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INTRODUCTION

Purpose of this document

This document describes the geometry by which Ealibervation images of SPOT missions are
acquired. The proposed viewing model allows to poedenhanced products at various processing levels.
Equations are given to generate standard level 1IBA,and 2A images. The provided model allows
computing and controlling orthorectified imagesptoduce space maps with high accuracy location on
the Earth.

This handbook deals with the whole SPOT missionesefSPOT123, 4 and 5) summarizing the
differences between these missions in term of alylauxiliary data and image geometry.

Being first intended to software editors, the haradbpays a particular attention to precisely lochte
auxiliary data involved within the equations toibvplemented. This location is given in referencéh®
CEOS format (CAP) and to the new DIMAP format ofC3Pproducts.

Document Overview

- Section 1 provides all the conventions (referermmithents, abbreviation, definitions and symbols)
used in the document;

- Section 2 summarizes the history and differencéSR&®T missions ;

- Section 3 presents the main features (processietsland data format) of SPOT products ;
- Section 4 defines the viewing geometry model thith® used in the next sections ;

- Section 5 provides an algorithm enabling to prodaeel 2A images ;

- Section 6 defines the two methods that have beeshtosproduce level 1B images ;

- Appendix A gives the formula and algorithm requiredsections 4 and 5 to convert the coordinates
between the cartesian geocentric and the geodstierss ;

- Appendix B defines where the symbols used withia fitrmula of this document can be retrieved
within the CEOS and DIMAP formats.

Reference documents

This section lists some of the documents which Hasen used to edit this handbook and which are
considered as being references within their resgedomains. All these documents are not necegsaril
supposed to be public.

R-1 S5-SR-0-1592-CN Spécifications de méthode de traitements géorésiq
HRG/HRS SPOT5
Edition 1, Revision 4PR — July 172001
CNES

R-2 S5-ST-73-01-CN Spécifications de définition et de format des pitzdde base
SPOT5
Edition 2, Revision 6PR — March 802001
CNES

R-3 S-NT-73-11-SlI SPOT Image level 1B geometric modelization
Edition 1, Revision 0 — April 27, 2001
SPOT IMAGE

" This document discloses subject matter in which GAEL Consultant has proprietary rights. Recipient of this document shall not
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purpose for which the document was delivered to him.
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R-4 S-IF-O/E-10-SI SPOT to Direct Receiving Station Interface Docuimen
Edition 2, Revision 0 — Decembet, 11997
SPOT IMAGE

R-5 S5-ST-0-10-CN Spécification de besoin du systeme SPOT5
Edition 3, Revision 3 — November 242000
CNES

R-6 S4-ST-73-01-SI The SPOT Scene Standard Digital Product Format
Edition 1, Revision 2 — November ",71997
SPOT IMAGE

R-7 27?? DIMAP 1.0 Release Candidate 1
September 2001
SPOT IMAGE

http://www.spotimage.fr/accueil/proser/geninfo/fatidimap/
welcome.htm

R-8 TR8350.2 World Geodetic System 1984 — Its Definition andtiehships
with Local Geodetic Systems — Third edition, Amesrdri
January %, 2000
NIMA
ftp://164.214.2.65/pub/qig/tr8350.2/wgs84fin. pdf

R-9 NT/G N°8 Formulaire pour transformations de coordonnées
tridimensionnelles cartésiennes ou géographiqué énh
systéemes géodésiques
January, 1995
C. Boucher, Institut Géographique National

R-10 REC-xml-20001006 Extensible Markup Language (XML) 1.0 (Second Edljtio
W3C Recommendation, Version 1.0 — October 6, 2000
World Wide Web Consortium
http://www.w3.0rg/TR/2000/REC-xml-20001006

R-11 REC-xpath-19991116 XML Path Language (XPath), Version 1.0

November 18, 1999
W3C Recommendation
http://www.w3.0org/TR/xpath

R-12 SI/AT/85.0113 v.A.Arev.3 The SPOT Standard CCT Format
November 24, 1987
SPOT IMAGE

R-13 QTIS-ST-GEO-001-CN Geometrical Corrections of SPOT images
Edition 1, Revision 0 — July 192001
CNES

1.4 Abbreviations and Acronyms

This section sets the definition of all abbreviaicand acronyms used within this document. A specia
attention has been paid to inherit abbreviatiorgprayms and their definitions from international
standards as 1SO, ANSI or ECSS.

ANSI American National Standards Institute
AOCS Attitude and Orbit Control System

CAP Centre d’Archivage et de Pré-traitement
CCD Charged Coupled Device
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CNES Centre National d'Etudes Spatiales
DEM Digital Elevation Model
DORIS Doppler Orbitography and Radiopositioning Integcaby Satellite
DIODE Détermination Immédiate d'Orbite par DORIS Embarqué
ECSS European Cooperation for Space Standardization
EGM96 Earth Gravitational Model 1996
GCP Ground Control Points
GPS Global Positioning System
HRG Haute Résolution Géométrique (High Geometric Regmi)
HRS Haute Résolution Stéréoscopique (High Stereosdgsolution)
ISO International Organization for Standardization
ITRF International Terrestrial Reference Frame
MCV Miroir de Changement de Visée (Viewing Changerivix
NIMA National Imagery and Mapping Agency
ROLT Repére Orbital Local Tourn®(¢bital Coordinate System)
Rp Repére a piloteNavigation Reference Coordinate System)
SLR Satellite Laser Ranging
SPOT Satellite Pour I'Observation de la Terre
SPOT123 Satellite SPOT1 or SPOT2 or SPOT3
SPOT4 Satellite SPOT4 only
SPOT5 Satellite SPOT5 only
SSM Strip Selection Mirror
SWIR Short wave InfraRed (MIR: Moyen InfraRouge)
ULS Unité de Localisation Stellair&tar tracking Uni}
uTC Universal Time Coordinated
WGS84 World Geodetic System 1984
W3C World Wide Web Consortium
XML eXtended Markup Language

1.5 Definitions

This section controls the definition of all commi@mms used within this document. A special attentio
has been paid to inherit definitions from interoaél standards as 1ISO, ANSI or ECSS.

GCP Ground Control Points used to register the processene on a geodetic system.
For SPOT scenes, GCPs may be used to refine vafubke location model, such
as the initial attitude values. These points akeridrom external cartographic data
such as digital maps, GPS measurements, geodesits,pother geocoded
scenes...

WGS84 World Geodetic System established in 1984 and edfiduring the successive
years has set up ellipsoid, datum and geoid toesasvreference. This moc
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realizes the best compromise from accurate globaltipning data (GPS) and
altimetry data measured by satellites (GEOSAT, HRSd TOPEX/POSEIDON).

1.6 table of symbols

This section defines all the symbols (mathemateapecific to SPOT) involved within at least orfe o
the equations of this document. Location within 80T product of value(s) matching each one ofthes
symbols is to be found in Appendix B.

aec Average encoder count

(&) Five (5) coefficients of polynomial A

Aoor(ti) Attitude value is “OUT_OF-RANGE” indicator

(ap)1 Rotation angle around the pitch axis at the begmoif the scene
ap(t) Interpolated rotation angle around the pitch akisae t

ap(t;) Rotation angle around the pitch axis (attitude darp

ap'(ti) Average rotation speed around the pitch axis (altitsample i)
(a1 Rotation angle around the roll axis at the begigwifithe scene
a(t) Interpolated rotation angle around the roll axigrae t

a(ty) Rotation angle around the roll axis (attitude sanipl

a/’(ty) Average rotation speed around the roll axis (at&tsample i)
(ay)1 Rotation angle around the yaw axis at the beginafrije scene
ay(t) Interpolated rotation angle around the yaw axigna t

ay(t;) Rotation angle around the yaw axis (attitude sample

ay’'(t;) Average rotation speed around the yaw axis (agigainple i)
(by) Six (6) coefficients of polynomial B

Co On-board clock matching the dage t

c(l) On- board clock value of the image line |

(i) Six (6) coefficients of polynomial |

() Four (4) coefficients of polynomial J

I Image line number (1 being the first line of therse)

lo First line of the raw scene in the raw segment

Lo First line of the level 1B scene in the level 1Breent

Iy Line of absolute attitude [(a, (&)1, (&)] at the beginning of the scene
I Line containing the scene center

l; Line of average rotation speed'(s), &'(t;), a/(ti)]

1) Six (6) coefficients of polynomial L

In Mean value of lines | in 1A segment
Lm Mean value of lines L in 1B segment
(I,p) Coordinates of the pixel in 1A image
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Coordinates of the pixel in 1B image

Line sampling period

Look direction change matrifatrice de changement de visée
Navigation Reference Coordinate Systdegere a piloter

Inverted Navigation Reference Coordinate Systespgere a piloter inverye
Orbital Coordinate SystenRépére orbital local

Terrestrial Coordinate SystefRépére terrestie

Four (4) coefficients of polynomial P

Satellite position coordinates (ephemeris sample i)

Number of the pixel along the line (1 being théntegst first pixel)

First pixel of the raw scene in the raw segmegt{p

First pixel of the last line of the level 1B scenehe level 1B segment
Mean value of columns p in 1A segment

Mean value of columns P in 1B segment

UTC reference date

Scene center date

Universal times corresponding to the positions)Rfid velocities V(}
Look direction in Navigation Reference Coordinayst&m

Look direction in Orbital Coordinate System

Look direction in Terrestrial Coordinate System

Satellite velocity coordinates

Interval half-width for lines | in 1A segment

Interval half-width for lines L in 1B segment

Interval half-width for columns p in 1A segment

Interval half-width for columns P in 1B segment

Latitude in geodetic reference system

Longitude in geodetic reference system

On-board clock period

Along-track angle of the look direction in NavigatiReference Coord. System
Across- track angle of the look direction in Natiga Reference Coord. System
Along-track look angle for the first pixel

Along-track look angle for the last pixel (N=3000N=6000)
Along-track look angle for the pixel number p (p).

Across-track look angle for the first pixel

Across-track look angle for the last pixel (N=308&f0N=6000)

Across-track look angle for the pixel number p (pN)
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2 SPOT MISSIONS

2.1

Historical background

Since 1986, SPOT satellites have been acquiringgemaf the Earth. Except SPOT3 that stopped
acquisition on November 1996, SPOT1, 2 and 4 forrorastellation which will be reinforced with the
launching of SPOTS5 foreseen in the early 2002.

As illustrated in fig. 3, the first three SPOT niiss belong to the first generation satellite anidl ve
called SPOT123 in this handbook. The fourth sael[SPOT4) represents the second generation
including improvements in term of payload and posihg capabilities.

The next mission (SPOT5) belongs to the latest ggio@ of SPOT missions with significant
improvements in terms of on-board instruments amghreomous system of positioning and attitude
control that will enable a high absolute locaticnwaacy.

fig. 1  Artist view of SPOT4 - © 1998 - fig. 2  Artist view of SPOT5 - © 2002 - CNES
CNES

|19

86| 1987 1988 | 1989 | 1990 | 1991 | 1992| 1993 | 1994 1995 | 1996 | 1997 | 1998 | 1999 | 2000 | 2001 | 2002 | 2003 |

February, 22™
1986

Suspended on
February, 2™ 2002

September,

1996

maeh 241 SROTANI S [[[1] |

1998

>

2002, SPOTS

fig. 3  Chronology of SPOT missions
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Orbit

This section defines the main characteristics efSROT orbit, the way SPOT satellite constellatias
been arranged to ensure the best Earth coveragéndtiuments used to get satellite position ircspa
(DORIS) and the instruments controlling the attgud

For additional information, visit the CNES shittp://spot4.cnes.fandhttp://www.mira.fr/spot5

SPOT orbit characteristics

SPOT satellites are designed to acquire imagesaghkn such a way as the images taken on different
dates can be compared between each other. Thimbabe achieved if each SPOT satellite is examtly
the same orbit:

» The orbit isphased which means that the satellite passes repeabediya ground point after a whole
number of days. The SPOT satellite cycle ends 36 tta complete_369 orbital revolution$he
orbital period is 101.5 minute$he ground track is accurately repeated evergd38 (cycle) and the
satellite follows adjacent ground tracks every-iasy sub-cycle.

» The orbit issun-synchronousi.e. the angle between the orbital plane and=dwgh-Sun direction is
constant. For SPOT satellites, angle is 22.5°, whieans that the local time of the descending node
is 10:30(nominally between 10:15 and 10:30, see R-5). dioee, at a given latitude, the imagery is
acquired with constant illumination (see fig. 4).

* The orbit is neapolar. This characteristic is a consequence of the ptsstwo properties. The orbit
inclination (tilt angle) with respect to the equabplane is about 9828 This characteristic enables a
full coverage of the Earth (given the imaging ingtent's oblique-viewing capability).

» The orbit is neacircular, with a perigee close to the Earth North PolesTheans that a constant
altitude may be maintained over a given point anglound. SPOT's altitude over a point located at
45° North is about 830 km

The angle between the orbital plane and the SuarthE
direction remains constant: this is why the orbikmown
as sun-synchronous.

The orbital plane intersects the equatorial planéva
points along a straight line known as the line odes. A
node is the point at which the satellite crosses th
equatorial plane: on its journey from north to $oittis
the descending node; for SPOT's orbit, the desogndi
node takes place during the "day" (in the sunlit pé
the orbit) on its journey from south to north ittle
ascending node; for SPOT's orbit, the ascending nod
takes place during the "night".

fig. 4  Sun-synchronous orbit - © 2000 - CNES

SPOT constellation

SPOT5 is part of a system currently operating &lls&as in the SPOT family: SPOT1, SPOT2 and
SPOT4. The first two satellites SPOT1 and SPOTRbnger have storage capacity. With SPOT4, these
satellites are currently in orbits that have theasa&haracteristics as those described in tableel Gedow.
However, they are in different orbital phases wébpect to each other along the orbit.
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Type Sun-synchronous
Altitude 832 km
Inclination 98.7 °
Period 101.4 minutes
Cycle 26 days
Local time 10:30

Table1l SPOT orbit nominal characteristics

The SPOTS5 orbital position phase has been analysézrms of the missions to be carried out by the
SPOT constellation and the upgrading requiredtiercurrent infrastructure. Once the SPOTS5 is ptat in
orbit, there is a total of three operational saedl SPOT2, SPOT4 and SPOT5. SPOT1 will be
decommissioned and set in storage-only mode rigftre launching SPOT5. The latter will be put into
orbit with a precise phasing in relation to SPOT2l &POT4. SPOT2 and SPOT4 positions will not
undergo any modifications: in terms of phasing, 8@ ahead by about a quarter of an orbit in iehat
to SPOT2 (97° orbital dephasing). SPOTS5 will becpthat 97° ahead of SPOT4 (cf. figure 3).

fig. 5 Orbital positions of the SPOT satellites

Orbit control - DORIS

DORIS (Doppler Orbitography and Radiopositionintegrated by Satellite) is a radio-electrical system
for high accuracy orbit determination and statiosiponing. It has been designed and developedéy t
"Centre National d'Etudes Spatiales" (CNES, thenéhespace agency), the "Groupe de Recherches de
Géodésie Spatiale" (space geodesy research gradphea "Institut Géographique National" (IGN, the
French national survey agency).

