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AD
ADIR

AO
AR
ARF
CCN
CDAF

CDR
CFl
CMF
CPF
CTRS

DFACS

DPA
ECMWF

ECP
ECSS

EFRF
EGG
EGG-C
EOQ
ESA
FOS
GG
GOCE

GPS
GRACE

GRF

Abbreviations and Acronyms

Applicable Document
Architectural Design and Interface
Review

Announcement of Opportunity
Acceptance Review

Accelerometer Reference Frame
Contract Change Notice

Command and Data Acquisition
Facility

Critical Design Review

Customer Furnished Item
Calibration and Monitoring Facility
Central Processing Facility
Conventional Terrestrial Reference
System

Drag-Free and Attitude Control
System

Data Processing Archive

European Centre for Medium-range
Weather Forecast

External Calibration Products
European Cooperation for Space
Standardization

Earth Fixed Reference Frame
Electrostatic Gravity Gradiometer
European GOCE Gravity Consortium
Earth Orientation Quaternions
European Space Agency

Flight Operations Segment

Gravity Gradients

Gravity field and steady-state Ocean
Circulation Explorer

Global Positioning System

Gravity Recovery And Climate
Experiment

Gradiometer Reference Frame

GRS80
GS
HPF
ICD
IERS

IGS
ILRS
IRF
LEOP
LORF
LRR
LTA
MBW
MPH
PDS
POD
PSO
QL
RD
RERF

RMS
SF
SGG
SLR
SOwW
SPH
SRD
SST
SSTI

uTC
WGS84
WP
XML

Geodetic Reference System 1980
Ground Segment

High level Processing Facility
Interface Control Document
International Earth Rotation and
Reference Systems Service
International GNSS Service
International Laser Ranging Service
Inertial Reference Frame
Launch and Early Orbit Phase
Local Orbital Reference Frame
Laser Retro-Reflector
Long-Term Archive
Measurement BandWidth

Main Product Header

Payload Data Segment

Precise Orbit Determination
Precise Science Orbit
Quick-Look

Reference Document

Radial Earth-pointing Reference
Frame

Root-Mean Square

Scale Factor

Satellite Gravity Gradiometer
Satellite Laser Ranging
Statement Of Work

Specific Product Header

System Requirements Document
Satellite-to-Satellite Tracking
Satellite-to-Satellite Tracking
Instrument

Universal Time Coordinated
World Geodetic System 1984
Work Package

eXtensible Markup Language
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1. INTRODUCTION
1.1 PURPOSE

The purpose of this document is to provide a detailed description of the GOCE level 2
products generated by the High Level Processing Facility and distributed to the GOCE users.
These products include GOCE gravity gradients, GOCE orbit solutions as well as the GOCE
gravity field models including supporting information. The document describes everything
required to make use of the level 2 products for further processing or application.

1.2 APPLICABILITY

This document is part of the Deliverable Items List [AD-3]. The first issue is delivered at
CDR and classifies for review by the Agency. An update of the document shall be delivered
at AR-1 and AR-2 for approval by the Agency. The document applies to the development
phase and to the actual implementation and operational phases of the HPF.

1.3 DEFINITIONS

The term “Contract” is used to indicate the HPF implementation contract.
The term “the Contractor” is used to indicate the entity in charge of implementing the HPF.
The term “Agency” is used to indicate the European Space Agency (ESA).

EGG-C is composed by 10 European institutions. Institutions and team members contributing
to the HPF project are defined in Table 1-1.
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Table 1-1: EGG-C Team Members in Alphabetical Order
Acronym Institution Function Team Members
AIUB Astronomical Institute, University of | WP4000 Partner G. Beutler
Bern, Switzerland H. Bock
CNES Centre National d’Etudes Spatiales, | WP5000 Manager G. Balmino
Groupe de Recherche de Géodésie S. Bruinsma
Spatiale, Toulouse, France
FAE/A&S | Faculty of Aerospace Engineering, WP 4000 Manager P. Visser
Astrodynamics & Satellite systems, | WP 3000 Partner
Delft University of Technology, WP 8000 Partner
Delft, The Netherlands WP 6000 Consultant
GFz GeoForschungsZentrum Potsdam, WP 5000 Partner Ch. Forste
Department 1 Geodesy and Remote
Sensing, Potsdam, Germany
IAPG Institute of Astronomical and Principal Investigator R. Rummel
Physical Geodesy, Technical Management Th. Gruber
University Munich, Germany WP 3000 Manager U. Hugentobler
WP 4000 Partner J. Bouman
WP 6000 Partner
WP 8000 Manager
ITG Institute of Theoretical Geodesy, WP 6000 Partner W.D. Schuh
University Bonn, Germany
POLIMI | DIIAR — Sezione Rilevamento, WP 7000 Manager F. Sanso
Politecnico di Milano, Italy F. Migliaccio
SRON SRON National Institute for Space Management R. van Hees
Research , Utrecht, The Netherlands | WP3000 Partner S. Rispens
TUG Institute of Navigation and Satellite | WP 6000 Manager H. Siinkel
Geodesy, Graz University of R. Pail
Technology E. Hock
UCPH Department of Geophysics, WP 3000 Partner Ch. Tscherning

