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Introduction

Predictingclimate,monitoringmeansealevel, river andlakelevels,globalwarming,El Nifio andLa
Nifia events,marinecurrentsand oceancirculation, tides, geoid estimateswind, wave and marine
meteorologymodels,ice sheetopographyandseaice extent,etc. Radaraltimetry canprovidesuch
awealthof information-- andmore-- from its measurements.

This RadarAltimetry Tutorial describesapplications,examples(data use cases)and techniques,
including standarddataprocessingas well asthe varioussatellite missionsthat havecarried,are
carryingor will carryaradaraltimeteronboardplusarangeof altimetryproductgdata,softwareand
documentation).

A BroadviewRadarAltimetry Toolboxis alsoavailable.This is a collectionof toolsanddocuments
designedo facilitatethe useof radaraltimetrydata.lt canreadmostdistributedradaraltimetrydata,
from ERS1 & 2, Topex/PoseidorGeosafollow-on,Jasorl and2, Envisatto the CryoSatmissim,
andcanperformprocessinganddataediting, extractionof statistics andvisualisationof results.

Page:l of 356



Radar Altimetry Tutorial

Acknowl e ddg@ametnrtisbut or

Background

The BroadviewRadarAltimetry Toolbox (BRAT) andthe RadarAltimetry Tutorial (RAT) were
originally producel by CLS andS&T in 2006201 1undercontractwith ESAandCNES(thetoolbox
nameat thetime wascalledBasicRadarAltimetry Toolbox). SinceApril 2015underESA contract
within the SEOM program,with additionalsupportfrom CNES, the currentconsortiumformedby
DEIMOS Engenhari&.A., isardSATUK, andTU Delft is continuingthework, updatingthe content
of thetutorial andredesigningandimprovingthetoolbox.

Citation
If usingthistutorial, pleasecite:

Rosmorducy., J.BenvenisteE. Bronner,S. Dinardo,O Lauret,C. Maheu,M. Milagro, N. Picot,A.
Ambrozio, R. Escola,A. GarciaMondejar, M. Restano,E. Schrama,M. TerraHomem Radar
Altimetry Tutorial, J. BenvenisteandN. Picot(Eds), http://www.altimetry.info,2016.

Authors

V. Rosmorduc(CLS), J. Benveniste(ESA), O. Lauret (CLS), C. Maheu (Akka), M. Milagro
(SERCO),N. Picot (CNES) A. Ambrozio (DEIMOS), R. Escola(isardSAT),A. GarciaMondejar
(isardSAT),M. RestandSERCO) E. SchramgTU Delft), M. TerraHomen(DeimosEngenharia)

Editors
J.BenvenistdESA), N. Picot(CNES)

Scientific committee

G. Goni(NOAA, USA), S.Laxon(UCL, UK), J.M. Lefevre(MéetéoFrance France)C. Maes(IRD,
New Caledonia)F. Remy(Legos/CNRSFrance)J. Tournadrglfremer, France)

Acknowledgements

Thanksto M. Ablain,L. Amarouchel.. Carrére,J. Dorandeu,).P.Dumont,P. EscudierS. Guinehut,
S.LabroueF.Lefevre,F. Mercier,P.SchaefferP. Thibaut,0.Z. Zanife(CLS)for inputsandadvices.

Page2 of 356



Radar Altimetry Tutorial

Table of Contents

Radar ARIMEtry TULOMAL ..........uuiiiiiiiiiii e 1
Acknowledgements & CONLIDULOTS. ........cuiiiiiiiiiiiie e e e e 2
(R o To ] | oo ) QST TTPPPPPPPPPRRRN 6
1.1 DOWNIOAA NOW......ciiiiiiiiiieeeeisiieees sttt e e e e e e s e e e e e e e e e e e e s s amnnssssnnsneeeeeeeeennnnnnnnnns ] 6
1.2 CUIMENE REICASE. ....coii ittt errr et e e e e r e e e ememr e e e e e e e e s nnnnnnneeeeeeen ] 6
RGN o To ]| o To DI QB 111 o [ o OO PP PP PPPPPPPRI 7
1.4  BRAT DaAta SAMPIES... ...ttt rmeee et e e e e e e s me e e e e e e as 8

2 C00E ACCESS ... eiiiiiee ettt ettt e e e et eeet et e e e e et e e e e b e e nn e e e e e e e n e e e e e 9.
3 DALA ACCESS. ...ttt ennnr e e e e e e e 10
4 WWEDS / DOCUMEBNTS .....uuiiiiiiiiiiiiiei e e e ettt e e e et e et e e e s e e e e e e e nsn b s eeemnr e e e e e e nnnnees 12
R B To Yot U 4 [=T 01 = L1 o] o OO PSP TP P PP PPPPPI 12
4.2 SOMWAIE. ...ttt e et e ekttt e et e e e e e e e n e e 12

5 AN oVerview Of ARIMETIY ... e e e e e e ammme e 13
5.1 HOW @lIMETIY WOTKS ...t e s rmme e e e e 14
5.1.1  BASIC PHINCIPIE. ...ttt e ekttt e eeame e e e s bbb e e e e e an b b e e eear e e e n 15
5.1.2 Fromradar pulse to altimetry MeasUreMENTS........couiuuriiiii et rnee e 16
5.1.3 Frequencies used & their IMPaCIS.........ooii ittt eeee e e 26
5.1.4 High-precision altimetry with satellites working together.............ccooiiimenii e, 29
5.1.5 Delay-Doppler (Or SAR) ARIMEIIY....c.iiuiiiiieei ittt eeet e et b e e e et eeeseemeeeeean 31

5.2 DAL FIOW. ...ttt ee ettt e e e e e e et e e e e e e e e e nnnanne 33
L R B T\ - W= Lol o [ U] (o] o NPT TSP PU T PRPTP 34
LI D T - W o (0oL o AP PUPR SRR 34
5.2.3 Data qualification: "CalVal'.............oeiiiiii e 60

5.3  Future technology IMPrOVEMENLS. .......ccoiiiiiiiiiii ettt e e e e 62
5.3.1  Ka-Dand AIIMELEN. ...ttt e e e e eerees 63
5.3.2  INtEITEIOMELEIS. ...ttt e e s e s e e ettt e e e e s rnbbr e e e e e e snnennnrned 64
5.3.3  CONSIEIIALIONS.....ceiieiiiiiieii e ee ettt e et e e et e e s e e e e e e e e e e s 68
TR I A €\ IS I 111 411 /PSR 69

5.4 SAR TULOMAL . ..ceiiiiiiie ettt et e e eent e e e et e e e s e e e e 71
S R @ 1 o o To =1 o PO PP P PP PPRPRP PP 71
5.4.2  RESOIULION CRIIS.....oiiiiiiiiiiiie e ree et e e s e e e e e e e s s e e e e e e e e enanrneas 74
5.4.3  GrOUNG PrOCESSING SEEPS .. .uuuttttteiiieiiietteaaaettsteeeeeeetettaaaaaaaaasaaaatetaattaaaaaaaaaasaaaaaaaamneaaaaaaaasassanaaaannnns 75
B5.4.4  PrOUUCT IEVEIS.....oeiiiieiiiteee ettt ettt et e e e rme e e e e e e e e ettt e e e e s rme e 77

6 THEMALIC USE CASES.....eeiiiiiiiiiiiiiiiee ettt e s 80
6.1  GeOUESY & JEOPNYSICS. . ciiiiiiitiieieie e e e ettt e e e e e rmme e e e e sttt e e e e e e e s ammne e e 82
6.1.1 Bathymetry estimate from altimetry........ooouueiiiiiieee e 82

S R 1= To o [ PP PRPP 85
6.1.3 Other geophysical ApPliCALIONS . ......iiuiiiii ettt e e s s b enere e e e e e ennees 87

Page3 of 356



Radar Altimetry Tutorial

B.1.4  TSUNAIMIS. . eiiiiureeeiereie et e e se et e e sttt e e st e s s enmt e s st e e e Rt e e e s E et e e es e e s et e san et e e s ne e e e ann e e e e smeennre e e s nnneeena 38
I @ Tol= = T =1 ] o] [ Tox= L1 T0] o1 TSRS 20
6.2.1 Largescale 0CeaN CIFGBIION..............ccoeiiii i icieeee e e e e e e s e e e et e e es s s e e e e e e e s snenssserrenanneeeees 90
6.2.2 Ocean currents and eddies: mesoscale ocean appliCatianSs...........coovviccre e 92
6.2.3  Operational 0CeANOGIAPIIY.......uiiiiiiiiie et e e 94
ST S I o = PSPPSR a5
6.2.5  MEAN A LEVEL....eeiiiiiiie ittt e rnne s 98
5.2.6  OPEN OCEARA SAR ...ttt et e e aa e e ettt et et e e e tt e e et aeana 101
6.3 1CE: LANd @NU SBA ICE. ... uuiiiie ittt 104
ST 0 = o To ot PO PPPRTP 105
TR JZ A ST T T = PRSP U R PTSRPP 108
8.4  ClIMALE. ... ettt sme e e et 115
6.4.1 EI Nifio - Southern Oscillation (ENSQ)...........ccooiiiiiiiiiiiier s cee s erreeeeeeeeeenens 115
6.4.2 North Atlantic OSCIllation (NAQ)........uuueii it eeer e e eere s e e e e e e e e e eeesetersnmmreeernees 117
6.4.3 Decadal OSCIlAtIONS. .........cooiiiiiiii et e e rme e e e e e e e e 119
L T T {0 ] = TP OTRTTT PP 119
B.4.5  SEA LEVEI GOl ettt e st eeet et e e e e e e eaer e e s 120
6.5  AIMOSPhere, WiNA & WAVES..........ccooiiiii et mmme e e e e e e e e e e e e e e e e e e e e e e e e eaannnnnnns 121
6.5.1 Wind & waves as SEen DY AltIMELNY.......ccooiiiiiiii e rmeee e 121
6.5.2 Cyclones, hurricanes and tyPhOQMNS..........ooiiiiiiiii e eeenreee s 123
R TS T = - 1 o ST O PP R TP PP PP PPUPPPRPPN 125
6.6  Hydrology and land appliCatiONS.............eeiiieiiiiiiicee it smeee s e e e e e 128
6.6.1  Lake [eVel MONITOTING ... ..uiiiiiiiiiiiee ettt et e e s me e b bt e e e s aneaneeeee s 129
N I W= o To =T o] o] [Tox - (o] o F- TP P P RRPRPPPR 130
O CTRC T S )Y =T gl o 1[0 o1 (o] ¢ o T PP PP T PPUPPPRPPRTRN 130
6.6.4  INIANA WALEH SAR.... ..ottt ettt ree e ettt e e e e skt b et e e e e s rmeee s abba e e e e e e s anbbreeeeesane 132
6.7  Coastal apPPliCALIONS.......uuiiiiiiiiiiii e e eeee e ———————— e e e e e e e aeees 135
6.7.1 Coastal OCEANSAR & SARIN. ...ttt e et 135
6.8 Examples of altimetry data USE..........uuuiiiiiiiiiiiime e 142
6.8.1 Western boundary currents: The Gulf Stream and its seasonal varations................cceeecevveeer.n. 142
6.8.2 Ocean eddies as seen by satellite altimelry Kuroshio current..............ccooeevvivieeee e, 144
6.8.3 Geostrophic velocities: The Antarctic Circumpolar Current, due East around the.Earth............ 147
6.8.4 The North Western Mediterranean Sea by using coastal dedicatedtsradu..................cceeeeeennnnn. 148
6.8.5 The Agulhas current by using coastal dedicated productS.............covvvvvieemriieieeeiicee e eeee, 152
6.8.6 The Florida Keys currents by using coastal dedicated products..............coocoicceeeeeiiei s 160
6.8.7 Ice applicatims: Combined altimetry and radiometry for sea ice classificatian...............cccccceeueee 165
6.8.8 Ice caps applications: Altimetry for observing polar iCe CapS......uuvviiiiiiiii ittt 167
6.8.9 Ice applications: CryoSat over CONtINENTALICE ............uuuiiiiiiiieeeiib e 170
6.8.10  Ice applications: Cry0Sat OVEI SEAUCE.......uuuiiiiiiiie e e e e cceeeieeeit ettt et e e e e e e e e e s v e e et e e e e e e e e e e s e e e aannnnns 172
6.8.11  Monitoring El Nifio: Rossby and KelVin WaVES............ccuoiiiiiiiieeeiiee et 177
6.8.12  MEAN SEA IBVEL.....co e 179

Page4 of 356



Radar Altimetry Tutorial

6.813  Seasonal distribution of Significant Wave Height............cceeviiiiieeciiiiiiieec e 182
6.8.14  Observing wind and waves: hurricane KatliNa...............oooeeeiiccreeeee e esceecieees s 184
6.8.15  Temporal water surface height variations in enclosed areas: the Amazon Basin................... 186
6.8.16  MONItOriNG Aral SEA IEVEL.......cceieiiiiiiiieeeeeeeee e eret e e e e e e e e e e e e e s e e r e e e aaaaaaes 189
6.8.17 Land applications: Monitoring continental SUIfaces..........ccuuuveiiiiieeeiiiiiieiiiee e eeeereeaeees 194
6.8.18  Altimetric waveforms to monitor lakes level: Lake Issld.................ccccvvviiiieeen i 196
6.8.19  Altimetry for lake/reservoir studies by using hydrology dedicated products..................ccoveeee. 201
6.8.20  Altimetry for wetland studies by using hydrology dedicated products.........cccccceevveeieevvnennnnnnn. 211
6.8.21  Use of the GOCE toolbox (GUT) in oceanography along with altimetry................cooeeveee e, 215
AV ST o] PP TR 220
7.1 PaASEMISSIONS. ..iiiiitiiiie ittt ettt erme et e e e e et e e e e s b eenr et e e e e e e e e e 221
4% T A 14 - o S PPPPP 222
0 A €1 =@ 2 T PSP U PP PPPPRT 223
71,3 SBASAL......uutitiiiiiiiiiiii e e e 224
4 T S €Tl 17 | PP PPPPPP 225
0 T 1 8 TR PPPPTPTTTPRPN 226
208 ST I 01 ¢ 4 = 1= =1 o o o SR 234
T.1.7  GEOSAL FOIOWON........ciiiiiiieiite ettt e s et e s et e s s e e e e e e s e s enes 247
T.0.8 B RS ..o et e e e e e e e e bR e e e e e e et teaeaaaaeaeeaeeennrnras 248
A L B = 11 | PO E PP 256
2200 00t O T T 1= o PRSPPI 272
7.2 CUITENT MISSIONS. ... ttteitieeeeeeeiittttieeestete ettt e e e e e e s s s sea b b s emanssese e e et e e e e e e aaannnbb e s enanssssneeeeeeeeeeannnne 289
A R T .+ ] TR 290
A A O 40 T & 7 PP P PR PRPTPTPPP 302
S T = - T - T o To PP PP PRRPOPPPRPPN 311
A S Y- V- | SO 315
A TN T 1= 0 2 C 322
A7 TS Y=o 1] 1= 2 SR 327
7.3 Future altimetry MiSSIONS.......uuuiiiiiiiiiiiiiitieeeiitie ettt e e e e e s e nenst e e e e e e e e e e ansbbe s e e eeesseeeeeeas 333
7.3.1  JASORCS [ SENLNEB.....cciiitiiiiiee ettt et e e e e e et e e e e e e nnbees 334
A T X 1 N USRS 336
7.4  Alimetry in planetary MISSIONS. .......ccuiiiiiiiiiiiieee e reeisb e e e e e e s s anb b s enenes 339
A R 1N ST IR 1V = T O UURPR 339
A A S o VN S Y N I 1V - PP PRSP 342
7.4.3 RIME T JUPITEI MOONS....cceiiiiiiiiee ettt et e e e s eb e eeeee e 344
T4 4 SRS-VEINUS. ...ttt e e e e et e ettt eeeeeeee et ettt e ea b e e e e e e e aaaaate e e e e eeeeeeeeeenebnn e e rrernnan 346
110175 Y USRS 348

Page5 of 356



Radar Altimetry Tutorial

1Tool box

brat

BROADVIEW RADAR ALTIMETRY TOOLBOX

Figure 1.1. BRATIogounderGPL license

The Broadview Radar Altimetry Toolbox is a tool designed to use radar altimetry data. It is available
in 32-bit and 64bit versions for Windows, Mac OS X and Linukhe Broadview Radar Altimetry
Tutorial and Toolbox is a joint project between ESA and CNES to develop an open souiG®teol (

3) freely available to all the altimetry community.