The DORIS system is composed of the following eleisie
* Aworld-wide permanent network of transmitting gias, called "orbitography network”,

* Receivers on-board several satellites (currentl@ BER SPOT4 and Topex-Poseidon, in the future
Jason, Envisat and SPOT5),

» So-called "ground location stations", whose positeounknown a priori,

* A control center that performs system monitoringstiument programming, and data processing /
archiving.
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Operation

The on-board receiver measures the Doppler shithersignal emitted
by the ground stations, at both frequencies (40 Mkt 2 GHz). The
double frequency measurement is necessary to reeioes due to
ionospheric propagation delays. The collected datastored in the
instrument's memory and downloaded to the groumth ¢eme the
satellite can see a receiving station: SPOT imaggities (Toulouse,
France) and Kiruna (Sweden) for SPOT2 and 4. Omedarces acting
on the satellite have been modeled, these measnt®iu®e processed
to determine its precise trajectory. These orbrhjgotation results car
then be used to determine the exact position tibetato be located.

Two stations of the permanent network, called "srastations”, have
a specific function: they are used to synchroniee dystem with the
International Atomic Time, and to upload programgndata to the on-
board receivers.

This is called an "uplink" system, since the sigisabmitted by the
ground beacons and received on-board the satelisespposed to the
GPS for which the emitters are on the satellites.

Orbit determination

DORIS can determine very accurately the orbit &f satellites. The| fig.6 DORIS antenna -
DORIS instrument on-board SPOT4 has an added famir the real- © 1998 - CNES

time determination of the host satellite’'s orbiglled DIODE
(Détermination Immédiate d'Orbite par DORIS EmbajquThis
function allows in particular to locate precisdhgtSPOT4 satellite.

For SPOT5, DORIS-DIODE system has been coupled avitbrbit propagator software called TRIODE
able to compute position and velocity. These ephisnaege dated every 30 seconds in UTC referential
and ITRF terrestrial referential and transmitte¢himground along with the image telemetry.

In degraded case (failure of DORIS TRIODE systeraphemeris are computed using the MADRAS
orbit propagator that would take in input data apled from the TC&C command stations. MADRAS
generates ephemeris data every 30 seconds.

Precision of the restituted orbits using DORIS ¢®DE are indicated in the table here below giving t
location errors along the three axis of the Orb@abrdinate System. These values match the RMS of
samples acquired during validation campaigns peraron SPOT 3 and SPOT 4 satellites.

AX AY AX
perpendicular to the | tangential to the orbit radial location
orbital plane
MADRAS 31m 209 m 48 m
DORIS 0.71m 0.67 m 0.36 m

Attitude control

Attitude control (angular orientation) is neededIsat the optical system covers the programmedrgtou
area at all times. However, the satellite tendshange its orientation due to torque produced ly th
environment (drag of the residual atmosphere ot array, solar radiation pressure, etc.) oitdsjf
(due to movement of mechanical parts such as ordbveaorders or solar panel rotation). Therefdre, t
angular orientation has to be actively controll&dother reason is the need to prevent "blurringthef
scenes acquired.
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Local Orbital Reference System

The attitude is continuously controlled by a progneed control loop (AOCS): sensors measure the
satellite’s attitude, the onboard computer thercgsses these measurements and generates commands
which are carried out by the actuator, to ensurgcbpointing.

SPOT satellites are "three-axis stabilized", wmuodans that its orientation is fully controlled tela to
three axes. One of these directions correspondsetdine between the satellite and the center ef th
Earth, also called the “geocentric direction” (guoSition vector”) another is perpendicular to this
geocentric axis, in the plane formed by the geoiedirection and the satellite velocity vectoretthird

is perpendicular to the first two.

These three axes form the local orbital referepstem(ROLT).
The local orbital reference system (see fig. @efined at each point of the orbit by three unitegtors.
These vectors are derived from the satellite pmsiind velocity vectors:

. Vector L (from Lacetin French) is collinear with position vectét (on the axis between the Earth's
center and the satellite). It defines the yaus.

.« VectorT (from Tangagein French) is perpendicular to the orbital planector I:, velocity vector
V ). It defines the pitchxis.

. Vector R (from Roulisin French) completes the set of orthogonal axdeslin the plane defined by

vectors L andV and defines the roHxis. It does not coincide exactly with the velgaiector due
to the eccentricity of the orbit.

This (P,T,R,L) reference system is called (9YX%,2Z,) in the rest of the document.

u__rbite

fig. 7 Local orbital reference system (ROLT)
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Navigation Reference Coordinate System

Axes X, Y1, Z; represent an orthogonal reference frame relatdbetsatellite (satellite axes). Nominal
attitude pointing consists of the best possiblgnatient of this set of axes with the local orbitference
system (while ensuring stability and limiting argutates about this position).

With perfect geocentric pointing, this gives:

X, =T
Y,=R
z,=L

To maintain such equalities, the following equipirisrused for attitude control:

sensors

- an inertial platform consisting of four rate gyrothese are two-axis rate gyros and two of them are
enough to provide angular rate measurements alenthtee axes of the satellite. The two others are
thus used as backups. Gyros measure angular vetogibng each one of the three axis,

On-board SPOT4:

- two digital Earth sensors (STD), one nominal ane& eedundant, are used to measure angular
displacement about the pitch and roll axes,

- two digital Sun sensors (SSD), one nominal and mukindant, are used to measure angular
displacement around the yaw axis (once per orbit).

On-board SPOT5:

- a star tracking unit computes absolute angles alemghree attitude axis identifying constellatiams
the celestial vault. These measurements combindu the AOCS values provide high accuracy
attitude measures to the ground (ULS).

Actuators

- Three magnetic-bearing reaction wheels (RRPM) aes o apply torque to the satellite and thus to
rotate it about one of the X, Y or Z axes.

- Two magnetic torquers (MAC), which, through inte¢iac with the Earth's magnetic field, create
torques which are used to control the speed ofethetion wheels.
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- Two types of thrusters (burning hydrazine) eachdpoing a force of 3.5 or 15 Newtons; their
orientation relative to the satellite's center vty inducing rotation about one of the axes,YXgr
Z

HRG : High Resolution ;
Geometry instruments star sensor
(part of ULS)

HRS : High Resolution
Stereo instrument

Vegetation

instrument
DORIS antenna

fig. 8 SPOTS5 satellite
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Yaw steering mode

For SPOTS5 only, the platform is controlled in yawesing mode in order to inbalance the line diffieet
due to the Earth rotation (see fig. 9). Yaw angleantinuously changed depending on the latituddef
satellite. This operation allows to suppress tHaclpixels” introduced when processing level 1Brss
(see fig. 10).

Yaw angle is given by the following formulae:

pe arctg{ve x sin) x cos@v)}
Vear = Ve X €OS()
Where
B is the yaw angle to be maintained,
Ve is the terrestrial velocity on equator,
Vsat is the mean velocity of the satellite projectedyoound,
i is the orbital inclination (i = 98.72°),
ay oy =w + Vv, is the geocentric angle from ascending nadegidering a spherical
orbit, this angle may be condidered as a geoceititude” of the satellite),
() is the argument of perigee, and
Y is the true anomaly.
North
A

i
orbital
inclination

equator

Xz Y2

Ve

fig. 9 On-ground SPOT scene pattern without yaw steering
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fig. 10 On-ground SPOT scene pattern with yaw steering
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2.3 Payload
Instruments

The following table of this section records the meharacteristics of the instruments on-board @B
missions and which are covered by this handbook.

satellite instrument band name wavelength samplin? CCD per
range distance” line
SPOT123| HRV1 or HRV2 XS1 0.50-0.59um 20m 3000
XS2 0.61-0.68um 20m 3000
XS3 0.78-0.89um 20m 3000
PAN 0.50-0.73um 10m 6000
SPOT4 | HRVIR1 or XS1 0.50-0.59um 20m 3000
HRVIR2 XS2 0.61-0.68um 20m 3000
XS3 0.78-0.89um 20m 3000
SWIR 1.58-1.75um 20m 3000
M 0.61-0.68um 10m 6000
SPOT5 | HRG1 or HRG2 XS1 0.495-0.605um 10m 6000
XS2 0.617-0.68'fum 10m 6000
XS3 0.780-0.893m 10m 6000
SWIR 1.545-1.75Qum 20m 3000
HMA 0.475-0.71Qum 5m 12000
HMB 0.475-0.71Qum 5m 12000
HRS HRS1 (ore view) 0.49-0.69um 10mx5m 12000
HRS2 @ft view 0.49-0.69um 10mx5m 12000

(1) Ground sampling distance at vertical viewing.

Payload modes of operations

Data acquired by the instruments are multiplexebde@ownloaded to the receiving stations. Becatise o
limitations in the downlink rate, all the data atgd on-board cannot be sent to the receivingastati
Table here below shows the data segments in oafmsch instrument and the possible combinations.

satellite data segments combinations of data segments
download rate
On-board memory
SPOT123 HRV1-XS Two (2) among the 4 data segments
2 x 25 Mbits/s | HRV1-PAN
2 tape recorder | HRV2-XS HRV1I [XS [P [XS[P [P+
HRV2-PAN XS
HRV2 [XS|P [P [XS P+
XS
SPOT4 HRVIR1-XS" | Two (2) among the 6 data segments
2 x 25 Mbits/s | HRVIR1-XS
2 tape recorder + HRVIR1-M HRVIRL| XS |P | XS |P |P+ XS XS |M | M+
9 GB solid state | HRVIR2-XS® XS XS
memory HRVIR2-XS HRVIR2[ XS [P [P [XS )Fg XS M [ XS )l\g
HRVIR2-M
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SPOT5 HRG1 - XS Five (5) among the 7 data segments, 2 being directl

2 x50 Mbits/s | HRG1 — HMA | transmitted and 3 having been recorded.
110 GB solid stat¢e HRG1 — HMB
memory HRG2 — XS

HRG2 — HMA
HRG2 — HMB
HRS - ST

(1) Because of the limitations for some of the gbstations to receive the whole SPOT4 data, it has
been introduced a degraded mode not downloadingS¥W#R channel, and thus providing full
compatibility with SPOT123 modes of operation.

Channel superimposition — SPOT123

For SPOT123 satellites, the panchromatic scene¢renchultispectral scene acquired at the same tide a
by the same instrument are not strictly superimipiesdue to the different locations of the CCDshia t
focal plane of the instrument(R-4). In particulae different look directions|(x,y) may lead to parallax
effect in regions with much changing elevations.

At the opposite, all the bands (XS1, XS2 and XS3)tle multispectral scene are perfectly
superimposable.

The image line acquired at a given instant by amy of the HRV instrument is approximately (see fig.
11):

* +7.5 kmin front of the subsatellite point in pararhatic mode, and

* -7.5 km behind the subsatellite point in multispglanode.

Consequently, with the SSM in vertical viewing (rposition 48),

» the look directions passing through the centeramhedetector in bands XS1, XS2, XS3 intersect a
series of equally spaced points lying on a planpeelicular to £ The look direction matching the
central detector has an angle specified to_be 90.%2h Z;. The detector look directions for bands
XS1, XS2 and XS3 are coincident;

» the look directions passing through the center Al Rletector intersects a series of equally spaced
points lying on a plane perpendicular tp Zhe look direction matching the middle of the teentral
detectors has an angle specified to be +0.928r7;.

In the next figures of this section, viewing planeslude the look directions of all the detectofsao
particular band and are shown in the NavigationeRefce Coordinate System defined in section 4.1.
Inclination of the viewing plane with regard to tHeaxis matches the look direction of the median
detector {x).

Therefore, due to differences of instrument makiayveen SPOT satellites, one must read ghgi(y)
viewing angles in order to perform an accurate jgha/anodel. Precise values shall be read inside the
products.
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satellite velocity

multispectral
viewing plane

panchromatic
viewing plane

6000

fig. 11  SPOT123 — PAN and XS look directions

Channel superimposition — SPOT4

For SPOT4, the monospectral (M) / multispectral Y 28perimposition defect observed for SPOT123
(see previous section) has been settled. Indeedmtinospectral image lines are in output of the B2
detector that is also used to acquire the XS2 inbagel. This feature allows producing “Merge product
including multispectral XS bands with a 10 metesotution.

From a physical point of view, detectors arrays anisig XS1, XS2 and XS3 bands respectively are
assemblies of four 1500 CCD arrays each one. Iigpettral mode, output of two adjacent CCDs are
averaged to produce 3000 radiometric values per lin

Technology for the SWIR detector is more complexe BWIR array is an assembly of 10 bricks, each
one of 300 detectors. Within each brick, odd anehedetectors are located along two parallel lisee (
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fig. 12). Look directions for odd SWIR detector amncident with those for bands XS1, XS2 and XS3.
While look directions for even SWIR detectors makeangle with Zaxis of typically +4.8 10 radians.