University of Copenhagen, Denmark

WP 7000 Partner
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2. APPLICABLE AND REFERENCE DOCUMENTS
2.1 APPLICABLE DOCUMENTS

[AD-1]
[AD-2]
[AD-3]
[AD-4]
[AD-5]
[AD-6]

[AD-7]
[AD-8]

[AD-9]

[AD-10]
[AD-11]

[AD-12]
[AD-13]

[AD-14]

[AD-15]

GO-SW-ESA-GS-0079: GOCE High Level Processing Facility, Statement of
Work, Issue 2.0, 4. May 2004

GO-RS-ESA-GS-0080: GOCE High Level Processing Facility, Statement of Work
Appendix 1, Management Requirements, Issue 2.0, 4. May 2004
GO-LI-ESA-GS-0081: GOCE High Level Processing Facility, Statement of Work
Appendix 2, Deliverable Items List, Issue 2.0, 4. May 2004
GO-RS-ESA-GS-0082: GOCE High Level Processing Facility, Statement of Work
Appendix 3, Technical Requirements Specification, Issue 2.0, 4. May 2004
GO-LI-ESA-GS-0087: GOCE High Level Processing Facility, Statement of Work
Appendix 4, List of CFI, Issue 1.0, 5. December 2003

GO-TN-ESA-GS-0085: GOCE High Level Processing Facility, Statement of
Work Appendix 5, Tailoring of ECSS Standards, Issue 1.0, 5. December 2003
ECSS-E-40B: Space Engineering, Software Standards, Draft Issue, 28. July 2000
ECSS-Q-80B: Space Product Assurance, Software Product Assurance, Issue 3.
April 2000

PE-TN-ESA-GS-0001: Earth Explorer Ground Segment File Format Standard,
Issue 1.4, 13.6.2003

GO-ID-ACS-GS-0109: L1B Product Specification Document, Issue 3.3, 30.7.2007
GO-ID-HPF-GS-0041: Product Specification for L2 Products and Auxiliary Data
Products, Issue 6.1, 30. April 2009

GO-TN-HPF-GS-0111: GOCE Standards, Issue 3.1, 30. April 2009
GO-RS-ESA-GS-0158: HPF Bridging Phase (HPF-BP) Statement of Work, Issue
1.0, 2.10.2006

GO-SW-ESA-GS-0194: HPF Bridging Phase 2 (HPF-BP2) Statement of Work,
Issue 1.0, 30.10.2007

GO-SW-ESA-GS-0251: HPF Bridging Phase 3 (HPF-BP3) Statement of Work,
Issue 1.0, 5.12.2008

2.2 REFERENCE DOCUMENTS

[RD-1]
[RD-2]
[RD-3]
[RD-4]
[RD-5]
[RD-6]
[RD-7]
[RD-8]
[RD-9]
[RD-10]

ESA-SP-1233(1): Gravity Field and Steady-State Ocean Circulation Mission
GO-RS-ESA-SY-0001: GOCE Mission requirements Document
GO-TN-ESA-GS-0017: GOCE Ground Segment Concept and Architecture
GO-SP-AI-0004: GPS Receiver Ground Processing Algorithms Specification
GO-SP-AI-0003: Gradiometer Ground Processing Algorithms Specification
GO-TN-AI-0067: Gradiometer Ground Processing Algorithms Documentation
GO-TN-AI-0068: Gradiometer Ground processing Analysis

GO-PL-AI-0039: Gradiometer Calibration Plan

GO-TN-AI-0069: Gradiometer On-Orbit Calibration Procedure Analysis
GO-RP-AI-0014: Mission Analysis Report
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[RD-11]
[RD-12]
[RD-13]