The toolbox is able to:

1 to read all altimetry data from official data centres, from HR#d 2, Topex/Poseidon, Geosat
Follow-on, Jasofl, Envisat, Jase8, Cryosat and Sentin8l from Sensor Geophysical Data
Record to gridded merged data

1 to do some processing and computations

1 to visualise the results

1.1 Download Now

1 Downloadthe autcinstaller(http://www.altimetry.info/install for Linux, MacOSor Windows

1 Usermanual(pdf, 3.5 MB, http://www.altimetry.info/filestorage/brat_user _manual. pdf

i For installing the toolbox please read the quick installation details
(http://www.altimetry.info/filestorage/INSTAL). or readthe installation sectionof the user
manual

1 To testthe toolbox, you candownloaddatasamplegqhttp://www.altimetry.info/toolbox/brat
datasanples)

1 SeealsothesectionError! Ref erence source not found for examplesf altimetryuseswith
RAT (mostly)

1 Practical material can be downloaded from _ http://www.altimetry.info/radaaltimetry
tutorial/trainingmaterial/

1.2 Current Release
Thecurrentversionof the BroadviewRadarAltimetry Toolboxis v4.2.], releasedn June2018.

The following improvements have been added to BRAT:
9 Dimensions consistency check of all operation parameters
1 Correction of map distance tool for all latitudes and projections
9 Improved visualization of X axis, supporting multiple dimensions
9 Support user defed variables for filtering parameters
9 Addition of aliases for SIR_SAR_2
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1 Support information accessible from about box
1 Updated licensing information

Seethe completechangdoq (http://www.altimetry.info/filestorage/READMEor full detailsof the
changesn thedifferentversions.

To report any bug with the software, please use the toolbox GitHub account bugs
(https://github.com/BRAIDEV/main/issuek form (preferredway) or sendus an email via the
Helpdesk (http://www.altimetry.info/helpdesk/ If you have any questionsor suggestionsfor
improvements please contact us using the Helpdesk, and also check out the Forums
(http://www.altimetry.info/?forum=altimetrjorum-2) in casethat someone has already expecash
the same problem.

1.3 Toolbox Design
TheBroadviewRadarAl timetry Toolbox canbedividedinto four maincomponents:

1. Datareading(alsocalledii ngesti ono)
1. Processingoutinefunctions

2. Visualisationfunctions

3. GraphicUserInterface(GUI)

Thestructures onionskin:eachlayerusingthepreviousones,andbeingavalable to beusedwithout
the onesabove(e.g.you usethe processingoutines,which readdatawith the dataingestiontools,
without usingeitherthevisualisationor the GUI). The GUI is usingthe otherlayers,andis available
for currentversionsof WindowsandLinux operatingsystems.

Thereading (or i i n g e gobl$ acem dajadictionary, basedon handbooksand datastructures.
They free the usersof looking at eachand everydataformat, byte by byte, to be ableto readtheir

products.The usercan selectseveraldatafiles to work on them at the sametime. They can be

combinedf theyareof thesamekind (samdevel, samemissionor format). Oncea datasets chosen,
theuseris ableto selecta geographicaareasubsethoserby its minimumandmaximumlongitude
andlatitude,and/oratemporalsubseby its startandenddates andthis for anytype of data.

Processingfunctions arealsoavailable to combinedatafields (e.g.addition/subtractiomeededo
computeseasurfaceheightfrom satellie altitude,altimetricrangeandcorrections)selectthem(e.g.
dataeditingto edit out-of-rangevalues) etc. Suchformulascanbe savedfor future use.Thetoolbox
processedutputsaresavedin NetCDF,andcanbe exportedin eitherNetCDF, ASCII or GeoTIFF
(with a GoogleEarthexportfeature).All processings madethroughcommandfiles whereall the
parameterareindicated(evenwhenusingthe GUI, with whichthefiles areautomaticallygenerated).

Onceprocessedthe BRAT outpus canbe visualised whetherone parameterlgainstone otheror
againsttwo others(typically, classicalmaps,including severalcartographicprojections,but also
dispersionplots, or waveforms).For all modes itle andcommentscanbe written by the use. The
useris ableto choosea colour scaleamonga pre-definedset.A fi d-your-own colours ¢ atboti®
alsoprovided.Plotscanbe savedn raster(.qgif, .png, tif, .jpg) format.

Thegraphic userinterface is aninteractiveinterfaceto providetheuserwith aneasyto-usetool. It

enablego useall the abovecomponentwithout writing a single line of programmeor command
files. In thatframe,usersareableto savethe datacontextfor future work: theyareableto savetheir
setpreferencedor future uses,undera userdefinedname,the area,period, mission,colour scale,
typeof visualisationandthe parametersombinationgheymight havedefined.
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1.4 BRAT Data samples

Herearesampleof datareadby thetoolbox
9 Level 1B and2 data
0 Envisat(54 MB) (updatedApril 2011)
ERS1 (OPRs)(178KB)
ERS2 (OPRs)(144KB)
ERS2 (WAPs)(5.8MB)
GFO(GDRs)(182KB)
Jasonl (16 MB)
0 Jasor? (32 MB)
0 Topex/PoseidofiGDR-M) (327KB)
0 Topexwaveforms(16 MB)
o Cryosat? (15.4MB) (updatel April 2011)
9 Higherlevel data
0 River& Lake(ESA) (6 KB)
0 Aviso (level 3 and4) (39 MB)
0 Podaaclevel 3) (633KB)
1 Datasets used in training Kits
o CryoSat 2 and Sentinel 3 from 8&atoreGPOD(150MB)
0 TUDelft training(230MB)
0 4th ESA Advanced Training on Ocean Remote Sen&bdviB)

O 0O O0OO0Oo

For moredataof the kind, pleasecontactthe relevantdatadistributioncentre(seethe Dataproduct
fact sheetdor namesandlinks).
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2CodAec cess

github

SOCIAL CODING

Figure 2.1 Githublogo

BRAT is anopensourcesoftwarewith a GPL-3 licensetype.Its sourcecodeis publicly availableon-
line in a dedicatedGitHub repository Contributionsfrom the altimetry communityto the codeare
encouragedndeveryonecanproposenew codeto be committedto the masterbranchvia the pull
requestdeaturefrom GitHub. If you havetailoredthe code,or addednew functionality to the tool
for your work, chancesarethatthereareothersthatwould find it usefulaswell. We thereforeurge
you to shareyour work with the whole communityand usethe GitHub featuresfor collaborative
coding.You canalsocheckout usefuldiscussonswith otherusersof thetool in our portal Forum

In orderto accesghecodeit is requiredto createanaccounion GitHub, for which only avalid email
is required.The accountis completelyfree and doesnot requireany additionalinformation. The
BRAT repositoryis public andall codecanbe seenby any GitHub user,howeverif you wish to
contributeto the code,after creatng the account,you will needto requestto be a memberof the
BRAT project whichwill thenallow youto createébranchesperformcommitsandraisepull requests.
Eachpull requesshallbereviewedanddiscussedwith theauthorby apanelof specialistsThis panel
of specialistscontrolsthe final decisionon the mergingof the changego the masterbranchfor
incorporationinto the nextreleaseof the software.

In additionany bugsfoundin the codecanberaisedon B R A T Gitslub integratedssuetracking
systemby anyonewith a GitHub accountwherethe developerswill providefeedbacko the issues
raised.Issuesandsuggestiongor improvement®f thetool canalsoberaisedvia our Helpdesk

You can find information about the installation and compilation dteps
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SDatAa&c ces s

Name Mission Level Organisation Acces
Sentinel3 Pre | Sentinel3 L1A-L1BS | ESA - | web | Open
Operations  Datg L1B-L2 COPERNICUS
Hub
CODA Copernicug Sentinei3 EUMETSAT - | web | Registration
Online Data COPERNICUS
Access
Sea Level CCI Multimission L3-L4 ESA web | Registration
Merged
EOPI CryoSat2 FBR-L1B- ESA form | Registration
L2
EOPI Envisat L2/GDR ESA form | Registration
EOPI ERS1 ERS2 GDR ESA form | Registration
REAPER
AVISO Jasor2 L2/IGDR- CNES ftp | Anonymous
PISTACH
Jasonl L1-L2 CNES ftp | Anonymous
Jasor2 L1-L2 CNES ftp | Anonymous
SARAL L1-L2-L3 CNES ftp | Anonymous
HY -2 L2 CNES ftp
TopexPoseidon | L2 CNES ftp | Anonymous
RADS Geosat L2 DEOSTU Delft | web | Registration
ERS1 L2 DEOSTU Delft | web | Registration
ERS2 L2 DEOSTU Delft | web | Registration
Topex/Pseidon | L2 DEOSTU Delft | web | Registration
GFO1 L2 DEOSTU Delft | web | Registration
Jasonl L2 DEOSTU Delft | web | Registration
Enviat L2 DEOSTU Delft | web | Registration
Jasor2 L2 DEOSTU Delft | web | Registration
CryoSat2 L2 DEOSTU Delft | web | Registration
SARAL L2 DEOSTU Delft | web | Registraton
JasoRr2 L2 DEOSTU Delft | web | Registration
Sentinei3 L2 DEOSTU Delft | web | Registration
PO.DAAC Jasonr3 L2/GPS NASA ftp | Anonymous
OGDR
SARAL L2 NASA ftp | Anonymous
TOPEX L1B-L2 NASA ftp | Anonymous
Jasonr2 L2 NASA ftp | Anonymous
Multimission L4 dynamic| NASA ftp | Anonymous
topo
Multimission L4 SSHgrid | NASA ftp | Anonymous
GEOS3 L2 NASA ftp | Anonymous
Envisat andlason | L2 ALES NASA ftp | Anonymous
2
Jasonl L2 NASA ftp | Anonymous
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https://scihub.copernicus.eu/s3/#/home
https://www.eumetsat.int/website/home/Data/DataDelivery/CopernicusOnlineDataAccess/index.html
http://www.esa-sealevel-cci.org/products
https://earth.esa.int/web/guest/-/how-to-access-cryosat-data-6842
https://earth.esa.int/web/guest/-/ra-2-geophysical-data-record-1470
https://earth.esa.int/web/guest/-/radar-altimeter-reaper-geophysical-data-record-gdr
ftp://ftp.aviso.altimetry.fr/pub/oceano/pistach/J2/IGDR/
ftp://avisoftp.cnes.fr/AVISO/pub/jason-1/
ftp://avisoftp.cnes.fr/AVISO/pub/jason-2/
ftp://avisoftp.cnes.fr/AVISO/pub/saral
ftp://avisoftp.cnes.fr/AVISO/pub/topex-poseidon/
http://rads.tudelft.nl/rads/data/authentication.cgi
http://rads.tudelft.nl/rads/data/authentication.cgi
http://rads.tudelft.nl/rads/data/authentication.cgi
http://rads.tudelft.nl/rads/data/authentication.cgi
http://rads.tudelft.nl/rads/data/authentication.cgi
http://rads.tudelft.nl/rads/data/authentication.cgi
http://rads.tudelft.nl/rads/data/authentication.cgi
http://rads.tudelft.nl/rads/data/authentication.cgi
http://rads.tudelft.nl/rads/data/authentication.cgi
http://rads.tudelft.nl/rads/data/authentication.cgi
http://rads.tudelft.nl/rads/data/authentication.cgi
http://rads.tudelft.nl/rads/data/authentication.cgi
ftp://podaac-ftp.jpl.nasa.gov/SeaSurfaceTopography/jason3
ftp://podaac-ftp.jpl.nasa.gov/SeaSurfaceTopography/saral/preview/L2/XOGDR-SSHA/
ftp://podaac-ftp.jpl.nasa.gov/SeaSurfaceTopography/topex
ftp://podaac-ftp.jpl.nasa.gov/SeaSurfaceTopography/ostm/preview/L2/GPS-OGDR/
ftp://podaac-ftp.jpl.nasa.gov/SeaSurfaceTopography/aviso/L4/
ftp://podaac-ftp.jpl.nasa.gov/SeaSurfaceTopography/merged_alt/L4/cdr_grid/
ftp://podaac-ftp.jpl.nasa.gov/SeaSurfaceTopography/geos3/L2/
ftp://podaac-ftp.jpl.nasa.gov/SeaSurfaceTopography/coastal_alt/L2/ALES/
ftp://podaac-ftp.jpl.nasa.gov/SeaSurfaceTopography/jason1/L2/

Radar Altimetry Tutorial

ODES: Online| Different missions | L2 CNES web | Registration
Data  Extraction
Service
AVISO Multimission L3 CNES ftp | Registration
Ssalto/Duacs
AVISO Jasonr2 L2/IGDR- CNES ftp | Anonymous
PISTACH
Jasonl L1-L2 CNES ftp | Anonymous
Jasor2 L1-L2 CNES ftp | Anonymous
SARAL L1-L2-L3 CNES ftp | Anonymous
HY-2 L2 CNES ftp | Anonymous
TopexPoseidon | L2 CNES ftp | Anonymous
CTOH Center fon ERS2 L2 CNES form | Registration
Topographic Envisat Jasonl | L2 CTOH CNES web | Free acces
studies of thgq andJasor2
Ocean ang , CryoSat2 L2 CNES form | Registration
Hydrosphere ERS1, ERS2, | WET U. Porto form | Registration
Envisat, TOPEX] Tropospherig
Jasonl, Jasor, | correction
CryoSat2 SARAL
Haiyang2 data] HY-2 L2-L.3 NSOAS form | Registration
center
CCAR Multimision L3 University  of | web | Free access
Colorado
CERSAT Envisat, Jason L3 Rain Ifremer ftp | Anonymous
Topex, Merged
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http://odes.altimetry.cnes.fr/
https://www.aviso.altimetry.fr/en/data/product-information/information-about-mono-and-multi-mission-processing/ssaltoduacs-multimission-altimeter-products/access-ssaltoduacs-products.html
ftp://ftp.aviso.altimetry.fr/pub/oceano/pistach/J2/IGDR/
ftp://avisoftp.cnes.fr/AVISO/pub/jason-1/
ftp://avisoftp.cnes.fr/AVISO/pub/jason-2/
ftp://avisoftp.cnes.fr/AVISO/pub/saral
ftp://avisoftp.cnes.fr/AVISO/pub/topex-poseidon/
http://ctoh.legos.obs-mip.fr/products/alongtrack-data/ers-2
http://ctoh.legos.obs-mip.fr/products/alongtrack-data/datarequest
http://ctoh.legos.obs-mip.fr/products/cryosat-2
http://ctoh.legos.obs-mip.fr/products/coastal-products/gpd-wet-tropospheric-correction
http://www.nsoas.gov.cn/NSOAS_En/Products/3.html
https://eddy.colorado.edu/ccar/ssh/nrt_gom_grid_viewer
ftp://ftp.ifremer.fr/ifremer/cersat/products/gridded/rain-alt/data/
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4 We b/ DPocument s

4.1 Documentation

(M)SLA and(M)ADT NearRealTime andDelayedTime ProductsAVISO

Jasonl SeaSurfaceHeightAnomalyProducti JPL/PO.DAACU s e RefeszncéMlanualPO.DAAC
TOPEX/POSEIDONseaSurfaceHeightAnomalyProducti JPL/PO.DAACU s e ReferencéManual
PO.DAAC

Level 3 rain productsfrom dualfrequencyaltimetersRAIN-ALT products’ UserManualCERSAT
Altimeter & MicrowaveRadiometeERSProductd UserManualCERSAT

Altimeter waveformproductALT.WAP compactuserguideESA

EnviView UserGuideESA

RA2-MWR ProductHandbookESA

Guideto programdgo readandwrite Envisataltimetry productsESA

Userhandbookor POSEIDONWaveformsproductAVISO

CryoSat product HandbodkSA

Sentinel 3 user handbo®SA

=A =4 =4

=2 =2 -8 -8 -8 -8 _-9_-9_-9

4.2 Software

BroadviewRadarAltimetry Toolbox CNESESA
PublicReadBinairie&VISO

SSHA softwarePO.DAAC

OPRreadingsoftwareCERSAT

Modified CheltonWentzmodelDEOS

EnviView ESA

EnvisatL2 RA2-MWR ProductsReadandWrite SoftwareESA
Convertprogramdor waveformsPOSEIDONproductsAVISO

=A =8 =4 -8 -8 -8 -89
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http://www.altimetry.info/glossary_/aviso/
http://www.altimetry.info/webs-documents/jason-1-sea-surface-height-anomaly-product-users-reference-manual/
http://www.altimetry.info/webs-documents/topexposeidon-sea-surface-height-anomaly-product-users-reference-manual/
http://www.altimetry.info/webs-documents/level-3-rain-products-from-dual-frequency-altimeters-rain-alt-products/
http://www.altimetry.info/glossary_/cersat/
http://www.altimetry.info/webs-documents/altimeter-microwave-radiometer-ers-12-products-user-manual/
http://www.altimetry.info/glossary_/cersat/
http://www.altimetry.info/webs-documents/altimeter-waveform-product-alt-wap-compact-user-guide/
http://www.altimetry.info/glossary_/esa/
http://www.altimetry.info/webs-documents/enviview-user-guide/
http://www.altimetry.info/glossary_/esa/
http://www.altimetry.info/webs-documents/ra2-mwr-product-handbook/
http://www.altimetry.info/glossary_/esa/
http://www.altimetry.info/webs-documents/guide-to-programs-to-read-and-write-envisat-altimetry-products/
http://www.altimetry.info/glossary_/esa/
http://www.altimetry.info/webs-documents/user-handbook-for-poseidon-product/
http://www.altimetry.info/glossary_/aviso/
https://earth.esa.int/documents/10174/125272/CryoSat_Product_Handbook
https://sentinel.esa.int/web/sentinel/user-guides/sentinel-3-altimetry
http://www.altimetry.info/webs-documents/basic-radar-altimetry-toolbox/
http://www.altimetry.info/glossary_/cnes/
http://www.altimetry.info/glossary_/esa/
http://www.altimetry.info/webs-documents/publicreadbinaries/
http://www.altimetry.info/glossary_/aviso/
http://www.altimetry.info/webs-documents/sea-surface-height-anomaly-software/
http://www.altimetry.info/webs-documents/ocean-product-reading-software/
http://www.altimetry.info/glossary_/cersat/
http://www.altimetry.info/webs-documents/modified-chelton-wentz-model/
http://www.altimetry.info/glossary_/deos/
http://www.altimetry.info/webs-documents/enviview/
http://www.altimetry.info/glossary_/esa/
http://www.altimetry.info/webs-documents/envisat-l2-ra2-mwr-products-read-and-write-software/
http://www.altimetry.info/glossary_/esa/
http://www.altimetry.info/webs-documents/convert-programs-for-waveforms-poseidon-products/
http://www.altimetry.info/glossary_/aviso/
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55Anover oiAéewi metry

This RadarAltimetry Tutorial describesapplications,examples(data use cases)and techniques,
including standarddataprocessingas well asthe varioussatellite missionsthat have carried,are

carryingor will carryaradaraltimeteronboardplusarangeof altimetryproductgdata,softwareand
documentation).

