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Abstract

The GOCE (Gravity field and steady-state Ocean Circulation Explorer) mission
launched on 17 March 2009 provides for the first time Satellite Gravity
Gradiometer (SGG) data. It is designed to recover the Earth gravity anomaly field
with an accuracy of better than 1 to 2 mGal with a spatial resolution of 100 km or
less. It is necessary to assess the signal and noise in the GOCE data before use.

In this thesis, three GOCE global gravity field models and the gravity gradient
observations of level 2 products are assessed with external gravity models and
observations.

Three GOCE gravity fields are the sets of spherical harmonics produced by
GOCE High level Processing Facility (HPF). They are evaluated in the spectral
domain globally and in an area around the Reykjanes Ridge part of the mid-
ocean ridge south of Iceland. Three GOCE gravity fields are compared to the
global geopotential model EGM2008 and to a state-of-the-art model based only
on measurements of the GRACE satellite mission, ITG-Grace2010s. Furthermore
ship gravity measurements around the Reykjanes Ridge and a simple parametric
geophysical model are used.

Before gravity gradient assessment, a Butterworth band-pass filter was applied to
the gradiometer observations at orbit height, because of the 5-100 mHz
measurement bandwidth of the GOCE gradiometer. The GOCE gravity gradient
measurements of repeat tracks around Reykjanes Ridge are compared after
correction from the reference gravity field model (EGM2008).

The outcome of this study will be very helpful for explaining the quality of the
GOCE level 2 products which will service in the fields of solid earth physics,
oceanography, geodesy and glaciology.

Keywords:

GOCE, satellite gravity gradiometer, Gaussian filter, ship-track measurements,
gravity gradient transformation, Butterworth filter, repeat tracks

iii



Table of Contents

Selbststandigk@itSErKIGrUNE ....cocuvviii it e s aaa e e s s nraee s i
ACKNOWIBAZEMENTES .ceeiiiceeee e e e e e e e e e e e e tr e e e e e e eeaarataeeeeeeeeennnrnrenes ii
LY o153 1 - 1o U OSSOSO PRSP RSPPPR iii
Table Of CONETENTES ..eeiiieee ettt st e sbe e e e saneeneens iv
LISt OF TADI@S ..ttt et s e sttt et e e bt e e s b e e s bee e sareesreeeas v
Iy o ] T SRR vi
Chapter 1. Tl goTe [N To1 o] o HS TR 1
1.1 28 o] ¢={ o YU o o HS R 1
1.2 The GOCE mission and GOCE data products ......cccccueeeeeiieeeiiciiieeeciieeeecieeeeeviee e 2
13 1Y/ [ 1AV L o] o H PP PPPPPOPPP 7
Chapter 2. Gravity and gravity gradient........oooecciiiiiie e 11
2.1 Gravity field and geopotential models — EGM2008, ITG-Grace2010s and three
GOCE SOIULIONS ...ttt sttt ettt e b e sbe e st st e et e et e sbeesaeesaneenneens 11
2.2 (000 To] o [T P L Rl VA =T 0 o [ SRPPPSRRIN 15
2.2.1 Conventional Inertial and Terrestrial Systems (CIS & CTS)....cccvevevveerceeenneenns 16
2.2.2 Gradiometer Reference Frame (GRF).......ccocoiiiiiiiiiiicciieee et 17
2.2.3 Local Orbital Reference Frame (LORF) ....cooouveeeiiiiiiiiiieeeeee et 18

2.3 Gravity gradients derived from geopotential models........ccoeeevviieiiiiciiieiiccieeeens 19
2.4 Gravity gradient rotation and transformation .........cccccceevieiiiiiiciiee e 21
Chapter 3. GOCE gravity models asseSSMENt .....ccccvveeeiriiieeeiiiieeeeciiee e erieee e ssve e e ssreee e 25
3.1 Spherical harmonic coefficients comparison .........cccceeevieecciiiiieee e, 25
3.2 Global area COMPATiSON ......uviiiiieie et e e e e e e e e e e s seebreeeeeeseennnees 29
3.3 (Moo= 1 =TT WeloT 0] o - T4 Yo VSR PRP 32
3.3.1 Geophysical model COMPAriSON ......cciiiciiiiiiiiiiee e 33
3.3.2 Gravity models COMPAriSON......ciiiii it e e 37
333 Ship track COMPAriSON c.cceeeeiiieeee e e e e 40
Chapter 4. GOCE gravity gradient asseSSMENT........uueiieiiiiiiiiiieeee e e eecirrree e e 45
4.1 Band-pass filter SEIECHION ......coccviii i e 45
4.2 Repeat track COMPAriSON.......iiiciiii et e e s abe e e e 49
Chapter 5. Conclusions and recommendations ........ccccceeeeeciiiiieee e 55
RETEIENCES ...ttt ettt st ettt e s b e she e sat e st e et e e nbeenneenaee 59

v



List of Tables

Table 1.1: Overview of GOCE (ESA, 20108) .....ccouiiiirrireeeeeeeeiiirreeeeeeeeeectrreeeeeeeeeesrareeeeesessesssnns 3
Table 1.2 : The requirement in terms of geoid height and gravity anomaly accuracies (ESA,
1999) (rearranged to make the table smaller).......ccccooveiieiiciiei e 5
Table 1.3: List of GOCE level-2 data products from Level 2 Product Handbook (ESA, 2010b) . 6
Table 1.4: Main events of GOCE mission after launch (ESA, 2011b).....ccocceeeveiiiiiciiiieeeeeeeeinne 7
Table 2.1: Overview of EGM2008 and ITG-Grace2010S ..........cocueeveerreenreeneeneenrenreereenreennees 13

Table 2.2: Overview for direct, space-wise and time-wise solutions model from GOCE
first-two-month 0bSErvation .........cccocieiiiiiini e 14

Table 3.1: Pixel averaged RMS of geoid comparison of three GOCE solutions and ITG-
Grace2010s w.r.t. EGM2008 ..........ccoociiiiiiiiiiiiiiiii i 31

Table 3.2: Standard deviations of € (mGal) after 2" order polynomial fit, bold numbers
highlight the lowest standard deviations, TOTAL result excludes SHACK877 and
STA179B. The last column shows the difference between EGM2008 and ITG-
GraCR20L0S ..eeeiiiriiiiiiiiiii i 43



List of Figures

Figure 1.1: GOCE Mission (ESA, 2010C) .....eeiieiiuieeiiiieeeieiieeeseiteeeesteeeeseteeeesssaeessssneeessseeessnnes 3

Figure 1.2: GOCE gradiometer which aligns three pairs of accelerometer in three axes with
0.5 m separation for each pair (Rummel & Gruber, 2009) ........ccccceeeviiiieeeiiee e, 4

Figure 2.1: SC format for SH coefficients. Blue boxes stand for zonal coefficients, orange
boxes stand for sectorial coefficients and the rest are tesseral coefficients.................. 12

Figure 2.2: Polar and Cartesian coordinates, point P can be presented as (1, 0, 4) or (x,y, z)

in polar and Cartesian coordinates, respectively........ccccoccveeiiciieei e, 15
Figure 2.3: Equatorial CIS (Seeber, 2003) ....ccccuiiiiiiiieeeiiieeeieee st e e e e ree e e srae e e e saaee s 16
Figure 2.4: CTS and the transformation between CIS and CTS (Seeber, 2003)......c..ccceeuveeen. 17
Figure 2.5: Definition of GRF and the six accelerometers (ESA, 2010b) ......ccccvvvvevvvveeeecnnnnn. 18
Figure 2.6: Definition of LORF and the relation between LORF and GRF (ESA, 2010b) .......... 19

Figure 3.1: Procedure of spherical harmonic coefficient comparison of the subtraction to
reference Model (EGM2008) ........uueeeeieiiiiiiiieieeeeeeeeeecireeeeeeeeeeeeeireeeeeeeseeesessrsseeeeeeesssnsnns 26

Figure 3.2: Spherical harmonic coefficient difference w.r.t. EGM2008, shown in logarithm. 27

Figure 3.3: EGM2008 degree RMS and subtracted degree RMS of three GOCE solutions and

ITG-Grace2010s W.r.t. EGIM2008 .........cccuuiiiiiiiiiiiiiiteiee et 28
Figure 3.4: ITG-Grace2010s degree RMS and subtracted degree RMS of three GOCE solutions
and EGM2008 W.r.t. ITG-GraCce20L10S ......cccueerruirrrreerieeenireesieesieeesreessiaeesieeesseesssseesanes 29

Figure 3.5: Working flow of direct spatial comparison for three GOCE solutions and ITG-
Grace2010s with respect to EGIM2008 .........cccocvuiieiiiiiieeeiieee e ccieeeeeeiee e siree e e ervee e e e 29

Figure 3.6: Geoid comparison for all gravity models synthesis up to degrees of 180 w.r.t.
EGIM2008.......ceueeiieeiiieeie ettt sttt ettt st st st st e bt e bt e bt e s et e sar e ean e b e e reennees 30

Figure 3.7: Standard deviations of the GOCE solutions and ITG-Grace2010s geoid differences

w.r.t. EGM2008 synthesized up to a certain degree with degree 2 excluded................ 32
Figure 3.8: Topographic and geoid map in the area of Reykjanes Ridge .......cccccceeevvvveeennnennn. 33
Figure 3.9: Potential perturbation relative to the distance from Reykjanes ridge ................. 34

Figure 3.10: Center of Reykjanes ridge derived from gravity models: 3 GOCE solutions,
ITG-Grace2010s and EGM2008 up to degree 180, background: ocean depth from

TOPO2V2 .ttt et h e sh et bt et s bt e at e b bt et b ehe et he et e be et e besbeetens 35
Figure 3.11: Selected tracks for comparing gravitational potential w.r.t. geophysical model,
background: ocean depth from TOPO2V2 ......cc.uviiiiiiiiieeiee e e 35
Figure 3.12: Geopotential undulation of five tracks described in Figure 3.11 for each gravity
FIEI MO ..t s e e 36
Figure 3.13: Local geoid difference of GOCE solutions and ITG-Grace2010s up to degree 180
W.E L EGIM2008 ...ttt sttt sttt st sttt sa et sb et e b sbt et e sbe e e 38

Vi



Figure 3.14: Local geoid comparison w.r.t. EGM2008 synthesized up to degree 180 after

100 km Gaussian SMOOth filter ........ooceieiiiiiii e 38
Figure 3.15: Local geoid comparison w.r.t. EGM2008 synthesized up to degree 180 after

150 km Gaussian SMOOth filter ........oocueiriiiiiii e 39
Figure 3.16: Local geoid comparison w.r.t. EGM2008 synthesized up to degree 180 after

200 km Gaussian SMOOth filter .........cooviiiiiiie e 39
Figure 3.17: Local geoid comparison w.r.t. EGM2008 synthesized up to degree 180 after