This difference in look directions is correctedproducts distributed to users, interpolating susives
acquisition lines.

satellite velocity Xy

<
Yi

832 km

XS1, XS2, XS3 and
odd SWIR detectors

Yy =+4.8.10° rad
= 0.0028°

even SWIR detectors
1501

e XI1-XI2-XI3

O SWIR

fig. 12 SPOT4 — SWIR and XS1, XS2, XS3 pixel look direction

SPOT5 —HRG instrument overview

On-board SPOT5 (see fig. 13), the two 5-metreduéisa monospectral bands (HMA and HMB) acquire
ground reflectance values located foreward, whike multispectral bands (XS1, XS2, XS3 and SWIR)
match ground reflectance values located backwaat (riew).

With the Strip Selection Mirror (SSM) in verticakwing (center position 48),

» the look direction matching the central detectoibahds XS1, XS2, XS3 and SWIR has an angle
specified to be —9.242.Forad (=-0.529528°) with Z The detector look directions for bands XS1,
XS2, XS3 and SWIR are coincidét

« the look direction matching the central detectoHMA has an angle specified to be +9.24218d
(=+0.529528°) with £

« the look direction matching the central detectoHMB has an angle specified to be +9.22% tad
(=+0.528324°) with £
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(1) Informative noteSWIR line projected on ground has one pixel {kaa the other XS1, XS2 and XS3
bands. Pre-processing algorithms from level 1A picid overcome this defect.

Z

X4

satellite velocity

XS1, XS2, XS3 and
SWIR multispectral
viewing plane

HMA monospectral
viewing plane

6000 or,
3000 (‘V_SWI R)

= +7.5 km

HMB monospectral
viewing plane

fig. 13 SPOT5 — HRG instrument
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SPOT5 — HRG instrument — HMA / HMB superimposition

On-ground pixels of HMA and HMB scenes are interézgh to allow 2.5 metres interpolation of
“SuperMode” image.

Along and across track shifts are consequenceeodiifference between the typical look directionlasg
of the two detector arrays.

Along track
(W )iua = 9-242x10rad

. = AW, = 21x10°rad
(W, e = 9221x10°rad

Assuming an altitude of 832 km, such angular diffee leads to a spatial shift of
approximately 17.5 metres, i.e. 3.5 pixef$H-metres resolution.

Across track

(LIJY )HMB = (LIJY )HMA + 3)( 10—6 rad
Assuming the same altitude, such angular differdeads to a spatial shift of approximately
2.5 metres, i.e. 0.5 pixels

fig. 14 shows the relative location on Earth of HMAd HMB pixels. In nominal conditions, pixel (I,p)
of HMB scene (where | and p are respectively the &nd column numbers) matches its homologous
pixel (1+3,p) in HMA scene. HMB pixel is shifted #Dpixel along the lines and columns.

-+ HMA pixel
+ HWMB pixel omewes | B&rgloslogous
(+3,1) (1+3,12000)

A T""""'"TE‘ + + 5 ""+

(1,12000)

etres
T
1
1
1
1
1
1
1
1
1
1
1
1

5m

(+4,12000)

fig. 14  SPOTS5 — Interleaving HMA and HMB pixels

SPQOT5 — Supermode

HMA / HMB interleavings allows to compute a higlsoéution image called « Supermode ». Each line of
this level 1A interpolated and restored image heB0P pixels with a ground sampling distance of 2.5
metres.

As for the other SPOT5 products in DIMAP formagKkairections ¢x,¢v) are given for each one of the
pixels which have been computed as they would baes acquired by a « pseudo CCD array » of 24000
detectors.
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SPOT5 —HRS instrument

Unlike the HRG instrument, HRS telescopes do nduite a mirror mechanism. HRS scenes (see fig. 15)
are acquired under the satellite track with a svi&® km width (12000 detectors x 10 metres resofi)ti
Look directions of telescopes are +2fifré view and —20° (aft view).

Such look directions lead to incidence angles of722° (see equation 32 in APPENDIX B -) and
therefore to an efficient stereo B/H ratio of 0(84 x tan(22.748°)).

Foreward and backward acquisitions cannot be peddrat the same time. As a consequence, the

maximum stereo segment that can be acquired ifleabit more than 600 knm=(832 km altitude x 2 x
tan(20°)).

Foreward and backward images are obtained on the ganchromatic spectral band as for HRG. The
size of the pixels on ground are 10m x 10m. HoweM&S instrument has been designed for a ground
sampling distance of 5 metres along the track. direction close to the epipolar planes, this altagk
over-sampling allows higher altimetric accuracy tbé DEM to be obtained (absolute planimetric
resolution from 10 to 15 metres).

To
- start of foreward acquisition

To + 90 seconds
- end of foreward acquisition
- start of backward acquisition

T, + 180 seconds
- end of backward acquisition
- start of foreward acquisition

maximum covered area

600 km

non covered area

fig. 15 SPOTS5 — HRS instrument
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3 SPOT PRODUCTS

3.1 Processinglevels

This section summarises the categories of progpdsirels applied when generating SPOT products.
Some equivalencies are given for the other missions

Level 1A — Raw product

For SPOT 1A scenes, only a radiometric processagy h
been applied to compensate the differences the
differences of sensitivities between the variowsmelnts

of a CCD array.

Geometry of the product is kept unchanged leadingnt
image where width matches exactly the number of
detectors (SPOT123-4: 3000 for XS, 6000 for PANVipr
SPOT5: 6000 for XS or 12000 for HM).

For SPOT4 and SPOTS5 level 1A scenes, SWIR band is
registered on the XS bands.

Level 1B — System corrected product

Scope of level 1B processing is to remove the iater
geometric distortion of the image. Angles obseresd
Earth will have the same values within the imagelevh
the distortion of lengths measured in whateverctive
will be minimised.

In particular, level 1B processing compensates the
geometric distortions caused by:

1. Earth rotation,

2. Earth curvature, and

3. Panoramic effect.

Algorithms used to generate level 1B products are
presented in section 6.

Earth rotation correction is visible on SPOT123 and
SPOT4 images (black pixels at the start and aettteof
image lines). SPOT5 images will not show such black
pixels because of the yaw steering mode altituderob

of the platform (see section 2.2).

Level 1B products are generated only using mono-
dimensional resampling and are not geocoded.
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Level 2A — Projected product without ground referen ce points

A level 2 product is a cartographic product, i.g@raduct
which geometry matches a standard projection and a
standard geodetic system (ellipsoid / datum). Rtege
products are computed using a viewing geometry imode
presented in section 4.

For SPOT123 and SPOT4, level 2A products are
generated using _onlthe ancillary data of the acquired
image and do not use any ground control point.

Level 2A products are generated only using bi-
dimensional resampling and are geocoded.

A coarse digital elevation model can be used to
compensate for major variations of altitude.

For SPOT5, GLOBE DEM is used for orthorectification

Level 2B — Projected product with ground reference points

Level 2B products are generated using the anciliiata

of the acquired image together with ground refeeenc
points taken from maps, GPS data, geodetic points,
orthorectified images...

Ground reference points are used to estimate onwoe
unknown variables of the viewing geometry model.

For SPOT123 and SPOT4 the unknown variables &t fir
the initial attitude values.

Level 3 — Orthorectified products

Orthorectified products (also called “level 3" duxts)
are generated using the ancillary data of the aedui
image, ground reference points and a Digital Elewat
Model (DEM) to correct effects of the relief (pdead due
to altitude variations for non vertical look diriect).

Because of the ability of SPOT instruments to maeey
the viewing angle, orthorectification processing isajor
issue for SPOT products.

Orthorectified products are superimposable on
cartographic layers and are used to produce “spaps”.
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Data format

This section summarizes the three formats that baea used to disseminate SPOT products.

SISA format

From 1986 to 1995, the first SPOT123 products vesierered using a CEOS format customized for
SPOT products, also called “SISA format”. This fatnis today definitively superseded by the “CAP
format” and is out of the scope of this handbook.

During the transition period, this format has atsen called “Old format” to distinguish from the EA
format, called “New format”.

CAP format

“CAP format” has been released in September 199actmmodate with the SPOT4 satellite to be
launched in 1998. The new instruments on-board $higllite and new processing techniques have
obliged to rearrange the “SISA format” to take iatwound the @band (SWIR).

A second edition issued in November 1997 (see Refijains the reference format specification for
SPOT123 and SPOT4 products.

DIMAP format

For SPOT5, SPOT IMAGE has decided to use a newgtngestandard to encode auxiliary data: XML
(R-7 and R-10). This flexible language allows tedi down data in semantic blocks and can be actesse
by many parsers or navigators off-the-shelf.

An other advantage of DIMAP is that images areveeid and directly accessible through standard
formats (e.g. GeoTIFF).

Products made from SPOT123 or SPOT4 data are edpoged with DIMAP format.
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4 VIEWING GEOMETRY MODEL - THE DIRECT MODEL

This section provides algorithms allowing to congpatthorectified products from level 1A products.

When only a level 1B product is available, it issexmended to transform back this product in level 1
(see section 5.4) before applying the algorithms.

4.1 Principle

A “viewing geometry modetonsists in establishing a relation between aixglfl,p) of the level 1A
image and the relative point,p) on a terrestrial reference system. In this refgtthe altitude h of the
point on the ground is supposed to be known.

(Ip,h) A\$.h)
p Greenwich
meridian
Direct model
>
Reverse model equator

fig. 16  Viewing geometry model

The goal of thalirect modelis to compute the intersection between the loog&ction of any pixel (I,p)
with an Earth model. This Earth model could benested by using a Digital Elevation Model (DEM)
above an ellipsoid (see section “Using a DEM —tAlte pre-processing”) or just considering a constan
elevation (e.g. h=0) above an ellipsoid.

The direct model is computed performing a serieglefmentary transforms described within the next
sections:

1. Line dating set a relation between any pixel (I,p) of thegmand the date t of its acquisition.

2. Ephemeris interpolatiomleterminates the position P(t) and velocity \éftihe satellite at the date t.

3. Look direction in Navigation Reference Coordinatst8m determinates the look direction within a
reference system firmly attached to the satellite.

4. Look direction in Orbital Coordinate Systemaxpress the look direction with a reference syste
integrating the navigation constraints, and inipatar the attitude variations.

5. Look direction in Terrestrial Coordinate Systemieterminates the look direction attached to A
Earth reference system.

6. Location on Earth modelcomputes the intersection of the line of sighthwihe Earth model
(ellipsoid + DEM).
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Line dating

All the SPOT satellites have an on-board oscillatiole to associate any acquired line with a sedalent
integer count. In particular, SPOT4 and SPOT5 bseailtra stable oscillator of DORIS able to provéate
on-board time with datation accuracy better thab 1€

Date t of any line | is given with reference to #zene center date.

t=t, +Ispx(l-1) (Eg. 1)
Where

te is the scene center date,

le is the line containing the scene center,

Isp is the line sampling period.

Ephemeris interpolation

SPOT products include ephemeris auxiliary datangivhe position and velocity of the satellite witlain
interval of time including the acquisition. Ephemenre interpolated from this samples using the
Lagrangian formula.

For SPOT123 and SPOT4, ephemeris data are givey eeute. For a standard 60 km scene, eight (8)
ephemeris values are provided. In order to composéion and velocity of any line within the sceties
Lagrangian interpolation requires 4 ephemeris goligfore this line and 4 points after this line thie
case where one ephemeris point fall into the sc@mphemeris points are provided: 4 before theescen
and 4 after the scene (see fig. 17).

For SPOT5, ephemeris data are given every 30 sedonthe whole data strip including imagines &t th
start and at the end of the data strip.

Let t being the time of the line | for which positi P(t) and velocity V(t) shall be computed, selbet
four ephemeris samples at timett, t; and § before t and the four samples at timdd t7, tg after t; all
the time tbeing out of the acquisition range.

Position and velocity are given by the followingrfalae:

8

B(t,) * [ -t)

L3 -l
P(t) = z 5 J (Eq. 2a)
j=1 |I:l| (tj _ti)

iZ]

Vi) x[]¢-t)

\7(t)=z ! (Eq. 2b)
j=1 H (tj _ti)

iZ]

Where
P(®) are the satellite position coordinates,
V(t) are the satellite velocity coordinates,
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t are the universal times corresponding to the jprstand velocities.

satellite velocity

ephemeris sampling
period (60 or 30 sec.) §

y time t -
ephemeris samples

L before acquisition

ephemeris to be
’ excluded from

scene acquisition time Lagrangian

interval (9 sec.) interpolation

ephemeris samples
after acquisition

fig. 17  Interpolating position and velocity from ephemelita — Example for one full scene

Look direction in Navigation Reference Coordina  te System

The Navigation Reference Coordinate System

The (Q,X1,Y1,Z;1) Navigation Reference Coordinate System, als@ddRepeére a pilotérin French, is

the body-fixed system used for spacecraft attitdelermination and control. The coordinates axes are
defined by the spacecraft attitude control syst&@S) which attempts to keep the navigation refezenc
frame aligned with the Orbital Coordinate Systere(section 4.5) so that the optical axis of insemim
without mirror deviation is always pointing towartti® center of the Earth.

As illustrated in fig. 18, Y axis is not necessarily strictly aligned with saellite velocity vector. This
misalignment may be due to small drift of yaw arnidipvalues in nominal case or and systematic yaw
steering mode control for SPOT5 acquisition.
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CCD acquiring
column p

\ CCD array

satellite velocity

look direction
of pixel (I,p)

error observed when
attitude variations have
not been integrated

fig. 18 Navigation Reference Coordinate System

Look direction of pixel p

For any line | of a level 1A scene, pixel of a partar column g has been acquired by a unique CC.
look direction matching this CCD is defined by theo anglesyyx and iy expressed within the
(O1,X1,Y1,Z1) Navigation Reference Coordinate System. These awgles are computed from look
direction anglesyix); and (bv); matching two or more CCDs and are provided inlaryidata.
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Case of SPOT123 and SPOT4

For SPOT123 and SPOT4, the CCD look anglés)i(Wv)i] are only given for the first and last CCD of
the detector arrays:

> [(Wx)1,Wvy)1] and [Wx)3000(Wy)300d fOr XS1, XS2, XS3 and SWIR bands, or

> [(Wx)1,Wy)1] and [(Px)so0o(Wy)sood for PAN or M bands.