Altimetry is basically a technique for

) measuringheight. Satelliteradaraltimetry
/ measureshetime takenby aradarpulseto
travel from the satellite antennato the

) surfaceand back to the satellite receiver.
Moreover, this measurementyields a

~ wealthof otherinformationthatcanbeused

‘ : \ for awide rangeof applications.

Figure 5.1. Altimeterillustration

Furtherinformationon radar:

9 http://www.alphalpha.org/radar/intro e.html
9 www.radartutorial.eu
9 http://en.wikipedia.org/wiki/Radar

Furtherinformationon radarremotesensing:

1 http://www.nrcan.gc.ca/ear$tierces/geomatics/satelldienageryair-photos/satellite
imageryproducts/educationaesources/9309

1 http://rst.gsfc.nasa.qgov/

9 http://lwww.r-s-c-c.org/

1 http://ceos.org/abouteos/publication®/

Page:13of 356


http://www.altimetry.info/wp-content/uploads/2015/10/ac_alti.gif

Radar Altimetry Tutorial

5.1 How altimetry works

Altimetry satellitesasicallydetermire thedistancdrom thesatelliteto atargetsurfaceby measuring
the satelliteto-surfaceroundtrip time of a radarpulse.However,this is not the only measurement
madein the processanda lot of otherinformationcanbe extractedrom altimetry.

The principle is that the altimeter emits

7S radar wave and analyses the return si¢

\ that bounces off the surface. Surface hel
I s t he di fference

position on orbit with respect to an arbitre

reference surf aeer a

= '& V“ rough approxi mati ol
s W the reference ellipsoid) and the sateltibe
Seeee g «* surface range (calculated by measuring

< time taken for the signal to make the rot
trip). Besides surface height, by looking
t he retur n deandwaxdfoim
we can also measure wave height and w
speed over the oceansd more generally.
backscatter coefficient and surfa
roughness for most surfaces off which 1

Figure 5.2. Altimeter receivedwvaveforms in seato . :
signal is reflected.

land transitionillustration (COASTALT portal)

If the altimeter emits in two frequencies, the comparison between the signals, with respect to the
frequencies used, can also generate interestindtgegain rate over the oceans, detection of
crevasses over ice shelves,etc

To obtain measurementsccurateto within a few centimetresover a rangeof severalhundred
kilometresrequiresan extremelypreciseknowledgeof thes a t e lorbital positios. Thusseveral
locating systemsare usually carried on-board altimetry satellites.Any interferencewith the radar
signalalsoneeddo betakeninto accountWatervapourandelectronsin the atmosphereseastate
and a range of other parameterscan affect the signal roundtrip time, thus distorting range
measurementdVe can correctfor theseinterferenceeffectson the altimetersignal by measuring
themwith supportingnstrumentspr at severalifferentfrequenciespr by modellingthem.

Altimetrythusrequiresalot of informationto betakeninto accounteforebeingableto usethedata.
Dataprocessings alsoa major part of altimetry, producingdataof different levels optimisedfor
differentusesatthe highestlevels.

Further informatio n:

Chelton,D.B., J.C.Ries,B.J.Haines,L.L. Fu, P.S.Callahan SatelliteAltimetry, Satellitealtimetry
andEarth sciencesL.L. FuandA. Cazenavé=d., AcademicPress2001
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5.1.1 BasicPrinciple

Figure 5.3. Theprinciple of altimetry (CreditsCNES/D Ducrog

Satellite-to-surfacedistance: Range

Radaraltimetersonboardsatellitestransmitsignalsathighfrequenciegoverl1,700pulsespersecond)
to Earthandreceiveechoedrom the surface(the6 w a v e f They aréapalysedo deriveaprecise
measuremeastof the time takento makethe roundtrip betweerthe satelliteandthe surface.These
time measuremest scaledto the speedof light (the speedat which electromagnetievavestravel),
yields the range R measuremest(see From radar pulseto altimetry measurementfor Further
details).

However,aselectromagnetigvavestravelthroughthe atmospheretheycanbe deceleratedy water
vapou orionisation.Oncethesephenomenaavebeencorrectedor, thefinal rangecanbeestimated
with greataccuracyseeDataprocessinyy

Theultimateaim is to measuresurfaceheightrelativeto a terrestrialreferenceframe. This requires
independentmeasurementsf the s a t e loibitalttrajéctery, i.e. exact latitude, longitude and
altitudecoordinates.

Satellite Altitude

Thecritical orbital parameterfor satellitealtimetermissionsarealtitude,inclinationandperiod.The
altitudeof asatellitedependsiponanumberof constraintge.g.inclination,atmospheridrag,gravity
forcesactingon the satellite,areaof theworld to be mappedegtc). Theperiod,or6 r e p e hidthe 6
time neededor the satellte to passover the sameposition on the ground,uniformly samplingthe
E a r sunfacelinclinationgivesthe highestlatitudeat which the satellitecantakemeasurements.

Thealtitude of a satellite (S)isthes a t e Mistandemtidrespecto anarbitraryreferencee.g.the
referenceellipsoid, a rough approximationof the E a r tsurféce).lt dependsupona numberof
constraintge.g.inclination,atmospheridrag,gravity forcesactingon the satellite ,areaof theworld
to bemappedetc). Thesatellitecanbetrackedin anumberof wayssoasto measuréts altitudewith
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the greatespossibleaccuracyandthusdetermindats preciseorbit, accurateo within 1 or 2cm. The
maintechniquesisedare:

9 Doppler shift, to accuratelydeterminethe saté | i veleciyon its orbit, using dynamic
orbitographymodelsto deducethes a t e Itrdjectorgréasive to Earth (e.g. DORIS, or
PRAREInstruments),

1 GPSor similar systemsanalsobe used,
1 lasertrackingis alsoused oftenfor calibration

Surfaceheight

Thesurfaceheight (H), isthes a t e Wistandes¢a@iseninstantfrom thereferencesurface so:
(correctedHeight= Altitude i (correctedRange Eq.1

Fortheoceantheseasurfaceheight(or SSH)integrateseffectssuchas:

1 Theseasurfaceheightwhichwouldexistwithoutanyperturbingfactors(wind, currentstides,
etc.).This surfaceknownasthe geoid, is determinedy gravity variationsaroundtheworld,
which arein turn dueto major massanddensitydifferenceson the seafloor.For example a
denserock zoneon the seafloorwould deformsealevel by tensof metresandbevisible as
ahill onthegeoid.

1 Theocearcirculation,or dynamic topography, which comprises

o thepermanenstationarycomponen{permanat circulationlinkedto E a r trotatios,
permanentvinds,etc.). Themeaneffectis of theorderof onemetre.
o andahighly variablecomponen{dueto wind, eddies seasonaVariations.etc.).

To derivethedynamictopographythe easiestvay would beto subtractthe geoidheightfrom SSH.

In practice,meansealevel is subtractednsteadto yields the variablepart (sealevel anomalies)f
theocearsignal.

5.1.2 From radar pulseto altimetry measurements

Figure 5.4.Poseidor2 (Jasonl altimeter)first waveforms(CreditsCNES)

A radaraltimetermeasuresurfacecharacteristicsvith a high degreeof accuracyThis implieshigh
precision in the radar measurementsand therefore requires performancefar greater than a
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conventionalradar,in particularfor classicradarrangemeasurements.Thadaraltimeteremits a
pulsetowardsthe E a r tsurféce.The time which elapsedrom the transmissiorof a pulseto the
receptionof its echoreflectedoff theE a r tsurféicas proportionalto thes a t e lallitude. Sodes
theoreticabletailsof theprincipleof radarappliedto altimetrywill helpbetterunderstandhedifferent
behavioursand characteristic®f the pulsein function of irregularitieson the surfaceencountered.
The magnitudeand shapeof the echoes(or waveforms)also contain information about the
characteristicsf thesurfacewhich causedhereflection.Thebestresultsareobtainedovertheocean,
which is spatiallyhomogeneousandhasa surfa@ which conformswith known statistics.Surfaces
which arenot homogeneousyhich containdiscontinuitiesor significantslopes,suchassomeland
surfacesmake accurateinterpretationmore difficult. Evenin the bestcase(the ocean),the pulse
shouldlast no longerthan70 picoseconds$o achieveanaccuracyof afew centimetresTechnically,
this meangthat the emissionpowershouldbe greaterthan 200 kW, andthatthe radarwill haveto
switch everyfew nanosecondslheseproblemsare solvedby the full deramptechnique makingit
possibleto useonly 5 W for emission The rangeresolutionof the altimeteris abouthalf a metre
(3.125ns) but the rangemeasuremenperformanceover the oceanis aboutone orderof magnitude
greaterthanthis. This is achieved by fitting the shapeof the sampledechowaveformto a model
functionwhich representsheform of theecho.

5.1.2.1 On-board reception and tracking

%3""

The altimetertransmitsa short pulse of microwaveradiation
with knownpowertowardthesurface Thepulseinteractswith
the rough surfaceand part of the incident radiation reflects
back to the altimeter. This is a straightforwardconceptbut

R moredifficult to understandh all details.

tragmg!ed The antennaaltimeteremits a sphericalmicrowaveradiation

/ with known one or two frequencieq13.575Ghz for the Ku-
T £ band and 3.2 GHz for the S-band of Envisat), toward the
surface(water or land) on a nadir direction comprisedin a
1.29%cone (in Ku-band for Envisat). On the basis of this
radiation thealtimeteremitspulsesbuttheyarenotasnarrow
aswith alaser ratherit leavegheantennasawideningbeam,
gettingwiderthefurtherit travels.

Figure 5.5. Altimetertransmission

geometryRrepresentshedistan@

fromthe satelliteto the seasurface,

grepresentshe pointingangleand
gthe pitchangle

Thesepulsesarefrequencylinearly modulatedsignalsandareemittedat regularintervalsdefinedby
the Pulse Repetition Frequency(PRF): 1795 Hz for Envisd. In order to reducethe reflection
sequencin@f thewaveon thegroundsurface.

1 First, whenthe receptionmodeis activatedby the on-boardtracking system,a low power
noisesignalis receivedcorrespondingo parasitaeflectionof thepulsein theionospherend
atmospherean additionto theinstrumentelectronicnoise.

1 Whenthe leadingedgeof the radarpulsehits the ground, the returnedsignal risesup, the
footprint being a disc linearly spreadingwith time, which makesthe correspondingeturn
signalincreaseup to a maximumcorrespondingo the passag®f the rearedgeof the pulse
'through'the groundsurface In caseof a perfectlyflat surfacethis risewould belinear.

1 After therearedgeof the pulsepassedthrough'the groundlevel, the footprint turnsto aring
with increasingradiusandconstantarea.Thenthe returnedsignalto the altimeterdecreases
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duemostlyto antenngatterndecayandantennanispointing till vanishingdownto thenoise
level or beingcut by receptiongate.

Figure 5.6. The radar altimeter receives the reflected wave (or echo), which varies in intel
over time. Where the sea surface is f1l at
the maonent the leading edge of the radar signal strikes the surface. However, in sea swe
rough seas (b), the wave strikes the crest of one wave and then a series of other crests
cause the reflected waveds amp leriva ogerewateo
height from the information in this reflected wainece the slope of the curve representing it
amplitude over time is proportional to wave height.

Significantreturnsignalis availablefrom reflecting surfacessituatedup to 18 km off nadir, which
makegheexploitationof altimetricdataparticularlydelicatein caseof strongvariationsof thesurface

reflectivity.

On-board acquisition and tracking

In orderto keepthewaveformswell centredn rangeandpowerin the analysiswindow andto better
adjusttheseparameterdor the echoesto come, the on-board altimeter calculatormakesa brief
processingf theradarechoeghatthe receiverhasjust recordedlt anticipateghe settingsfor n+1
echoedrom then, n-1, n-2, etc.treatmentechoesWhenthis on-boardtrackingfunctionis not able
to adjust theseparameterainder critical conditions,the altimeterloseslock. Then, it goes irts
acquisitionphase searchingor the signal, locking onto it and stabilizingthe trackingloops. This
acquisitionsequencéastsfrom 0.6 secondgfor Envisat)to 3 secondsaindt h e noelaasluringthis,
until thetrackingis properlyreinitialised.
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Figure5.7. Jasonl and Jasof waveforms over various land/ocean and ocean/land transitic
over theMediterranean Sea from Algeria to France via Ibiza Island (pass 187). The top suk
shows the Jaseh waveforms, collected with the Split Gatetmard Tracker. The middle and
bottom subplots show Jas@nwaveforms, collected with the Median Tracker aredlDIODE/DEM
tracker, respectively. In each subplot, three transitions are considered: 1st column: a land/c
transition over the Algerian coasts (latitude 35.73°); 2nd column: orbit segment over Ibiza I
(latitudes 38.9538.975°); 3rd column: an @an/land transition over the French coast (latitudt
43.366°)(Credits CLS)

The Poseidor3 altimeter(JasoRr2) is equippedwith an openrloop trackingtechniquefor which a
Digital ElevationModel (DEM) hasbeendevelopedThea | t i noabdoadménsorycontainsthe
elevationvaluesof areasoverlaidby the groundtracks.Thesedata,combinedwith DORIS datg are
usedto positionthe radarechoreceivingwindow in advancejn orderto anticipatethe contrastsof
thetopographyandto give priority to measurementsverwater.Thistechniquepreventghealtimeter
from losingtrackassometime®ccurswith a conventionatrackingloop, andenablesneasurements
to beacquiredcloseto the shorelineor on continentalwaters.

For the RA-2 altimeter(Envisat) aninnovativetrackingalgorithm,known as Model Free Tracker
(MFT) concentratests effort in maintainingthe earliestpart of radarechoeswithin the tracking
window, independentlyf its shapeln particular,the MFT will decidewhethertherangewindow is
usingthe adequateesolution whetherthe resolutioncould be increasedor decreasedyasedon the
Signalto NoiseRatio (SNR) of the on-boardwaveformpositioncomparedo referencevaluesstored
in theon-boardmemory.Whentheradarechois abou to moveout of thetrackingwindow, duefor
exampleto asudderchangen the surfaceelevation thewindowis broadenedo recapturegheecho.
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Thisallowsuninterruptedadaroperatioroverall typeof surfacesandits boundariegseeFrequencies
used& theirimpacts.

5.1.2.2 Full-Deramp Technique

.......................................

Figure 5.8. Derampsignals

The radaremits a modulatedchirp s(t) of durationT in a frequencybandB towardstheEar t h 6 s
surface then,with a delaycorrespondingdo the estimatedeturntime of the emittedchirp, another
whichis slightly shiftedin frequency By mixing the returningandderampingchirps,the frequency

shift canbe estimatedyvhich, usingFouriertransformsgivesthetime delay.

To obtaina resolutionof 3.125ns, pulsesof this durationcanbe used;this is the approachusedin
laserranging systems.Maintaining the strengthof the return signal requiresa certainamountof
energyin the pulse,andwith suchshortdurationpulsesa very high transmitpoweris required.The
approactcommonlyusedin radarsystemss to injectashortpulseinto adispersivedelayline, which
spreadghe energyover time, generatinga frequencymodulatedor chirp sigral. Whenthe echois
received the radarpasseshe signalthroughan inversematchedfilter which compresseghe chirp
signal back to a short pulse. This techniqueis called pulse compressionThe compressedime
resolutionis inverselyproportionalto the chirp bandwidth.

A radarrangeresolutionof 3.125ns would requirea very high radio frequencybandwidth,of the
orderof severahundredmegahertzT o generatehirp signalsof this bandwidth thefrequencyof the
signalsfrom the dispersivedelayline hasto be multiplied. This entailsdifficulties in the receiver
matchedfilter asthe correspondingrequencydivision is not possible.Evenif sucha filter were
available videosignalhandlingat a similar high bandwidthwould be necessary.