250 km Gaussian SMOOth filter .........cooiiiiiiiie e 40
Figure 3.18: Working flow of ship tracks comparison ........ccceccuveviiciiie i 41
Figure 3.19: 20 ship tracks with background of ocean depth (km) from TOPO2v2 ................ 42
Figure 4.1: Low-pass filters with degree 10 and cut-off frequency of 100 mHz ..................... 47

Figure 4.2: Butterworth band-pass filters’ magnitude response with cut-off frequencies

[5 100] mHz for degrees of 4, 6, 10, 20 and 30........uveeeeeeeiiiiiiiieeeee e e 48
Figure 4.3: Work flow of comparing the gravity gradients after band-pass filtering in the

Y oY= 1 =1 e (o] 0 1 11 o TS PUURROt 48

Figure 4.4: Nov 10" 2009 gravity gradients in spectral domain after the Butterworth band-

pass filters in degrees of 4, 6, 10 aNd 20......ccovvuieiiiiiieieniiee e e 49
Figure 4.5: GOCE orbit tracks with background of geoid derived from DIR...........cccevrvunenn. 50
Figure 4.6: Repeat condition of one set GOCE repeat tracks.......ccccveevrevieeiniiieeesiiieeeeiineennn 51
Figure 4.7: Histogram graphs of 16 repeat tracks condition..........cccceveveivieiniiieeinccieeecciienn, 51
Figure 4.8: Gravity gradient correction terms from reference gravity model (EGM2008, up to

(o =T= g <TY 100 ) S 52
Figure 4.9: Histogram graph for RMS of correction terms derived from reference model

(EGM2008, Up 10 deZIree 300).....cccveeireeereeeireesireeerireesreeessreessaeesseeessseessesassssessesssseees 52
Figure 4.10: Flow chart of repeat tracks cOomparisoN........ccceecvieeirciiee e 53
Figure 4.11: One set of repeat tracks COMPAriSON ........cccuviiiiciiieeiiiiiee e 54

vii



viil



Chapter 1. Introduction
1.1  Background

Gravitation is the phenomenon that all physical bodies attract each other with a
force proportional to their masses. Earth’ gravitation is the force attracting our
body to the Earth. Gravity includes gravitation between a mass and the Earth but
also the acceleration due to Earth rotation. As the gravity is influenced by the
mass distribution and Earth rotation, measurement of gravity will lead to a better
understanding of the density distribution of the Earth.

The name of Isaac Newton comes to mind when we mention gravity and
gravitation. An apple falling from a tree helped him get the idea of the Universal
Law of gravitation more than 300 years ago. Isaac Newton published this
research in the book, Philosophiae naturalis principia mathematica. He described
the gravitational force as being proportional to the individual masses of two
attracting bodies and inversely proportional to the square of the distance between
each body. It can be described by

> (1.1)

with F;, the gravitational force between object 1 and 2; G the gravitational
constant or Newton constant, with a value of G = 6.672 - 10~ m3s~2kg™!; m,
and m, the masses of object 1 and 2, respectively; r;, the distance between the
two mass centres of object 1 and 2.

The gravimeter, a tool for measuring gravity, has come in many different forms:
pendulums, torsion balances, and static spring gravimeters (Nerem, Jekeli, &
Kaula, 1995; Sneeuw, 2006). Before the launch of the first artificial satellite, the
Soviet “Sputnik” in 1957, Earth gravity field models were all derived from
terrestrial measurements (Jeffreys, 1941). Because of the poor global coverage,
the global gravity field models at that time had a poor spatial resolution with much
lower accuracy than recently determined gravity field models.

With the improvement of the orbit tracking technology, such as Satellite Laser
Ranging (SLR), the orbit of the satellite could be determined more accurately.
Using this technique the gravity field could be determined up to a spatial



resolution of 550-1000 km (Marsh et al., 1988; C. Reigber, 1989). The first
dedicated gravity mission CHAllenging Mini-satellite Payload (CHAMP) was
launched in July 2000 and formed a milestone of gravity field determination by
improving gravity and geoid accuracy to 0.5 mGal and 10 cm, respectively, at a
spatial resolution of 550 km by only a few month of worth data. This is almost one
order of magnitude improvement compared to pre-CHAMP satellite-only models
derived from multi-year tracking of some tens of satellites (Ch. Reigber et al.,
2003).

A second satellite gravity mission named Gravity Recovery and Climate
Experiment (GRACE) made a significant contribution to the gravity field modelling
by providing a gravity model with 1 cm geoid accuracy up to degree and order
110 corresponding to about 180 km spatial resolution (Mayer-Guerr, Kurtenbach,
& Eicker, 2010).

On March 17, 2009, a third gravity satellite called Gravity Field and Steady-State
Ocean Circulation Explorer (GOCE) was launched on a low Earth orbit carrying a
highly sensitive gravity gradiometer. Its aim was to determine the static gravity
field with a spatial resolution of 100 km with a geoid accuracy of better than 1 cm
(ESA, 1999).

1.2  The GOCE mission and GOCE data products

GOCE Mission

The European Space Agency"s (ESA) first gravity mission, GOCE, is designed to
measure gravity gradients with high accuracy, and high spatial resolution, in
order to obtain a better static gravity field model. Characteristics from the GOCE
satellite mission are shown in Table 1.1 which summarizes information from ESA
websites (ESA, 2009, 2010a). The GOCE mission“s initial life span was about 20
months, but it has been extended by 18 month already. The GOCE mission has
taken advantage of an exceptionally long period of low solar activity (ESA,
2011a). Low solar activity results in low density of the thermosphere and makes
the drag force on the satellite smaller than expected. This helped GOCE save
propellant for a longer orbiting lifetime.



Figure 1.1: GOCE Mission (ESA, 2010c)
Table 1.1: Overview of GOCE (ESA, 2010a)

GOCE Mission Overview

Launch 17 March 2009
Orbit Sun-synchronous, near-circular

— altitude (mean) about 250 km

— inclination 96.7°
Size

— length 5m

— diameter Tm
Cost €350 million

— gradiometer; three pairs of three-axis,
servo-controlled, capacitive accelerometers

Payload — 12-channel dual-frequency GPS receiver

— laser retroreflector enables tracking by
ground-base laser

The gradiometer mentioned in Table 1.1 is the most important sensor with six

accelerometers in three pairs aligned on three axes as shown in Figure 1.2. From

the gradiometer measurements the gravity gradient tensor components can be

derived, which contain the second derivatives of the gravity potential. The

measurement principle of the gradiometer is measuring the maintaining force

between each pair of proof masses of an ensemble of accelerometers. The

difference between accelerations measured by each of the two accelerometers in

the same direction is the basic differential gradiometric quantity.



Figure 1.2: GOCE gradiometer which aligns three pairs of accelerometer in three axes with
0.5 m separation for each pair (Rummel & Gruber, 2009)

Mission Objective

The observations and derived gravity models from the GOCE mission will serve
science and find application in the fields of solid earth physics, oceanography,
geodesy and glaciology (Johannessen et al., 2002; Rummel, Balmino,
Johanessen, Visser, & Woodworth, 2002). The pre-launch requirements in Table
1.2 of the GOCE Mission are based on the research requirements for these
scientific fields.

For the scientific applications and requirements mentioned in Table 1.2, the
GOCE mission has to fulfil the following mission requirements (ESA, 1999):

¢ Determination of the Earth"s gravity anomaly field with an accuracy of better
than 1 to 2 mGal

¢ Determination of the geoid with accuracy better than 1 cm in the radial
direction

¢ Spatial resolution of 100 km or less.



Table 1.2 : The requirement in terms of geoid height and gravity anomaly accuracies (ESA,
1999) (rearranged to make the table smaller)

Accuracy Spatial Resolution
Application Geoid | Gravity | (half wavelength —
(cm) (mGal) D in km)
Solid Earth
— lithosphere and upper-mantle density
structure 1-2 100
— continental  lithosphere  (sedimentary
basins, rifts and tectonic motions) 1-2 20-500
— seismic hazards 1 100
— ocean lithosphere and interaction with
asthenosphere 0.5-1 100-200
Oceanography (short-scale) 1-2 100
Ice sheets (rock basement and ice vertical
movements) 2 1-5 100-1000
Geodesy
— levelling by GPS 100-1000
— unification of worldwide height systems 1 100-20 000
- inertial Navigation System 1 ~1-5 100-1000
— orbits ~1-3 100-1000
Sea-level change Many of the above applications, with
their specific requirements, are relevant
to studies of sea-level change

Data Products

ESA has defined a ground system, which is in charge of preparing and
processing the GOCE observation products. ESA provides data products in
different levels derived from the GOCE mission‘s observations. The following list
provides an overview of each product level (ESA, 2006, 2010b):

¢ Level O: time-ordered raw data produced by the instrument and by the
platform. This dataset is down-linked during the communication between the
satellite and the ground station. The products consist of Satellite-to-Satellite
Tracking (SST) data at 1 Hz, six accelerometers at 1 Hz and satellite and
instrument ancillary data.

¢ Level 1a: the instrument time series with the calibration data attached.
Level 1b: time series along the orbit, including instrument data and other
satellite data, such as gravity gradients in the Gradiometer Reference Frame
(GRF), frame transformation matrices (rotation quaternions), linear
accelerations, angular rates and accelerations, SST measurements and
derived positions and reconstructed satellite orbits in the Earth-Fixed
Reference Frame and orbit data (position, velocity and time).

5



¢ Level 2: this product is generated by the High Level Processing Facility, a
distributed system developed and operated by the European GOCE
Gravity-Consortium (EGG-C). Level 2 products include three parts: first,
pre-processed, externally calibrated, and corrected gravity gradients in both
Gradiometer Reference Frame and Terrestrial Reference Frame; second,
rapid and precise orbits; third, Gravity field solutions including a
variance-covariance matrix and derived quantities (geoid heights, gravity
anomalies, and geoid slopes).

In this thesis the Level 2 products are selected for the assessment as they are
suitable for the assessment using external reference datasets. Detailed
information on the level 2 products is shown in Table 1.3.

Table 1.3: List of GOCE level-2 data products from Level 2 Product Handbook (ESA, 2010b)

Field Name Definition

Level 2 gravity gradients in Gradiometer Reference Frame with
corrections:

— Externally calibrated and corrected gravity gradients

_ EGG NOM 2 - Corre_ctions to gravity gradients due to temporal gravity
Gravity - - variations
Gradients — Flags for outliers, fill-in gravity gradients for data gaps
with flags

— Gravity gradient error estimates

Level 2 gravity gradients in Local North Oriented Frame with

EGG_TRF_2_ corrections. (data component is the same as above)

Precise science orbits
— Reduced-dynamic and kinematic precise science orbits
GOCE — Rotation matrices between Inertial Reference Frame and

Orbits SST_PSO_2_ Earth Fixed Reference Frame
— Variance-covariance information for kinematic positions
— Quality report for precise orbits
Final GOCE gravity field model
— Spherical harmonic series including error estimates
EGM GOC 2 — Grids of g¢0|d heights, gravity anomalies and deflections
- = of the vertical
GOCE — Propagated error estimates in terms of geoid heights
Gravity — Quality report for GOCE gravity field model
Fields ; ; ; : ity fiald i
EGM GVC 2 Varlaljce-covarlapce matrlx for the final gravity field in terms of
- —"— | spherical harmonic series
SST AUX_2_ Time variable gravity field due to non-tidal mass variations. 6-

hourly time series of gravity field spherical harmonic series.