The look direction for any pixel p is computed Imehr interpolation from the look directiong, @nd yn
of the first and last pixels respectively :

o (~td@).]
Up =| + tg[(wx )1] (Eg. 3a)
-1
- u
Up = o (Eq. 3b)
Up1
(ol )]
UpN = +tg[(¢/x In ] (Eg. 3c)
-1
- u
Upn = o (Eq. 3d)
UpnN
O, = Up + _1><[ﬁpN —ﬁpl] (Eq. 3€)
Where
N is the number of CCDs for this band (N=3000 06850)
p is the number of the column (p=1..N)
Wx)1 is the along-track look angle for the first pixel,
Wv)1 is the across-track look angle for the first pixel

Wx)N is the along-track look angle for the last pixel,

Wy)n is the across-track look angle for the last pixel.

Case of SPOT5

For SPOT5, look anglesyik),,(Wy)i] are given for every detectors (i=1..N, where N&306000 or
12000) and all the bands. The look direction fotepip is therefore immediately given by the value
posted in auxiliary data:

Yy =( x)p (Eqg. 4a)
w, =), (Eq. 4b)
Where
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a is the number of the column (p=1..N)

(Wx)p is the along-track look angle for the CCD numbép$l..N),
(PYv)p is the across-track look angle for the CCD nunpibg=1..N),

The look direction for any pixel p is given by tfedlowing formula:

_tg(wv)
G, =| +tg(¢y) (Eq. 52)
-1
A
0, =— (Eq. 5b)
o]

Look direction and mirror step value (informative)

The look directions of CCDs ix);,({y)i] includes the physical arrangement of arrays witthe
telescope and the angle of the mirror.

Case of SPOT123 and SPOT4

Mirror is rotated step by step with incrementalues of 0.6°. Mirror position is measured by angete
value in the range [3,93] leading to an angulaerival [-27°,+27] (see fig. 19).

Viewing angle for the acquired scene is given by:

u, = (pms-48)x 06° (Eq. 6)
Where
pms is the pointing mirror step (pms=3..93).

This viewing angle is approximately equal to therage of the Y component of th¢\) angles of the
look directions of the extreme detectors on thayarr
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Z
satellite velocity
miror step
values
WEST mean look
angle
oﬁW'”y‘
450 km
EAST
fig. 19 Viewing angle
Case of SPOT5

For SPOTS5, the mirror position is monitored by ghhaccuracy angular encoder. Values of this encoder
is in range [-8000,+8000] and precisely indexedalod angle direction.

Step of the optical encoder is 6 micro-rad (apprately one pixel HM) with a precision of 30 micradr
Encoder value is transmitted together with the ienéglemetry at a frequency of 1 Hz; i.e. every 7
kilometres. An average encoder couméd is computed along the whole segment to provideraque
Mucv matrix used to compute the look directions.

Values ofaecandMy,cy matrix are provided in DIMAP format (see APPENDIX).

Look direction in Orbital Coordinate System

The Orbital Coordinate System

The Orbital Coordinate System {®,,Y,Z,) is centered on the satellite, and its orientat®obased on
the spacecraft position in space. The origin issihececraft center of mass, @ith the 2 axis pointing
from the Earth center of mass to the spacecratftecesf mass. The Xaxis is the normalized cross
product of the instantaneous velocity vector withaXis. Y, is the third unitary vector of the system (see
fig. 20).
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. Pt
Z,= # (Eq. 7a)
Pl
— V()AZ,
X, = SWAZ, (Eq. 7b)
Hv (OAZ,
Vz =Z2N\ X2 (Eq. 7¢)
Where
P(t) is the interpolated position of the satekitenputed in eq.2a, and
V(1) is the interpolated velocity of the satelldemputed in eq.2b.

Note Because the trajectory is not perfectly circuthrections of ¥ and V(t) are close but the vectors
are not perfectly collinear.

On SPOT, no distinction is made between the batyeeaf instruments Qof the Navigation Reference
Coordinate System and the spacecraft center of @askthe Orbital Coordinate System &£Dy).

Terrestrial velocities

For SPOT5, position and velocity ephemeris are mgivethe International Terrestrial Reference Frame
(ITRF), being a Earth Centered Rotating (ECR) Comte System close to the WGS84 system. In
particular, the velocities given in auxiliary dadee sum of inertial velocities and instantaneoughEa
rotation.

Inertial velocities
For SPOT123 and SPOT4, position and ephemerisiaea gvith reference to GRS80 geodetic system
that is also very close to the WGS84.

\7| :\7T -Q0OP

Where

V| is the inertial velocity,

V+ is the terrestrial velocity,

Q is the instantaneous rotation vector of the Earthl,
P is the position of the satellite.
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fig. 20  Orbital Coordinate System

SPQOT123 and SPOT4 - Integration of attitude variati __ons

All the SPOT satellites have sensors measuringattitide variations (accelerations): -pitch (raiati
speed garound X% axis), -roll (rotation speed around ¥ axis), and —yaw (rotation speegdaaound 2
axis). These accelerations are turned into angelacities by the on board computer.

Values of attitude variations are given for a matr line at a frequency of 8 Hz (8 measuremeats p
second). For example, a SPOT4 XS scene of 60 kmisatign includes 72 to 73 attitude samples giving
each one the line they are attached to (approxiynateh 42 lines). Section 4.2 describes the mtati
between the line number p and the acquisition time.

An example of attitude variation profiles is giviersection D.3 of APPENDIXD -.
" This document discloses subject matter in which GAEL Consultant has proprietary rights. Recipient of this document shall not

duplicate, use or disclose in whole or in part, information disclosed here on except for or on behalf of GAEL Consultant to fuffill the
purpose for which the document was delivered to him.



SPOT 123-4-5 reference  GAEL-P135-DOC-001

GAEL Geometry Handbook issue 1 revision 4
Consultant date 20/08/2004
page 40 of 82

For anyone of the time (i=1..72) corresponding to the attitude measureéspehe absolute attitude is
computed performing the integration of the attitudgations (series of elementary rotation velesi}i

a,(t) = (a,), + Y [a ) x (¢, ~t )] (Eq. 82)
j=2
a,(t) = (@) + Xl ) ~t,)] (Ea. )
j=2
a,(t) =(a,), +Y[a, )% (t, -t,.)] (Eq. 80)
i=2
Where
I is the line of absolute attitude (@ (a)1. (&)4] at the beginning of the scene,
t1 is the date matching ling |
(&)1 is the rotation angle around the pitch axis atoéginning of the scene,
(&)1 is the rotation angle around the roll axis atlibginning of the scene,

(&)1 is the rotation angle around the yaw axis at #@irining of the scene,
i is the index of the attitude measurement (i=1ai723)

l; is the line of average rotation speegl(fa, a'(ti), a/'(t)],

ti is the date matching ling |

a'(t) is the average rotation speed around the pitih ax
a'(ty) is the average rotation speed around the radl axi
a/’(t) is the average rotation speed around the yaw axis
a(t) is the rotation angle around the pitch axisraet}
a(t) is the rotation angle around the roll axis atetitn
a(t) is the rotation angle around the yaw axis at time

Initial attitude values

Initial attitude values (@, (&)1, and (). are periodically uploaded to the satellite or teeD at the
beginning of a segment acquisition. These valuesrasured along the whole segment and guaranty the
geometrical continuity between two adjacent scerfethe segment, even when these two scenes have
been processed separately.

The uncertainty of the values of these initialtaties is the major cause of location errors. Tis Wway
to enhance this location is to approximate (fomgpla using mean square analysis) these initialeglu
from external data such as ground reference points.

SPOT5 — Absolute attitudes

On-board SPOT5, sensor data are sampled at 1 Hdaaadrom the gyroscopes at 8 Hz. When mixing
these data, ULS quaternions are produced at 8 Hz.

Within SPOT5 products in DIMAP format (section “Dam_Document/Data_Strip/Satellite_Attitudes”),
are provided:

v/ “Raw” attitude values (section “Raw_Attitudes”) inding:
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- attitude values restituted from the inertial cedntrad the terrestrial sensors given as angular and
velocity profiles (section “Aocs_Attitude”), and

- attitude values restituted from the star tracket the inertial central given as quaternions (sectio
“Star_Tracker_Attitude”).

v “Corrected” attitude values (section “CorrecteditAties”) which contents depends on the value of
“STAR_TRACKER_USED” field:

- angular profiles of AOCS attitudes when * STAR_TR®ER _USED” has value “N”, or
- angular profiles of ULS attitudes when “ STAR_TRAER_USED” has value “Y”.

The star tracking unit (ULS) on-board SPOT5 allawsasuring absolute attitude values. Even if also
rotation speeds are present in auxiliary data, ribit necessary to integrate these values.

Precision of ULS system will allow an absolute lima better than 50 metres on-ground.

On the contrary, in the case ULS would not behaweectly, absolute attitudes present in auxiliary a
computed from the rotations speeds produced bgytes in the way described in the previous section.

For SPOTS5 only, attitude are flagged with a “OUT_®ANGE” indicator go(t) (value “Y” or “N”)
defining whether attitude valueg[8), a(ti), a(t)] is invalid or not.

Sign of attitude data

For historical reasons, attitude values (rotatipaesl or absolute angle) are not expressed witken th
Navigation Reference Coordinate SystemX@Y1,Z;) (see section 4.4) but within its inverted system
(Ollxllinlizll)-

X,'=-X,
Y,'=-Y, (Eq. 9)
Z,'=7Z,

Sign of roll and pitch values (rotation speed osadibte angle) found in auxiliary data will thereddse
multiplied by (-1) except the yaw values which viaél left unchanged.

This change of sign will appear within the formatanputing the look direction here after.

Attitude interpolation

Attitude variations being small and because of phesence of many samples within the scene (see
Appendix D.3), only a linear interpolation is pearfeed to get the attitude valuesg(fna(t),a(t)] at the
look time t matching the line | of the image.

t—t
a,(t)=a,(t)+ (ap(tiﬂ) —a,(t ))x P— (Eg. 10a)
i+l i
— t-t
3 (0 = (1) +(a () ~a () —— (Eq. 10b)
i+1 i
_ ( ) t-t
a,(t) =a, () +\a,t..) —a,(t) r— (Eq. 10c)
i+1 i
Where
i is the index of valid attitude measurement wharse is just before t(k t < ti\;)
a(t) is the rotation angle around the pitch axitirae t
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a(t) is the rotation angle around the roll axisifauet t
a,(t) is the rotation angle around the yaw axisraett
a(t) is the rotation angle around the pitch axisraeti computed by using equation 8a

or found in auxiliary data

a(t) is the rotation angle around the roll axis attintomputed by using equation 8b or
found in auxiliary data

a(t) is the rotation angle around the yaw axis at timemputed by using equation 8c or
found in auxiliary data

Computing look direction

The three rotations associated to attitude vanatire applied to the look directiop eomputed within
the Navigation Reference Coordinate System.

G
U, =7 (Eg. 11a)
|
U,=M_ *M *M, 0 (Eq. 11b)
1 0
M,=0 cos(ap(t)) sm(a (t)) (Eq. 11c)
0 —sin(ap (t)) cos(a (t))
coda, (t)) 0 -sin(a, (1))
M, = 0 1 0 (Eq. 11d)
sin(a, (t) 0 coda, (1))
cos(ay (t)) —sm(a (t)) 0
M, =|sin(a, (t)) coda, (t)) 0 (Eq. 11e)
0 0 1
Where
Uy is the look direction in the Navigation Refere@mordinate System
a(t) is the rotation angle around the pitch axitirae t
a(t) is the rotation angle around the roll axisitauet t
a,(t) is the rotation angle around the yaw axisraett

4.6 Look direction in Terrestrial Coordinate System

International T errestrial Reference Frame (ITRF)

The International Earth Rotation Service (IERS) tmen established since 1988 jointly by the
International Astronomical Union (IAU)and the Imetional Union of Geodesy and Geophysics (IUGG).
The IERS mission is to provide to the worldwideestific and technical community reference values fo
Earth orientation parameters and reference reaimbf internationally accepted celestial andetstnial
reference systems.
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The IERS is in charge to realize, use and promwdriternational Terrestrial Reference System ()TRS
as defined by the IUGG resolution No 2 adoptedianya,1991.

In the geodetic terminology, a reference framessteaof points with their coordinates (in the breadse)
which realize an ideal reference system. The frggneduced by IERS as realizations of ITRS are named
International Terrestrial Reference Frames (ITRF). Such frames are all (or a part of) theckiag
stations and the related monuments which constthedERS Network, together with coordinates and
their time variations.

The measurements of the Earth's rotation are uthderform of time series of the so-called Earth

Orientation Parameters (EOP). Universal time (Ublar motion and the celestial motion of the pole

(precession/nutation) are determined by VLBI. Tatellite-geodesy techniques, GPS, SLR and DORIS,
determine polar motion and the rapid variationamfersal time.

The satellite-geodesy programs used in the IERS a@eess to the time variations of the Earth'sityrav
field, reflecting the evolution of the Earth's shaps well as the redistribution of masses in thaqp.
They have also detected changes in the locatidheo€enter of mass of the Earth relative to thetcru
This makes it possible to investigate global phesmansuch as mass redistributions in the atmosphere,
oceans and solid Earth.

Since SPOT2, the DORIS instrument on-board the SPHatEllites contributes to these Earth
measurements.

On contrary to most navigation systems, DORIS seHaon an uplink device: the receiver is on-bolaed t
satellite while the transmitters are on the grodris creates a naturally centralized system, iichvthe
complete set of observations is downloaded fromstHiellite to the ground center, from where they ar
distributed after unified editing.

The current system started operation in 1990. déisnpnently tracked network includes 50 beacons
evenly distributed on the earth, including stationsll major tectonic plates.

The geocentric positioning results obtained in 1988e a precision of 2 cm, and daily polar motion
determinations have a precision of about 1-2 mitaconds.

In general the ITRS (and its realizations ITRFys® alose to WGS84 at one metiEable here below
shows for example the parameters from ITREOWGS84.

For additional information, visit the Web sh#p://lareg.ensg.ign.fr/ITRF/index.html

T1 (m) T2 (m) T3 (m) D (ppm) R1 R2 R3
(arcsec.) (arcsec.) (arcsec.)
0.060 -0.517 -0.223 -0.011 0.0183 -0.0003 0.007p

From Orbital Coordinate System to Terrestrial Coord inate System

Because position P(t) and velocity V() are alre@kpressed in ITRF, transformation from Orbital
Coordinate System to Terrestrial Coordinate Systemduced to a simple base change.