To circumvent this problem, the full-deramptechniqueis usedin combinationwith linear FM
(FrequencyModulation)pulsecompressionThereturnechosignalconsistof manydiscretechirps,
eaclreflectedfrom adifferentfacetof theocearsurfacewith slightly differentdelaytimes.Thefull -
derampconceptonsistsn mixing thisincomingsignalwith areplicaof thetransmittecchirp, slightly
shiftedin frequencyThederampmixer generatesignalswhich arethefrequencydifferencebetween
its two inputs. As both inputs havethe samerate of frequencychange the outputfrequenciesare
constantones.Theinputsignalsarelinearsothereis a mappingof time offsetontofrequencyoffset.
As aresult,targetswith a differentrangegive echoesat differentfrequencies.Therefore the range
discriminatorcan be implementedwith a bankof contiguousfilters. The translationfrom the time
domainto thefrequencydomainsimplifiesthe signalprocessingtagesastheyareableto work with
muchreducedbandwidth.
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5.1.2.3 Altimetry measurementsover the ocean

Thebasicschematioutlinesof areturnechooverthe oceanareasfollows:

A ~o ! Etrailing edge
1 slope
J-—-—-—-";!—h-leading edge slope
>
i

Figure 5.9.Parts of a waveform

Overanocearsurfacetheechowaveformhasacharacterisc shapahatcanbedescribednalytically
(theBrownmodel).Fromthisshapesix parametersanbededucedby comparinghereal(averaged)
waveformwith thetheoreticalcurveproviding the best fitting

1 epochat mid-height: this gives the time delay of the expectedreturn of the radar pulse
(estimatedby the trackeralgorithm) and thus the time the radar pulsetook to travel the
satellitesurfacedistancgor 6 r a nagddackagain.

1 P:theamplitudeof the usefulsignal. This amplitudewith respecto the emissionamplitude
givesthebackscattecoefficient,sigma0.

1 Po: thermalnoise

1 leadingedgeslope:this canberelatedto the significantwaveheight(SWH)

1 skewnesstheleadingedgecurvature

1 trailing edgeslope:this is linked to any mispointingof theradarantenng(i.e. anydeviation
from nadirof theradarpointing).
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Figure 5.10. Exampleof real Envisat(left) and Topex(right) waveformsvertheocean.

References:

1 Brown, G. S., The AveragelmpulseRespons®f aroughsurfaceandits applications)EEE
Trans.AntennasPropag.,25, 1977.

1 Hayne,G. S.,RadarAltimeter MeanReturnWaveformsrom NearNormakincidenceOcean
surfacescattering) EEE Trans.Antennadropag.AP-28, 687-692,1980.

5.1.2.4 Continental ice waveforms

Figure 5.11. a waveformoverice, andthe parameterghat canbe extractedfromit. (Credits
LEGOS/CNRS)

Theechowaveformoverice enableto retrieveseveraparametes:

1 epochat mid-height: this gives the time delay of the expectedreturn of the radar pulse
(estimatedby the trackeralgorithm), and thus the time the radar pulsetook to travel the
satellitesurfacedistancgor 6 r a nagdbdackagain.

1 backscattecoeficient, sigmaO.

1 leadingedgeamplitude

1 leading edge width: this is relatedto the penetrationinto the medium and the surface
roughnes®f thetarget.

1 trailing edgeslope:this givesinformation on antennamispointing,and also on the signal
penetratiorinto the medium.
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All altimeter data for ice sheetsmust be postprocessedo produceaccuratesurfaceelevation
measurementd.his postprocessings calledo r e t r andik requigedbecausehe leadingedge
of theice-sheetreturnwaveformdeviatedrom the on-boardaltimetertrackinggate,causinganerror

in thetelemeteredangemeasurement.

5.1.2.5 Altimetric measurementover land

Waveform retracking
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E . ' i
: - i R ——ku
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Figure5.12 En v i 6 h € EeRabker:Continentalice retrackingcanalso be usedsuccessfully
on continentalsurfaces

The continentallands are composedof a variety of surfaceswhich reflect the signal backwith
different intensities depending on each surfacepeties. The altimeter footprint is frequently
composedf and contaminatedoy a multiplicity of surfaces.Thus, waveformson thesesurfaces
include a wide variety of configurationswhich aredifficult to classifyand processAltimeter data
overland mustbe postprocessedn anothemway thatthe Brown modelbecauseheleadingedgeof
theterrainreturnwaveformdeviatedrom the on-boardaltimetertrackinggate,causinga significant

errorin thetelemeteredangemeasurement.

Analysesfrom waveformsover heterogeneousurfacesenableto retrieve severalparametersand

deduceotherinterestingcharacteristics.

Thus, the backscattercoefficient (sigma0)is useal to characterizethe surface:a low value for
mountainougegionsanda high value on flat sufacesor wetlands.The backscattecoefficientcan
alsobe relatedto the dateswhena surfaceis completelyfrozenwhentheice breaksup andfastice
duration. The leading edgewidth is relatedto the penetrationinto the medium and the surface

rougmessof thetarget.
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Rio Solimoes

Figure 5.13. Jason2 waveformsn Amazorriver: specularwaveform(n®°319)resultof thereturn
signalfrom veryreflectivesurfacedike waterbodes, multipeakedvaveformgesultof
heterogeneoutargetsin thefootprint.

The parameterextractedfrom the waveformsover continentalsurfacesare similar to the onesfor
ice:

1 epochat mid-height: this gives the time delay of the expectedreturn of the radar pulse
(estimatedby the trackeralgorithm), and thus the time the radar pulsetook to travel the
satellitesurfacedistancgor 6 r a nagddackagain.

1 backscattecoefficient(or sigma0).givesinformationon the natureof the surface.

1 leadingedge amplitude.

1 leading edge width: this is relatedto the penetrationinto the medium and the surface
roughnes®f thetarget.

1 trailing edgeslope:this givesinformation on antennamispointing,and also on the signal
penetratiorinto the medium.

For Ku andS band,the backscatters low in mountainousegions(e.g.e.g.<7 dB in Ku band,<14
dBin Sband)asadirectresultof thepresenc®f topographiclopesForbothbandsthebackscatter
valuesarehigh on very flat surfacessuchasdeserts|argeriver basinsor wetlands(e.g.>15dB in
Ku bandand>20dB in S band),dueto the specularityof the returnradarecho.

Theleadingedgewidth valuesarehigh in desertareasdueto the strongpenetratiorof the waveand
the dunesgeneratedy the winds. Low values,relatedto weak penetrationcorrespondo dense
vegetatedareas,suchas tropical or borealforests,or to large river basinsor flooded regions.In
contrastto the backscattecoefficient,the useof only onefrequencygivesa characteristisignature
on continentakurfacesprovidinggooddiscriminationof forests desertsetc.

Page24 of 356


http://www.altimetry.info/wp-content/uploads/2015/08/GE_Manaus_tr063_J2_waveforms.jpg

Radar Altimetry Tutorial

Cuba Island

Figure 5.14'.'“Exarhlesof real waveformgfrom the CryoSat2 SIRALaltimeter),over the isle of
Cuba(Credits ESA)

5.1.2.6 Envisat RA-2 individual echoesor Burst mode
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Figure 5.15. Rio Nahuapa and Envisat Nominal track (IE coverage highlighted in fled).and
Radargram(rigth), from Ron Abileah2017.

Thealtimetertransmitspulsesat regularintervals(definedby the PulseRepetitionFrequency1795
persecondor Envisat)towardthe E a r tsurféce.During nominaloperation the on-boardtracker
averageshemby groupsof 100 echoeqtypically every50 ms). Then,the averagesretransmitted
to ground.

But during thetelemetryburstmode(only for the Ku-band),the RA-2 altimeterhasthe capabilityto
provide a limited amountof individual, unaveragedechoat the full PRFrate (1 secondevery 3
minutes).Theseraw dataaresampledoeforethe FastFourierTransbrm moduleandarestoredinto
aninternalbuffer memoryin parallelto the normalaveraging Sincethe collectedindividual echoes
havenot beenprocessedh thefrequencydomainon-board,the processings reproducecn-ground
(SeeRoca,2007for furtherdetails).

Theseindividual echoeswith higher spatialresolutionare interestingas they give accesgo very
detailedinformationencodedn themandcangive insighton somefeaturethat cannotbe seenwith

the averagediata.They particularlydemonstrad that the useof un-averagedechoesvhenpossible
canprovidebettersurfacanformation.Theyareavailableasadedicateedataproduct(in RA-2 level2
productsRA2_MWS_2P)).

Further information:
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1 RocaM., Martinez,D. RecheM. ,The RA-2 individual echaes processinglescriptionand
somescientificresults EnvisatSymposiumMontreux,2007.

1 Gommenginge€.,andal., Newscientificapplicationdor oceancoastallandandiceremote
sensingwith Envisatradaraltimeterindividual echoesFifteenYearsof Progressn Radar
Altimetry, Venice,2006.

1 Zanife,0.Z. Roca,M. Remy,F. andal., EnvisatRadarAltimeter Individual EchoesFifteen
Yearsof Progressn RadarAltimetry, Venice,2006.

1 Ron Abileah Andrea ScozzayriStefano VignudelliEnvisat RA2 Individual Echoes: A
Unique Dataset for a Better Understanding of Inland Water Altimetry PotentigReesote
Sens. 2017, 9, 605

5.1.2.7 Footprint size

The groundfootprint sizeis animportantnotion to betterunderstandvhat the altimetercanreally
observeand meaure.The footprint of an antennais traditionally definedto be the areaon the sea
surfacewithin the field of view subtendedy the beamwidthof the antennagain pattern.A radar
pulseis notnarrowsuchaswith alaser ratherit leavesheantennasawideningbeam gettingwider
thefurtherit travels.

sy L L s b L The beamilluminatesa circle of ocean
or land surfaceswith a 3 to 5 km wide,
dependingon the seastate, the wave
height or the corrugatedland. A calm
seaor a flat land surface affords a
narrowerfootprint (typically 2 km) than
if the seais very rough (typically 10
km). Significant return signal is
available from reflecting surfaces
situatedup to 18 km off nadir, which
makegheexploitationof altimetricdata
particularly delicatein caseof strong
variationsof the surfacereflectivity.

Along-track distance (km)

Cross-track distance (km)

Figure 5.16. Theoval footprint characteristicfor SWH
of 1,5and10mfor 1-secondaveragesf altimeter
measurementsf nadir meansealevelfrom orbit
heighs of 1 336km (solid lines)and 785 km (dashed
lines).(CreditsCNES)

Thereturningechoesareablendof thousandsf little echoegrom within thefootprint, somecoming
from the troughsof waves,somecomingup from wave peaks.With wavesup to manymeresin
height,this createsa mish-mashof echoedrom varyingheights.

5.1.3 Frequenciesused& their impacts

Severaldifferent frequenciesare usedfor radaraltimeters.The choice dependsupon regulations,
missionobjectivesandconstraintstechnicalpossbilitiesd andimpossibilities Eachfrequencyband
hasits advantageanddisadvantages.
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Figure 5.17. Electromagnetispectrumwith differentbandsindicated.(CreditsESA)

Ky band (13.6GHz)

Ku bandis the mostcommonlyusedfrequency(usedfor Topex/PoseidonJasonrl, Envisat,ERS,
etc). It is thebestcompromisebetweerthe capabilitiesof thetechnology(relatingto poweremitted),
theavailablebandwidth(determinedy internationategulationgor specificapplications)sensitivity
to atmospherigerturbationsandperturbatiorby ionosphericelectrons.

C band (5.3GHz)

C bandis knownto be moresensitivethanKu to ionospherigerturbationandlesssensitiveto the
effectsof atmospherid¢iquid water.lts mainfunctionis to enablecorrectionof theionospheriaelay

in combinationwith the Ky-bandmeasurement3.o obtainthebestresultsanauxiliary bandlike this
mustalsobeasfar aspossiblefrom themainone.

Sband (3.2GHZz)

S bandis alo usedin combinationwith the Ky-bandmeasurement$or the samereasonsasthe C
band.

Kaband (35 GHz)

Signalfrequenciesn the Ka bandenablebetterobservatiorof ice, rain, coastalzones Jand masses
(forestsetc.)andwaveheights Dueto internatonal regulationsyoverningthe useof electromagnetic
wave bandwidth,a larger bandwidthis availablethan for other frequenciesthus enablinghigher
resolution,especiallynearthe coast.lt is alsobetterreflectedon ice. However,attenuatiordue to
wateror watervapourin thetropospheres high, meaningthatno measurementareproducedvhen
therainrateis higherthan1.5 mm/h.

Dual-frequency altimeters

Usingtwo frequenciess away of estimatinghe contentof ionospherielectronsthuscorrecing the
altimeter range from the delay these electronsinduce. Other usesof thesetwo simultaneous
measurementsanbemade,suchasestimationof rain rates.
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A varying bandwidth

For the Envisatsatellite, the RA-2 hasthree different bandwidthsfor the same central Ku-band
frequency.Eachbandwidthcorrespondgso a properresolution,which is betterwith anincreasing
bandwidth:

1 afirst bandwidthat 320 MHz with resolutionof 47 cm andthereturnedpoweris recordedn
128trackinggatesspacedt 3.125ns

1 a80 MHz bandwidthwith resolutionof 190cm andatrackinggatewidth of 12.5ns

1 @20 MHz bandwidthwith resolutionof 750cm andatrackinggatewidth of 50 ns

Thechangeof theresolutionis doneautonomouslypy theinstrumentjn functionto thetopographic
featuresobservedIf the instrumentis on the maximumresolution(320 MHz bandwidth)andthe
surfacetype changesthe resolutionwill autonomouslyhange(from 320 MHz to 80 MHz andthen
to 20MHz) in orderto maintainalwaystheechowithin thetrackingwindow, avoiding,asit happened
onERS2 RA, to losetrack.Only undercritical conditions,overabruptederrainswhenthe20 MHz
window width is not enoughto hold the echo,the trackis lost until it lock on again,afew moments
later.
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5.1.4 High-precisionaltimetry with satellitesworking together

In manyways,the orbit of analtimetrysatelliteis acompromiseBut onepoint thatdeservespecial
attentionis gettingthe right balancebetweenspatialandtemporalresolution:a satellitethatrevisits
thesamespotfrequentlycoversfewerpointsthana satellitewith alongerorbital cycle. Onesolution
is to operateseverakatellitestogether.

Ocean

*I.Jasmf-‘l
- l'_-l‘."ERS—Z
(i

JSI

-3 o 5 i) 1% il ] ] 35

Figure 5.18. Sea level anomaly maps over the Mediterranean from 11 June 2003, made

Jasonl + ERS2 (top) and Jasofi+ERS2+T/P+GFO (bottom). Merging the data from the fou

satellites shows eddies (circles) that are invisible, or barely visible with two satellites and 1
better resolved with four. (CreditsCLS)

Topex/PoseidofERS and JasorEnvisatare fine examplesof how altimetry satellitescan operate
together.Topex/Poseidomand Jasonrl follow a repeatcycle of ten daysdesignedo monitor ocean
variations,so they passover the samepointsfairly frequentlybut their groundtracksaresome315
kilometresapartat the equatori wider thanthe averagespanof an oceaneddy.On the otherhand,
ERS2 andEnvisatonly revisitthe samepoint on the globeevery35 daysbut the maximumdistance
betweenwo tracksat the equatoiis just 80 kilometres.Othercombinationsarepossible but at least
two altimetry satellites are required to map the oceanand monitor its movementsprecisely,
particularlyat scalesof 100to 300 kilometres(mesoscale)With four altimetry satellitesavailable
(Jasonl, Envisat or ERS2, Topex/Poseidorand GFO), the resolution of sea surface height
measurementss greatly enhanced At least three satellitesare neededto observeeddiesand
mesoscalphenomenongspeciallyin the Mediterranean.
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Figure 5.19. Buoy
trajectory (whiteline,
from 14 to 28 May2003,
fromAto B) andmerged
absolutedynamic
topographyin the Gulf
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Hydrology

For hydrologyapplicationsmore satellitesprimarily meanthat a largernumberof lakesandrivers
canbeobserved.

Figure 5.20. Numberof lakesseenby ERS(or Envisat)(215lakesof morethan 100km2)and
Topex/Poseidof¥3 lakes)(CreditsDMU)

Ice and land

Overice andland, the main advantageas the densercoverage On somesurfacesandwith some
satelliteg(e.g.EnvisatandCryoSatoverice caps),somedatacombinationsarepossible.

Furtherinformaion:
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1 Reportof the High-ResolutionOceanTopographySciencéNorking GroupMeeting,Dudley
B. Chelton,Ed.,March2001.

9 Ducet, N., P-Y. Le Traon, and G. Reverdin,Global high resolutionmappingof ocean
circulation from Topex/Poseidorand ERS1 and-2, J. Geophys.Res.,105 (C8), 1947%
19498,2000.

1 Pascual A., Y. Faugeére,G. Larnicol, P-Y Le Traon, Improved descriptionof the ocean
mesoscalgariability by combiningfour satellitealtimeters GeophysRes.Lett.,33,L02611,
doi:10.1029/2005GL024632006.