GOCE Gravity Fields (EGM_GOC_2 ) contain five gravitational model solutions
(until May 5™ 2011) presented as a series of spherical harmonic coefficients.
There are three gravity field solutions used in this thesis derived from
observations in November and December 2009.

6



There are several time gaps in the Level 2 products because of a software
colloquial preventing telemetry of communication and high temperature of the
satellite. There is a gap of several weeks for the EGG_NOM product from 6 July
2010 to 6 Oct. 2010. This does not affect our research as the analysis period will
be limited from 1 Nov. 2009 to 12 Feb. 2010. There is another data gap from 13
Feb. 2010 to 6 March 2010.

Table 1.4: Main events of GOCE mission after launch (ESA, 2011b)

Time Milestones since launch
17 March 2009 Launched at 15:21 CET
September 2009 GOCE in measurement mode
29 June 2010 First global gravity modgly%iiz?;t;d at ESA"s Living Planet

Software glitch that has rendered the spacecraft unable to send

Late July 2010 scientific data back to Earth

GOCE recovers from telemetry glitch preventing the satellite from

6 September 2010 sending observations to Earth for several weeks

29 September 2010 GOCE resumes normal service

November 2010 GOCE granted 18-month extension

1.3 Motivation

The GOCE mission provides for the first time Satellite Gravity Gradiometer (SGG)
data. Implementation of a quality check before using the level 2 data is obviously
necessary for understanding the accuracy and stability of the data. It is also
important to know the quality of the Level 2 product at ground level and in orbit
height.

Observations of the GOCE gradiometer contain stochastic and systematic errors.
The systematic error is typically due to misalignment of the accelerometers, scale
factor mismatches, and accelerometer varying with time etc. (J. Bouman & Koop,
2003). The stochastic error normally comes from the imperfections of navigation,
the discretization error in the analogue-to-digital convertor, signal noise from the
instrument etc. The systematic error is usually distributed in the low degrees of
the spherical harmonic coefficients while the stochastic error is distributed in the
other part.



For understanding the quality of the GOCE gradiometer measurements and the
derived gravity field models, it is necessary to separate the analysis into two parts:
gravity model assessment and gravity gradient assessment.

Gravity field models assessment

A gravity field model presents the gravity on the Earth surface in terms of
spherical harmonic coefficients (see Section 2.1). The GOCE gravity field models
used for assessment in this thesis work are three GOCE gravity field model
solutions (level 2 product, see Table 1.3). As the gravity field models are mostly
(but not completely) based on the GOCE products, the accuracy of the models is
meaningful for assessing and validating the GOCE measurement.

In order to assess the GOCE gravity field models, external reference datasets
have to be selected. The external reference datasets used here include two
global gravity field models, a geophysical model (Turcotte & Schubert, 2002) and
ship track observations. One gravity model is a satellite-only model,
ITG-Grace2010s (Mayer-Guerr, et al., 2010), from GRACE observations; the
other one is a combined gravity model, EGM2008 (Pavlis, A.Holmes, Kenyon, &
Factor, 2008), from satellite observations and terrestrial data.

The difference between GOCE solutions and reference gravity models will show
either the error in GOCE solutions or the improvement of the GOCE solutions.
Low frequency error can be easily detected from a global comparison, but
detecting the high frequency error in the spherical harmonic degrees will need
regional comparisons.

The area of the mid-Atlantic Ridge (Reykjanes Ridge) south-west of Iceland is the
selected region for local comparison as this region is well studied and surveyed, it
is a key area for the development of plate tectonic theory. In this research, a
geophysical model from Turcotte, et al. (2002) will be used for the comparison at
the area of mid-Atlantic Ridge in order to see if the mid-ocean ridge is the main
geophysical signal in the gravity field at that location. Ship-track measurements
exist in this area and 20 tracks will be selected for the regional comparison in
section 3.3.3.



Gravity gradient assessment

The assessment of the satellite gravity gradient (SGG) measured by GOCE
gradiometer will show the accuracy of the GOCE gradiometer observations. The
external datasets for the assessment are the mentioned gravity fields
(ITG-Grace2010s and EGM2008).

Because the reference datasets are gravity fields which represent the
gravitational potential on the Earth“s surface, it will be necessary to transform
them to gravity gradients at the satellite orbit in order to compare with the gravity
gradient in level 2 product measured by the GOCE gradiometer. The
transformation from the Earth surface to the satellite altitude is by so called
upward continuation. The result of the upward continued gradients is in the
spherical coordinate system, while the level 2 product is in the Gradiometer
Reference Frame (GRF) which is a Cartesian coordinate system. In this thesis
the only the diagonal elements of the tensor components will be assessed as
they are more precise than the other terms. In Section 2.4, Eq. (2.7) to Eq. (2.15)
explains that the transformation from spherical coordinates to Cartesian
coordinates needs the first derivative terms from spherical harmonic coefficients
for gradient in spherical coordinate which are not available for the GOCE gradient
measurement obviously. Thus all the comparison for the gradient will be in the
Cartesian coordinates system to avoid using the first derivative terms in spherical
coordinate.

In this thesis the coordinate system we used for the assessment is the GRF, not
the LORF (see section 2.2.3). In section 2.4 we will see that the transformation of
the gravity gradient between two Cartesian coordinate system is done by
multiplying the rotational matrix and transposed rotational matrix in left and right
hand side, respectively. But the accuracy of the gradient components is not at the
same level. Therefore the multiplication of the rotational matrix will affect the
diagonal components" accuracy.

Instead of using the original data of the gravity gradient directly for the
comparison with other data, filtering can reduce the error and improve the
observation quality. The measurement bandwidth of the gradiometer is
5-100 mHz (ESA, 1999). Because of this bandwidth, the gradients from the
gradiometer should be filtered before the comparison. A number of methods for
noise filtering are suggested: Bouman (2003) used conservative field
characteristics to do along-track interpolation for observation filtering; Cross-over
techniques for filtering are presented in (Muller, Jarecki, Wolf, & Brieden, 2010).

9



The Auto-Regressive-Moving-Average filter and the concept of least-squares for
a band limited signal were introduced by Schuh (2003) . Mainly because of time
limitation, a conventional Butterworth band-pass filter will be applied to the
gradients in this thesis (details in Chapter 4). After applying the band-pass filter,
the variation of the SGG along the orbit and between repeat orbits will be
discussed in Chapter 4.

In the assessment of the gravity field, Pail et al. (2010) and Gruber et al. (2010)
used independent GPS-levelling observations and orbit residuals computed form
a number of satellites. lhde et al. (2010) used gravity data, GPS and levelling
control points, astrogeodetic vertical deflections and gravimetric quasigeoid
models as terrestrial data sets for external validation of GOCE gravity field
models. Hirt et al. (in press) evaluated GOCE static gravity field models via
terrestrial gravity, vertical deflections and EGM2008 quasigeoid heights. For the
assessment of GOCE gravity gradient, Bouman (2003) and Bouman (2004) used
an existing gravity field model to calibrate simulated gradient measurement from
the comparison between SGG data and EGM96 derived gradient. The use of
local terrestrial gravity data to do the assessment of SGG data over well-
surveyed areas was proposed in (Arabelos & Tscherning, 1998), Haagmans et
al.(2002), Pail (2002) and Muller et al.(2004); Bouman et al. (2011) analyzed the
systematic errors in the computation of gravity gradients; Mduller et al. (2010)
presented an approach of using cross-overs as an independent relative validation
method.

Another validation globally and within a well studied and surveyed area for the
newly released GOCE level 2 products will lead to a better understanding of the
GOCE observations and GOCE gravity field solutions. GOCE gravity field
solutions will compare to a geophysical model for a mid-ocean ridge.
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Chapter 2. Gravity and gravity gradient

The previous chapter provides research background, motivation and basic GOCE
mission description. In this chapter the mathematical and methodological base
are discussed starting from the spherical harmonic representation of the global
gravity field and the gravitational models in section 2.1. The relation between
gravity and gravity gradient is presented in section 2.3. Coordinate systems and
frames mainly used in this thesis as well as the transformations between the
different coordinate systems and frames are described in section 2.2. Gravity
gradient rotations between different coordinate systems and frames are
discussed in section 2.4.

2.1  Gravity field and geopotential models - EGM2008, ITG-Grace2010s
and three GOCE solutions

The global gravity field is usually represented in terms of spherical harmonics or
ellipsoidal harmonics. In this thesis work, the spherical harmonics representation
will be used. The gravitational potential spherical harmonic series is defined in
several textbooks(Heiskanen & Moritz, 1967; Moritz, 1989) as

V(r,0,2)=W(r,0,1)-Z(r,0,1)
_GM ¢ ' (2.1)

1+1
(Ej Z(am COSMA + Sim Sin m/l)5|m (cosd) ’
a =\r

m=0

with V gravitational potential at location (r, 8, 1); W gravity potential; Z centrifugal
potential; (r, 8, 1) position in polar coordinates, distance to geocenter, co-latitude
and longitude of the computation point; GM standard gravitational parameter; [
degree of spherical harmonic coefficients; m order of spherical harmonic
coefficients; a equatorial radius of the Earth ellipsoid used for the determination
of the harmonic coefficients; [,,,, maximum degree of spherical harmonic series;
P,, normalized Legendre functions of degree ! and order m; Cy, , S;,, Stokes
coefficients, cosine and sine term of spherical harmonic coefficients of degree [
and order m.

From Eq.(2.1), we can know that with a set of spherical harmonic (SH) series a
certain shape of surface can be specified. If this surface is used to describe the
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Earth"s gravity field then it stands for a gravity model. For a better visualization, in
the thesis SH coefficients will be presented in an SC format (Sneeuw, 2006) for a
better visualization (see Figure 2.1). The SC format places the SH coefficients in
the form of a triangle with the sine terms S,,, on the left side and the cosine terms
C,n, on the other side. The zonal coefficients with orderm = 0, Co, are placed in
the centre. The coefficients of the same degree and orderm = [, C; and S;;, are
called sectorial coefficients are placed on the sides of the triangle. The remaining
terms are called tesseral coefficients (Sneeuw, 2006).

C(}(}

[Su] [Go] [Cu]

‘522| |521‘ |(“20‘ |621‘ ‘622|

[Ss3| [Ssz | [Sa1 | (G0 [Cat] [Co ]| [Gas]

. . .
P . .
L] . . .

on- see SLZ‘ ‘SLl‘ |CLU| ‘CLl‘ ‘CLZ ‘0!0 nnn

Figure 2.1: SC format for SH coefficients. Blue boxes stand for zonal coefficients, orange
boxes stand for sectorial coefficients and the rest are tesseral coefficients

EGM2008

The U.S National Geospatial-Intelligence Agency (NGA) released the Earth
Gravitational Model EGM2008 (Pavlis, et al., 2008) which contains coefficients up
to maximum spherical harmonic degree 2159 and additional coefficients
extending to degree 2190 and order 2159. An overview table of EGM2008 is
shown in Table 2.1.