[RD-14]
[RD-15]
[RD-16]
[RD-17]
[RD-18]
[RD-19]
[RD-20]
[RD-21]
[RD-22]
[RD-23]
[RD-24]
[RD-25]
[RD-26]
[RD-27]
[RD-28]
[RD-29]

[RD-30]

[RD-31]
[RD-32]

CS-MA-DMS-GS-0001: Earth Explorer Mission Conventions Document
GO-MA-AI-0002: GOCE User’s Manual

GO-TN-AI-0027: Performance Requirements and Budgets for the Gradiometric
Mission

GO-TN-1APG-0001: Detailed Processing Model for EGG
GO-TN-IAPG-0002: Detailed Processing Model for SSTI
GO-ID-ESC-FS-5070: FOS/PDS — PDS/SLR: Predicted Orbit File
GO-RS-ESA-GS-0052: Product Requirement Document

ECSS-M-00A: Policy Principles

ECSS-M-10A: Project Breakdown and Structures

ECSS-M-20A: Project Organization

ECSS-M-30A: Project Phasing and Planning

ECSS-M-40A: Configuration Management

ECSS-M-50A: Information / Documentation Management

ECSS-M-60A : Cost Schedule Management

ECSS-M-70A: Integrated Logistics Support

GO-MI-ESA-0101: Minutes of the HPF Negotiation Meeting
GO-AI-HPF-GS-0008: Action Item Reply of HPF Negotiation Meeting
GO-AI-HPF-GS-0013: Action Item Reply of HPF Negotiation Meeting
GO-ID-ESC-FS-5070: FOS/FDS to PDS/SLR: Predicted Orbit File Interface
Control Document

DTOS-FDOS-FDIS-ICD-0250-TOS-GFM: Flight Dynamics Infrastructure
Software Napeos Interface Control Document

PE-TN-ESA-GS-0001: Earth Explorer Ground Segment File Format Standard
GO-ID-ESA-GS-0037: GOCE Ground Segment Master ICD

As a general rule it holds that the latest approved issue of the document is applicable, except
if the issue number and the document date is specified.




GOCE Level 2 Product Data Handbook

(// Doc. Nr: GO-MA-HPF-GS-0110
= Issue: 5.0
’ % Date: 04.08.2014

Page: 13 0f 84

GCOCE

3. GOCE GROUND SEGMENT
3.1 OVERVIEW GOCE GROUND SEGMENT

The GOCE ground segment concept and architecture is described in [RD-3]. The following
gives a brief summary of all ground segment elements, depicted in Figure 3-1.

Figure 3-1: GOCE Ground System
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3.2 HIGH-LEVEL PROCESSING FACILITY

Within the GOCE GS the HPF is one of the Core GS Elements (ESA-controlled), and it is
charged with the generation of L2 products and acquisition of the external (auxiliary) data
needed to generate these products, the delivery of these products (auxiliary, intermediate and
final) to the PDS/DPA and/or the LTA and the generation of Quick-Look Products and
External Calibration Products for the purpose of the activities of the CMF.
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4. MISSION AND PRODUCTS OVERVIEW
4.1 THE GOCE MISSION

Mission Goals

GOCE is the acronym for ,,Gravity field and steady-state Ocean Circulation Explorer
mission®. It is the first core satellite mission of the newly defined ESA “Living Planet”
programme. The objective of GOCE is the determination of the stationary part of the Earth
gravity field and geoid with highest possible spatial detail and accuracy. The gravity and
geoid model derived from the GOCE mission will serve science and application in the fields
of solid earth physics, oceanography, geodesy and glaciology, compare (Johannessen et al,
2003; Rummel et al, 2002).

Two main uses can be distinguished. Firstly, the spatial variations of gravity and geoid are
directly related to density anomalies in lithosphere and upper mantle, respectively, and
consequently to interior stresses and ultimately to mass motion. In this respect GOCE
provides important new information to studies of continental and oceanic lithosphere and
upper mantle. Its information is complementary to that of seismic tomography, magnetic field
models, geokinematic studies and laboratory results. Secondly, a detailed geoid surface when
combined with satellite altimetry yields sea surface topography, the quasi-stationary deviation
of the ocean surface from its hypothetical surface of rest. Under the assumption of
geostrophic balance ocean topography can be directly translated into a global map of surface
ocean circulation. Thus, ocean surface circulation becomes directly measurable, globally and
uninterruptedly. In conjunction with higher resolution ocean models and ocean measurements,
GOCE is expected to improve significantly estimates of global mass and heat transport in the
oceans. Furthermore, the global geoid will permit height systems to be connected globally
with almost cm-precision. Sea level variations in Australia, or East Asia will become directly
comparable with those measured in Europe or America. These and other expected scientific
benefits from GOCE gravity and geoid models demonstrate that this mission represents an
important element of global observation of mass anomalies, mass transport and mass
exchange. The science goals and the requirements on the mission performance are
summarized in Table 4-1.