(Xa) ()i (22),

U = (Xz)v (Yz )Y (Zz)v * U, (Eq. 12)
(X.), (), (z.),

Where

Us is the look direction in Orbital Coordinate System

Uz is the look direction in Terrestrial Coordinatesg&ym

X2 is the pitch axis computed in eq. 7a

Y2 is the roll axis computed in eq. 7b
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Z; is the yaw axis computed in eq. 7¢

4.7 Location on Earth model

Intersection of look direction with the Earth ellip soid

Getting the look directiongurom the satellite at the position P(t), we nownpuoite the intersection with
the ellipsoid located at an altitude h above thadard ITRF ellipsoid (see fig. 21).

We consider here that the altitude h of the intgisa point M is known. This assumption will allow
computing the intersection with a topographic stefésee next section). In the case no DEM would be
available, altitude h shall be set to 0.

As said in the previous section, the ITRF ellipseadies from the WG S84 in a magnitude less than one
metre. A reasonable approximation may be perforasény the standard WGS84 values:

a=63781370m (Eq. 13a)
b=6356 752.3 m (Eq. 13b)
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P(t)

b+h

B

v

fig. 21 Intersection of look direction with the Earth efimd

Let M=(X,Y,Z) the geocentric coordinates to be fdupoint M is involved within the two following
equations:

L ~ X:XP+/'IX(U3)X

O,M = P(t) + xus =1 Y =Y, + % (u,), (Eq. 14)
Z=2Z,+pux(uy),

and

XE4Y? 27

Az 52 1 with

(Eq. 15)
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Leading to solve the"@degree equation:

9l CY A 19 SR TS CY M/ CHY

A’ B?

+ ZP(US)Z X+ PP TP
A? B? A? B?
(Eq. 16)

This equation has necessarily two distinct solwsti@a, pp). The smallest ongug;,) shall be kept. Re-
introducing this value within equation 14 gives g@ocentric coordinates (X,Y,Z) of point M.

The geodetic coordinateks,$,h) may be computed using the procedure given peadix A.1).
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Using a DEM - Algorithm

When a DEM is available, the intersection with tbeographic surface may be computed using the
iterative algorithm detailed here below and illagtd by fig. 22.

i1
h « hstart

»
»

A 4
Compute the intersection of us
with the ellipsoid at altitude h

(i>1)and
(d(Mi-lnMi) < dmin)

yes

Get the altitude h(M;) v
from the DEM Exit
h « h(M)

Algorithm stops when the geodetic distance betwkercomputed intersection;nd the one computed
at the previous step becomes below a fixed thrddubl,).

Speeding-up convergence

First altitude k. shall be chosen as close as possible the final dfteen pixels are processed
sequentially, along the line, it is recommendedyéb the altitude of the previous pixel; or better,
estimate the local slope, setting the altituddédontinuity of this slope.
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direction
h(M)
h(Ms)
................... DEM
h(Ms)
h(Ma)
h(M2)
Ms
M; My Ms M; h
start

fig. 22 Intersection of look direction with a topographiaface

Algorithm convergence

When the DEM has a high resolution and when the Idivection is very inclined, algorithm may
diverge; in particular, within areas showing slopéth different orientations.

Various strategies may be adopted:

1. stop when d(M;,M;) is not strictly decreasing,

2. process a DEM pyramid at various resolution (“cedosfine” algorithm),
3. use DEM represented by facets (TIN),

4. ..

Using a DEM — Altitude pre-processing

In many cases, DEMs have altitude relative to ausgeoid or ellipsoid.

To be efficiently used in the algorithm presentetehabove, the DEM shall be projected in ITRF &ad i
altitudes shall be in reference to ITRF ellipsaed fig. 23).
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other

geoid ellipsoid

ITRF
ellipsoid

fig. 23 Altitude referential of a DEM
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5 GENERATION OF LEVEL 2 PRODUCTS — THE INVERSE MODEL

51

5.2

Principle

Previous section (see 4) defines a direct locatiodet

(g.0)= 1 ph)e{)':f”("p’h) (€a.17)
. o ¢=1,0,ph)

Where

I is the number of the line in SPOT 1A image (finse being 1)

p is the number of the pixel of the line in SPOTitage (first pixel being 1)

h is the altitude of point above ITRF ellipsoid

A is the longitude of matching point in Earth Refere System

¢ is the latitude of matching point in Earth Refere®ystem

A rough reverse location modéf* for a given altitude h is computed from a regujad of points
(p,Gi,A1,9:) where 4,0;) are results of the direct location model appt@goints (pg;,h).

For any geodetic coordinates,§), the matching point (I,p) in level 1A image idrieved iteratively
combining a polynomial prediction of this revergedtion model with a refinement using the direct
location model.

When Ground Control Points are available, the géncad viewing model may be registeres minimizing
parameters of this model. Document R-13, and itiqudar its Annexe 2, describes the algorithms to
achieve such registration.

The geodetic to image predictor

Sampled data (p i,q;)

We suggest to use a polynomial interpolating thg)(points sampled with a period of 5 pixels x 5 éine
(one line each 5 lines along the scene or the setyaed one pixel each pixel along the line).

Computing the polynomial predictor

Two polynomials foint and fmax® are computed according to two altitudes hmin an@h where
coefficients (@b ;) of each one of the two polynomials are computechinimize the mean quadratic
error among the sample serigp(i,$i,hmin) and (,piA i, i, hmay) respectively.

(1), =1=
(I.p)= £2(A.8) = =oi=o
(1)1 = p= 3 b, x A xg!

k=01=0

M-

a x A* X¢I

1
o

(Eq. 18)

Where
hmin is the assumed minimum altitude within the lelgzene or segment
hmax is the assumed maximum altitude within thele/Boene or segment

K, L are the degree of the polynomials (we sugtgesse K=L=3)
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Use of the predictor

Given an altitude h at a poirk,$), the location (I,p) within the level 1A imagedsmputed interpolating
linearly the locations predicted by the reversatimn models for altitudes hmin and hmax (seeZd).

| =kx(fke), (A.8) + @-K) % (1.2, ) (1.9)

f—l A, ’h = |’ PN
“Aem=0.p) p=kx(fit )y (4.0)+ A=K x(f,2,).(1.9) (Eq. 19)

A altitude (h)

level 1A image

pixel (p)

A.9)

latitude (¢)

longitude (A)

Earth Reference System

fig. 24 Reverse location predictor

5.3 Algorithm

The purpose of the algorithm is to determine thatgp., ) in level 1A image that has an image as close
as possible ofA($) point in Earth reference System by the direchlmn model f and considering an
altitude h (this altitude is given by a DEM).

f(l,, p,,h) =(4,¢,h) (Eq. 20)

Let (lo,po) be the point obtained applying the reverse locapredictor T to (. ,§), transforming this point
by the direct location model f and turning back thg reverse predictor allows to compute a first
refinement of the location ofy(py) leading to point ¢lpy).

This iterative processing is repeated leadinggeries of location refinements smaller and smaller.
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The figure here below (see fig. 25) shows the fikst iterations of this refinement loop.

Initialization
(opo) <  F'\¢.h)
i - 1

y

Direct location
i ¢) - f(li-1,p:-1,h)

Reverse location
(17,1 - 1N, 05h)

— Refinement in level 1A image
[t ] L b o)

4 Pi - Pir + (Po — ')

(o] <€) and (|po-pi'| <€))
or

(i > max_iterations)

Exit
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level 1A image

_ latitude (@)
pixel (p) . N
/f—\\
(,p1) X /fr"’__\. "\-.()\2@2)
(o) ¥\ (p2) (X
v (Io.po) r~ _
line (|) ()\11¢’1)
(I",pa’)
Iongitud;(/l)

Earth Reference System
(altitude h)

fig. 25 Reverse location iterative refinements

Using level 1B products in input

Section 5 is basically aimed to process level 1¢ass in input. Nevertheless, cases may occur whign o
level 1B scenes are available in input.

Note that this situation is not optimal becausellé&B images have already been interpolated.

Rationale

As mentioned in section 3.1, level 1B products Hasen processed to minimize the internal distoroibn
terrestrial landscapes.

In particular, within flat areas where the altituoepoints of the scene is close the ellipsoid uted
process this level 1B product, a post-processingnaie match the SPOT image with a cartographic
referential may be achieved with few ground conpaihts (GCP).

At the opposite, the production of an orthoredtifiroduct matching a cartographic referential waithi
mountainous areas (or more generally within ardmsveig important altitude variations) requires to
“undo” the level 1B processing in order to returatlevel 1A product.

" This document discloses subject matter in which GAEL Consultant has proprietary rights. Recipient of this document shall not
duplicate, use or disclose in whole or in part, information disclosed here on except for or on behalf of GAEL Consultant to fuffill the
purpose for which the document was delivered to him.



SPOT 123-4-5 reference  GAEL-P135-DOC-001

GAEL Geometry Handbook issue 1 revision 4
Consultant date 20/08/2004
page 54 of 82

LEVEL 1A LEVEL 2/3

orthorectification

1A-1B
transform

1B-1A
transform

v LEVEL 1B

fig. 26 From level 1B to level 2/3

Retrieving the pixel location in level 1B image

To produce a level 2 or 3 orthorectified produoira level 1B scene, it is not necessary to firstipce
a 1A scene from the level 1B scene. Such strategyidwconsume time and would lead to a degradation
of the data interpolating once again data.

The algorithm described in section 5.3 allows ttrieee the coordinates (I,p) in level 1A scene
corresponding to the geodetic poikid(,h) on Earth.

Equations 21 (case of scene-based transform) ¢cae of segment-based transform) of the “1A to 1B
direct model” allows to retrieve the correspondoagnt (L,P) in level 1B scene.

Choice between the two formulae depends on theleagt 1B product has been generated (see section
6.1).
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6 PROCESSING OF 1B PRODUCTS

Scope of this section is to explain how SPOT Ié&lscenes are produced and to provide the formulae
allowing to establish the correspondence betweesi IBA and level 1B coordinates system.

6.1 Historical background
Level 1B scenes have been produced in two diffeserys.

SISA model

From the delivery of first SPOT products in MarcB86 to February 1995, level 1B scenes were
produced using a simple polynomial model. This nhaslbased on the transform of the central line and
column of the scene and leads to misregistratibmden successive scenes along the path (see jig. 27

Central column

fig. 27 Misregistration defect in SISA model

CAP model
Since March 1995, this defect has been overcontieget model on the whole segment.
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Generation of 1B products

Geometry of level 1B products is close to a cadplbic projection, generally a Cartesian system (for
example UTM), combined with a rotation.

The transformation from (or to) coordinates (lp)tihe level 1A raw scene to (or from) the coordinat
(L,P) is estimated minimizing the mean square erfoym a set of samples and using the direct model
described in section 4. This viewing geometry maddehpplied to a standard ellipsoid and assuming
altitudes of intersections with this ellipsoid ebtea0.

In the scene-based transform, sampled are regupalged within the scene. In segment-based transfor
samples are regularly dispatched along the whadenset. Document R-4 recommends to use a grid
compound of 4 columns by 10 equally spaced rowsggtbe segment (see fig. 28).

1B segment

1A segment direct polynomial

"
o«

1

/‘ (h.p3)
<u *i9)

viewing projection
geometry change
model
+
\\
S —

reverse polynomial

fig. 28 Samples distribution in the segment-based transform

6.3 Method 1 — Scene-based transform (SISA)

Five polynomials A, B, C, D and E of degree 4 asedito compute the direct transform [(I)(L,P)],
the reverse transform [(L,R) (I,p)] and the line translations (skew).

The four coefficients of each polynomial have toftwend within the Ephemeris record of the LEADER
FILE (see SISA format document R-12). The field memand byte location are specified within the
equations here below.
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Direct transform

1A

< >
<

AP P

Transform from 1A coordinates to 1B coordinategiven by the following formulae:

L=a,+a x|l +a,xI*+a,xI® (Eq. 21a)
P'=ly, +by x p+b, x p* +b, x p’ (Eq. 21b)
AP =g +gxL+e xL*+egxL° (Eq. 21c)
P=AP+P (Eq. 21d)
Where

(I,p) are the coordinates of the pixel in 1A imdfiest pixel being (1,1)),
(L,P) are the coordinates of the pixel in 1B imé&ist pixel being (1,1)),

P’ is the coordinate along the image line (withiedit background),

AP is the line translation (number of left backgrapixels),

(a) are the four coefficients of polynomial A (resdmg of the raw central column) —
field 20 #3001-3032,

(b) are the four coefficients of polynomial B (resdimg of the raw central line without
line shift) — field 21 #3033-3064,

(e) are the four coefficients of polynomial E (limanslation model) — field 24 #3129-
3160.

Reverse transform

p P

1A
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Transform from 1B coordinates to 1A coordinategiven by the following formulae:

| =g, +¢xL+c,xL* +c,xL° (Eq. 22a)
p=d,+d, xP+d,xP?+d,x P*® (Eq. 22b)
Where

(I,p) are the coordinates of the pixel in 1A imdfiest pixel being (1,1)),
(L,P) are the coordinates of the pixel in 1B iméist pixel being (1,1)),

P’ is the coordinate along the image line (withiedit background) given by equations
21c and 21d,

(c) are the four coefficients of polynomial C (resdimgpmodel along columns) — field
22 #3065-3096,

(d) are the four coefficients of polynomial D (resdimg model along lines) — field 23
#3097-3128.

6.4 Method 2 — Segment-based transform (CAP)

Transformations between level 1A and level 1B comt@® systems are performed passing through
segment-based reference systems. The polynomiaforan is computed between these two segment-
based reference systems.

1A segment 1B segment
Po Ps Po Ps
1A scene
P 1B scene
P
I l b @ Lo
L
ls ——e Ls —@

L. - 1

fig. 29 Level 1A to/from 1B reference systems.