EGM2008 contains observations from terrestrial gravity data and satellite
altimetry besides satellite gravity observations. The terrestrial data is not
available everywhere, therefore parts of North America, Africa and Asia areas are
generated via a “Fill-in” method (Pavlis, et al., 2008).

ITG-Grace2010s

ITG-Grace2010s (Mayer-Guerr, et al., 2010) is a state-of-the-art GRACE-only
gravity field model derived from eight years of GRACE mission observations from
August 2002 to August 2008. It is the static solution of the ITG-Grace2010 time-
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variable gravity field models containing spherical harmonic coefficients up to
degree and order 180. Overview information is presented in Table 2.1.

Table 2.1: Overview of EGM2008 and ITG-Grace2010s

EGM2008 ITG-Grace2010s
a (semi-major axis) 6378137.00 m 6378136.6000 m
GM (Standard
Gravitational 3.986004418 x 10'* m3s~2 3.9860044150 x 10 m3s~2
parameter)
Maximum degree and 5159 (Agditional terms to 2190) 180

order

— Satellite (GRACE)
Data sources — Altimetry — GRACE observation
— Terrestrial gravity data

From Table 2.1 the most significant difference between the EGM2008 and ITG-
Grace2010s is the maximum degree and order. The terrestrial gravity data have
much higher spatial resolution than satellite gravity measurement as the
observations from satellite mission have a large distance to the Earth’s surface
and the satellite tracks are also less dense. However, the satellite gravity
observations are globally covering the Earth except for the polar gaps and they
have the capacity of measuring the gravity where terrestrial measurements
cannot be acquired.

Three GOCE solutions

There are three GOCE gravitational field solutions used in this thesis which are
derived from the GOCE Level 2 product data mentioned in section 1.2. These
three GOCE gravitational models are generated from the first two-month cycle
(from 1 Nov. 2009 to 31 Dec, 2009) of satellite gravity gradient (SGG)
observations and satellite-to-satellite tracking (SST). The solutions are: direct
solution (Bruinsma et al., 2010), space-wise solution (Migliaccio, Reguzzoni,
Sanso, Tscherning, & Veicherts, 2010) and time-wise solution (Pail, Goiginger,
Mayrhofer, et al., 2010). These three models will be shortened to DIR, SPW and
TIM in figures and tables, respectively.

The direct solution is constructed with prior gravity field information contained in a
background reference model. The prior gravity field is EIGEN5C (Foerste,
Flechtner, Schmidt, Stubenvoll, & Rothacher, 2008) which is a combination of
GRACE, LAGEOQS, terrestrial gravimetry and satellite altimetry. The direct
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solution is generated from least squares adjustment in the space domain (Pail &
Plank, 2002). This method has the capability to transform calibrated and
validated SST and SGG observations directly into harmonic coefficients of the
gravitational potential field. Detailed information for the direct solution is shown in
Table 2.2.

The space-wise solution contains a reference gravitational field of EGM2008 for
degree variance modelling and for error calibration of the estimated along-track
gravitational potential. The space-wise approach transforms the observations into
harmonic coefficients using least-squares collocation in order to connect the
discrete observations at different location and altitude to the continuous gravity
field, after having transformed the original observations onto a spatial grid
(Sunkel, 2001). An overview of the space-wise solution is provided in Table 2.2.

The time-wise solution does not use any gravitational field as a background
model or degree variance modelling. The generation approach considers SST
and SGG data as a time series. A Fast Fourier Technique is used for
transforming the time series of observations into lumped coefficients by several
iterations to overcome the error of location for repeat tracks (Stinkel, 2001).

Table 2.2: Overview for direct, space-wise and time-wise solutions model from GOCE
first-two-month observation

Direct solution Space-wise solution Time-wise solution
(DIR) (SPW) (TIM)
a (Sear:‘(;:)"ajor 6378136.460 m 6378136.300 m 6378136.300 m
%'\fa(v‘?tt:t?::ar? 3.986004415 x 3.986004415 3.986004415
10'* m3s~2 x 10 m3s~2 x 10 m3s~2
parameter)
Maximum
degree and 240 210 224
order
Combined data source  Combined data source GOCE- only model
- GOCE — GOCE observation - GOCE
observation (SST, (SST, SGG) observation (SST,
Data sources SGC_;) ) S_GG) o
— A priori model: — EGM2008 used for — without a priori
EGENS5C degree variance model

modelling and for
error calibration

From Table 2.2 the most significant difference among these three models are:
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Maximum degree and order: The maximum degree and order affect the
spatial resolution directly: the direct solution has the highest spatial resolution
for the gravity model.

External data source used during the generation: time-wise solution does not
rely on any external data source is useful for evaluating the quality of the
GOCE satellite observation.

2.2 Coordinate systems

Different datasets can be referred to different coordinate systems and frames.
The gradient tensor matrix shown in Eqg. (2.16) is in spherical coordinates, but
observation such as velocity and position in the level 2 GOCE product are
presented in Cartesian coordinates. The transformation between spherical and
Cartesian coordinates is shown in Figure 2.2 and Eq. (2.2).

Figure 2.2: Polar and Cartesian coordinates, point P can be presented as (r, 6, 1) or (x,y,2) in
polar and Cartesian coordinates, respectively

From Figure 2.2 the Cartesian coordinates (x,y,z) can be expressed in terms of
spherical coordinates (r,6,1),

X=rsin@cos A
y=rsingdsin i (2.2)
Z=rcosé@

Several kinds of the coordinate systems and frames exist in this thesis, such as
the satellite body frame, earth fixed geocentric coordinate system and inertial
geocentric system. They are discussed in the following sections.
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2.2.1 Conventional Inertial and Terrestrial Systems (CIS & CTS)

Conventional Inertial and Terrestrial Systems are both geocentric coordinate
systems, but the first one is space fixed and the second is the Earth fixed.
Newton"“s laws of motion are valid in the Conventional Inertial System (CIS).

CIS is an inertial system for considering and analysing Earth“s or satellite®s
rotation or movement and it is fixed usually relative to extraterrestrial objects such
as stars, quasars, planets or the Moon (Seeber, 2003). The equatorial CIS is
shown in Figure 2.3 which is one type of CIS.

Figure 2.3: Equatorial CIS (Seeber, 2003)

In Figure 2.3, point S can be expressed in spherical coordinates (r,8,4)or in
Cartesian coordinates (X, Y, z), with the X -axis pointing to the first point of Aries
T Mis geocenter, Z -axis pointing to the North pole at a given epoch T, Y -
axis is obtained by the right-hand rule.

The Conventional Terrestrial System (CTS) rotates with the Earth and it is a
bridge between the CIS and a local coordinate system. A particular form of the
CTS can be defined as X -axis points to the crossing point of the mean
Greenwich meridian and the true equator, and the Z -axis pointing to the true
instantaneous rotation pole of Earth. The Z -axis of the CTS is different from the
Z -axis of CIS because of the Earth"s precession, nutation and polar motion. The
transformation between CIS and CTS is shown in Figure 2.4.
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Figure 2.4: CTS and the transformation between CIS and CTS (Seeber, 2003)

In Figure 2.4, (X;,Yr,Zy) are the coordinates in CTS; (X, Yer,Zor) are the
coordinates in CIS; (x,,y,) are the pole coordinates difference between
Conventional Terrestrial Pole (CTP) and true instantaneous pole. Greenwich
Sidereal Time (GAST ) is the angle between CIS and CTS for the relative rotation
of X r-axis. The transformation matrix R for the coordinate transformation from
CIS to CTS (Seeber, 2003),

R =R, (-X,)R,(-Y,)R,(GAST)

1 0 x )1 0 O cos(GAST) sin(GAST) 0
010 1 -y,| —sin(GAST) cos(GAST) 0
10y, 1 0 0 1

(2.3)

with R;, R, ,R; the transformation matrixes for rotation around X -axis, Y -axis
and Z -axis, respectively.

2.2.2 Gradiometer Reference Frame (GRF)

The gravity gradient tensor measured by the gradiometer of GOCE is in the
Gradiometer Reference Frame (GRF). The gradiometer contains six
accelerometers aligned in three axes which define the GRF. Each pair of
accelerometers fixes one axis of the GRF (see Figure 2.5).
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Figure 2.5: Definition of GRF and the six accelerometers (ESA, 2010b)

In Figure 2.5, (X¢rr,Yorr,Zcrr) are the three GRF axes; each cuboid
(A1, A, ... ... ,Ag) stands for an accelerometer. (X;,Y;,Z,) withi =12 ...... 6 are the
accelerometer reference frames for the six accelerameters. Each accelerometer
in GOCE is not sensitive to acceleration in each of the three axes in the
accelerometer reference frame. Solid lines are the sensitive axes and dashed
lines are the less sensitive axes.

2.2.3 Local Orbital Reference Frame (LORF)

GRF is a frame derived from the gradiometer and it is one type of platform
coordinate frame. The LORF is another one, derived from the satellite body. The
centre of LORF is the actual mass centre of the satellite. The X -axis is the
direction of the GOCE velocity, Y -axis is perpendicular to the orbit surface (the
same direction as the orbital angular momentum) and Z -axis is fixed by the
right-hand rule. The definition of LORF and the relation between GRF is shown in
Figure 2.6.
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Figure 2.6: Definition of LORF and the relation between LORF and GRF (ESA, 2010b)

Figure 2.6 shows that the GRF does not fully coincide with the LORF due to the
existence of tiny misalignments and the constant bias.

2.3  Gravity gradients derived from geopotential models

The gravity gradient is the gravity change between two infinitely close points
devides by the coordinates in a certain direction, and it is the second derivative of
geopotential. A gravitational model presentation in spherical harmonics at the
Earth®s surface yields the corresponding gravity gradient at orbit height by
upward continuation.

From Eq. (2.1) the first derivatives of geopotential are

V. __GM Ii(l +1)(%j+ ZI:(EW COSMA + Sim sin mﬂ)ﬁm(cose) , (2.4)

2
a m=0
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max 1+1 |
V, = G;V' ( rj Z(Clm coSMA + Sim sin mﬁ) Pin (cos@)sin(9) , (2.5)
1=0 m=0
GM max 1+1 | _ _ _
V, = Z( j Zm(—Cum sinmA + Sim CoS m/I) Pm(cosé) , (2.6)
a o m=

where V,,V, and V, are first derivative of geopotential w.r.t. radius, co-latitude,
longitude for a certain location, the subscript stand for the partial derivative. Pl("
is the i-th derivative of the normalized Legendre functions.