The science goals as summarized in Table 4-1 can be reached on the condition that GOCE
can determine gravity and geoid with a precision of 10°-g (corresponding to 1 mgal) and 1-2
cm, respectively, with a spatial resolution of better of 100 km half wavelength and that these
results are achieved free of long wavelength systematic errors. The mission performance
depends on the gravity sensor system on-board GOCE.
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Table 4-1: Science Goals of the GOCE Mission (ESA, 1999)
Accuracy Spatial Resolution
Application Geoid Gravity (half wavelength — D in
[cm] [mgal] km)
SOLID EARTH
Lithosphere and upper mantle density structure 1-2 100
Continental lithosphere:
=  Sedimentary basins 1-2 50-100
* Rifts 1-2 20-100
= Tectonic motions 1-2 100-500
Seismic hazards 1 100
Ocean lithosphere and interaction with asthenosphere 0.5-1 100-200
OCEANOGRAPHY
= Short scale 1-2 100
0.2 200
= Basinscale ~0.1 1000
ICE SHEETS
= Rock basement 1-5 50-100
= |ce vertical movements 2 100-1000
GEODESY
= Levelling by GPS 1 100-1000
= Unification of worldwide height systems 1 100-20000
= Inertial navigation system 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.
GOCE Sensor System

The GOCE satellite and its instruments are shown in Figure 4-1. Core instrument is a three
axis gravity gradiometer. It consists of three pairs of orthogonally mounted 3-axis
accelerometers, i.e. an orthogonal arrangement of three one-axis gradiometers , with the x-
axis nominally in the along track direction, the y-axis cross track and the z-axis roughly in the
radial direction. The gradiometer baseline of each pair is about 50 cm. The accelerometer

precision is 10?ms2/y/Hz along two axes with the third axis less sensitive. From the
measured gravitational acceleration differences the three main diagonal terms of the
gravitational tensor (I'xy, I'yy, I'zz) as well as the off-diagonal term I'y, can be determined with
high precision, whereas the off-diagonal terms I'xy and I'y, have a lower precision. The
extremely high performance of the gradiometer instrument is confined to the so-called
measurement bandwidth (MBW). In addition, the gradiometer yields the required information
of the angular acceleration about the out-of-plane axis of the gradiometer. This information in
combination with the angular rates as derived from the star sensor readings is used as control
signal for angular control of the spacecraft. The satellite has to be guided well controlled and
smoothly around the Earth in an Earth pointing mode, i.e. with one full revolution per orbit
revolution. Angular control is attained via magneto-torquers. This implies that active angular
motion is possible only over part of each orbit revolution. In order to prevent non-
gravitational forces to “sneak” into the measured differential accelerations as secondary
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effect, the satellite is kept “drag-free” in along track direction by means of a pair of ion
thrusters. The necessary control signal is derived from the available “common-mode”
accelerations (=mean accelerations) along the three orthogonal axes of the accelerometer pairs
of the gradiometer. The gradiometric and angular signal part of the common mode
acceleration is a result of the imperfect symmetry of the gradiometer relative to the spacecraft
centre of mass and has to be modelled.

The second gravity sensor device is a newly developed GPS receiver. From its measurements
the orbit trajectory is computed to within a few centimetres, either purely geometrically, a so-
called kinematic orbit, or by the method of reduced dynamic orbit determination. As the
spacecraft is kept in an almost drag-free mode (at least along track) the orbit motion is purely
gravitational. The observations from the GPS receiver are complementary to those of the
gravity gradiometer. They provide high quality information about the long wavelength gravity
field, which is outside the measurement bandwidth of the gradiometer. By a joint analysis of
data from both gravity field sensors the final GOCE gravity field models are determined.

Figure 4-1: The GOCE Satellite and its Instruments

In summary, GOCE is a technologically very complex and demanding mission. The
gravitational field sensor system consists of a three-axis gravitational gradiometer and GPS
receiver as core instruments. Orientation in inertial space is derived from star sensors in
combination with gradiometer observations. Common mode mode accelerations from the
gradiometer and orbit positions from GPS are used together with ion thrusters for drag-free
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control and with magneto-torquers for angular control. The principle of the system is shown
in Figure 4-2 and, the system elements are summarized in Table 4-2.