To avoid accuracy loss in computation, the mearasganalysis (see section 6.2), is performed from
centered and normalized values; i.e. all the valaes set in range [0,1]. As a consequence, the
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polynomial transforms (direct or reverse) shalloiwve centered and normalized values (see figure fig

30).
1A scene 1A segment 1A segment
(I,p) > (.0 € centered normalized
! S MS
(I'.p")
Direct Reverse
transform transform
1B scene 1B segment 1B segment
(L,P) — (Ls.Ps) €=y centered normalized
! S s
(L’,P’)

fig. 30 Level 1A to/from 1B processing steps.

1A scene to / from 1A segment

This transform is a simple translation from theues found in ancillary data.

{IS=IO+I 4. 23)
Ps=P+ P

Where

(I,p) are the coordinates of the pixel in 1A scéiist pixel being (1,1)),
(I'ssps) are the coordinates of the pixel in 1A segmdrt(pixel being (1,1)),
lo is the first line of the raw scene in the raw segin

Po is the first pixel of the raw scene in the rawrsegt (¢g=1).

1A segment centered and normalized coordinates

Centering and normalization of;,(k) coordinates are processed from the mean values i, and the
half-widthsAl=(l max|min)/2 Or Ap=(PmaxPmin)/2 Of the value range.

Al
i— Ps = P
p Ap

(Eq. 24)

Where
(I'ssps) are the coordinates of the pixel in 1A segmdrt(pixel being (1,1)),
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(r,p) are the centered and normalized coordinafethe pixel in 1A segment,

Im is the mean value of lines | in 1A segment,

Al is the interval half-width for lines | in 1A segmt,

Pm is the mean value of columns p in 1A segment,
Ap is the interval half-width for columns p in 1 Agsaeent.

Direct transform (1A - 1B)

Along lines and along columns models are used atered and normalized coordinates. These involve
four polynomials I, J, A and B respectively of degi5, 3, 4 and 5.

L'=1("
p=J(P) +B(L) (Eq. 25a)
A(L)
L") =g +iy X1+, 12+ x4+, x|+ %]
J(P) = jot i xptj,xp?Hj,xp?
A(L)=a,+a, xL'+a, xL'?+a, xL"*+a, xL"
B(L') =b, +b, xL'+b, xL'? +b, x L'*+b, x L'* +b, x L'°
Where

(Eq. 25b)

(r,p) are the centered and normalized coordinafethe pixel in 1A segment,

(L',P’) arethe centered and normalized coordinafase pixel in 1B segment,

(i) are the 6 coefficients of polynomial |,

(D] are the 4 coefficients of polynomial J,
(a) are the 5 coefficients of polynomial A,
(b) are the 6 coefficients of polynomial B.

Reverse transform (1B - 1A)

Along lines and along columns models are used atered and normalized coordinates. These involve
four polynomials L, P, A and B respectively of degb, 3, 4 and 5.

I'=L(L") Eq. 26
p'= P[ALL") x P-B(L")] (Fa- 262
L(L') =1y +1 x L1, x L2+, x L3+, x L+ x L®

P(X)=p. +p XX +p,xX2+p,xX3

(X)=pt Py P2 Ps (Eq. 26b)

A(L") =a,+axL'+a,x L'2+a3 X L'3‘+a4 x L
B(L') =b, +b, x L'+h, x L2 +b, x L +b, x L"+b, x L*°
Where

(r,p) are the centered and normalized coordinafethe pixel in 1A segment,
(L',P’) arethe centered and normalized coordinafase pixel in 1B segment,
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(1) are the 6 coefficients of polynomial L,
(9] are the 4 coefficients of polynomial P,
(a) are the 5 coefficients of polynomial A,
(b) are the 6 coefficients of polynomial B.

1B segment centered and normalized coordinates

Centering and normalization of{Ps) coordinates are processed from the mean valyes B, and the
half-widthSAL=(L max-Lmin)/2 or AP=(RnaxPmin)/2 Of the value range.

L=
(Eq. 27)
P': IDS B Pm
AP
Where

(Ls,Ps)  are the coordinates of the pixel in 1B segmergt(pixel being (1,1)),

(L',P’) arethe centered and normalized coordinafase pixel in 1B segment,

L is the mean value of lines L in 1B segment,

AL is the interval half-width for lines L in 1B segmt,

P is the mean value of columns P in 1B segment,
AP is the interval half-width for columns P in 1Byseent.

1B scene to / from 1B segment

This transform is a simple translation from theues found in ancillary data.

LS = L0 +L
(Eq. 28)
R=R+P
Where

(L,P) are the coordinates of the pixel in 1B scdinst pixel being (1,1)),
(Ls,Ps)  are the coordinates of the pixel in 1B segmergt(pixel being (1,1)),
Lo is the first line of the level 1B scene in thede¥B segment,

Py is the first pixel of the last line of the leveB Ecene in the level 1B segment.
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APPENDIX A - CARTESIAN GEOCENTRIC AND GEODETIC REFEREN CE
SYSTEMS

General equations

Coordinate transforms of this section are givereference R-9: The following equations record sofne
the general properties relative to the ellipsoek(fg. 31).

a’-b’
e=—" (Eq. 29a)
a
a
N = (Eq. 29b)
\/1— e’ xsin®(¢@)
Where
a is the semi-major axis
b is the semi-minor axis
e is the ellipsoid eccentricity
Ao are the geodetic latitude and longitude respégtive
N is the ellipsoid normalgfande normalén French)

Programs — Rights to use

For each one of the two transforms, an examplerprogaritten in C language is provided. These
programs are free software; GAEL Consultant grémisrights to redistribute it and/or modify it unde
the terms as published by the Free Software Foiomgatither version 2 of the License, or (at your
option) any later version.

These programs are distributed in the hope thaidlitbe useful, but WITHOUT ANY WARRANTY;
without even the implied warranty of MERCHANTABILYT or FITNESS FOR A PARTICULAR
PURPOSE.
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Z
A
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Greenwich
meridian

2

Equator

fig. 31 Cartesian geocentric and geodetic coordinates
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Latitude computation is performed iteratively i tivay depicted here below.

Initialization
a(Y
A < tan 1[—) Eq. 30a
X
- Z
P, « tan™| —— Eqg. 30b
VXZ+Y?
i -0
N
Compute the ellipsoid normal, the altitude anduiak:
N, « a Eg. 30c
J1-€® xsin?(g,)
VXZ+Y?
hq -—F— N, Eq. 30d
cods,)
i+l
[i-iv1]
$., — tan™ ZZ — X 1 N Eq. 30e
AV X“+Y 1-e? x i
N, +h

§

((| Pirs - 0] <€)
or

(i > max_iterations)

Exit
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Program example
/ /
/* NAME */
/* TimPrjGeocentricToGeo - computes geographic coor dinates from XYZ geocentric*/
[* coordinates. */
/ /
/* SYNOPSIS K
/* int TimPrjGeocentricToGeo( */
/*  TimRDouble X, */
/*  TimRDouble A */
/*  TimRDouble z, */
/*  TimPrjEllipsoidPtr ellipsoid_p, */
/*  TimRDouble *|atitude_p, */
/*  TimRDouble *longitude_p, */
/*  TimRDouble *altitude_p) */
/ /
/* DESCRIPTION */
/* TimPrjGeocentricToGeo computes geodetic coordina tes (latitude, */
/* longitude, altitude) from XYZ geocentric coordin ates for a given ellipsoid.*/
I* K/
[* <x>, <y>, <z> parameters are cartesian coordinat es in geocentric system */
/* expressed in metres. */
I* K/

/* <ellipsoid_p> is a pointer to an initialized Tim

/* This can be done using TimPrjAllocEllipsoid func

/* not be NULL.

/*

/* Output geodetic coordinates are pointed by <lati

/* and <altitude_p> parameters. <latitude_p> and <I
/*in RADIAN and <altitude_p> in METRE. These point
/*

/* Altitude is the height above the specified ellip

/*

/* TimPrjGeocentricToGeo returns TIM_OK on success,

/
/* REFERENCE

/* [1] CHANGEMENT DE SYSTEME GEODESIQUE - ALGORITHM

/*  Note technique NT/G 80
/* IGN, janvier 1995

/

/* SEE_ALSO

/* TimPrj manual

/* TimPrj(5)

/* TimPriGeoToGeocentric(3)

/
/* COPYRIGHTS
/* See section “Programs — Rights to use”

/
/* ADMINISTRATION

/* Stephane MBAYE | 05.05.95 | v01.01 | Creation

/* David LE CORFEC | 05.03.98 | v02.01 | Added ANS
/

/
/* ANSI C inclusion files
/

#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#ifndef M_PI

#include <values.h>
#endif

/
/* TELIMAGO inclusion files

/
#define _TimNeedData
#define _TimNeedPrj
#include <Tim.h>

PrjEllipsoid structure. */
tion. This pointer should */
K/
K/
tude_p>, <longitude_p> */
ongitude_p> are expressed */
ers should not be NULL. */
K/
soid. */
K/
and TIM_ERROR otherwise. */
/

*/
ES */

*/

*/

*/
*/
*/
*/

*/
*/

K/
of the SW component */
| C support */

*/

*/
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/ /
/* Constant definitions */
/ /
#define TIM_LATITUDE_COMPUTING_PRECISION 1.e-11 /* computing tolerance */
#define TIM_MAX_ITERATION_NUMBER 100 /* max iteration number */
/ /
/* TimGeoToUtm CORE */
/ /

int TimPrjGeocentricToGeo
#ifdef TIM_ANSI_PROTOTYPE

TimRDouble X, /* X geocen tric coordinate */
TimRDouble Y, /*Y geocen tric coordinate */
TimRDouble z, /* Z geocen tric coordinate */
TimPrjEllipsoidPtr ellipsoid_p, /* Ellipsoi d structure pointer */
TimRDouble *|atitude_p, /* pointer to geographic latitude  */
TimRDouble *longitude_p, /* pointer to geographic longitude */
TimRDouble *altitude_p /* altitude above ellipsoid */

)

#else

(x,y,z,ellipsoid_p,latitude_p,longitude_p,altitude_ p)

TimRDouble X;
TimRDouble Y;
TimRDouble z;
TimPrjEllipsoidPtr ellipsoid_p;
TimRDouble *latitude_p;
TimRDouble *longitude_p;
TimRDouble *altitude_p;

#endif
{
/ /
/* local variables */
/ /
TimRDouble XY_norme; /* norme of geocentric vector on XY */
TimRDouble XYZ_norme; /* norme of geocentric vector */
TimRDouble XY _radius; /* projecti on of radius on XY plane */
TimRDouble latitude; [* current latitude in iterative comp.*/
TimRDouble new_|latitude; /* new lati tude in iterative computing*/
int done; /* "computi ng iteration is done" flag */
int iteration_count; /* current iteration count */
/ /
/* Check parameters */
/ /
if ((latitude_p == NULL) Il
(longitude_p == NULL) Il
(altitude_p == NULL) Il
(ellipsoid_p == NULL))
fprintf (TimStderr,"TimPrjGeocentricToGeo : W rong parametres\n");
return (TIM_ERROR);

}

/ /

/* Compute longitude */

/ /
if (x==10)

*longitude_p = TIM_PI/ 2;
else
*longitude_p = atan2 (y,x);

/ /

/* Compute latitude */

/ /

XY_norme = sqrt(x*x + y*y);
XYZ_norme = sqri(x*x + y*y + z*z);
XY _radius = XY_norme * (1.0 - (ellipsoid_p->a *
ellipsoid_p->e2) /
XYZ_norme);
if (TimDEqual(XY_radius,(TimRDouble)0.0,
(TimRDouble)TIM_LATITUDE_COMPUTING_PRECISION )
latitude = TIM_PI /2;
else
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latitude = atan2 (z,XY_radius);

iteration_count = 0;
done =TIM_FALSE;

while (('done) && (iteration_count < TIM_MAX_ITE RATION_NUMBER))
{

new_latitude = atan ((z / XY_norme) * (1.0 /
(2.0 - (ellipsoid_p->a *
ellipsoid_p->e2 *
cos(latitude)) /
(XY_norme *
sqrt(1.0 - ellipsoid_p->e2 *
pow(sin(latitude),2.0)) N);
if (TimDEqual(new_latitude,latitude,
(TimRDouble)TIM_LATITUDE_COMPUTING_PRECIS ION))
done = TIM_TRUE;
else
latitude = new_latitude;

iteration_count += 1;

}
/ /
/* Report latitude value */
/ /
*latitude_p = latitude;
/ /
/* Compute altitude */
/ /
*altitude_p = sqrt(x*x + y*y) / cos(latitude) -
ellipsoid_p->a /
sqrt(1.0 - ellipsoid_p->e2 *
pow(sin(latitude),2.0)) ;
/ /
/* Return OK status */
/ /

return (TIM_OK);
} /* TimPrjGeocentricToGeo */

A.2 From Geodetic to Cartesian Geocentric Reference  System

Algorithm
Transformation from geodetic to cartesian refereaystems is simply given by the following formula.