The solution for the derivative of normalized Legendre polynomials is mentioned
by llk (1983). Continue the derivatives for Eqgs. (2.4), (2.5) and (2.6) yielding the
second derivatives (Novak & Grafarend, 2006),

Imax 1+3 | . _ _
V. :Ga'l" z(|+1)(|+2)(%j > (Cmcosmi+Simsinma) P (coso) , (2.7)
1=0 m=0

I max

1+2 _ _
V,= i'\z/l z ( j Z(Clm cosmA + Sim Sin m/i)Pl(rln)(cose)sine , (2.8)

1=0 m=0

GM a)’y = = =
vV, =—— (I+1)[—J Zm(—Clmsinm/1+S|mcosmﬂ)P|m(cose) , (2.9)

a 1o r m=0
Vo =V , (2.10)

Imax I+1 _

V,, = _&M (Ej Z(Clm cosmA

a o\r) m , (2.11)

+Smsin m/l) (—EI(:]) (c0s 9)sin?(6) + P (c03 0) cos(e))

max 141
v, —- GM Z[rj Zm( C|mS|nmA+S.mcosm/l)Pm(cos@)sm(e) (2.12)

a o m=0
Vﬂr :Vr). ’ (213)
V,, =V, , (2.14)
GM [ I+1
V,, = " (r] > m’ (Cim COSMA + S SINMA) Pim (COS ) . (2.15)
1=0 m=0

From the nine equations above, the second geopotential derivatives can be
presented in terms of spherical harmonics. Full geopotential gradient tensor
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VVV at the point P(r,0,1) in the spherical coordinate X" e(r,0,1) is

expressed in (Casotto & Fantino, 2009) as:

* * *

m or Ar
* * *

or 60 [Z

VVV =|V
viv Vv’

Ar oL Ad

| o) )
r r rer

rsin@ r r2siné

Vrr l(Vyr _\Qj - %
r r rsin@

1 \ 1 \
[V}“r __/1) V/w A

r’sin’6é r r’tand

(2.16)

with the subscription * denote the tensor component, not the second derivative

terms.

According the Eq. (2.7) to (2.16), VVV can be expressed by the spherical

harmonic coefficients.

2.4  Gravity gradient rotation and transformation

In the Chapter 4 for the gradient comparison, the gravity gradient generated from

the model in terms of SH coefficients is in the spherical coordinate system, but
the measured gradients from the GOCE gradiometer are in the GRF which is a
Cartesian coordinate. The transformation equations for the potential derivatives

are presented in (Koop & Stelpstra, 1989) as

1
V. =-2V,
X r g
1
V,=—V, ,
Y rsing *
V,=V,
1 1
VXX:FV.,'FFV%, s
_ cosd 1
Y r%sin?0 * r?sin@
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(2.17)

(2.18)

(2.19)

(2.20)

(2.21)



Vie = FVG _ere , (2.22)
1 1 1
VyyZFVr+r2tan¢9Vg+rzsin9V“ ’ (2.23)
1 1
= Vi = Vv, 2.24
“ rsing " r?sing * (2.24)
vV, =V, , (2.25)

where X% =(X,Y,2) is in GRF and X" =(r,0, A) is in spherical coordinate.

The second order derivatives of gravity potential in Cartesian coordinate equals
to the gradient tensor component. The transformation equations from the gradient
tensor components in spherical coordinates to the Cartesian coordinate are
presented in (Casotto & Fantino, 2009) written as

V =-V,sin1-V, cos@cos1+V. sinfdcosi (2.26)
V, =V, cosA-V, cos#sin A+V, sin@dsin 1 , (2.27)
V, =V, sin@+V, cosd , (2.28)

V, =V, sin> 1+V,,cosdsin21 -V, sin@dsin 21

o . . , (2.29)
+V,, sin” @cos* 1— 2V, sin@cos@cos’ A +V, sin* dcos’ A

V,, =V, cosAsin A -V, cos#cos 24 +V,, sin dcos 24
A . L ) , (2.30)
+V,, cos’ @cos Asin 1 -V, sin 20 cos Asin A +V. sin® @cos Asin 1

V,, =-V,,sin@sin A -V, cos@sin A -V, sin #coscos A

. ) . ) , (2.31)
-V, cos26cos Asin A +V,, sin* @ cos Asin 1
V,, =V, cos* Asin A-V,, cos@sin 21 +V, sindsin 21 2.32)
+V, cos? @sin? AV, sin@cosfsin 24 +V, sin? @sin* A '
V,, =V,sin@cos 1 +V,, cosdcos -V, sindcosfsin A
. ) , (2.33)
-V, cos26sin A+V, sin@cosé@sin A
V,, =V,sinfcos 1 +V,, cosfcos -V, sindcosfsin A
. . , (2.34)
-V, cos2@sin Asin A+V,, sin@cosédsin A
V,, =V,,sin’ 6+V, sin20+V_ cos’ 8, (2.35)
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where the subscription ~ denotes the gradient term, not the derivatives. In
Cartesian coordinates, derivative terms equal to the corresponding gradient
terms, V, , =V, with i, je(12,3) and (xf,xg,xg):(x, Y, 2).

The transformation equation of gradient tensor matrices between two Cartesian
coordinate X* =(x,Y;,2) and x* =(X,,Y,,2,) can be derived from the chain rule
of partial derivatives (Tscherning, 1976) and it obtains

VW =ReVVV* oR" | (2.36)

with R the rotational matrix between two Cartesian coordinates.
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Chapter 3. GOCE gravity models assessment

The former chapter provides a basic theory background for this thesis. In this
chapter, three GOCE gravity models will be assessed in the spectral domain and
the spatial domain, for both a global area and a local area. Comparison will be
limited up to degree and order 180 as the maximal degree of ITG-Grace2010s is
180.

In section 3.1, the result of the comparison in the spectral domain will be
discussed for the spherical harmonic coefficients of the reference models ITG-
Grace2010s and EGM2008. Comparison in the spatial domain for global area is
introduced in section 3.2.

In Section 3.3, we select the mid-oceanic ridge (Reykjanes Ridge) south-west of
Iceland for local comparison was explained in Section 1.3. GOCE gravity field
solutions are compared to a geophysical model, EGM2008 and ship track gravity
measurements.

The gravity models derived from GOCE have been used and assessed in
serveral publications. Bingham, et al. (2011) presented an improvement that the
estimate of the North Atlantic"s ocean circulation from a two month GOCE model
is superior to an estimate from ITG-Grace2010s based on 8 years of GRACE
data. Pail, et al. (2010) found lower RMS of geoid height differences comparing to
regional GPS/Levelling observations for the GOCE-GRACE combined model
(GOCO01S) and GOCE-only model (GOCE time-wise solution). The aim of this
chapter is to detect whether any improvement can be found in GOCE gravity field
solutions.

3.1 Spherical harmonic coefficients comparison

It is showed in Figure 3.1 that the procedure of comparing spherical harmonic
(SH) coefficients after subtracting a reference model for all GOCE solutions (DIR,
SPW and TIM) and the GRACE gravity model (ITG-Grace2010s). The differences
are shown in Figure 3.2.

From the result in Figure 3.2, the difference between space-wise solution and
time-wise solution appears a pattern for low order terms (M<15). These are
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called near-zonal coefficients in this thesis. Near-zonal coefficients are affected
by the polar gaps of 6.5 degree latitude as no observations are available near the
poles due to the inclination of about 96.5 degree. More information about the
effect of the polar gap can be found in (Sneeuw & van Gelderen, 1997). The low
degrees (1 <100) differences of three GOCE solutions are larger than those of
ITG-Grace2010s. This is due to EGM2008 containing the observations from
GRACE mission. The high degree (|1 >160) coefficients from the GOCE solutions
are closer to EGM2008 than ITG-Grace2010s.

Figure 3.1: Procedure of spherical harmonic coefficient comparison of the subtraction to
reference model (EGM2008)

Spherical harmonic degree RMS, RMS, , shows the magnitude of the SH
coefficients and it is plotted in Figure 3.3 and Figure 3.4 as background. RMS,
can be written as

' 2 2
RMSI :\/ZO(CIm +Slm ) (31)

21 +1

with RMS, SH degree RMS; (I, m) degree and order for SH coefficients; (C,,,
S, ) SH coefficients.
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Figure 3.2: Spherical harmonic coefficient difference w.r.t. EGM2008, shown in logarithm

The lower order part of the spherical harmonics is affected by the polar gap. In
order to minimize the impact of the polar gaps, the near zonal coefficients are
omitted for orders smaller than 16. The omitted degree RMS (ARMS,, see
Eq. (3.2)) with respect to reference models (EGM2008 or ITG-Grace2010s) is
computed for the comparison in spectral domain from three GOCE solutions and
an external gravity model (ITG-Grace2010s or EGM2008).

Ejm%(ACm2+Asz)
2(1-m, +1)

ARMS, =
: (3.2)

where ARMS, is RMS for degree | of the subtracted SH coefficients with respect
to reference models; (AC,,, AS,,) are SH coefficients with respect to reference
models and M, is the start order of computation, orders m <m, are eliminated.

The results of the ARMS, with full order and m, =16 is shown in Figure 3.3. In
the left figure, the GOCE time-wise solution is oscillating because of the polar
gaps. After the elimination of the low order terms, the effect is mainly removed,
similar to the small oscillation in the space-wise solution for degrees 50 to 70. It is
obvious that the three GOCE solutions do not perform as well as
ITG-Grace2010s for degree smaller than 70, but for the high degree terms (=150
for space-wise and time-wise solutions, >120 for direct solution) the three GOCE
solutions perform better than ITG-Grace2010s. The ARMS, of the
ITG-Grace2010s shows the growing error for degrees larger than 150. Especially
for degrees over 170 where the ARMS, is even larger than the RMS, of
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EGM2008. Between the degrees of 70 and 125, ARMS, of the three GOCE
solutions and ITG-Grace2010s follow the same curve. This should be because of
the error in EGM2008 as gravity models from GOCE and GRACE mission are
individual uncorrelated (except for the GOCE direct solution which contains
information from GRACE). It means that this comparison is not suitable for SH
coefficients between degree 70 and 125 for using reference gravity model
EGM2008. Thus another comparison results for the reference model of ITG-
Grace2010s are shown in Figure 3.4.

Figure 3.3: EGM2008 degree RMS and subtracted degree RMS of three GOCE solutions and
ITG-Grace2010s w.r.t. EGM2008

In Figure 3.4, the left figure is for the full order and the right one with lower order
terms (m <15) eliminated. The time-wise solution oscillates significantly because
of the polar gap. The oscillations because of the polar gap has been reduced
when the near zonal coefficients are excluded when computing the ARMS,; .
EGM2008 have larger differences comparing to GOCE solutions w.r.t. ITG-
Grace2010s. All the GOCE solutions have similar behaviour over the degrees of
90. After degree 150 all the results of ARMS, grow rapidly as should be because
of the error in the ITG-Grace2010s. EGM2008 has a small variation for degrees
lower than 70 compared to GOCE solutions, this arises from the low accuracy of
GOCE solutions for the low degrees of spherical harmonics.
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Figure 3.4: ITG-Grace2010s degree RMS and subtracted degree RMS of three GOCE
solutions and EGM2008 w.r.t. ITG-Grace2010s

3.2  Global area comparison

The three GOCE solutions and ITG-Grace2010s are compared with EGM2008 in
the spatial domain for understanding the spatial distribution of the residuals after
the subtraction of EGM2008. The flow chart of the approach is shown in Figure
3.5. There is an alternative calculation procedure of subtracting the reference
gravity model (EGM2008) in SC format, then synthesis to the AGeoid .