Table 4-2: Elements of the Gravity Sensor System of GOCE

Element Purpose
Measures diagonal gravity gradients I'x, I'yy, I';; and off-diagonal gravity gradients I'yy, I',,
Iy, ininstrument system. Diagonal gravity gradients and T', are highly accurate in MBW
3-axis gravity (measurement bandwidth)

gradiometer

Measures angular accelerations (highly accurate around y-axis, which is the satellite spin
axis and less accurate around X, z axes)
Measures common mode accelerations

Star sensors

Measure high rate and high precision inertial orientation

GPS receiver

Measures orbit trajectory with cm-precision

Laser retro
reflector

Used for orbit validation.

lon thrusters

Used for drag control. Control signal from common mode accelerations from gradiometer

Magneto-torquers

Angular control based on angular rates from star sensors and gradiometer

Cold gas thrusters

Gradiometer is calibrated in-flight with cold gas thrusters generating random pulses. The
quadratic factors (non-linearities in accelerometer control system) are determined with
sinusoidal motion of test masses of the accelerometers.

Input Signals

Derived
Signals

Satellite
System
and
Sensors

On Board Signal-
Processing and
Regulators

Down Link

Data Processing

GPS post
processing

X Data Products

(DQQ r'(‘“‘M r”.m...“._,.

Figure 4-2: The GOCE Sensor System
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4.2 GOCE DATA PROCESSING OVERVIEW

Operational Ground Segment Elements

The European Space Agency has defined a ground system, which will prepare and process the
GOCE observations up to so-called level 2 products. Level 2 products will be precise orbits,
gravity gradients and GOCE gravity field models as well as quality indicators associated to
them. These level 2 products will be available to the users in solid Earth physics,
oceanography, geodesy and others. Figure 3-1 shows the structure of the ESA GOCE ground
system elements and their interrelations.

FOS: The Flight Operation System controls the satellite and receives the raw telemetry data
on ground.

PDS: The Payload Data System processes from raw observations (level 0) corrected and
internally calibrated instrumental data sets with physical meaning (e.g. GPS range and
phase observations, gravity gradients)( level 1b).

CMF: The Calibration and Monitoring Facility permanently monitors the quality of the level
1b data by applying dedicated test algorithms.

HPF: The High level Processing Facility generates from level 1b data the final GOCE orbits
and gravity field products (level 2).

Supporting elements to these four kernel elements are the satellite prime contractor providing
support on the instrument performance analysis, the auxiliary data providers providing
supporting data sets to perform the processing tasks and the long-term archive and user
service facility providing finally the GOCE products to the user community.

The GOCE High Level Processing Facility (HPF)

The HPF is as a distributed system developed and operated by the European GOCE Gravity
Consortium (EGG-C). In order to fulfil the mission objectives, a dedicated scientific data
analysis and processing system is implemented (Rummel et al, 2004). The major processing
tasks of the HPF are as follows:

e The generation of calibrated GOCE gravity gradient products (external calibration of
gradiometer data, transformation to terrestrial reference frame): The level 1b
gradiometer products are already internally calibrated. This means on the hand that the
non-linearity in the accelerometers feedback loop has been determined and physically
adjusted to zero. On the other hand calibration parameters are applied to the
accelerations. The calibration parameters and non-linearities are derived from a
dedicated data analysis of observations taken during satellite and electronic shaking
manoeuvres. However, at this point the relationship between the observed gravity
gradients and real gravity field is still to be established. In order to do so an external
scientific calibration of the gravity gradients is performed by comparison with existing
gravity information. In addition, these level 2 gravity gradients in the gradiometer
reference frame are transformed to a terrestrial reference frame.
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e The generation of GOCE validation products (quick-look gravity field and orbit
solutions for data validation): Level 1b products from both sensors, SSTI and SGG,
have to be validated in order to warrant a continuously high quality data flow, which is
required to meet the mission objectives. For this reason the HPF implements several
validation tools, which permanently monitor the quality of the level 1b products by
derivation of so-called quick-look or rapid products on a level 2 basis. This means
orbit and gravity field solutions are systematically generated from partial data sets of
new GOCE observations with latencies of a few days. These solutions are further
evaluated in order to find out whether the mission performance requirements are met.

