more
permanent IGS stations in East African region egfigcan Tanzania and Burundi
where there is no operating IGS station and adiwt inactive IGS stations.

Currently there are only five operating IGS stasiam East Africa.

» Since some stations showed strong negative cdmelatith GRACE signal in north,
east and up components which indicate strong antekation or phase difference
between the two signals (Tregoning et al., 200%¥rd is a possibility that they are
effected by other geophysical processes takingeplacthe respective areas. For
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example NURK station which is in the western ristem showed more negative
correlation in the up component compared to MBARcWhs also in the western rift
system and RCMN in the eastern rift system whicbw&d negative correlation in
north and east components respectively. Since GRA&EShown its ability to detect
hydrological mass component in great efficienty¢his a need to incorporate it with
more GPS data covering large area, hydrological atsodnd other deformation

analysis techniques to study this nature.
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APPENDICES

Appendix I: Position time series for ADIS station
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Appendi

x Il: Position time series for MAL2 station
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Appendix Ill: Position time series for NURK station
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Appendix I1V: Position time series for RCMN station
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Appendix V: Position time series for MBAR station
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Appendix VI: Anomaly maps for CSR, GFZ, JPL and CNES Models for December

2009
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Appendix VII: Anomaly maps for CSR, GFZ, JPL and CNES Models for January 2010
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Appendix VIII: Anomaly maps for CSR, GFZ, JPL and CNES Models for Feb 2010
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Appendix IX: Anomaly maps for CSR, GFZ, JPL and CNES Models for August 2010

aug_2010_CSRS—jan_2008_CSR r_650km aug_2010_GFZS—jan_2008 GFZ r_650km
20 30° 40" 50" 200 30° 40° 50°
20° e 20° 20 T 20"
{ i - '\-{ -
10 | o' 10 - : 10
; A ’
N s | ‘:" _‘I A . o [T | & ;:' _M T 0
0 : R “#, 7 0 5 lx L;’, ; - r’,/
h ] E 4

—0.008-0.006-0.004-0.002 0.C00 0.002 0.004 0.C06 0.008 |—0.008-0.006-0.004-0.0020.00C D.002 0.004 0.006 0.008

mGal mGal
aug_2010_JPLS-jan_2008_JPL r_650km [frd_week_2010_CNES-jan_1st_week 2008_CNES
20° 30 40° 50° 20" 30° 40" 50°
20° T 20" 20° | ™A 20°
3 .
“\'____'
10 afmh  NIPRA
- ’ .
0 I ‘:i I." /// o
e
. a ks ponte
2
-10° R | 1

-0.008-0.006-0.004-0.0020.000 0.002 0.004 0.006 0.008 |HC.008-0.006-0.004-0.0020.00C 0.002 0.004 0.006 0.003
mGzl mGal

98



Appendix X: Anomaly maps for CSR, GFZ, JPL and CNESModels for September 2010
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Appendix XI: Anomaly maps for CSR, GFZ, JPL and CNES Models for October 2010
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