5.1.5 Delay-Doppler (or SAR) Altimetry

The Delay Doppler/SARaltimeterdiffers from a conventionalradar altimeterin that it exploits
coherentprocessingof groupsof transmittedpulses.lIt is not pulselimited like classicalradar
altimeters,so the full Doppler bandwidthis exploitedto makethe mostefficient useof the power
reflectedfrom the surface.

DelayDoppler/SARaltimetrerii s t aateachresolvedalongtrackcell astheradarpassesverhead
for aslong asthatparticularcell is illuminated.Note thateachcell is viewedoveralargerfraction of
the antennabeamthan the pulselimited; thus more datais gatheredwhich leadsto substantial
benefits(e.g.it usesmostof the powerreceived).

The Delay Doppler/SARaltimetry processeshe datasud that they could be seenashavingbeen
acquiredfrom a syntheticapertureantenna.This along track processingncreasegesolutionand
offers a multilook processingwith the two independentimensions:alongtrack and acrosstrack

(range).

Conventional Delay/Doppler

Pulse length Pulse lengih / / [

'er.nu. maxlulatior i

Alnnq track
Pulse
) luared
Anmli of | footprim
equal areas -

Time delay

Relative time delav

Figure 5.21. Comparisorbetweerconventionaladar altimeter(far-left) and Delay Doppler/SAR
(nearleft) altimetry. (CreditsR.K. Raney JohnsHopkinsUniversityAppliedPhysicsLaboratory)
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Figure5.22. Theoreticalii s tbg-pt ebpilding of a SARaltimetrywaveform(for a single
Dopplerbeam).Contraryto the classicalaltimeter,thelightedareais nota surfaceconstanting,
but only part of it, whichexplainthe peakiershapeof theecho.Severakuchbeamsare usedat the

sametime (Usingmaterialfrom R.K. Raney JohnsHopkinsUniversity AppliedPhysics
Laboratory)

The Delay Doppler/SAR mode altimeter offers many potential improvementsover conventional
altimetry for measurementsverthe oceansgoastakonesandinlandwatersusingretrackersadapted
to the specificnatureof Delay Doppler/SARaltimeterechoes.

CryoSat2 and SentineB operatea Delay Doppler/SARmodealtimeter
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5.2 Data Flow

Themissiongroundsegmentsrea vital componenbf satelliteoperationsTheyareresponsibldor
turning the satellitetelemetryinto usabledataproducts.They encompasgroundsupportfacilities
which controlinstrumentsprocesslataand provideuserservicesandexpertaltimetry support.

Step 0 Data acquisition

Firstof all, the datafrom the satelliteshaveto be downlinkedto the groundstations.

Step1l Raw telemetry (level 0) and level 1 data

Rawtelemetrydownlinkedto the groundstationsis forwardedto the quality controlandprocessing
centres.Telemetryis then processedo obtainlevel 1 data,i.e., datathat are timed and located,
expresseth theappropriateunits,andcheckedor quality.

Step?2 Level 1 data and level 2 geophysical data

Level 1 dataare correctedfor instrumenterrors,errorsdueto atmosphericignal propagatiorand
perturbationscausedby surfacereflection. Geophysicalcorrectionsare then applied (solid earth,
oceamandpoletides,etc.).Moreover precis orbit determinatio{POD)canbe performedo provide
thehighestaccuracy.

Step 3 Data validation and qualification

Thegeophysicatlataarevalidatedfor quality assurance/alidationinvolvesprecisequality controls
and monitoring of instrumentdrift. This stepis an integral part of the processingsequencéefore
giving the go-aheado generatescienceproductsanddistributethemto users.

Step4 Level 3and level4 data: i v adaddedp r oduct s 0O

Level 3 dataare validated (off-record data are edited) alongtrack data. Further computationis
performedon level 2 geophysicablata(e.g. SSHor SLA). Theremay be crosscalibrationbetween
missionsLevel 4 aremulti-satellite(crosscalibrated) griddeddata.

See Missionsfor informationabouttheir dedicatedyroundsegments.
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5.2.1 Data acquisition

Figure 5.23. Kiruna groundstation(CreditsESA

Dataacquisitionfrom the differentaltimetry satellitesis performedby eachagency.Severalground
stationsexist aroundthe world (e.g. Kiruna, Swedenfor the EuropeanSpaceAgency, Aussaguel,
Francefor CNES,PokerFlatsandWallopsfor NASA, etc). Theycollectraw datafrom the satellites
andsendthemto the controlandprocessingentes.

Altimetry data processingalso demandsseveralexternaldatasetsjn particularto deal with the
correctiongequiredfor processinghe highestquality data.

5.2.2 Data processing

Transformingraw altimetrydatainto aneasilyusableform involvesa greatdealof dataprocessing.

Numerouselementsareincludedin altimetry data. Somecomefrom the altimeter,somefrom the
other onboardinstrumentsor otherinstruments;othersfrom models,or a combinationof all the
former. Classicaltimetry dataprocessig (i.e. mostlydedicatedo oceanmapplications)asperformed
by the groundsegmenténcludes:

Further information :

1 EnvisatRA-2/MWR Level 2 UserManual(pdf zippedversion,3 MB), Edition1.2,June2006

1 Aviso and PoDaacUser Handbooki IGDR and GDR Jasonrl Products,(pdf version,1.7
MB), SMM-MU-M5-0OP-13184CN, Edition 5.0, Septembe2015

1 Aviso UserHandbook:MergedTopex/PoseidoProducts(pdf version,900KB), AVI-NT-
02-101-CN, Edition 3.0,July 1996

1 NOAA GeophysicaDataRecordHandbook(html), Edition June2002

1 RA/ATSRproducts UserManual,(pdf,2.9MB), C2-MUT-A-01-IF, Edition2.3,July2001

5.2.2.1 Altimeter measurements

Altimeter measurementarededucedrom the waveforms,.e. theradarechoeqseeHow altimetry
worksfor furtherdetails).
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Altimetric range

Therangeis thedistancefromthes a t e lkdntredf masso the surfaceof the Earth,asmeasured
by the altimeter Thus,the altimetermeasurementarereferredas6 r a orgoead t ir e tget 16 |
height.This is the principal measuremennadeby the radaraltimeters. The rangeis estimatedrom

the echowaveformsas part of the processingknown as retracking.This measuremenis not the
altitude, it is still only ameasuremeruf distance.

If the altimeteris atwo-frequencyinstrumenttherewill be arangecomputedor bothfrequencies.
However the Ku bandrangeis usedfor mostapplications.

Significant Wave Height

Significantwave heightis computedfrom the slopeof the return radarpulse (the gradientof the
leadingedgeof theradarecho,knownastheleadingedgeslope),afterreflectionon the surface.

If thealtimeteris adualfrequencyinstrumenttherewill bea SignificantWaveHeightcomputedor
bothfrequencies.

Backscattercoefficient (Sigma-naught)

Thebackscattecoefficient,sigma0,is computedrom thepowerof thea | t i meturngulsé. s

If the altimeteris a duatfrequencyinstrumenttherewill be a backscattecoefficientcomputedfor
bothfrequencies.

Wind speed

The backscattercoeffident can be relatedto wind speed.Empirical models have establisheda

relationshipbetweenthe wind speed the seasurfacebackscattercoefficientand significant wave

height. Wind speeds calculatedfrom the mathematicatelationshipwith the Ku-bandbackscatter
coefficientandthesignificantwaveheight. Thewind speednodelfunctionis evaluatedor 10 metres
abovethe seasurface andis consideredo beaccuratdo 2 m/s

5.2.2.1.1 Altimetric range

An altimeteroperatesy sendingout a shortpulseof radiationandmeasuringhe time requiredfor
the pulseto return from the seasurface.This measurement;alled the altimeterrange,givesthe
distancebetweertheinstrumentandthe seasurface providedthatthe velocity of the propagatiorof
the pulseandthe precisearrival time areknown.

KIS WS, TG0 - SN e

L DaNa_Doedn Xrge o b
T 83 0% 7 Al\3e+ (00 L.

w1 A oe 3 0009 0 1 1) Mo 00e

Figure 5.24. Altimetric rangein Ku and Sband(from EnvisatGDR cycle40) measurements.
Thesemapsare drawnusingthe BRAT.
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The dual frequency altimeters perform range measurementat the two frequencies,enabling
measuremenisf therangeandthetotal electroncontent While bothrangemeasurementgreusually
providedin (I)GDRs theKu bandrangemeasuremertasmuchhigheraccuracythantheC or Sband
measuremeniTherangereportedin (I)GDRs hasalreadybeencorrectedor a variety of calibration
andinstrumenteffects,including calibrationerrors,pointing angleerrors,centreof gravity motion,
andtermsrelatedto thealtimeteracceleratiorsuchasDopplershift andoscillatordrift. Thesumtotal
of thesecorrectionsalsoappear®nthe (I)GDR for eachfrequencyranges.

5.2.2.1.2 Significant Wave Height

Significantwave heightis computedfrom the slopeof the returnradarpulse (the gradientof the
leadingedgeof theradarecho,socalledtheleadingedgeslope),afterreflectionon the surface.

If thealtimeteris atwo-frequencyinstrumenttherewill bea SignificantWaveHeightcomputedor
bothfrequencies.

Figure 5.25. Significantwaveheightsin Ku and Sband(from Envisa GDR cycle40)
measurementd.healgorithmis computingon thewholeEarth, evenif the outputis not
meaningfulutsideocean.Thesemapsare drawnusingthe BRAT.

Significantwaveheightis avariableusedin marinemeteorologythatmatchethe meanheaght of the
third of thehighestwaves However,awavein ahundredreache®neanda half this value,andsome
canevenreachtwice this. Heightsonceat the coastare difficult to predict, sincethey dependon
submarineeliefs. Significantwaveheightsmeasuredluring stormsor hurricanesanbeover18 m:
18.3m for awinter stormin theNorth Atlanticin Decembe007,16.9m for Katrinain August2005,
17.1m for HurricaneLuis in Septembef995,0r 17.9m for lvanin SeptembeR004.

5.2.2.1.3 Backscatte Coefficient

The backscattecoefficient, sigmanaught,is computedfrom the power of the return pulseof the
altimeter.It canbe relatedto wind speed Empirical modelsestablisha relation betweenthe wind
speed,andthe seasurfacebackscattecoefficient and significantwave height. It canalso provide
informationaboutthe surfaceuponwhich theradarwavereflected(e.g.snowor bareearth,eventhe
kind if ice,thefacttherearecrevassemices hel ves, é)
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Figure 5.26. Sigmalin Ku and Sband(from EnvisatGDR cycle40) measurementdop over
oceanbottomoverlands).Water,icesandlandsgive verydifferentvaluesof thesebackscatter
coefficientssincethosesurfaceshavedifferentreflexivity. Thesamapsare drawnusingthe
BRAT.

5.2.2.1.4 Wind Speed
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Figure 5.27. Wind speednodulusas computedrom Envisatdata (GDR cycle40). Sincewind
speeds$igherthan 20 m/scannotbemeasuredeliably, thealgorithmusedat thattimein
Envisatdatais makinga plateauat 21 m/s.Thealgorithmis computingon thewholeEarth, even
if the outputis not meaningfubutsideocean.Thismapis drawnusingthe BRAT
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Witter & Chelton Wind Model
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Figure 5.28. Winter & Cheltonwind model

Thebackscattecoefficientcanbe relatedto wind speed.The modelfunctionsdevelopedo datefor
altimeterwind speedhave all beenpurely empirical. The model function establishesa relation
betweerthe wind speedandthe seasurfacebackscattecoefficientandsignificantwave height. A
wind speedis calculatedthrough a mathematicalrelationship with the Ku-band backscatter
coefficientandthe significantwaveheight,usingthe Vandemarkand Chapronalgorithm.Thewind
speednodelfunctionis evaluatedor 10 metresabovetheseasurfaceandis consideredo beaccurate
to2m/s.

5.2.2.2 Orbit Determination

The ability to preciselydetermineas a t e Ipdsition en@mbit is a key factor in the quality of
altimetrydata.Besidesneasuremeniacquiredby thelocationsystemsonboardhe satelliteswhich
arecrosscalibratedwe now rely onincreasinglyaccurateorbit determinatiormodels.

Different productsrequiredifferentlevelsof accuracyDatageneratd within threehoursarebased
onapreliminaryorbit from the Diode onboardhavigatof DORIS).Ontheotherhand,datagenerated
30 dayspostacquisitionrequirethe mostaccurateorbit possibleandthereforedemandmore orbit
dataandmoretime for calaulations.Expectedaccuracyon the radial orbit componenis 20 cm rms
for threehourdata,2.5cmrmsfor threedaydata,and1.5cmfor 30-daydata.Theultimateaimis to
achievecentimetreaccuracy.

To achievethe goal of an orbit error of just one certimetre, we needa detailedknowledgeof the
satelliteandits variationsi dueto manoeuvresiuel consumptionsolarpanelorientationandso on
T sothatwe canpreciselymodelthe forcesactingonit (attraction,atmospheriadrag,etc.). We also
needto determinghe gravity field very precisely.The geodesymissions(Champ,Grace,andGoce
will helpusto improveour understandin@f thesefactors.

Orbit choice

For dedicatedmissionslike Topex/Poseidorand Jasonrl, orbit precisionis the most important
criteria. A high-altitudeorbit is choserto attenuatehe effectsof theE a r tgravaygpotential which
are not known with greataccuracyfor lower orbits. The orbit mustnot be too closeto the poles,
because¢heE a r fgrhviypotentialis alsolesswell understoodhere.A high revisit capabilityis in
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order,to enableocearsignalsto beobservedAnd beingableto overfly anyabsolutecalibrationsites
is alsoanadvantagef-or multi-instrumenimissiondike ERSandEnvisat,the compromisenusttake
into accountanyotherintendedobservationgice, in particular).

Converselythe higherthe orbit, the more powerwill be neededor the radaremission,n orderto
getbackastrongenoughsignal,andthemorevulnerablat will beto solarwindsand cosmicparticles.
Lastly, to observeasmuchoceanaspossible anorbit closeto the poleswill berequired.

Theinclinationof as a t e lorbit istthe angulardistanceof the orbital planewith respectto the

E a r teduétagialplane.An inclination of, e.g.,90 degreesndicatesa polar orbit (this is the case

with E S A Basth-observingEnvisatsatellite),in which the satellitepassesiearlyaboveboth poles

of theplaneton eachrevolution.An inclinationof 66 degreeslike the CNES/NASATopex/Pseidon
satellite impliesthattheorbitssamplegfrom 66° Northto 66° South soasto covermostofthewo r | d 6 s
oceans.There are different types of orbits: sunsynchronous,geosynchronousgeostationary,
prograde retrogradegetc. A sunsynchronourbit (also called a heliosynchronousrbit) suchas

E n v i sombingsltitudeandinclinationin suchawaythatthesatellitepassesveranygivenpoint

of theE a r tunféceatthesameocal solartime. Envisat,for instancecrosseshe equatorfourteen
timesaday,alwaysat 10:00local time. Thisis achievedoy havingtheorbital planeofthes at e | | i
orbit precesqrotate) approximatelyone degreeeastwardeachday, to keeppacewith theEar t h 6
revolutionaroundthe sun.With a sunrsynchronousrbit, observatiorof the groundis improvedas

the surfaceis always illuminated at the same Sun angle when viewed from the satellite. Sun
synchronousatelliteorbitsareretrogradetheyorbit the Earthin anoppositedirectiontotheEar t h 6 s
spinrotation). However,as24 hoursis the periodof sometidal constituentsthesewill thusalways
beobservedtthe samestageof their cycle. Topex/Poseidonn contrasthasa non-sunsynchronous
andprogradeorbit andarepeateriodof 9.916days(i.e. the satellite passewvertically overthe same
location, to within 1 km, everyten days).E n v i sepeatdysle is 35 days. A satellite can be
accuratelytrackedin a numberof ways.The DORIS systemon boardTopex/PoseidoandEnvisat,

for instance,usesa worldwide network of ground beaconstransmittingto the satellite. It was
developedy CNES.DORISusegheDopplershift onthebeacorsignalsto accuratelydeterminghe
velocity of the satellite on its orbit, and dynamic orbitographymodelsto deducethes at el | i t
trajectoryrelativeto Earth.

wn —+

Orbit selection

Thefactorsto be consideredor selectingthe orbit for eachinstrumentnclude:

Table5.1 Factorsconsideredn the orbit selection

Requirement Infl uenceFactors Orbital Parameter
observatiorfrequency swathwidth; revisittime altitude
globalaccess maximum latitude; spacing between inclination,altitude

groundtracks
regulargroundpattern synchronou®r drifting orbit altitude
regular illumination , inclination and
o sunsynchronism :
conditions altitude
. . : inclination and
aliasingof solartides sunsynchronism :
altitude
aliasingof all tides repeaftperiod altitude
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Table5.1 Factorsconsiderean the orbit selection

Requirement Infl uenceFactors Orbital Parameter

accessibilityof celestial . . inclination and
orbital precession :

sphere altitude

disconthuitiesin orbit orbit maintenancéequency altitude

missionlifetime orbital decay grossaltitude

instrument spatial

resolution / radar grossaltitude

transmitterpower

radar__ PRF  (pulse altituderange

repetitionfrequency)

Permanentcold radiator , inclination and
sunsynchronism :

surfaces altitude

Someof thesearefundamentahndhaveanimpacton the overalldesignof the systemIn particular,
theselectiorof asun or non-sunsynchronousrbitis of primaryimportanceThetotal altituderange
isalsocritical to thedesign After that,thereis acertaindegreenf freedomin thechoiceof parameters.
Previousmission orbits may also determinethe choice of orbit (e.g. Jasorl on the tracks of
Topex/Poseidorgnvisaton thoseof ERS2).