e The generation of orbits and gravity fields from level 1b products generated by the
PDS (nominal and calibrated products from the gradiometer and the GPS-receiver):
The level 1b products consist mainly of gravity gradients in the gradiometer reference
frame, gradiometer attitude quaternions and pseudo-ranges and phases from the GPS
receiver. They require a comprehensive scientific data processing before they can be
used to compute satellite positions and velocities and gravity information in terms of a
set of spherical harmonic coefficients (including their estimated full variance-
covariance matrix), geoid heights, geoid height errors, geoid slopes and gravity
anomalies.

e The acquisition of auxiliary data needed for level 2 products generation: The most
important are Earth rotation parameters from the International Earth Rotation and
Reference Systems Service (IERS), GPS orbit, clock and ground station data from the
International GNSS Service (IGS), satellite laser ranging data from the International
Laser Ranging Service (ILRS) and atmospheric parameters from the European Centre
for Medium Range Weather Forecast (ECMWF). Apart from this a variety of
supporting data like planetary ephemerides, solar flux, geomagnetic indices, tide
models, digital terrain models, external gravity field information and others have to be
acquired. The HPF will acquire all ancillary data, check their quality and store them in
a local HPF processing archive as well as in the long term GOCE archive, in case they
are required for reprocessing purposes.

In summary one can state that the HPF represents the interface between the pure satellite
system (which is represented by the pre-processed level 1b products) and the science level 3
users. It applies scientific analysis techniques to the satellite observations in order to derive
quantities adequate for level 3 analyses. This enables the exploitation of the mission in a
multi-disciplinary approach.

4.3 GOCE LEVEL 2 PRODUCTS SUMMARY

During the level 2 processing various intermediate level 2 products are generated. They
contain intermediate results necessary for the next processing step in sequence. These
products are not foreseen to be provided as standard GOCE products to the users. Final level
2 products, which will be available to the GOCE user community are listed in Table 4-3. Pre-
processed and calibrated gradiometer data and precise science orbits will be available with a
latency of two weeks and precise orbits with a latency of four weeks. Both products represent
the main input to the gravity field processors. The final gravity field solution will be available
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about 6 months after completion of each measurement operations phase. The transformed
gravity gradients in an Earth fixed frame will be available after approximately 1 month.

All GOCE level 2 products are available to the user community via the ESA GOCE user
service interface. The products are provided in XML format in order to enhance the products
readability and the in-file data definitions (see chapter 5.3).

Table 4-3: List of GOCE Level-2 End User Data Products.

Product Name

Product Definition

Remarks

Gravity Gradients

EGG_NOM 2_

L2 gravity gradients in GRF (see chapter 4.4.1) with

corrections:

o Externally calibrated and corrected gravity gradients

e Corrections to gravity gradients due to temporal
gravity variations

o Flags for outliers, fill-in gravity gradients for data gaps
with flags

o Gravity gradient error estimates

Latency 2 weeks

EGG_TRF 2_

L2 gravity gradients in LNOF (see chapter 4.4.1) with

corrections:

o Externally calibrated gravity gradients in local north
oriented frame including corrections to gravity
gradients due to temporal gravity variations

o Flags for outliers, fill-in gravity gradients for data gaps
with flags

o Gravity gradient error estimates

Latency 1 month

GRD_SPW 2_

Grids of gravity gradients at satellite altitude from the
space-wise approach

Latency 1 year

GRC_SPW 2_

Combined grids of vertical gravity gradients and gravity
anomalies at ground level (10 km altitude) from space-
wise approach.

Latency 1 year

GOCE Orbits

SST PSO 2_

Precise science orbits

¢ Reduced-dynamic and kinematic precise science orbits

o Rotation matrices between IRF and EFRF (see chapter
4.4.1)

e Variance-covariance information for kinematic
positions

o Quality report for precise orbits

Latency 4 weeks

GOCE Gravity Fields

variations. 6-hourly time series of gravity field spherical
harmonic series.

EGM_GOC 2 Final GOCE gravity field model Latency 6 months
e Spherical harmonic series including error estimates
e Grids of geoid heights, gravity anomalies and
deflections of the vertical
o Propagated error estimates in terms of geoid heights
o Quality report for GOCE gravity field model
EGM _GVC 2 Variance-covariance matrix for the final gravity field in Latency 6 months,
terms of spherical harmonic series Only on physical
media
SST AUX 2 Time variable gravity field due to non-tidal mass Latency 2 weeks
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4.4 GENERAL DEFINITIONS AND CONVENTIONS

All details about general definitions and conventions applied for level 2 data processing are
specified in [AD-12]. In the following a short summary describing the most essential
definitions and conventions is provided.