Figure 3.5: Working flow of direct spatial comparison for three GOCE solutions and ITG-
Grace2010s with respect to EGM2008

The AGeoid with respect to EGM2008 for comparison up to degree 180 with
polar areas (6.5 degrees of latitude) excluded is shown in Figure 3.6. EGM2008
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shows a significant differences with respect to others gravity models in areas in
Africa, South America and Himalayas where terrestrial gravity data is unavailable
or not accurate (Pavlis, et al., 2008). Those significant differences were detected
from GOCE solutions and GRACE gravity models which meant the differences
stand for the improvements of the gravity fields with respect to EGM2008. Three
GOCE solutions perform a better match to EGM2008 than ITG-Grace2010s
globally up to degree 180.

Figure 3.6: Geoid comparison for all gravity models synthesis up to degrees of 180 w.r.t.
EGM2008

The pixel averaged RMS of AGeoid globally and with polar areas excluded
(‘900 —0‘<83.5°) up to degree 30, 60, 90, 120, 150 and 180 are shown in Table
3.1. After the elimination of polar areas, the difference between the time-wise
solution and EGM2008 is reduced greatly. All the GOCE models are closer to
EGM2008 than ITG-Grace2010s. Among those three GOCE solutions, the direct
solution matches best to the EGM2008.

Geoids synthesized from each degree of SH coefficients from three GOCE
solutions and ITG-Grace2010s are compared to the geoid from EGM2008 in the
spatial domain. The results are similar to Figure 3.3 for the global ARMS,. But
the oscillation of the time-wise solution cannot be well reduced after excluding
polar gaps of 6.5° degree latitude.
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Table 3.1: Pixel averaged RMS of geoid comparison of three GOCE solutions and ITG-
Grace2010s w.r.t. EGM2008

Geoid comparison w.r.t. EGM2008 globally (cm)

Gravity models Up to degree
30 60 90 120 150 180
DIR 0.4 0.6 2.0 5.1 7.0 8.2
SPW 0.5 2.2 4.3 7.2 10.1 13.0
TIM 7.4 28.8 44.4 45.8 46.4 47.3
ITG-Grace2010s 3.6 3.6 4.1 6.2 8.6 20.0

Geoid comparison w.r.t. EGM2008 without polar areas (cm)
. Up to degree
Gravity models

30 60 90 120 150 180
DIR 0.4 0.6 2.1 5.3 7.2 8.4
SPW 0.4 0.9 2.2 5.4 8.3 11.3
TIM 2.1 3.5 3.2 5.7 8.4 114
ITG-Grace2010s 34 3.4 3.9 6.2 8.7 20.4

The cumulative sum of the each degrees comparison is plotted In Figure 3.7. As
ITG-Grace2010s has a big difference in the degree 2 SH coefficients, the lowest
degrees are excluded in Figure 3.7. The geoids from all the gravity models are
synthesized up to a certain degree and compared to EGM2008. From the result
we can derive that the direct solution is stable after degree 125. From the results
some significant improvements of the three GOCE gravity models can be found
for high degrees (larger than 125 for the direct solution, larger than 160 for the
space-wise and time-wise solutions). The space-wise solution has the best
match to EGM2008 for degrees lower than 10 as in the space-wise solution
EGM2008 used for degree variance modelling. Impact from the polar gap is
reduced when the polar areas are excluded from the comparison between the

right and left figures.
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Figure 3.7: Standard deviations of the GOCE solutions and ITG-Grace2010s geoid
differences w.r.t. EGM2008 synthesized up to a certain degree with degree 2 excluded

3.3 Local area comparison

The local area comparison will be limited to the area of the mid-Atlantic Ridge
(Reykjanes Ridge) south-west of Iceland. The latitude of this area is in the range
of [55°,65°] and the longitude is in the range of [-45°,—15°]. A topographic map
derived from the Global Relief Data: TOPO2v2 (NOAA, 2006) from the National
Geophysical Center of National Oceanic and Atmospheric Administration (NOAA)
is plotted in the left of Figure 3.8. A geopotential map is synthesized from the
GOCE direct solution up to degrees of 240 (full degrees). From the topographic
map, Reykjanes Ridge is a clear and sharp signal under the Atlantic Ocean. The
corresponding geopotential map shows a clear signal which is similar to the ridge
structure which is the result from the Reykjanes Ridge. The GOCE gravity
models have a spatial resolution of 100 km, which means most of the Reykjanes
Ridge is signal in the gravity field model. More information about mid-oceanic
ridges can be found in (Turcotte & Schubert, 2002).
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Figure 3.8: Topographic and geoid map in the area of Reykjanes Ridge

3.3.1 Geophysical model comparison

A simplified parametric geophysical model is used to see if the gravity signal can
be approximated with a geophysical model. This model is derived from the
treatment of mid-ocean ridges in a geodynamic textbook (Turcotte & Schubert,
2002). The temperature profile of the lithosphere with horizontal heat conduction
neglected from Eq. 4-124 in (Turcotte & Schubert, 2002) can be presented as

1

y
=erfc| ——| ,
T, -T, LZ\/K’X/UJ

where T, is the surface temperature, T, is the mantle temperature, y is the

(3.3)

depth of the lithosphere, K is the thermal diffusivity, X is the horizontal distance
and U is the spreading rate.

The relation between the ocean depth and temperature using the principle of
isostasy from Eq. 4-209 in (Turcotte & Schubert, 2002) is

meavcrl ~T) ( (3.4)

with W the ocean depth, p, the density of the mantle, «, the volumetric
coefficient of thermal expansion and t the age of the lithosphere.

The gravitational potential perturbation, AV , can be derived from
0 ©
AV =276{[" y(p, —pu)dy+ [, vip-pody| | (3.5)

with AV the gravitational potential perturbation,G the gravitational constant.
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Inserting Egs. (3.3) and (3.4) into Eq. (3.5) yields the gravitational potential
perturbation as a linear function of distance from the ridge shown in Figure 3.9,

_ 2,0m (Tl _TO) g

AV = 2
7(on—Py) U

s, (3.6)

with spreading rate u=1cm/year (Talwani, Windisch, & Langseth, 1971), mantle
density p, =3300kg/m® temperature difference T,~T,=1200K , thermal
expansion coefficient is o =1x10"°K™, thermal diffusivity is x =1x10"°mm?/s.
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Figure 3.9: Potential perturbation relative to the distance from Reykjanes ridge

From Figure 3.9, the center of ridge has the largest gravitational potential which
also provides a method of determining the center of ridge. Different gravity
models have different gravitational potential distributions and yield different ridge
centers. The results of the different center lines of Reykjanes ridge are shown in
Figure 3.10. The ridge center lines derived from gravity models do not fully follow
the ridge from the topography data, and the ridge center lines will be derived from
each gravity model. The ridge center line from the ITG-Grace2010s has a
different behaviour comparing to the center lines from other gravity models. It is
clear that the GOCE solutions have less noise than GRACE model
(ITG-Grace2010s); the three ridge center lines from the GOCE gravity models
are almost straight and close to EGM2008.
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Ridge center line from geopotential map. Background: Topographic map for Reykjanes Ridge (km)
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Figure 3.10: Center of Reykjanes ridge derived from gravity models: 3 GOCE solutions,
ITG-Grace2010s and EGM2008 up to degree 180, background: ocean depth from TOPO2v2

For comparison with respect to geophysical model shown in Figure 3.9, five
tracks are selected and plotted in Figure 3.11.

Tracks of comparison, background ocean depth (km)
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Figure 3.11: Selected tracks for comparing gravitational potential w.r.t. geophysical model,
background: ocean depth from TOPQO2v2
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Figure 3.12: Geopotential undulation of five tracks described in Figure 3.11 for each gravity
field model

From Figure 3.12, the geophysical model fits better northwest of the ridge
compared to southeast. From track 1 to track 5, the geopotential undulation
derived from all gravity models gets closer to geopotential model, thus
geophysical model fits better when the latitude is higher for the northwest
direction. Five geopotential undulation tracks from three GOCE gravity field
solutions and EGM2008 have similar behaviour. The tracks from ITG-
Grace2010s are apart from the tracks from the other four models. The difference
between the tracks derived from geophysical model and from gravity field models
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might come from the simple constant density assumption. In reality mantle and
lithosphere densities vary over locations. The difference between the
geopotential undulations from geophysical model and the gravity models are
mainly low wavelength signal. Subtraction of lowest degree might lead a better
match.

3.3.2 Gravity models comparison

Geoids synthesized from the gravity models are used for the comparison in the
local area. The approach of the comparison is similar to the procedure shown in
Figure 3.5, but within a local area. The results of geoid differences with respect to
EGM2008 are shown in Figure 3.13. The geoid difference of ITG-Grace2010s
with respect to EGM2008 is larger than the geoid difference of the GOCE
solutions. From the results no linear pattern can be found that resembles the
Reykjanes Ridge, thus it seems that no remaining geophysical signal can be
found from the GOCE solutions. The geoid differences from 3 GOCE solutions
contain several linear patterns along the Greenland coastline while the result of
the ITG-Grace2010s shows artificial patterns that do not resemble any
geophysical signal and are partly due to the omission error. This artificial effect
can also be seen from other comparisons between three GOCE solutions and
EGM2008, but smaller. In order to avoid this effect, a Gaussian filter method
(Wahr, Molenaar, & Bryan, 1998) is used in the spectral domain for the SH
coefficients. The results after Gaussian filtering are shown from Figure 3.14 to
Figure 3.17.
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Figure 3.13: Local geoid difference of GOCE solutions and ITG-Grace2010s up to degree 180
w.r.t. EGM2008

Figure 3.14: Local geoid comparison w.r.t. EGM2008 synthesized up to degree 180 after
100 km Gaussian smooth filter
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Figure 3.15: Local geoid comparison w.r.t. EGM2008 synthesized up to degree 180 after
150 km Gaussian smooth filter

Figure 3.16: Local geoid comparison w.r.t. EGM2008 synthesized up to degree 180 after
200 km Gaussian smooth filter
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Figure 3.17: Local geoid comparison w.r.t. EGM2008 synthesized up to degree 180 after
250 km Gaussian smooth filter

From the results shown from Figure 3.14 to Figure 3.17, differences with respect
to EGM2008 follow the Greenland coastline in shape and with much larger
amplitude than in the rest of the area. EGM2008 is created from several data
sources: satellite altimetry on the coast with terrestrial data on land. Satellite
altimetry data have poorer quality near the coast than in the open ocean. Thus
the linear pattern is possible the result from artificial piecing together different
datasets in EGM2008. Differences from three GOCE solutions are smaller than
ITG-Grace2010s model with respect to EGM2008. This area consists mainly of
ocean and EGM2008 contains satellite altimetry observations there which have a
good quality. It means that the three GOCE solutions are better than ITG-
Grace2010s for this area up to SH degree and order 180.