Orbit maintenance

Theorbit maintenanceequirementsor altimetrymissionsareusuallythatthedeviationof theactual
groundtrack from the nominaloneis keptbelow 1 km andthatthe meanlocal nodalcrossingtime
matcheghe nominaloneto betterthanto within five minutes.The orbit maintenancetrategyaims
for minimum disturbanceof the payload operation.In-plane manoeuvresare used for altitude
adjustmento compensatéor the effectsof air-drag. This altitude decaycontrol affectsthe ground
trackrepeaatability, mainlyin theequatoriaregions Thefrequencyof thesananoeuvres determined
by the rate of orbital decay,which in turnis determinedoy the air density,andthis is a function of
solaractivity. Thenominalratefor thesein-planemanoeuvesis nominallytwice amonth.Theywill
do notinterruptthe operationf mostsensorsOut-of-planecorrectionsareusedto correctrectify
the steadydrift of inclination mainly causedy solarandlunargravity perturbationsThe solarwind
alsoinfluencesnclination,butits contributionis typically anorderof magnitudesmallerthantheone
given madeby solarandlunar gravity. Inclination drift degradegroundtrack maintenancet high
latitudes.Thedrift ratedoesnotdependnair densityandcorrectionsarerequiredeveryfew months.
As theyareout-of-planetheyrequirea 90-degreeotationof the spacecraftto align thethrusterswith
the requiredthrustdirection,so thesemanoeuvresvill be performedin duringthe eclipseto avoid
the risk of opticalsensorviewingthesun.
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5.2.2.3 Geophysicalcorrections

%%

Propagation corrections »tracker bias
*ionosphere «waveform samplergain
*wet troposphere ‘ calibration biases

»dry troposphere »antenna gain pattern
*AGC attenuation
*Dopplershift

*range acceleration
»oscillator drift

*pointing angle/sea state

r Instrument corrections
ll"

h=S-R s S
External geophysical adjustments
*geoid heighthy
*ocean/solid earth/pole tides h,
Sisfice skt » atmospheric pressure loading h;

*EM bias
*inverse barometer

Sea surface

Reference ellipsoid

Figure 5.29. Altimetry correctionsillustration

Thefollowing correctionsarecomputed:

Geophysicalcorrections

9 Oceartides
Correctiondor solid earthandseasurfaceheightvariationsdueto the attractionof the Sun
andMoon. Calculatedoy models.
Orderof magnitudel m in mid-oceanupto 1520 m nearsomeshorelines.

1 Solid earthtides
Correctiondor solid earthvariationsdueto the attractionof the SunandMoon. Calculated
by models.
Orderof magnitude50 cm.

1 Poletides
Correctiondor variationsdueto the attractionof the SunandMoon. Calculatedby models.
Orderof magnitude2 cm.

i Tidal loading
Correctiondor heightvariaionsdueto changesn tide-inducedforcesactingontheEar t h 6 s
surface Calculatedoy models.
Orderof magnitude30cm
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Propagation corrections

1 lonosphere
Correctionfor the path delayin the radarreturn signaldueto thea t mo s p dieetrore
content. Calculatedby combining radar altimeter measurementacquiredat two separate
frequenciegC-bandandKu-bandfor TopexandJasorl, Ku-bandandS-bandfor Envisat).
Orderof magnitude0 to 50 cm

1 Wettroposphere
Correctionfor the pathdelayin the radar returnsignaldueto cloud liquid waterand water
vapourin the atmosphereCalculatedrom radiometemeasurementand/ormeteorological
models.
Orderof magnitude0 to 50 cm

9 Dry troposphere
Correctionfor the pathdelayin the radarreturnsignaldue to dry gases irthe atmosphere.
Calculatedrom meteorologicamodels.
Orderof magnitude2.3m

Surfacecorrections

1 Inversebarometer
Correction for variationsin sea surface height due to atmosphericpressurevariations
(atmospheridoading).Calculaedfrom meteorologicamodels.
Orderof magnitudeaboutl5 cm, dependingn atmospheripressure

1 Electromagnetibias
Correctionfor biasin measurementmtroducedby varying reflectivity of wave crestsand
troughs.Correctioncalculatedrom models.Bias uncertaintyis currentlythe biggestfactor
in altimetererrorbudgets.
Orderof magnitudefrom 0 to 50 cm, dependingon waveheights

5.2.2.3.1 Oceantides

Thecombinedattractionof theMoon andthe Sunis behindthetidesandtheirvariations.Oceartides
representmorethan80% of the variability of the surfacein the openocean.ln mostregionsof the
world oceansthe tides periodsare semidiurnalor diurnal (periodsnear0.5 or 1 day) so they are
shorterthanthe repeatperiodsof analtimetersatelliteorbit. Tidal correctionsarevery importantfor
oceanographistudiesbecausdidal signalscontaminatethe low-frequencypart of raw altimetric
signals.

The standard deviations of tidal
variationsin the openoceanare 10-60
cm with larger values near coastal
regions (they can reach 10 metresin
someports)andin marginalseas.Tidal
variationsare thus largerin magnitude
thanthe 5-30 cm standad deviationsof
the dynamicseasurfaceheight. In this
respect,oceantides canbe regardedas
noiseandmustthereforebe removedto
estimatdhedynamicseasurfaceheight.
It is imperativethatthetide modelused

A

0s

Page42 of 356


http://www.altimetry.info/wp-content/uploads/2015/09/M2_fes2004_amp_sm.gif

Radar Altimetry Tutorial

to correctthe altimeterdatabe accuate.
If errorsin the tide model are large
compared  with oceanographic
variability at the aliasfrequenciesthen
oceanographic applications will be
compromisedtthesefrequenciesPrior
to the launch of Topex/Poseidon
knowledge of tides over the globd
ocean was based primarily on
—— | p— hydrodynamicaimodels.Theaccuracies
of thesemodelswere limited by some
Figure 5.30. Amplitudein metresof thetwo maintide uncertaintiesand were constrainedby
componentérom FES2004model,onesemidiurnal  empiricallydeterminedceartidesfrom
(top, M2 wave),the otherdiurnal (bottom,K1 wave). a worldwide network of coastal and
While M2 is clearly dominantonthe Frenchcoasts  inland tide gaugesand bottom pressue
(twotidesperday),K1 is dominantin theChinaSea gaugesTideserrorsexceeded.0cmin
wherethereis only onetide per day. (Credits manyareasof theworld ocean.
CLS/Legos)

o -
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The altimeter data at the aliasedtidal periodshave beenanalysedto extract estimatesof tidal
amplitudesand phasesat the altimeter satelliteslocations. Theseempirical estimateshave been
assimilatednto sophisticatechydrodynamicaland statisticalmodelsto estimatethe tides globally
with highspatialresolution Oneof theimportantaccomplishmentsf thealtimetermissionshasbeen
theglobal estimationof tidesto anaccuray of 2-3 cm.

Furtherinformation:

1 Le ProvostC., Oceartides,SatellitealtimetryandEarthsciencesl..L. FuandA. Cazenave
Ed.,AcademicPress2001

1 Ray, R., A Global OceanTide Model From TOPEX/PoseidorAltimetry/ GOT99.21
NASA/TM-1999209478.GreenbeltMD, GoddardSpaced-light Center/NASA:58,1999.

1 Lebedev,S., A. Sirota,D. Medvedev et al., Exploiting satellitealtimetry in coastalocean
through the ALTICORE project, Russ. J. Earth Sci., 10, ES1002, 2008
doi:10.2205/2007ES000262.

5.2.2.3.2 Poletides

The oceanpoletide is the oceanresponsdo the variationof both the solid Earthandthe oceango
the centrifugalpotentialthatis generatedy smallperturbationgo theE a r tohatiosaxis.
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Figure 5.31. Amplitudein cmof the poletide correctionduring the Jasonl cycle223 computed
from an equilibriummodel.Thismapis drawnusing the BRATfrom the Jasor1 GDRproducts.
A Loesdfilter (valueof 31)is appliedto obtaina fully colouredplot.

Thesesmallperturbationgo theE a r trohatiosaxis primarily occurat periodsof 433 days(called
the Chandlemwobble)andannually. Theseperiodsarelong enoughfor the poletide displacemento
be consideredio be in equilibrium with the forcing centrifugal potential. Resultsfrom satellite
altimetry demonstrat¢hat the long-wavelengthcomponenof the geocentrigoole tide deformatiors
atthe Chandlermperiodis consistentvith the theoreticalself-consistenequilibriumresponsendcan
explain70% of variationsof thetheoreticaklassicakequilibriumresponsg¢Desai,2002].

The pole tide is easily computedas describedin Wahr [1985]. Modelling the pole tide requires
knowledge of proportionality constants,the so-called Love numbers,and a time series of
perturbationsto the E a r trdtatios axis, a quantity that is now measuredoutinely with space
techniques.

Further information:

7 Desai S. D., Observingthe pole tide with satellitealtimetry, J. GeophysRes.,107(C11)
3186,d0i:10.1029/2001JC001222002.

1 WahrJ. M., Deformationinducedby polar motion,J. GeophysRes.90(B11) 93631 9368,
1985.

5.2.2.3.3 lonospherecorrections

This correctiontakesinto accounthe pathdelayin the radarreturnsignaldueto electroncontentin
the atmosphereCalculatedby combiningradar altimeter measurementacquiredat two separate

frequenciegC-bandandKy-bandfor TopexandJasorl, Ky-bandand S-bandfor Envisat)or from
DORIS measurementd& opex/Poseidon]asonl andEnvisat).

Its orderof magnitudecanreachO to 50 cm.

Theionospherds the uppermostayer of the atmospherdrangingbetweenabout60 and 800 km),
distinctfrom the otherlayersby thefactit is ionized. The electronghatinterferewith theradarwave
propagatiorhavetheir highestconcentratiometweerabout250and400km. lonizationof thisregion
of the atmospherds attributed mostly to extremeultraviolet radiation from the Sun. Seasonal
variations,aswell as11-yearvariations(correspondingo the solarcycle) canbe seen.Numberof
sunspotsepisodic X rays and solar particle fluxes associatedvith solar flares can also occur.
Significantdisturbancesre also measuredn particularduring geomagnetistormscausedoy the

Page44 of 356



http://www.altimetry.info/wp-content/uploads/2015/09/pole_tide_GDR_J1_cy223_l31_sm.jpg

Radar Altimetry Tutorial

interactionbetweenthe solarwind andthe E a r tmlagheticfield (The solar wind consistsof a
constantstreamof chargedparticlesflowing outward from the Sun. Most of theseparticlesare
deflectedby theE a r imhgaedidield. But somegetthroughto theionosphereandinteractwith the
atmosphere).
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Figure 5.32. Amplitudesn metresof theionosphericcorrectionderivedfrom Doris

measurementd.his mapis drawnusingthe BRATfrom theJasonl GDR products.A Loessdfilter
(valueof 31)is appliedto obtaina fully colouredplot

The propagatiornvelocity of aradiopulseis slowedby anamountproportionalto the densityof free
electronsof the Earh dianospherealsoknown asthetotal electroncontent(TEC, measuredby the

total electron contentunits, 1 TECU = 10'© el. m'2). The retardationof velocity is inversely
proportionalto frequencysquaredFor instancejt causeghe altimeterto slightly overestimatethe
rangeto the seasurfaceby typically 0.2to 20 cm at 13.6 GHz. Theamountvariesfrom dayto night
(veryfew freeelectronsat night), from summerto winter, andasa function of the solarcycle (fewer
duringsolarminimum). For treatmentsof this correction,seeCheltonet al. [2001], Imel [1994], and
Callahan1984].

Becausethis effect is dispersive,measuremenbf the range at two frequenciesallows it to be

estimatedUndertypical ocearconditionsof 2-metresignificantwaveheighttheKu bandionospheric
rangecorrectionthat is determinedfrom the dual frequencymeasurementfom the altimeteris

expectedo haveanaccuracyof +0.5cm.

References:
1 Cheltonet al., Satellite Altimetry, Satellitealtimetry and Earth sciencesL.L. Fu and A.
Cazenavd=d.,AcademicPress2001.

1 Imel, D., Evaluation of the Topex/Poseidonduatrequency ionospherecorrection, J.
GeosphysRes. 99, 24,895906,1994.

1 Callahan,P.S.,lonosphericvariationsaffecting altimetermeasurementsA brief synopsis,
Mar.Geod. 8, 249-263,1984.

5.2.2.3.4 Wet tropospherecorrection

Thewet troposphereorrectionis the correctionfor the pathdelayin the radarreturnsignaldueto
cloudliquid waterand waterwapourin theatmospherdt is calculatedrom radiometemeasurements
andmeteorologicamodels.

Its orderof magnitudds aboutO to 50 cm with anannualcycleamplitudeof upto 20 cm.

It is usuallycomputedveroceansvith simultaneousadiometriomeasuremeni{seethe JMR: Jasonr
1 MicrowaveRadiomete). However suchradiometricmeasuremenigenerallyfail overlandor near
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the coastsand may be supersededby a correctioncomputedfrom meteorologicalmodel outputs
(GDP+,NCEPor ECMWF models.

In addtion to its limited geographicatoveragethis correctionsuffersfrom thefact thatthe altitude
of thewaterbodyis nottakeninto accounttheatmosphereolumnreacheshesealevel everywhere
andis thustoo thick!

| |
-180 -160 -140 -120 -100 -80 -60 -40 -20 O 20 40 60 80 100 120 140 160 180

I I
0.01 0.03 0.05 0.07 0.09 0.11
Figure 5.33. Location of the global set of GNSS coastal and island stations (black dots) us
the GPDH GNSS&derived path delaf?lus algorithm$ computations. The background picture
the map of thetandard deviation of the wet tropospheric correction, in metres, computed
two years of ECMWF model field€reditsUniversityof Porto

An errorof 10 m in the thicknessof the atmosphereolumncorrespondso anerrorof 1 mmin the

correctionConsequentlythecorrectionis oftenoverestimatefbr nonocearareasWhenthesurface
altitudewith a DEM (Digital ElevationModel) is taken into accounih the meteorological models
the correction is more accurate

Therefore the preciseestimationof the altitude of the reflecting continentalsurfaceappearsasthe
key factor for an accuratecomputationof the propagationdelay throughthe troposphereSome
projectsareunderwayto improvethis wettroposphereorrectionnearthe coastsaandoverlandusing
thealtitudevaluededucedrom the altimetric measuremeritself.

Further information:

9 DesportesC., Obligis, E., Eymard,L., On the wet troposphericcorrectionfor altimetryin
coastakegions,n GeoscandRemoteSensingVol.45, Issue7, Part1,21392149,2007.
1 Mercier,F., Zanife,O.Z, Improvemenbdf the Topex/Poseidoaltimetric dataprocessingor

hydrologicalpurposes;15 yearsof progressin radar altimetry SymposiumVenice, Italy,
2006.

5.2.2.3.5 Dry tropospherecorrection
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This correctionfor the dry gascomponendf the atmosphereefractian takesinto accountthe path
delayin theradarreturnsignaldueto theatmospherelt is by far thelargestadjustmenthatmustbe
appliedto altimeter measuremen(sinceits order of magnitudeis about2.3 m) but its temporal
variationsarelow (afew centimetresonly).

‘ |

S ST R TR s BN OOV SRR CRUSY AT N S | =5
model_cry_tropo_cor (model_dry_tropo_com) - Unit: 10V-dm

-25000 -23500 -22000 -20500 - 19000

Figure 5.34. Amplitudein metresof thedry tropospherecorrectioncomputedrom the ECMWF

atmospherigpressureand modelfor theJasonl cycle223. Thismapis drawnusingthe BRAT

fromtheJasonl GDRproducts.A Loesdfilter (valueof 31)is appliedto obtaina fully coloured
plot.

The dry troposphericrangecorrectionin units of cm can be approximatedoy the Saastamoinen
formula:

DRdry=-0.02277P0*(1+0.0026c0p}? Eq.2

wherePois thesealevel pressureén Pascablnd] thelatitude.Thus,thedry troposphericangedelay
is proportionalto sealevel pressureandalsodepend®nthelatitude A sealevel pressuresrrorof 5
mbarcorrespondso arangeerrorof aboutl cm.

Sinceit is not possibldo estimatethe sealevel pressurdrom spacethedry troposphereorrection
mustbe obtainedfrom meteorologichmodels.

5.2.2.3.6 Inverse barometer

The Inverse Barometer (IB) correction accountsfor variations in sea surface height due to
atmospheripressurevariations(atmospheri¢oading).It canreachabout+15 cmandit is calculated
from meteorologicamodels.