4.4.1 Reference Frames and Time System

GRF - Gradiometer Reference Frame & ARF — Accelerometer Reference Frame

GRF is the coordinate system in which the components of the gravity gradient tensor are
measured by GOCE (see Figure 4-3). The GRF represents the Three-Axis Gradiometer
common reference for the mutual positioning and alignment of the three One Axis
Gradiometers and for the positioning and orientation of the whole instrument with respect to
external reference frames. Nominally the origins of all one-axis gradiometer reference frames
(OAGRF) coincide in one intersection point. The corresponding axes of each of the 3
OAGRF’s are parallel and point in the same directions. The corresponding 6 accelerometer
reference frames (ARF) are parallel and point in the same direction.

Xere

YGH: e
Ya

Figure 4-3: : Notation and location of the 6 accelerometers of the GOCE gradiometer in the GRF and with all 6
ARF’s. The axes of the ARF shown by solid arrows are aligned with ultra sensitive axes of the
accelerometer. The axes of the ARF shown by dashed arrows are aligned to the less sensitive axes
of the accelerometer. Each colour represents a one-axis gradiometer. The shadowed surfaces
represent the locations of the lower plates (and the sole plates).
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LORF - Local Orbital Reference Frame

The origin OLorr Is located at the actual satellite centre of mass; X orr axis (roll) is parallel to
instantaneous direction of the orbital velocity vector (V) with the same sign as this vector.
Y Lorr axis (pitch) is parallel to instantaneous direction of the orbital angular momentum (N),
with the same sign as N (V and N are orthogonal by definition, since N = R x V, where R is
the vector from the Earth centre to the origin). The Z, ore (yYaw) axis is parallel to Vx_N, with
the same sign as Vx N

Orientation of GRF/LORF in Space

Figure 4-4 shows how the fundamental reference frames are related to each other. The GRF
does not fully coincide with the LORF. In science mode the satellite will operate in drag-free
mode for the flight direction only with platform attitude controlled by the magneto-torquers
over the poles. Since the magneto-torquers can only operate close to the pole, the yaw
steering mode allows the roll angle to accumulate at the equator by a few degrees. The
maximum yaw angle value of 3.5° is reached at the equator due to out-of-plane forces caused
by Earth rotation. Thus the satellite will be yaw steered to within £3.5° (with respect to the
LOREF) in order to minimise lateral forces and torques.

<

IRF = Inertial Reference Frame

Z IRF EFRF= Earth Fixed Reference Frame
A ZLORF 3 LORF = Local Orbital Reference Frame

A Z GRF = Gradiometer Reference Frame

4 y EFRF
Xore  YoRF &
X OR
YoRF
u
I Yerrr
GAST
X IRF YIRF
X EFRF

Figure 4-4: Definition of fundamental Reference Systems for GOCE




) GOCE Level 2 Product Data Handbook
/ Doc. Nr: GO-MA-HPF-GS-0110
é“{i\% Issue: 5.0
"‘ > Date: 04.08.2014
' Page: 23 of 84
GCOCE

Inertial Reference Frame (IRF)

The inertial reference frame (IRF) is a spatial reference system, which is fixed in space. The
IRF is an orthogonal, right-handed system. Its origin is at the Earth’s center of mass
(geocenter), the orientation is equatorial, where the z-axis is the direction of the celestial pole.
The x-axis is fixed in the equatorial plane in direction to the vernal equinox. A detailed
description of the inertial reference system and the transformation between the inertial
(celestial) and terrestrial (Earth-fixed) reference system is provided in [AD-12].

Earth-Fixed Reference Frame (EFRF)

The Earth-Fixed Reference System (EFRF) is a spatial reference system co-rotating with the
Earth in its diurnal motion in space. The EFRF is an orthogonal, right-handed system. Its
origin is at the Earth’s center of mass (geocenter), the orientation is equatorial (z-axis is the
direction of the pole). The x-axis is fixed in the equatorial plane in direction to the Greenwich
meridian. The angle between the x-axis of the inertial reference frame (defined by the vernal
equinox) and the Greenwich meridian is the Greenwich Apparent Sideral Time (GAST).