3.3.3  Ship track comparison

For a more detailed comparison, ship track measurements are used for
assessment in the local area. The ship-borne data is from the National
Geophysical Data Center, NOAA. The following items are used in this
comparison: time t, co-latitude @, longitude A, gravity anomaly g and the
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standard deviation of the gravity observation o5 Gravity models are synthesized
at the location of the ship tracks. The work flow is shown in Figure 3.18.

Figure 3.18: Working flow of ship tracks comparison

The 20 ship tracks are selected after cutting the local area and with the condition
of the number of observation points, N >500 and a standard deviation of the
gravity anomaly, o, <10 mGal . All the tracks are plotted in Figure 3.19 with the
background showing the ocean depth.

A 2" order polynomial fit is used for comparing the gravity anomaly from the
geopotential models to the ship borne observations of the 20 ship tracks. The
differences between gravity anomaly from the ship borne observation and from
gravity models are modelled are presented as following,

glt’ef - gzhip =b, +b1t+b2t2 +e (3.7)

t

where t is the time epoch of the observation, g,

is the gravity anomaly from
the observation of ship at time t, g, is the gravity anomaly derived from the
gravity models at time t, (b,,0,,b,) are the bias, drift and quadratic term with time,
¢ is the residuals after polynomial fit. & will be used for estimating the statistical

result shown in Figure 3.18.
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Figure 3.19: 20 ship tracks with background of ocean depth (km) from TOPO2v2

For the full time series the ship observation errors will be a vector €, the
differences of g, and g, are considered as observations vector y, then the
observation model can be presented as following,

by, 1t t12 05 _g;ihip
y=Al|b |+g A=|1 t, tz2 y=| 9% _g;f]ip (3.8)
b, S :

For estimating the error, Least Squares adjustment is used,

For each track, it is possible to compute five error matrices, €, for the five gravity
models. Then the standard deviation of the error matrices, o, , can be computed
and it shown in Table 3.2. Two outliers are detected: SHACK877 and STA179B
show unreasonable differences from all gravity models. The results show a good
agreement with gravity models as most of the o, are around the 10 mGal level.
ITG-Grace2010s shows a better match with the ship tracks and no improvement
of GOCE dataset can be detected from this comparison which could be because
the lower degrees of SH coefficients have a larger amplitude and the long ship
track distance fall in the range of the low degrees. Moreover, the ship track
measurements have too much error to evaluate GOCE data, as the standard
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deviation of difference between EGM2008 and ITG-Grace2010 is around 2mGal
which is much larger than the standard deviation of the ship measurements.

Table 3.2: Standard deviations of &€ (mGal) after 2" order polynomial fit, bold numbers
highlight the lowest standard deviations, TOTAL result excludes SHACK877 and STA179B.

The last column shows the difference between EGM2008 and ITG-Grace2010s

: ITG- Ref. data
Ship tracks ID DIR SPW TIM EGM2008 Grace2010s diff.
CD5290 21.4 21.2 21.3 21.4 22.5 1.6
CD8093 13.2 13.0 13.2 134 12.1 0.7
DI84L1-2 9.7 9.6 9.6 9.6 9.5 1.2
DUT02-71 19.5 19.3 194 19.0 19.0 1.2
EW9004 11.9 11.9 12.0 11.8 11.3 0.9
EW9005 7.7 7.6 7.5 8.1 6.5 1.9
EW9006 15.0 14.2 144 14.1 13.0 1.0
EW9008 14.7 14.6 14.7 14.6 14.6 14
KEAO01-72 16.2 15.9 16.0 15.5 14.9 2.5
KEA10-71 10.9 11.0 11.1 11.1 10.3 0.9
KEA11-71 7.8 7.6 7.8 7.7 7.3 1.9
KT1 7.7 7.8 7.9 7.9 7.7 0.6
SHACK877 104.3 104.0 104.2 104.2 103.7 0.7
STA179B 155.8 155.8 156.0 155.7 157.1 2.4
V2303 114 11.3 11.3 11.2 11.7 1.1
V2702 10.8 10.8 10.8 10.7 12.2 1.5
V2706 13.1 13.0 13.0 13.2 13.1 1.6
V2909 12.1 12.2 12.1 11.9 12.2 0.6
V2911 9.2 9.2 9.2 9.3 9.8 1.0
V3008 12.0 11.9 12.0 11.9 13.1 14
TOTAL 13.58 13.41 13.52 13.56 13.07 1.2
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Chapter 4. GOCE gravity gradient assessment

In this chapter the gravity gradient from GOCE level 2 products (see section 1.2)
will be the assessed. The reference gravity model for assessment will be
EGM2008 up to degree 300 which corresponds to 67 km spatial resolution. The
GOCE gradiometer measurement bandwidth is 5-100 mHz. As the speed of
GOCE mission is about 7.6 km/s the bandwidth of 5-100 mHz stands for 76—
1500 km in orbit.

Visser (2011) analyzed GOCE gravity gradient data in Nov. 2009 and Dec. 2009
with prior gravity models (EIGEN5C and ITG-Grace2010s) and found that very
detailed gravity field signatures can be observed from these two months of
observation. The RMS of differences between the GOCE observed gradients and
prior gravity models in the measurement bandwidth of 10-100 mHz are within the
range of 3-7 mE. Mdller, et al. (2010) used methods of cross-over analysis and
upward continuation of terrestrial gravity data monitoring the quality of GOCE
gradients, found the radial tensor component is well below the required accuracy
level.

The selection of the band-pass filter will be discussed in section 4.1. A
comparison between the Butterworth and Chebyshev type | and Il low-pass filter
will be shown in this section. Butterworth band-pass filter of different degrees and
the its application to GOCE gravity gradient will also be introduced. Section 4.2
will compare the gravity gradient for the repeat tracks.

4.1 Band-pass filter selection

In order to limit the gravity gradients to the bandwidth of gradiometer, the gravity
gradients from the gradiometer should be filtered before use. Specific filters have
to be applied according to the type of the data source and application. Different
filters will also have different influences on filtered results. It is also required to
remove the out-band signals with minimal side effects on the pass-band signal.
Directly filtering the gravity gradients along the orbit considering the gravity
gradients as a time series signal is so-called along-track filtering.
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There are several band-pass filters that can be applied to a discrete dataset,
such as the Bessel filter, Elliptic filter, Butterworth filter, Chebyshev filter and so
on. A Bessel filter is often used in audio crossover systems like speakers as it
has a constant group delay across the entire pass band, thus preserving the
wave shape of filtered signals in the pass band. An Elliptic filter, also known as
Cauer filter, is a signal processing filter with equalized ripple behaviour in both
pass and stop band. Butterworth filter and Chebyshev filter will be discuss in
more details following. Because of the lack of time, other filters will not be
discussed in detail.

The Butterworth filter is a common filter first described by S. Butterworth (1930).
The magnitude response of the Butterworth filter is flat in the pass band without
ripples and rolls off towards zero in the stop band. The Butterworth low-pass
filter"s magnitude response is expressed by

1

el = o

, 4.1)

with H(w) the magnitude response for frequency w, @, the cut-off frequency
(-3 dB) and N the filter degree which specified the roll-off ,speed”. The higher the
N, the sharper the roll-off ,speed” is (see Figure 4.2).

Chebyshev type | & Il low-pass filters are other common filters in signal
processing and widely used in many research fields. Chebyshev type | & Il filters
are named in honour of P. Chebyshev because the filters* mathematical
characteristics are derived from Chebyshev polynomials. They have a steeper
roll-off and more pass-band ripple (type 1) or stop-band ripple (type Il) than
Butterworth filters. The Chebyshev type | filter has an amplitude response
function,

1
1+&T (0l @) '

IH(w)[ = (4.2)

Where ¢ is the ripple factor and T () is a Chebyshev polynomial of the order N .

The amplitude response of the Chebyshev type Il filter is

1

H(w)| = .
He) 1+(<92TN(a)/a)c))_1
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Figure 4.1: Low-pass filters with degree 10 and cut-off frequency of 100 mHz

In Figure 4.1, three low-pass filters have been plotted with the degree 10 and a
cut-off frequency f.=f,;=100mHz (The maximum frequency of the
measurement bandwidth). For the Chebyshev type | filter, the amplitude of the
ripples in the pass-band was select to be £=0.5dB. For the Chebyshev type Il
filter, the stop frequency was selected to be f, =200mHz. It is clear that the
Chebyshev type | filter has ripples in the pass band and it means that the ripples
will affect the original signal. This does not meet the requirement of removing the
out band signals and keeping the original signals. The Chebyshev type Il filter
has a shape decrease at the cut-off frequency but the ripples in the stop band
yield residual from the out band in the filtered result. Finally, the Butterworth filter
was selected to be applied to the gravity gradients, although the Butterworth filter
does not have a steep roll-off wave, which results in the filtered dataset
containing some out band signal. This can be improved by using a proper degree.

The band-pass filter can be obtained from the low-pass filter via the bandform
transformation (Champagne, Labeau, & Peter, 2004; Oppenheim & Shaffer,
1999). In this thesis, we used the MATLAB signal processing toolbox to generate
the filter and the following analysis.

From Eq. (4.2), Butterworth filter"s degree N needs to be specified. N affects the
,Speed” of the roll-off. A set of Butterworth band-pass filters of degrees of 4, 6, 10,
20 and 30 is plotted in Figure 4.2. The higher degree of the filter, the steeper the
decline of the amplitude response around the cut-off frequency is. It means that
for higher filter degree the signal above the cut-off frequency will affect less the
signal within the measurement bandwidth.
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Figure 4.2: Butterworth band-pass filters* magnitude response with cut-off frequencies
[5 100] mHz for degrees of 4, 6, 10, 20 and 30

In order to find a proper degree for the band-pass filters, an analysis in frequency
domain will be necessary. The sampling frequency of the gravity gradients in
Level 2 products is 1 Hz and the gradients are discrete observations. We use
Fast Fourier transform (FFT) to convert gradients from the time domain to the
frequency domain. The procedure of the comparison in the frequency domain is
shown in Figure 4.3 and corresponding results are in Figure 4.4.