Theresponsef theseasurfaceo changesn atmospheripressurdasalargeeffecton measuredea
surfaceheight.
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Figure 5.35. Amplitudein metresof InverseBarometercorrectioncomputedrom ECMWF
atmospherigressuresiuring the Jasonl cycle223. Thismapis drawnusingthe BRATfrom the
Jasonl GDRproducts.A Loessfilter (valueof 20)is appliedto obtaina fully colouredplot but it

makessomeartificial dataon coastalareas.

The inversebarometercorrectionIB can be easily computedfrom the dry tropospherecorrection
obtained from theealevel pressurd?o:

IB (mm)=-9.948* (DRdry (mbars)i 1013.3) Eq.3

[from Aviso andPoDaadJserHandbooki IGDR andGDR Jasonl Product,2008].

A 1 mbaratmospherigressurechangecorrespondso a linear responsef the sealevel of aboutl
cm.

Further information :

1 C.WunschandD. StammerAtmospheridoadingandtheoceanidnvertedbarometeeffect,
Reviewsof Geophys.35(1),79-107, 1997.

1 J.Willebrand,S..PhilanderR.. PacanowskiT heoceaniaesponséo largescaleatmospheric
disturbances]. Phys.Oceanagphy 10,411-429 1980

1 R.M. Ponte,P. Gaspar Regionalanalysisof the invertedbarometereffect over the global
oceanusing Topex/Poseidomlataand modelresults,J. GeosphysRes.,104 (C7), 15587
15601,1999.

1 D. Stammer,C. Wunsch,R.M. Ponte, De-aliasnd of global high frequencybarotropic
motionsin altimeterobservationsieosphys.Res.Let27(8),11751178 2000.

1 L. CarrereF. Lyard, Modelling the barotropicresponsef the global oceanto atmospheric
wind andpressurdorcingi comparisongvith observations Geosphys.Res.Let80(6), pp
1275 2003.

5.2.2.3.7 Electromagneticbias

The electromagnetidias is originatedin measurementBy the differentreflectivity of wave crests
andtroughs.The correctionusedis derivedfrom models.Bias uncertaintyis currentlythe biggest
factorin altimetererrorbudgets.
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Figure 5.36. Amplitudein metresof the seastatebiascorredion computedrom empiricalmodel
for theKu-band,herefor the Jasonl cycle223.Thismapis drawnusingthe BRATfrom the
Jasonl GDRproducts.

Theseasurfaceslementsio notcontributeequaly to theradarreturn:troughsof wavestendto reflect
altimeterpulsesbetterthan crests.Thusthe centroidof the meanreflectingsurfaceis shiftedaway
from meansealevel towardsthe troughsof the waves.Consequently, te shift leadsthe altimeterto
overestimatehe heightof the satelliteabovethe seasurface.

Thenatureof theseastatebiashasbeeninvestigatedisingairborneradarsandlasersystemsapable
of determining for variousseastatesthe strengthof the vertically reflectedsignalasa function of
the displacemenof the reflectingareafrom meansealevel. The state bias givenasa function of
wind speedandthe skewnessindkurtosisof the probability distributionof seasurfaceelevationdue
to thewavesonthe seasurface.

The electromagnetic biasthedifferencebetweerthe meanheightof the seasurfacespecularfacets
andthemeansealevel. It is smallertowardsthecrestsandlargertowardsthetroughs[Yaplee,1971].
In otherwords,the wavetroughsarebetterreflectorsthanthe crests As aresult,the meanheightof

the seasurfacespecularfacetsis belowthe meansealevel. The differencebetweerthe meanheight
of the specularfacetsandthe meansealevelis the EMB.

References:

1 Yaplee,B.S., and al., Nanosecondsadarobservationf the oceansurfacefrom a stable
platform.lIEEE Trans.Geosci.ElectronGE-9 171-174, 1971.

5.2.2.4 Instrumental errors
Thefollowing correctionscanbe computed dependingn the satellites):

1 USOcorrection(Ultra-StableOscillator)
Correctionfor drift of onboardoscillatorsusedto generatehe internal clock neededfor
sendingadarpulses.Thedegreeof thedrift depend®on the oscillatorfrequency.
Orderof magnitudel cm

1 Centreof Gravity (CoG)
Correctionfor variationsin thes a t e Ilcdntredf graviy, dueto fuel consumptionsolar
panelorientationandotherfactors(the presencef this correctiondepend®n the satllite).
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1 Correctiontables
Correctionsfor instrumentandalgorithm effectsthat cannotbe modelled.Thesetablesare
derivedfrom altimetersimulationg(the presencef this correctiondepend®n the satellitg.
Orderof magnitudeafew centimetres

1 Applied to Waveforms(beforeretracking)
Correctionfor effectsdueto filters usedto eliminatecertainfrequenciesn thereturnradar
signal.
Orderof magnitudeafew centimetres

5.2.2.5 Referencesurfaces

Referencesllipsoidsandgeoidsaretypically usedto computeestimatege.g.seasurfaceheightwith
respecto WGS-84 ellipsoid and can be included aslditionalinformation.Most arespecificto the
ocean.

Referenceellipsoid

Thereferenceellipsoidis anarbitraryreferencesurfacethatis aroughapproximatioroftheEar t h 6 s
shapewhichis basicallyasphered f | a tatitepolesdiielengthof oneof theaxesattheequator

is chosenso that the ellipsoid coincideswith meansealevel at this latitude. It is the first-order
definition of the nonsphericakhapeof the Earthasanellipsoid of revolution.

Geoid

Themarinegeoidis the shapeof the seasurfaceassuminghe completeabsencef perturbingforces
(tides,wind, currerts, etc.). The geoidreflectsthe E a r tgravitagionalfield (it is an equipotential
surface)andvariesin heightby asmuchas100metresoverdistance®f severathousandilometres
dueto theunevermasdistributionwithin thep | a rcreugt,amtleandcore.Other,lesspronounced
irregularitiesarealsovisible oversmallerdistancesThesereflectthe oceanbottomtopography.

Themarinegeoidcanbe estimatedalsousingaltimetrymeasurementsf seasurfaceheight.

The @solutedynamictopographyused to deriveocean currents;anbe definedasthe mearsea
surfaceheightwith respecto thegeoid.

Mean seasurface

TheMeanSeaSurfacerepresentshe sealevel dueto constanphenomenalt is the sumof thegeoid
and the Mean Dynamic Topography(that includesthe permanenstationarycomponentof ocean
dynamictopography).

TheMeanSeaSurfaceis computedrom altimetry, averaginglataoverseveralyears.

Sealevel anomalieqalsocalledseasurfaceheightanomaliespresea surfaceheightswith respecto
theMeanSeaSurface(MSS). It is notto be confusedwith whatis usuallycalleddVieanSealev e (
MSL), which is a measuref the sealevel variationsovertime (seeApplications:Ocean:MeanSea
Level).

(@}

A meanprofile canalsobe used,which is the meanof the seasurfacealongthe tracksof a specific
satellite(whereasVISS canbe computedrom severakatellites)

Page’50 of 356



Radar Altimetry Tutorial

Mean dynamic topography

The Mean Dynamic Topographyis the permanentstationary componentof ocean dynamic
topography.

Thismeancirculationis not producedlirectly from altimetrydata,which ratherprovidethemeansea
surface consistingof themarinegeoidplusthe seaelevationdueto themeanoceatc. We, therefae,
haveto combinealtimetry datawith otherdata(in-situ, gravimetricsatellitesetc), to determinethe
geoidprecisely,andby subtractingt, computethe meancirculation.

The relation betweenthosethreereferencesurfaceqeachonereferened to a Referenceellipsoid)
canbeformalizedasfollow:

MeanSeaSurface(MSS)= Geoid+ MeanDynamicTopography(MDT)
Quantitiescomputedrom altimetricheightscanbethusdefined:
SeaSurfaceHeight (SSH)is the seasurfaceheightwith respecto the Referencesllipsoid

Dynamic topography (or Absolute Dynamic Topography,ADT; sometimescalled Sea Surface
Topographyd which canbe misleadingwith SeaSurfaceTemperaturehowever)is the seasurface
heightwith respecto the geoid

Sealevel Anomalies (SLA, alsocalled SSHA, SeaSurfaceHeight Anomalies)is the seasurface
heightwith respecto a MeanSeaSurfaceor a Meanprofile

So,

SSH= (Altitude T Rangei' corrections)y geoid+ ADT = MSS+ SLA/SSHA= geoid

+ MDT + SLA/SSHA Eq.4

Bathymetry

Bathymetryis the measurementf the oceandepths Althoughis hasno directusein altimetry data
processingit canbe usefulin shallowwater(sinceoceanaltimetryis not aseffectivethere),or for
comparingwith oceanfeaturessuchascurrents.

Bathymetrycanbe computedusing amongotherthings altimetry seasurfaceheightmeasurements
(viathegeoid).

5.2.2.5.1 Referenceellipsoid

Thereferenceellipsoid is an arbitraryreferencesurfacethatis a raw approximationof theEar t h 6 s
shapewhichis basicallyaspherei f | a t atits polesdlrbelengthof oneof theaxesatthe Equator

is chosenso thatthe ellipsoid coincidesat this latitude with the meansealevel. It is thefirst-order
definition of the nonsphericalshapeof the Earh as an ellipsoid of revolution. To first order, it
accountgor over90% of thegeoid.

The referenceellipsoid is basicallya convenienceso that usersd o nhaveto work with larger
numbersandto getmoreprecisionin calculations Seasurfaceheightmeasurementsom thecentre
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of theEarthareon theorderof 6000km. By removingareferencesurfacethe heightsrelativeto the
ellipsoid areon the orderof 100 metres.Thus,onecangain severaldigits of accuracyin numerical
calculations.

In fact, anyreferencesurfacecouldbeused A spherevould work, butseasurfaceheightdifferences
from this surfacecouldbeaslargeas20 km, thusonewould loseprecisionthanby usinganellipsoid.

[ ellipsoid \

Figure 5.37. Schematiof the Referencellipsoid with respecto the geoid.

In altimetry, the Topex/Pseidon and the WGS84 ellimds aretypically used
For Topex/Poseidon]asonrl, Jasor2 (T/P ellipsoid)

1 radius 6378136.3n
1 inverseEarthflatteningcoefficient 298.257

ForERS1, ERS2, Envisat(WGS84):

9 radius 6378137m
1 inverseEarthflatteningcoefficient 298.257223563

5.2.2.5.2 Geoid

The marine geoid (actually geoid undulation, but called simply geoid) is a distanceabovethe
referenceellipsoid. It is an equipotential surface of the Earth's gravitational field that is closely
associated with the lation of the mean sea surface.
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Figure 5.38. Geoidheight(moreproperlygeoidundulation)from EnvisatGDR,in a 3D andin a
plate carreeprojection. Thesemapsare drawnusingthe BRAT.

Thereferenceellipsoidis abi-axial ellipsoidof revolution.Thecentreof theellipsoidis ideallyatthe
centreof massof the Earthalthoughthe centreis usuallyplacedat the origin of the referencdrame
in whichasatelliteorbitis calculatecandtrackingstationpositionsaregiven.Thesepartion between
thegeoidandthereferenceellipsoidis the geoidundulation.

The geoidundulation,over the entire Earth, hasa root meansquarevalue of 30.6 m with extreme
valuesof approximately83 m and -106 m. Although the geoid undulationsare primariy long
wavelengthphenomenashortwavelengthchangesn the geoidundulationareseenover seamounts,
trenchestidges.etc.,in theoceansThecalculationof ahighresolutiongeoidrequireshighresolution
surfacegravity datain theregionof interes aswell asa potentialcoefficientmodelthatcanbe used
to definethelong andmediumwavelengthf theE a r tgravitagionalfield. For oceancirculation
studies,it is importantthatthe long wavelengthpart of the geoidbe accuratelydeterminedThanks
in particularto gravity missions,new geopotentiamodels(EGM9% and EGM2008havebecome
availableasanimprovemenof theinitial JGM3andOSU91Amodels(JGM3is describedn [Tapley
etal., 1994]; OSU91Ais describedn [Rappetal., 1991.])

References:

1 Rapp, R. H. et al., 1991, Considerationof PermanentTidal Deformationin the Orbit
Determination and Data Analysis for the TOPEX/POSEIDON Mission, NASA Tech.
Memoranduni00775 GoddardSpacd-light Center GreenbeltMD.

1 Rapp,R.H., Y. M. Wang,andN. K. Pavlis,1991,The Ohio State1991geopotentiahndSea
SurfaceTopographyHarmonicCoefficientModels Rpt.410,Dept. of GeodeticScienceand
Surveying The Ohio StateUniversity, Columbus OH.

1 Tapley, B. D. et al., 1994, Accuracy Assessmenbf the Large Scale Dynamic Ocean
Topographyfrom TOPEX/POSEIDONAIltimetry, J. GeophysRes.,99 (C12) 24, 60524,
618.

5.2.2.5.3 Mean Seasurface

The MeanSeaSurfacerepresentshe sealevel dueto constanphenomenalt is the additionof the
geoidandthe MeanDynamicTopography(thatincludesthe permanenstationarycomponenbf the
oceandynamictopography).
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Figure 5.39. Mean Sea Surface MSS_CNES_CLS15. Credits @NIESt has been computed usir
a 20year period of altimetry data

A Mean SeaSurfaceshowsthe meanshapeof the seasurfaceduring the period coveredby the
altimetry data. It correspondgo the sum of geoid + meanoceancirculation (it is correctedfrom
seasonaVariations).Therelief of this surfacereveal:

1 on a scaleof thousandametres,undulationsof hundedsof metresdue to differencesin
densitiesgnto themantle;

1 onmediumwavelengthscurrentsandwatermasse®f varyingdensities|eadingto sealevel
variationsof severaimetres;

1 on shortwavelengthsthe heterogeneoudistribution of matterconcering e a r sunface
layerando c e aotténstopographythatimpliesgeoidundulationsof severaimetres.

A MeanSeaSurfacgMSS)representthepositionof theoceansurfaceaverageaveranappropriate
time periodto removeannual semtannual seasonlaandspuriousseasurfaceheightsignals A MSS
is givenasa grid with spacingconsistenwith the altimeterandotherdatausedin the generatiorof
the grid values.The MSS grid canbe usefulfor dataediting purposesfor the calculationof along
track andcrosstrackgeoidgradientsfor thecalculationof griddedgravityanomaliesfor geophysical
studiesfor areferencesurfaceto which seasurfaceheightdatafrom differentaltimetermissionscan
bereducedetc.

Longertime spansof datathat becomeavailablein the future, alongwith improveddatahandling
techniquescould improve the currentMSS models.Care must be given to the retentionof high
frequencysignalandthe reductionof high frequencynoise.

5.2.2.5.4 Mean dynamic topography

The Mean Dynamic Topographyis the permanentstationarycomponentof the oceandynamic
topography.
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This meancirculationis notanimmediateproductof altimetrydata. Thosedatagive morethe mean
seasurface which containsthe marinegeoidplusthe seaelevationdueto the meanoceanic.Sowe

haveto combinealtimetric datawith others(in-situ, gravimetrics a t e | |td pte@selyggtermine
thegeoid,andby subtractingt, computethe meancirculation.

input processing output
GOCE Level 2 » Geoid Height
Products ~ Gravity Anomaly
Digital Terrain = Deflections of
Mode!

the Vertical

5 Satellite only
g (e yrarsc
Topography
Height o7

Combined
(Sg:‘a)' m (Mean) Dynamic
T ot Topography

M)DTC

Figure 5.40. GOCE User Toolbox WorkflogCreditsDTU)

The MDT computatiorcan be performedith the GOCE User Toolbox [Bingham et al 2015]
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Figure 5.41. Mean dynamic topography, i.e. oceanic relief correspontbrgermanent ocean
circulation. Arrows are proportional to current sped@reditsCNESLCLYS)

5.2.2.5.5 Bathymetry

Bathymetryis the measurementdf the oceandepths Althoughis hasno directusefor altimetrydata
processingit canbe usefulfor shallowwater (sinceoceanaltimetry is not at its bestthere),or to
comparewith someoceanfeatureslike currents.

Bathymetrycanbe computedusingamongotherthingsaltimetry seasurfaceheights(via the geoid)
measuremer(seeUseCasesGeophysicsBathymetry.

Figure5.42. ETOPQL Amante, C. and B.W. Eakins, 2009. ETOPOL1 1-Kioute Global Relief
Model: Procedures, Data Sources and Analysis. NOAA Technical Memorandum NESL
NGDC-24. National Geophysical Data Center, NOAA. doi:10.7289/V5C8276M
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The(I)GDRsprovidea parametebathymetrythatgivesthe oceandepthor landelevationof thedata
point. Oceandepthshavenegativevalues,andland elevationshavepositivevalues.This parameter
is givento allow usersto maketheirown fi ¢ ufdr @ceandepth.lt is not a directcomputatiorfrom

the datawithin the samedataset.

5.2.2.6 Flags

In general,flagging consistsof three parts:instrumentflags (on/off), telemetryflags (preliminary
flaggingandedting) anddataquality flags (geophysicaprocessindlags).