X = (N +h,)x cos@) x cos@)

Y = (N +h,)xcos@) x sin() (Eq. 31)
Z = [Nx[1-¢)+h |xsin@)
Where

X, Y, Z arethe cartesian coordinates

Ao are the geodetic latitude and longitude respégtive

he is the altitude above ellipsoid

e is the ellipsoid eccentricity (see Eq. XX)

N is the ellipsoid normalgfande normalen French) computed by Eq. 29b.
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Program example

/ /

/* NAME */

/* TimPrjGeoToGeocentric - computes XYZ geocentric coordinates from geographic*/
[* coordinates. */

/ /

/* SYNOPSIS K

/* int TimPrjGeoToGeocentric( */

/*  TimRDouble latitude, */

/*  TimRDouble longitude, */

/*  TimRDouble altitude, */

/*  TimPrjEllipsoidPtr ellipsoid_p, */

/*  TimRDouble *X_p, */

/*  TimRDouble *y p, */

/*  TimRDouble *z_p) */

/ /

/* DESCRIPTION */

/* TimPriGeoToGeocentric computes XYZ cartesian coo rdinates in geocentric  */
/* system from geodetic (latitude, longitude) coord inates and for a given  */
/* altitude and ellipsoid. */

I* K/

/* Geodetic coordinates (<latitude> and <longitude> ) in input are */

/* expressed in radians and must be in range [-P1/2 ,+P1/2] and [-PI,+PI] %/

I* K/

/* Altitude (<altitude>) is the height of point abo ve the ellipsoid. */

/* Altitude is expressed in metre. */

I* K/

/* <ellipsoid_p> is a pointer to an initialized Tim PrjEllipsoid structure. */

/* This action can be done using TimPrjAllocEllipso id function. This pointer */
/* should not be NULL. */

I* K/

[* Cartesian coordinates to be computed are pointed by parameters <x_p>, */
[*<y_p>, <z_p>. The output values are expressed in metres. These pointers  */
/* should not be NULL. */

I* K/

/* TimPrjGeoToGeocentric returns TIM_OK on success, and TIM_ERROR otherwise. */
/ /

/* REFERENCE */

/* [1] CHANGEMENT DE SYSTEME GEODESIQUE - ALGORITHM ES */

/*  Note technique NT/G 80 */

/* IGN, janvier 1995 */

/ /

/* SEE_ALSO */

/* TimPrj manual */

/* TimPrj(5) K/

/* TimPrjGeocentricToGeo(3) */

/ /

/* COPYRIGHTS */

/* See section “Programs — Rights to use” */

/ /

/* ADMINISTRATION */

/* Serge RIAZANOFF | 20.05.95 | v01.01 | Creation of the SW component */
/* Stephane MBAYE | 05.03.98 | v01.02 | Allows la rge geographic coordinates */
/* David LE CORFEC | 13.03.98 | v02.01 | Added ANS | C support */

/ /

/ /

/* ANSI C inclusion files */

/ /
#include <stdio.h>

#include <stdlib.h>

#include <math.h>

#ifndef M_PI

#include <values.h>

#endif

/
/* TELIMAGO inclusion files */

/
#define _TimNeedData
#define _TimNeedPrj
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#include <Tim.h>

/ /
/* Constant definitions */
/ /
/ /
/* TimGeoToUtm CORE */
/ /

int TimPrjGeoToGeocentric
#ifdef TIM_ANSI_PROTOTYPE

TimRDouble latitude, [* geograph ic coordinate : latitude */
TimRDouble longitude, /* geograph ic coordinate : longitude */
TimRDouble altitude, [* geograph ic coordinate : altitude */
TimPrjEllipsoidPtr ellipsoid_p, [* pointer to Ellipsoid structure  */
TimRDouble *X_p, /* X geocen tric coordinate to compute */
TimRDouble *y p, /*Y geocen tric coordinate to compute */
TimRDouble *Z p [* Z geocen tric coordinate to compute */
)

#else

(latitude,longitude,altitude,ellipsoid_p,x_p,y _p,z_ p)

TimRDouble latitude;

TimRDouble longitude;

TimRDouble altitude;

TimPrjEllipsoidPtr ellipsoid_p;
TimRDouble *X_p;
TimRDouble *y p;
TimRDouble *z p;

#endif
{
/ /
/* local variables */
/ /
TimRDouble normal; [* large nor mal to ellipsoid */
/ /
/* Check parameters */
/ /
if ((ellipsoid_p == NULL) Il
x_p == NULL) Il
(y_p == NULL) Il
(z_p == NULL))
fprintf (TimStderr,"TimPrjGeoToGeocentric : W rong parametres\n");
return (TIM_ERROR);
}
/ /
/* Compute large normal to ellipsoid */
/ /
normal = ellipsoid_p->a /
sqrt(1.0 - ellipsoid_p->e2 * pow(sin(latitude ),2.0));
/ /
/* Compute cartesian values */
/ /
*x_p = (normal + altitude) * cos(latitude) * cos (longitude);
*y_p = (normal + altitude) * cos(latitude) * sin (longitude);
*z_p = (normal * (1.0 - ellipsoid_p->e2) + altit ude) *
sin(latitude);
/ /
/* Return OK status */
/ /

return (TIM_OK);
} /* TimPriGeoToGeocentric */
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Considering the spherical representation of thehHgee fig. 32), incidence angle on any pointhef t

Earth is given by the following formula.

. +h_ .
L =-sin 1{&— X sm(a)} (Eq. 32)
R;
Where
B is the incidence angle
a is the look direction from the satellite
Rr is the mean value of WGS84 ellipsoid semi-axgs<8 371 008.7714 m)
h is the altitude of satellite above ellipsoid (roah value: h = 832 000 m)
S
incidence
angle
g S | "
Look
direction
Or

fig. 32 Look direction and incidence angle
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APPENDIX C - LOCATION OF VALUES IN SPOT PRODUCTS

Cl1

C.2

Introduction
An historical background and a short descriptiothefSPOT data format are provided in section 3.2.

This Appendix gives the location of all the anejlalata involved within the formulae with referertoe
the two more recent formats: DIMAP and CAP.

Location in CAP format

Like any other CEOS format, any field in CAP formsatompletely located providing the:
1. name of FILE,

2. name of Record, and

3. byte range gtart-stopwithin the record (first byte being 1).

Location in DIMAP format
Location of the field in DIMAP format is providedving the full XML path (see XPath in R-10).

Location of values

Symbol  Description
FILE (CAP format) Record #start-stop
DIMAP location of the field

aec Average encoder count
Not present

Dimap_Document/Data_Strip/Sensor_Configuration/Mirror_Position/AVERAGE_EN
CODER_COUNT

(a) Five (5) coefficients of polynomial A
LEADER MODELIZATION #497-512. #561-576
Dimap_Document/Data_Strip/Models/OneB_Model/Alc

Bor(t) Attitude value is “OUT_OF-RANGE” indicator
LEADER EPHEMERIS/ATTITUDE #959-960

Dimap_Document/Data_Strip/Satellite_Attitudes/Corrected_Attitudes/Corrected Att
itude/Angles/OUT_OF RANGE

(a1 Rotation angle around the pitch axis at the begigrof the scene
LEADER EPHEMERIS/ATTITUDE #3025-3032

Dimap_Document/Data_Strip/Satellite_Attitudes/Corrected_Attitudes/Corrected Att
itude/Angles[1]/PITCH
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a'(t) Average rotation speed around the pitch axis (adt sample i)
LEADER EPHEMERIS/ATTITUDE #1015-1019,...,
#2455-2459

Dimap_Document/Data_Strip/Satellite_Attitudes/Raw_Attitudes/Aocs_ Attitude/Ang
ular_Speeds_List/Angular_Speeds/PITCH

a(t) Rotation angle around the pitch axis (attitude skmp
Not present

Dimap_Document/Data_Strip/Satellite_Attitudes/Corrected_Attitudes/Corrected Att
itude/Angles/PITCH

(@)1 Rotation angle around the roll axis at the begimnaf the scene
LEADER EPHEMERIS/ATTITUDE #3017-3024
Dimap_Document/Data_Strip/Satellite_Attitudes/Corrected_Attitudes/Corrected Att
itude/Angles[1]/ROLL

a(t) Rotation angle around the roll axis (attitude saenpl

Not present
Dimap_Document/Data_Strip/Satellite_Attitudes/Corrected_Attitudes/Corrected Att

itude/Angles/ROLL
a'(ty) Average rotation speed around the roll axis (attétsample i)
LEADER EPHEMERIS/ATTITUDE #1010-1014,...,

#2450-2454

Dimap_Document/Data_Strip/Satellite_Attitudes/Raw_Attitudes/Aocs_ Attitude/Ang
ular_Speeds_List/Angular_Speeds/ROLL

@) Rotation angle around the yaw axis at the beginwihthe scene
LEADER EPHEMERIS/ATTITUDE #3009-3016
Dimap_Document/Data_Strip/Satellite_Attitudes/Corrected_Attitudes/Corrected Att
itude/Angles[1]/YAW

a(t) Rotation angle around the yaw axis (attitude saniple

Not present
Dimap_Document/Data_Strip/Satellite_Attitudes/Corrected_Attitudes/Corrected Att

itude/Angles/YAW
a/’(t) Average rotation speed around the yaw axis (atétsample i)
LEADER EPHEMERIS/ATTITUDE #1005-1009, ...,

#2445-2449

Dimap_Document/Data_Strip/Satellite_Attitudes/Raw_Attitudes/Aocs_ Attitude/Ang
ular_Speeds_List/Angular_Speeds/YAW

(b) Six (6) coefficients of polynomial B
LEADER MODELIZATION #577-592. #657-672
Dimap_Document/Data_Strip/Models/OneB_Model/B/c
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Co Value of on-board clock at the date t
LEADER EPHEMERIS/ATTITUDE #3397-3408
Dimap_Document/Data_Strip/Satellite_ Time/CLOCK_VALUE
c(l) On-board clock value of the image line |
IMAGERY IMAGE DATA #21-24
Not present
(i) Six (6) coefficients of polynomial |
LEADER MODELIZATION #337-352..#417-432
Dimap_Document/Data_Strip/Models/OneB_Model/Direct OneB_Model/l/c
(D) Four (4) coefficients of polynomial J
LEADER MODELIZATION #433-448. #481-496
Dimap_Document/Data_Strip/Models/OneB_Model/Direct_ OneB_Model/J/c
(1) Six (6) coefficients of polynomial L
LEADER MODELIZATION #689-704.#769-784
Dimap_Document/Data_Strip/Models/OneB_Model/Reverse_OneB_Model/L/c
lo First line of the raw scene in the raw segment
LEADER MODELIZATION #25-32
Dimap_Document/Data_Strip/Data_Strip_Coordinates/FIRST_LINE_RAW
Lo First line of the level 1B scene in the level 18msent
LEADER MODELIZATION #41-48
Dimap_Document/Data_Strip/Data_Strip_Coordinates/FIRST LINE_1B
I Line of absolute attitude [(, (&)1, (&)1] at the beginning of the scene
LEADER EPHEMERIS/ATTITUDE #3001-3008
Not present
le Line containing the scene center
LEADER HEADER #117-132
Dimap_Document/Data_Strip/Sensor_Configuration/Time_Stamp/SCENE_CENTE
R_LINE
l; Line of average rotation speedyfdi), a’(ti), a/(ti)]
LEADER EPHEMERIS/ATTITUDE #1001-1004,...,
#2441-2445
Not present
Im Mean value of lines | in 1A segment
LEADER MODELIZATION #257-272
Dimap_Document/Data_Strip/Models/OneB_Model/Coordinate_Normalization/LINE
SLM

" This document discloses subject matter in which GAEL Consultant has proprietary rights. Recipient of this document shall not
duplicate, use or disclose in whole or in part, information disclosed here on except for or on behalf of GAEL Consultant to fuffill the
purpose for which the document was delivered to him.




SPOT 123-4-5 reference  GAEL-P135-DOC-001

GAEL Geometry Handbook issue 1 revision 4
Consultant date 20/08/2004
page 74 of 82
L Mean value of lines L in 1B segment
LEADER MODELIZATION #193-208
Dimap_Document/Data_Strip/Models/OneB_Model/Coordinate_Normalization/LINE
SI M
Isp Line sampling period
LEADER EPHEMERIS/ATTITUDE #947-958
Dimap_Document/Data_Strip/Sensor_Configuration/Time_Stamp/SCENE_CENTE
R_PERIOD
Muicv Look direction change matrix (Matrice de changemdmvisée)

Not present

Dimap_Document/Data_Strip/Sensor_Configuration/Mirror_Position/MCV_Matrix/M
CV_Matrix_Row_List

(9] Four (4) coefficients of polynomial P
LEADER MODELIZATION #785-800..#833-848
Dimap_Document/Data_Strip/Models/OneB_Model/Reverse_OneB_Model/P/c

P() Satellite position coordinates (ephemeris sample i)
LEADER EPHEMERIS/ATTITUDE #21-56, #121-156,

..., #821-856

Dimap_Document/Data_ Strip/Ephe meris/Points/Point/Location

pms Pointing mirror step (pms=3..93)
LEADER HEADER #677-692
Dimap_Document/Data_Strip/Sensor_Configuration/Mirror_Position/STEP_COUNT

Po First pixel of the raw scene in the raw segmegt1p
LEADER MODELIZATION #25-32
Dimap_Document/Data_Strip/Data_Strip_Coordinates/FIRST_PIXEL_RAW

Py First pixel of the last line of the level 1B scéméhe level 1B segment
LEADER MODELIZATION #33-40
Dimap_Document/Data_Strip/Data_Strip_Coordinates/FIRST _PIXEL 1B

Pm Mean value of columns p in 1A segment
LEADER MODELIZATION #289-304
Dimap_Document/Data_Strip/Models/OneB_Model/Coordinate_Normalization/COL
UMNS P_M

P Mean value of columns P in 1B segment
LEADER MODELIZATION #225-240
Dimap_Document/Data_Strip/Models/OneB_Model/Coordinate_Normalization/COL
UMNS J M

to UTC reference date
LEADER EPHEMERIS/ATTITUDE #3385-3396

Dimap_Document/Data_Strip/Satellite_Time/UT_DATE
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te Scene center date
LEADER HEADER #581-612
Dimap_Document/Data_Strip/Sensor_Configuration/Time_Stamp/SCENE_CENTE
R_TIME
t Universal times cooresponding to the positiong B(d velocities Vi
LEADER EPHEMERIS/ATTITUDE #93-120, #193-220,
..., #893-920

Dimap_Document/Data_ Strip/Ephe meris/Points/Point/ TIME

t Universal times cooresponding to the attitudgst{a a.(t), a(t;)]
Not present

Dimap_Document/Data_Strip/Satellite_Attitudes/Corrected_Attitudes/Corrected Att
itude/Angles/TIME

t Universal times cooresponding to the attitudegs({g, a’(ti), a/(ti)]
Not present

Dimap_Document/Data_Strip/Satellite_Attitudes/Raw_Attitudes/Aocs_ Attitude/Ang
ular_Speeds_List/Angular_Speeds/TIME

V(t) Satellite velocity coordinates (ephemeris sample i)

LEADER EPHEMERIS/ATTITUDE #57-92, #157-192,
..., #857-892

Dimap_Document/Data_ Strip/Ephe meris/Points/Point/Velocity

Al Interval half-width for lines | in 1A segment
LEADER MODELIZATION #273-288
Dimap_Document/Data_Strip/Models/OneB_Model/Coordinate_Normalization/LINE
S_DELTA L