Local North Oriented Frame (LNOF)

The Local North Oriented Frame (LNOF) is a right-handed North-West-Up frame with the X-
axis pointing North, the Y-axis pointing West and the Z-axis Up. The calibrated gravity
gradients of the EGG_TRF_2 products are provided in this system.
e The origin Opnor is located at the nominal satellite centre of mass
e Z nor is defined as the vector from the geocenter to the origin Opnor, pointing radially
outward,
e Y. nor is parallel to the normal vector to the plane of the geocentric meridian of the
satellite center of mass, pointing westward,
e Xynor is parallel to the normal vector to the plane defined by Y\ nor and Z nor.

With respect to the geocentric latitude and East longitude (¢, 1) of the GOCE center of mass
in the CTRS (Conventional Terrestrial Reference System, see [AD-12]) the 3 axes are defined
as follows:

COS@CosS A sin —singpcos A
Zivor =| COS@SINA | Y or =| —COSA | ; X, yor =| —SiNgsin A
sing 0 CoS @

Time System

All GOCE products are time-tagged in GPS time. This time will be derived by correlating the
on-board time with the GPS time. In case no GPS time is available (due to receiver outage)
the GPS time is automatically determined by correlating the on-board time with UTC and
applying the constant and leap second time shift.
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4.4.2 Mathematical Conventions

4.4.2.1 Earth Orientation Quaternions

The rotation matrix provided together with the precise science orbit is defined in terms of
quaternions. Earth Orientation Quaternions (EOQ) define the rotation between the Earth-
Fixed Reference Frame (EFRF) and Inertial Reference Frame (IRF). Quaternions are used in
the following way e.g. for a rotation of a vector from EFRF to IRF.

The quaternion q is defined in terms of Euler symmetric parameters g1, 9z, 03, g4
q=0, +iq, + jg, + kg, (4.1)
. D . D . D D
0 :elsm?, q, =6, sm?, 0, =6, sm? d, =cos?
where e, e,,e, are components of the Euler axis and @ is the corresponding rotation angle
(the angle of the frame rotation around the axis defined by the unit vector (e,,e,,e;)). The

quantity g4 is the real or scalar part of the quaternion and iq, + jq, +ka, is the imaginary or
vector part. The i, j, k are the hyperimaginary numbers satisfying the conditions:

i=j’=k*=-1
ij=—jJi=k 4.2)
jk=—kj=i
kKi=—ik = j
The transformation of the orbit position and velocity given in the EFRF (Earth-Fixed
Reference Frame) into the IRF (Inertial Reference Frame) is defined as:
Xire =R Xegere (4,3)
Xire = R Xgppe + R Xege
Xige =R Xgppe + OR Xgppe
where the rotation matrix R is computed by:
qlz _qz2 _q32 + qj 2(q1q2 +0,9, ) 2( 0,9; — 9,4, ) (44)

R=| 2(q,0,-0,0,) -07+0; -0 +0;  2(q,0, +0,0,)
2(0,09,+0,9,)  2(0,0,—-0,0,) -0 -0 +0;+q;

The skew-symmetric matrix £2 can be approximated with sufficient accuracy by:
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0 o -o 0 wy O (4.5)
=-0, 0 o | =l-0;, 0 0
w, —-o 0 0 0 O

w,= —7.292115156710° rad / s
Where (@,,®,,o,) are components of the instantaneous Earth rotation velocity in the IRF.

Using quaternions, computation of the rotation matrix can be avoided and the transformation
can be replaced by the multiplication:

X IRF:q*XEFRFq (4-6)

where q* denotes the conjugate or inverse quaternion g* defined as
q* =0, —ig, — jg, —ka (4.7)

and X the position vector written in the form of a quaternion (scalar part is zero). The
transformation from the EFRF into the IRF can be then computed as follows:

0 46 O 9% O | |G O -0 —G 0

X IRF | _ —0Q; U4 s O i s Qs —0 X EFRF (4.8)
YIRF —0; -0 a, ] 4 -0 44 a4, YEFRF

ZIRF —0; d; —0, U4 Qs 4, -0, 44 ZEFRF

The Earth orientation quaternions (EOQ’ s) are provided for every integer second (t,) of GPS

time together with the orbit product. To get quaternion information for the actual epoch time
t.,.» Kinematic equation can be used to propagate quaternion information from the nearest

integer second q,,(t,):

q4><1(tep0 ) =S4l (ty)

A=t -t [s] w=-7292115.1567-10"" [rad / s]
cos(la)Atj —sin(la)Atj 0 0
2 2
(1 1 (4.9
sin| —wAt cos| —wAt 0 0
2 2
Spa = 1 1
0 0 cos(—a)At] —sin(—a)Atj
2 2

0 0 sin(lwAt) cos[la)Atj
2 2
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