Figure 4.3: Work flow of comparing the gravity gradients after band-pass filtering in the
spectral domain

In Figure 4.4, the gravity gradients without filtering have a strong signal out of the
measurement bandwidth. For low frequency (@ <5mHz), the gravity gradients
have the maximum amplitude up to about 5000 E. The amplitude Ap of the high
frequency is not zero because of the noise, Ap ~0.5mE when » =100 mHz and
Ap = 0.25mE when @ =200 mHz. After the degree 4 and 6 Butterworth band-
pass filter, the Ap in the low frequency is reduced but still peaks can be found in
low frequency range of the filtered result in spectral domain. After the degree 10
filter, the peaks below 2.5 mHz are removed and the shape of the filtered result
FFT(T,,) for 5mHz <@ <100 mHz remains comparable to low degree (N=4,6)
Butterworth band-pass filters which means that the degree 10 filter has a small
effect within the measurement bandwidth. After the degree 20 filter, Ap has a
small shift for 5mHz <w<7mHz. The FFT(T,,) after the degree 30 filter has a
wrong amplitude in the low frequency part (@ <7 mHz).
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Figure 4.4: Nov 10" 2009 gravity gradients in spectral domain after the Butterworth band-
pass filters in degrees of 4, 6, 10 and 20.

4.2  Repeat track comparison

GOCE orbits in a two-month repeat orbit and during repeat period the global and
regional gravity field does not change much. It is possible to compare the SGG
from sets of repeated orbit tracks to study the noise in the GOCE signal. The
repeat tracks comparison will be limited to the local area of the Reykjanes Ridge
rather than the global area. In the area of the Reykjanes Ridge, 16 sets of GOCE
orbit tracks are selected for the comparison for the two time period, Nov. 1, 2009
to Dec. 2, 2009 and Jan. 13 to Feb. 2, 2010. 16 tracks within the period of Jan.
13 to Feb. 2 2010 are plotted in Figure 4.5 with the background geoid undulation
map derived from the GOCE direct solution.
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GOCE orbit tracks, background: geoid (m) from DIR.
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Figure 4.5: GOCE orbit tracks with background of geoid derived from DIR

The gravity gradients between one set of repeat tracks in GRF, x*=(X,Y,z), can
be modelled by

T:(P)=T* (P)+6T (5P)+5T%(P)+¢ , (4.4)

with P and P’ the observed positions in GRF for t, and t;, respectively; t, and
t, the times for first pass and second pass, respectively; 5T:§(P) the gravity
gradient matrix in GRF at location P at time t, which is the second pass;
5T:%, (P") the gravity gradient tensor matrix at position P' at the epoch of t; for
the first pass; 0T« (JP) is the correction term for the gravity gradient matrix from
the difference in location and attitude difference; §T:%f (P) the correction term for

the gravity gradient matrix from the change over the two months time; & the
noise in the observations.

In this thesis the correction term §T:%f (P) is neglected, the noise & between the
two repeat tracks in the result is much higher than the time variation in the gravity
field. Horizontal distance and altitude differences between one set ascending
GOCE repeat tracks are plotted in Figure 4.6.
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Figure 4.6: Repeat condition of one set GOCE repeat tracks

Figure 4.7: Histogram graphs of 16 repeat tracks condition

Between a set of two repeat tracks, the GOCE is not at the same altitude and
also has a small difference in attitude. In Figure 4.6, the horizontal distance
between the repeat tracks and altitude difference are shown. It is obvious that the
repeat orbit cannot be exactly repeated. The objective of GOCE mission is
providing the gravity field with 100 km spatial resolution, so 10 km difference is
tolerable for our application. The histogram graphs of horizontal distances and
altitude differences for 16 repeat tracks (Figure 4.10) are plotted in Figure 4.7.
Horizontal distances between the repeat tracks are much lower than the altitude
difference. RMS of horizontal distance for all repeat track, RMS(D"), is 3.8 km
and RMS of altitude difference, RMS(D") is 5.0 km.

From section 2.3, the gravity gradient T from a global gravity model can be
computed from the SH coefficients (S, and C,,) and orbit altitude H. The SH
coefficients are not available for the GOCE observations obviously, so we used
the gravity gradient difference between repeat tracks positions from EGM2008 to
correct the position and attitude mismatch. 5T, (5P) can be written as

ST, (6P) =TV (P)~T:" (P, (4.5)

with superscript ") the gravity gradient computed from a reference gravity
model which is EGM2008 up to degree 300.

The correction terms 5T (5P) for one pair of repeat tracks are shown in Figure
4.8. The radial gradient tensor correction term, 5T, (6P), is larger than the other
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two correction terms 6T, (5P) and 5T, (5P). The correction terms can reach up
to 10 mE. The histogram graph for RMS of correction terms, RMS(sT,) is
shown in Figure 4.9. The radial gradient 5T, (sP) is larger than the other two
correction terms. For all 16 pairs of repeat tracks RMS(ST,,), RMS(5T,,) and
RMS(sT,,) are 1.8 mE, 1.5 mE and 2.9 mE, respectively.

gradient correction terms {(mE)

i i | i | i
0 200 400 B00 g00 1000 1200
satellite travelling distance (km)

Figure 4.8: Gravity gradient correction terms from reference gravity model (EGM2008, up to
degree 300)

Figure 4.9: Histogram graph for RMS of correction terms derived from reference model
(EGM2008, up to degree 300)

The flow chart of the repeat tracks comparison is showed in Figure 4.10. T" " is
the gravity gradient matrix computed from the reference gravity model
(EGM2008). T° is the gravity gradient matrix from the GOCE level 2 product.
Tref' and TObS' are the gravity gradient after the band-pass Butterworth filter with
degree 10 from EGM2008 and GOCE, respectively. Tlrcif:él and Tfobcsél are the

filtered gravity gradients within the Reykjanes Ridge area.
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Figure 4.10: Flow chart of repeat tracks comparison

The result of the repeat track comparison is shown in Figure 4.11. The mean
altitude difference between the GOCE track and the repeat track is about 9 km.
The gravity gradients T

XX

T, and T, have no significant bias or trend
differences between repeat tracks and nicely match the reference gravity model.

The difference between the repeat tracks for T,, is smaller than T,, and T,,, and

T,, has the best match to the reference model. The differences between the
repeat tracks are mainly noise which might result from the imperfect band-pass

filter as well as the noise in the gradiometer.

For all the GOCE orbit tracks plotted in Figure 4.5, the standard deviation of the
difference of V,, between GOCE observation and EGM2008, STD(T®* —T""),
and between repeat tracks , STD(T! —T?), are computed. STD(T>™ —T'") for all
the tracks is 6.2 mE and STD(T" -T%) is 9.1 mE.
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Figure 4.11: One set of repeat tracks comparison

The results from the repeat tracks comparison confirm the conclusions in Visser
(2011) that GOCE filtered observations have a good consistency with the filtered
gradients derived from global gravity field models. The standard deviation of the
difference between the GOCE gradients and derived gradients in the local area
around Reykjanes Ridge is 6.2 mE within the range of 3-7 mE from conclusion of
Visser (2011), but larger than the 3 mE from Miuller, et al. (2010) probably
because no external calibration is applied in this thesis.
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Chapter 5. Conclusions and recommendations

The GOCE mission provides for the first time satellite gravity gradient data.
Implementation of a quality check before using the GOCE product is necessary.
In this thesis, three GOCE gravity models (direct solution, space-wise solution
and time-wise solution) and gravity gradients from GOCE Level 2 products are
used for assessment. The external dataset used are the reference gravity models
(ITG-Grace2010s and EGM2008), ship track measurements from NOAA and a
simplified parametric geophysical model.

In the gravity models assessment, three GOCE gravity models compared to
reference models (ITG-Grace2010s and EGM2008) globally and within the area
of mid-Atlantic ridge (Reykjanes ridge). Compared to the state-of-the-art GRACE
gravity field model ITG-Grace2010s which is derived from GRACE eight-year
observations, significant improvements with respect to EGM2008 can be found
for the three GOCE solutions which are computed from the two-month
observations of GOCE mission. The direct solution shows improvement for
degrees higher than 120, while the space-wise and time-wise solutions perform
better than ITG-Grace2010s for degrees larger than 150.

Polar gaps affect GOCE time-wise solution more than other GOCE gravity
models. The 6.5 degree polar gap strongly affects near zonal coefficients for the
GOCE time-wise solution. Elimination of near zonal coefficients in spectral
domain works better than elimination of polar area in spatial domain.

EGM2008 is not suitable for evaluating GOCE gravity field models for degrees
from 70 to 150, as all the differences between the three GOCE solutions or ITG-
Grace2010s and EGM2008 follow the same curve.

Three GOCE solutions show a better match to EGM2008 than ITG-Grace2010s
after synthesizing up to degree 180. EGM2008 shows significant differences with
respect to other gravity models in parts of Africa, South America and Himalayas.
These are likely improvements found in GOCE solutions and ITG-Grace2010s.

A local comparison was done in an area containing part of mid-Atlantic ridge
(Reykjanes ridge), south-west of Iceland, for comparison between three GOCE
solutions and reference gravity models (EGM2008 and ITG-Grace2010s). A
simplified parametric geophysical model is used for comparison. It was found that
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a ridge center line derived from a topography map differs from the lines derived
from the gravity field models. The ridge center lines derived from three GOCE
solutions are almost straight lines. Geopotential undulations tracks match better
in the southeast direction than northwest. Tracks synthesized from ITG-
Grace2010s differ from the tracks synthesized from the other models.

In the local geoid comparison, differences of three GOCE solutions with respect
to EGM2008 show a linear spatial pattern along the Greenland coastline. The
linear spatial pattern appears within the observation wavelength of GOCE
mission. EGM2008 contains several data sources, such as satellite altimetry on
the coast with terrestrial data on land. The linear spatial pattern could result from
the artificial patching of the satellite altimetry data and terrestrial data, or from the
poorer quality of satellite altimetry near the coast than in the open ocean. GOCE
mission can observe all locations on Earth except for areas close to the poles,
thus it will have no problem to overcome continent-ocean boundaries.

After removing second order polynomial, ship tracks observation from NOAA are
still too noisy for evaluating GOCE data in Reykjanes area. RMS differences for
gravity at the location of the ship tracks derived from GOCE solutions with
respect to adjusted ship tracks are slightly worse than tracks from ITG-
Grace2010s.

In order to remove the signal outside of the measurement bandwidth of GOCE, a
band-pass filter is required. After a discussion in Section 4.1, Butterworth band-
pass filter with degree 10 is selected for along-track filtering of the Level 2 gravity
gradients.

After filtering, the gravity gradients are compared within the Reykjanes area for
the successive repeat tracks with location variation corrected. The level 2 GOCE
gradients are close to the filtered gradients derived from EGM2008. For the
selected 16 repeat tracks, the standard deviation between the filtered tracks level
2 GOCE gradients and tracks derived from EGM2008 is 6.2 mE which is close to
the result of 3 mE from cross-over analysis by Miuller, et al. (2010) who used
external calibration with geopotential model. It also might result from the
suboptimal filtering. The standard deviation between the pairs of repeat tracks of
level 2 GOCE gradiens is 9.1 mE which suggests that the differences between
the filtered GOCE gradient and gradients derived from EGM2008 are mainly
noise.
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A Ph.D candidate will continue this work in TU Delft. The filtering method should
be improved for the gravity gradient assessment. Longer peoriod of GOCE
gravity gradient measurement and larger area of interest are suggested for

understanding the noise in the GOCE gradient measurements from the repeat
track comparison.
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