AL Interval half-width for lines L in 1B segment
LEADER MODELIZATION #209-224
Dimap_Document/Data_Strip/Models/OneB_Model/Coordinate_Normalization/LINE
S_DELTA |

Ap Interval half-width for columns p in 1A segment
LEADER MODELIZATION #305-320

Dimap_Document/Data_ Strip/Models/OneB_Model/Coordinate_Normalization/COL
UMNS_DELTA P

AP Interval half-width for columns P in 1B segment
LEADER MODELIZATION #241-256

Dimap_Document/Data_Strip/Models/OneB_Model/Coordinate_Normalization/COL
UMNS_DELTA J

W On-board clock period
LEADER EPHEMERIS/ATTITUDE #3409-3420
Dimap_Document/Data_Strip/Satellite_Time/CLOCK_PERIOD
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(Wx)1 Along-track look angle for the first pixel
LEADER EPHEMERIS/ATTITUDE #3077-3088

Dimap_Document/Data_Strip/Sensor_Configuration/Instrument_Look _Angles_List/I
nstrument_Look Angles/Look Angles_List/Look Angles[1]/PSI_X

Wx)p Along-track look angle for the pixel number p (pl).
Not present

Dimap_Document/Data_Strip/Sensor_Configuration/Instrument_Look _Angles_List/I
nstrument_Look Angles/Look_Angles_List/Look Angles/PSI_X

(Wx)n Along-track look angle for the last pixel (N=3000N=6000)
LEADER EPHEMERIS/ATTITUDE #3065-3076

Dimap_Document/Data_Strip/Sensor_Configuration/Instrument_Look _Angles_List/I
nstrument_Look Angles/Look_Angles_List/Look Angles[N]/PSI_X

Wy)1 Across-track look angle for the first pixel
LEADER EPHEMERIS/ATTITUDE #3101-3112

Dimap_Document/Data_Strip/Sensor_Configuration/Instrument_Look _Angles_List/I
nstrument_Look Angles/Look Angles_List/Look Angles[1]/PSI_Y

Wy)p Across-track look angle for the pixel number p (pN)
Not present

Dimap_Document/Data_Strip/Sensor_Configuration/Instrument_Look _Angles_List/I
nstrument_Look Angles/Look_Angles_List/Look Angles/PSI_Y

(Wy)n Across-track look angle for the last pixel (N=308&{(N=6000)
LEADER EPHEMERIS/ATTITUDE #3089-3100

Dimap_Document/Data_Strip/Sensor_Configuration/Instrument_Look _Angles_List/I
nstrument_Look Angles/Look_Angles_List/Look Angles[N]/PSI_Y
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APPENDIX D - EXAMPLE OF SPOT AUXILIARY DATA

Scope of this appendix is to provide a concretengka of numerical values found in a real SPOT pobda
illustrate the range of expected values and thearpd geometric modelization.

D.1 SPOT4 -126-265/2 — 29/09/1998 — Ancillary data

Some of the main information retrieved within theduct are given in the table here below. Ephemeris
and attitude data are presented in the next saction

satellite "SPOT4"

instrument "HRVIR2"

observation date 29/09/1998

observation time 08:00:17.105469

path 126

row 265.2

orbit 112

product Id "S4H2980929080015"

line number 3000

pixel number 3000

altitude 830640 m

viewing angle -20.4°

sun elevation 43.4°

sun azimuth 158°

look direction — first CCD  ( Yy)1 = 00°00'33.78"
(Wy)1 =-22°1850.69"

look direction — last CCD ( Wy) 3000 = 00°00'27.79"
( llJ\() 3000 — -18°11'12.39”

spot product level 1A

spot spectral mode XS

levellAsceneLineShift 9092

levellAscenePixelShift 1

levellBsceneLineShift 9066

level1BscenePixelShift 263

level1BpolynomA 5 1.00000000000000000e+00 4.1009983 3970889449e-04 -

3.67122993338853121e-06 -2.67009994558975450e-07
4.79999984204226848e-10

level1BpolynomB 6 0.00000000000000000e+00 -1.987559 19933319092e-01 -
2.55642551928758621e-03 2.17189608520129696€e-05
2.19140005697227025e-07 -1.99999999200839440e-11

level1BpolynomL 6 6.04648485023062676e-05 1.0000000 0000000000e+00 -
6.04766610194928944e-05 -1.17000000798839210e-08
1.18000000881579581e-08 -3.60000002030957944e-10

level1BpolynomP 4-1.91947389394044876e-02 1.247732 63931274414e+00
2.57239025086164474e-02 2.91100121103227139¢-04

linelBMean 8.57831542968750000e+03

linelBHalflnterval 8.57731542968750000e+03

linelAMean 8.60250000000000000e+03

linelAHalflnterval 8.60150000000000000e+03

pixellBMean 2.18587011718750000e+03

pixel1BHalfInterval 2.18487011718750000e+03

pixellAMean 1.50050000000000000e+03

pixellAHalfInterval 1.49950000000000000e+03
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D.2 SPOT4 - 126-265/2 — 29/09/1998 — Ephemeris

The eight (8) values of the ephemeris (position egldcity) found in the product are given withireth
table here below. As shown in fig. 33and also cimeckhe dates of these ephemeris, none of these 8
values has been measured within the range of iraageisition. As a consequence, only eight values

(and not nine) are provided.

GAEL-P135-DOC-001
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position (m) velocity (m/s)

X Y z X Y’ ! date time
2.792669e+06 3.337747e+06 5.733024e+06 5.1173D9e+03 3.205796e+03 -4.349242e+03 29/09/1998 07:57:00
3.109538e+06 3.509992e+06 5.461204e+06 4.9420p3e+03 2.964689e+03 -4.708289e+03 29/09/1998 07:58:00
3.415970e+06 3.666109e+06 5.168379e+06 4.745643e+03 2.713851e+03 -5.049282e+03 29/09/1998 07:59:00
3.710650e+06 3.805595e+06 4.855673e+06 4.5288D4e+03 2.454420e+03 -5.370903e+03 29/09/1998  08:00:00
3.992304e+06 3.928026e+06 4.524285e+06 4.2925p8e+03 2.187560e+03 -5.671904e+03 29/09/1998 08:01:00
4.259704e+06 4.033051e+06 4.175488e+06 4.0373R8e+03 1.914460e+03 -5.951117e+03 29/09/1998 08:02:00
4.511674e+06 4.120398e+06 3.810622e+06 3.764280e+03 1.636326e+03 -6.207455e+03 29/09/1998 08:03:00
4.747094e+06 4.189870e+06 3.431089e+06 3.474359e+03 1.354376e+03 -6.439923e+03 29/09/1998 08:04:00

fig. 33displays the SPOT image, a piece of itssttajry overlaid on a vectorial chart of the Wontd i
orthographic projection. Image has been previogstbcoded and matches the border of the Caspian Sea.

The eight position points have been projected ergtbund to coincide with the nadir of the satellit
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fig. 33 SPOT4 — 126-265/2 — 29/09/1998 - Location of teeasa@nd satellite position
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SPOT4 — 126-265/2 — 29/09/1998 — Attitudes

Table here below contains the 73 attitude data.

 first column provides the line number found in #lacy data,

« “yaw”, “roll” and “pitch” columns contain the avega rotation speeds found in ancillary data and

expressed in I®degrees per second,

e columns “date” and “time” have been computed frdma tine number using equation 1 (“Line

dating”),

Average rotation speeds

Yaw, roll and pitch average rotation speeds arevehim fig. 34. Yaw and roll values are in the range

issue

date
page
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[-1.10* deg/s, + 1.10 deg/s], while pitch values are in the range [-3.d6g/s, + 3.10 deg/s].

Absolute rotation angles

Initial attitude values found in ancillary data :are

line

yaw

roll

pitd

h

0001

+0037

-0311

10046

Starting from these values given in@egrees and integrating the average rotation spetthe 72
samples (all the 73 attitudes of the table herevbelxcept the first one) leads to attitude pra$tewn in

figure fig. 35.

We may note the magnitude of pitch angle in raf§e4.10*] that leads to displacements on Earth until

58 metres.
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Attitude list 73 samples
line yaw roll pitch date time

0001 }O0000 +0000 +0040 29/09/1998  08:00:12.599609
0042 (0000 +0020 -0020 29/09/1998  08:00:12.722656
0084 {0000 +0000 +0000 29/09/1998  08:00:12.849609
0125 H0000 +0060  +0040 29/09/1998  08:00:12.972656
0167 (0080 +0000 +0020 29/09/1998  08:00:13.099609
0208 {0060 +0000  +0000 29/09/1998  08:00:13.222656
0250 #0000 -0020 -0100 29/p9/1998  08:00:13.347656
0292 #0140 -0100 -0120 29/p9/1998  08:00:13.474609
0333 0020 -0040 -0080 29/p9/1998  08:00:13.597656
0375 0100 -0100 -0080 29/p9/1998  08:00:13.724609
0417 (0100 +0020 -0060 29/09/1998  08:00:13.851562
0458 #0100 -0080 -0120 29/p9/1998  08:00:13.974609
0500 {0000 +0000 -0040 29/09/1998  08:00:14.099609
0541 (0000 +0000 -0040 29/09/1998  08:00:14.224609
0583 (0040 +0060 +0020 29/09/1998  08:00:14.349609
0625 (0020 +0000 +0000 29/09/1998  08:00:14.476562
0666 (0060 +0060  +0020 29/09/1998  08:00:14.599609
0708 (0080 +0060 +0000 29/09/1998  08:00:14.726562
0749 (0100 +0100 +0080 29/09/1998  08:00:14.849609
0790 (0120 +0120 +0080 29/09/1998  08:00:14.972656
0832 (0040 +0040  +0040 29/09/1998  08:00:15.099609
0873 (0060 +0080  +0040 29/09/1998  08:00:15.222656
0915 (0020 +0000  +0000 29/09/1998  08:00:15.349609
0957 {0000 +0000 +0080 29/09/1998  08:00:15.474609
0998 {0060 +0000 +0000 29/09/1998  08:00:15.597656
1040 0020 -0020 -0080 29/p9/1998  08:00:15.724609
1082 {0140 -0060  +0000 29/09/1998  08:00:15.851562
1123 {0060 -0140  +0040 29/09/1998  08:00:15.974609
1165 (0080 -0060  +0020 29/09/1998  08:00:16.101562
1206 {0080 -0060  +0000 29/09/1998  08:00:16.224609
1248 {0000 -0060  +0000 29/09/1998  08:00:16.349609
1290 H0000  +0000  +0040 29/09/1998  08:00:16.476562
1331 0080 -0040 -0060 29/p9/1998  08:00:16.599609
1373 0040 -0040 -0040 29/p9/1998  08:00:16.726562
1414 {0000  +0000  -0040 29/09/1998  08:00:16.849609
1455 0040 +0000 -0020 29/p9/1998  08:00:16.972656
1497 0040 -0040 -0100 29/09/1998  08:00:17.099609
1538 0060 +0000 -0060 29/p9/1998  08:00:17.222656
1580 0040 +0000 -0100 29/p9/1998  08:00:17.349609
1622 {0000 +0000 -0180 29/09/1998  08:00:17.474609
1663 H0000 +0080 -0120 29/09/1998  08:00:17.599609
1705 0060 -0040 -0260 29/p9/1998  08:00:17.724609
1747 0040 -0020 -0220 29/p9/1998  08:00:17.851562
1788 0080 -0080 -0220 29/p9/1998  08:00:17.974609
1830 0000 -0080 -0260 29/p9/1998  08:00:18.101562
1871 0060 -0060 -0260 29/p9/1998  08:00:18.224609
1913 {0000 -0100 -0200 29/p9/1998  08:00:18.351562
1955 [+0040 -0020 -0180 29/p9/1998  08:00:18.476562
1996 0060 +0040 -0240 29/p9/1998  08:00:18.599609
2038 {0020 +0000 -0240 29/09/1998  08:00:18.726562
2079 (0060 +0020 -0160 29/p9/1998  08:00:18.849609
2120 (0060 +0060 -0100 29/p9/1998  08:00:18.972656
2162 (0080 +0040 -0140 29/p9/1998  08:00:19.099609
2203 (0100 +0020 -0120 29/p9/1998  08:00:19.222656
2245 (0060 +0080 -0060 29/p9/1998  08:00:19.349609
2287 (0140 +0000 -0080 29/p9/1998  08:00:19.476562
2328 (0060 +0140 -0020 29/p9/1998  08:00:19.599609
2370 (0120 +0060  +0000 29/09/1998  08:00:19.724609
2412 (0040  +0040  +0040 29/09/1998  08:00:19.851562
2453 (0020 +0020  +0000 29/09/1998  08:00:19.974609
2495 (0040 +0000 +0100 29/09/1998  08:00:20.101562
2536 {0000 +0000  +0040 29/09/1998  08:00:20.224609
2578 (0040 +0000 +0140 29/09/1998  08:00:20.351562
2620 (0020 +0000 +0180 29/09/1998  08:00:20.476562
2661 0020 -0020 +0120 29/p9/1998  08:00:20.601562
2703 {0000 +0000 +0220 29/09/1998  08:00:20.726562
2744 0060 +0060 +0320 29/09/1998  08:00:20.849609
2785 {0040 +0000 +0280 29/09/1998  08:00:20.974609
2827 0040 -0020  +0240 29/p9/1998  08:00:21.099609
2868 0000 -0060  +0260 29/09/1998  08:00:21.222656
2910 {0020 +0020 +0240 29/09/1998  08:00:21.349609
2952 #0040 -0100 +0220 29/09/1998  08:00:21.476562
2993 {0020 +0020 +0220 29/09/1998  08:00:21.599609
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Yaw - Roll - Pitch (angular velocity)
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fig. 34 SPOT4 — 126-265/2 — 29/09/1998 — Angular veloodfestitude angles

Yaw - Roll - Pitch
(starting from +37,-311,-46)
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fig. 35 SPOT4 — 126-265/2 — 29/09/1998 — Attitude angles aftegration
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