1 Telemetryflagsareinitially basednaltimetermodesandconcerrncheckingof telemetrydata
guality. Only severelycorrupteddataarenot processedTl heflag settingusedis designedo
getamaximumof datainto the SensoDataRecords Sciencedataareprocesseanly when
thealtimeteris in atrackingmode.

1 Quality flagsinvolve residuald§rom smoothingor fits from the datathemselvesk-lagsetting
checksfor gaps,exceededimits and excesive changesAmong theseflags, somehavea
generaimeaningdescribinghe measuremergnvironment.

1 Otherflagsindicatewhattype of surfaceis beneaththe satellite(oceanjce, solid earth,etc).

1 Instrumenftflagstell uswhich instrumentsareon and/a which frequenciesareused(mostly
for Topex/Poseidon).

Global LRM RETRACKER 1 FAILURE Flag for Data Take 383

M ruurE oK

Figure5.43. TheCryoSat L2 Interrediateflag indicatingthe success or failure of the retrackir
procesgrom 13/7/17 t011/8/17 (Credits UCL)
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5.2.2.7 Retracking

Retrackingaltimetry datais doneby computingthe departureof thew a v e f teading@edgefrom
the altimetertracking gate and correctingthe satellite rangemeasurementand surfaceelevation)
accordingly.

Tracking Gate:!

Predicted location
of wareform ramp
mid—point

Actallocation
of wa&refunn rarmp
rmd—peint

Altimeter waveform

7

Retracking correction - J

—_———

I
Gates
(range measurement)

metE s oo

Figure 5.44. Typicalice sheetaltimeterwaveformillustrating theretrackingcorrectionthat must
beappliedto compensatéor deviationofthew a v e f leading&dgefrom theon-board
altimetertrackinggate.(CreditsNASA/GSFC

Themajorstagesn theacquisitionandtrackingof thewaveformsareasfollows. At regularintervak

defined by the Pulse Repetition Frequency (PRF), frequency linearly modulated pulses are
transmittedby the altimetertowardsthe E a r tsurfé@csAfter reflectionon the surface the pulseis
receivedbackon boardandmixed with a pulsesimilar to the emittedonewhich hasbeentriggered

by thetrackerinformation. The mixed pulse,whichis referredto asthe6 i n d i evd hjmodadlesa
sampledmeasurementf the returnpowerasa function of time, distanceor frequency.Iln orderto
reducethe statistcal fluctuations(speckle)affectingthe individual echoesandto performreaktime

tracking (i.e. to maintain the signal inside an analysiswindow as far as range and power are
concerned)theseechoesare averagedn-boardover a periodwhich correspondtothea | t i met er
dutycycle(typically 50ms).Theresultingsignalis referredtoasané av e e & fpopadd wav ef or mo
It is processedby the on-boardtrackingsystemto derivetherangeandpower.In the caseof Topex,

the SWH informationis alsoextracted.This informationis thenusedasinput for the trackingloop
duringtheduty cyclethatfollows.

The acquisitionand tracking functionsare carriedout by two subsystemsThe first one performs
acquisitionof thewaveformsthisis the RadioFrequencyUnit (RFU). The secondneprocessethe
waveformsthisis the ProcessingndControlUnit (PCU).

Over topographicsurfacesaradara | t i nmom-boardti@aking systemis unableto maintainthe
echowaveformatthe nominaltrackingpositionin thefilter bank,dueto rapidrangevariations.This
resultsin an errorin the telemeteredangeknown astrackeroffset. Retrackingis the term usedto
describea groupof nontlinear groundprocessingstimationtechniquesvhich attemptto determine
thetracker offsetfrom the telemetere@choesandtherebyestimatethe rangeto the point of closest
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approaclon the surface Peakyechoedrom seaice causerangetrackingjitter, which alsoresultsin
trackeroffset.

Forexampletherearethreeindependentetrackingtechniquesisedby EnvisatRA2 overnon-ocean
surfaces:

1 Ice2retracker
Theice2retrackemwasdesignedpecificallyfor Envisatin orderto extractparameterselated
to geophysicaphenomenaverlandsurfacesaswell aswatersurfacesThis retrackingfits a
Brown-like modelto the altimeterwaveform.
The outputparametersre: the leadingedgeamplitude,the range,the leadingedgewidth,
thetrailing edgeslopeandthebackscatter.

1 Seaiceretracker
Thesecondetrackelis athresholdretraclerintendedor usewith datafrom seaice, i.e. very
specularor narrowpeakedechoesFromthe parameterisatiorg trackeroffsetis calculated.
In addition,anestimateof thebackscattelis madefrom thepowerin thefilter bank.Although
thegivenalgorithmis generalpnly EnvisatRA2 Ku-bandcalculationsarecurrentlydonefor
seaice.
The seaice retrackingalgorithm usesa thresholdto determinethe leadingedgeposition
calculatedas a fraction, TO2 j, of the peakamplitudeAjsea. The leadingedgepositionis
takenasthe point on the echothatfirst crosseshe amplitudeT02 jAjsea, wherethe scaling
factoris currentlysetto 0.5.

1 OCOGretracker
The Offset Centreof-Gravity (OCOG)retrackeris mostsuitedfor continentalice data.The
waveform par is parameterisedising the OCOG scheme.From the parameterisationa
trackeroffsetis calculatedln addition,anestimateof thebackscatteis madefrom thepower
in thefilter bank.
In OCOGretracking,the echois replacedwith a box thathasthe same centreof areaasthe
echo.Theboxis definedby parameterisationf the waveformusingthreemeasurements)
the positionof the centreof areaji) thewidth of the box, andiii) theamplitudeof the box.
The leadingedgepositionis takenasthe point on the echothatfirst crosseghe amplitude
TO1jAjocog, whereT01 | is anempiricallydeterminedhreshold currentlysetto 0.5.

5.2.2.8 High-Level processing

Oncelevel 2 data(i.e dataincorporatingnstrumentalatmospheri@andgeophysicatorrectionsand
validatedfor quality assurancelavebeenprocessednoreadvancegrocessinganbeapplied.This
involvesdataqualification,pre-computingsomeparameters;e-projectingothers,makinga grid out
of thealongtrackdata,andevenmergingseveraldifferentdatasetérom varioussatellites.

Selectingvalid data

Processindpightlevel altimetry databeginswith quality control,andvalidationof altimetrydataand
geophysicalcorrections.Only valid oceandata are selected Editing criteria for eachsatellite is
providedin thehandbooks.

Applying altimetric corrections and computing physical parameters

Altimeter measurementfiave many potential sourcesof error. They needto be correctedfor
instrumentakrrorsandgeophysicainfluenceg(tides,atmophericdelays,etc). Then,by subtracting
therangefromthes a t e hltitudd,ttee @@ rectedpurfaceheightcanbeobtainedOtherparameters
canalsobederived,suchassealevel anomaliesetc.
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Reducingorbit_error: multi-missionprocessing

Using multiple satellitesogethemakeshigh-definition altimetry possible . The main point of multi-
missionprocessings to intercalibratehedifferentaltimeters.

Multi-missioncrossovedifferencesareminimisedby multi-satelliteorbit errordeterminationpr by

adjustinglessaccurateorbits usinga moreprecisemissionasa referenceThis is donefor missions
that do not havevery accurateorbit determinationERS and GFO) but alsoto removebiasesand
differenceswith thereferencemission(T/P from Felruary2004,Envisat)[Le Traonetal., 1995],[Le

Traonand Ogor, 1998]. Using the precisionof the referencemissionorbit, the orbit error canbe
estimatedrery accurately.

Mapping (or gridding) the along-track data

Altimetry dataare,basically,alongtrack.For easeof useandcompatibilitywith otherdatasetsthey
canbe gridded,i.e. dataalongthe track areinterpolatedand providedaspointson a grid (e.g.data
every1/3°in longitudeandlatitude).

References:

9 Le Traon,P-Y., F. Ogor, ERS1/2 orbit improvementusing Topex/PoseidonThe 2 cm
challenge,). GeophysRes.,103,C4,80458057,1998.

1 Le Traon, P-Y., P. Gaspar,F. Bouyssel,H. Makhmara,Using Topex/Poseidordata to
enhanc&RS 1 orbit, J. Atm. Ocean.Tech.,12,161-170,1995.

5.2.3 Data qualification: "CalVval”

Calval (CALibration/ VALidation) is what determinegdataquality. This stepinvolves a seriesof
quality controlsdesignedo ensurea continuoussupplyof data.

Calvalteamscalibratethe satelliteinstrumentsanddetermineghe parametersgorrectionspiasesand

so on to be applied to measurementsin particular, this task involves validating and refining

algorithmsin close collaborationwith processingsystemdevelopmenteamsand users.Oncethe

missionis fully underwayCalvd operationgonsistin determiningdataquality andkeepinga check
oninstrumendrift. Quality controlis achievedhroughstatisticaldataanalysis analysest crossover
points,andcomparison®etweerorbit cycles.Dataarealsocomparedvith othermissions.

Calibration phase

Absolute calibration is the comparisonof the engineeringmeasurementith an independent
measuremer(e.g.buoy,tide gauge)f thesameparametefrange seasurfaceheight,etc.).Absolute
calibrationprovidesone referencepoint for the completealtimetric time series,a decadeafter the
absolutecalibrationof ERS1. In relative calibration,two altimetry systemsare comparedhrough
their globalgeophysicatiataproducts Dueto thehugenumberof globally-distributedmeasuements
processedrelative calibrationis significantly more precisethanlocal absolutecalibration.This is
wherethe mainbenefitof this techniqudies: to ensureconsistencyn two differentbut momentarily
overlappingmissions.

Thea | t i nralibration@rd validation activities are normally organisedoy working teamswith
thematicresponsibilitiesVerification andabsolutecalibrationof rangeand sigmaOaretasksof the
In-flight InstrumentCalibrationTeam,orbit validationis the taskof the PreciseOrbit Determination
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Team,andrelative calibrationandproductvalidationarethe responsibilityof the CrossCalibration
andValidation Team.

Thealtimetricmeasuremerttme seriespeingproducedrom differentaltimetricmissionswill need
to beinter-calibrated within a requiredprecision,in orderto obtaina consistenmulti-satellitedata
set. Inter-calibration,or so-called crosscalibration,is the determinatiorof relative biasesbetween
themeasurementsf differentaltimeters.

Cross calibration activities are divided into product validation and algorithm verification. The

objectivebehindproductvalidationis to authorisethe distributionof validatedproductsto all users
within weeks/monthafterlaunch.Thegeophysicaprocessin@lgaithmsalsoundergoapostlaunch

verification of real data with the aim of assessingalgorithm performance,tuning processing
parameterandapplyingrelevantcalibrationcoefficientsat the endof the commissioningphase.

Data exploitation

After the CommissioningPhasethe RoutineExploitationphasebegins,andcontinuesuntil theend
of the altimetry mission. The commissioningphasegroup is then requiredto formulate further
recommendationat the completionof thephasge.g.updatingparameterg processordy applying
new calibrationvalues,updatingalgorithms,opportunityto reprocesscommissioningphasedata,
proposednew productsand algorithms,etc). During the routine phasetheserecommendationare
takenon board,andnewinstrumentor procesinganomaliesareinvestigatedandsolved.
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5.3 Future technologyimprovements

Satellite altimetry has provento be a valuablesourceof datafor a broadrangeof applications.
Looking beyondthemissiondn operationakervicetoday,futuresatelliteswill needto providebetter
spatialandtemporalcoveragesothatwe canstudymesoscal@ariationsandotherphenomenanore
closely. For the mediumterm, considerations now being given to altimetry missionscapableof

0 s ¢ a ntmebceansurfaceto acquiredataat scalesof a few tensof kilometres,passingover the
samespotsevery few days. Other projectson the drawing board are basedon constellationsof

dedicated]ow-costmicrosatellitesThe useof 6 o p p o rsti umisadlsgbéing consideredyvith

the possibility of retrieving reflected signals transmittedby satellitesin the Global Navigation
SatelliteSystem(GNSS).

Ka-band altimetry

A Ka-band(35 GHz) altimeterwould be muchlessaffectedby the ionospherghanoneoperatingat
Ku-band,andwould havegreaterperformancen termsof vertical resolution,time decorrelatiorof
echoesspatialresolutionand rangenoise.With the designof an adaptedrackeralgorithm, near
continuousaltimetric tracking over all kinds of surfacecould be performed,which is especially
importantwhenapproachingr leavingcoastsThe maindrawbackis that Ka-bandelectromagnetic
waves are sensitiveto rain. However, this does not preventthem from acquiring a fairly high
percentagef measurementgxceptfor strongrain rates.

Altimeter -interferometers

An altimeter/interferometaerould includeseverahltimeteranountedon mastswhich would acquire
measurementsimultaneously,thus providing continuous,single or multi-altimeter wide-area
coverage.

Constellations

One of the waysto improve altimetry resolutionis to useseveralsatellitesat the sametime. Until
now, this hasbeendonewith very differenttypesof satellite. The useof severaidenticalsatellitesn
constellationcould reduce costs (developmentcods, and launch coststoo for micro-satellites
launchedby the samerocket).

GNSSaltimetry

One approachbeing pursuedto achievemaximumaltimetry datacoverages to receivereflected
signalstransmittedoy satellitesn the GlobalNavigationSatelliteSystem(GNSS),in particularfrom
the Global PositioningSystem(GPS)constellationandits Europearcivil counterpartGalileo. This
conceptis basedon a satellitein nearpolarorbit (at analtitudeof 400to 500km) retrievingsignals
emitted by multiple satellitesand reflectedby the oceansurface,then analysingthesesignalsto
computeseasurfaceheight. This concepis currentlystill only in the studyphase.

Further information:

1 Speciallssueon SatelliteAltimetry: New Sensorsand New Application, SensorsGe Chen
andGrahamD. Quartlyed.,2006

1 Guijarro,J.,R. Santoleri,B.B. Nardelli, L. Borgarelli,R. Croci, R. Venturini, G. Alberti, A.
Caramagno/F. Pirondini, Innovative radar altimeter concepts,Geoscienceand Remote
SensingSymposium2003. IGARSS6 0 Broceedings IEEE International,2, 1080 1082,
2003.
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5.3.1 Ka-band altimeter

A Ka-band(35 GHz) altimeterwould be muchlessaffectedby the ionospherghanoneoperatingat
Ku-band,andwould haveenhancegerformancan termsof vertical resolutian, time decorrelation
of echoesspatialresolutionandrangenoise.With the designof anadaptedrackeralgorithm,near
continuousaltimetric tracking aboveall kinds of surfacecould be performed,which is especially
importantwhenapproachingr leaving coastsThe maindrawbackis that Ka-bandelectromagnetic
waves are sensitiveto rain. However, this doesnot preventthem from acquiring a fairly high
percentagef measurementgxceptfor strongrainrates.

Useof the Ka-bandfor analtimeterwould provide:

1 Low ionospheriattenuation
0 this canbe consideredas negligible, exceptfor someexceptionaionosphericsituation$
andwould thereforeeliminatethe needfor a duatfrequencyaltimeter. The DORIS system
canprovidedatafor ionosphericorrectonswhenevetherearesignificantperturbations.

1 Higherpulserepetitionfrequency(4 kHz).

1 The decorrelatiortime of seaechoesat Ka-bandis shorterthanat Ku-band.This makesit
possibleto increasesignificantly the numberof independenechoesper secondcompared
with Ku-bandaltimeters.

1 Largerbandwidth(up to 500MHz).

1 The500MHz bandwidththatcanbe usedat Ka-bandprovidesa high verticalresolution(0.3
m) whichis improvedwith respecto otheraltimeters(includingJasorl andEnvisat).

1 Better descriptionof seasurfaceroughnesshanat Ku-band

1 The eightmillimetre wavelengthis bettersuitedto describingthe slopesof smallfacetson
the seasurface (capillary waves, etc.) and enablesmore accuratemeasurementf the
backscattecoefficient over calm or moderateseasthusleadingto a noisereductionof a
factorof two comparedo Poseidonfor waveheightsgreaterthanl m.

1 Lowerradarmpenetratiorof snowandice (penetratiorof snowpacks lessthanonecentimetre
at Ka-band,comparedwith five metresat Ku-band) The altimetric observatiorand height
restitutionthuscorrespondo athin subsurfacdayer. This shouldimprove measurementsf
snowpackwith respecto ice agingin the surfacelayersof the polarice caps.Moreover,ice
gran sizewould alsobemeasurableCombinedwith betterspatialresolution Ka-bandwould
thereforeallow closermonitoringof seaandcontinentaice.

The one major drawbackof Ka-band is that attenuationdue to water or water vapourin the
tropospheras high. Rain cells i which are often denseand frequentin the Tropicd will remaina
constrainingfactor, sincethe radarwave canbe attenuatedy 2 dB in heavyrain. Typically, if the
rainrateis higherthanl.5mm/h,theradarechoeswill be unusablgwhereasat Ku-band,echoesare
hardly affectedat rain rateslessthan3 mm/h). However,impactstudiescarriedout on the basisof
sevenyearsof TMR datafrom Topex/Poseidoshowthat rain ratesof over 1.5 mm/h only occur
globally 10 per cent of the time. A Ka-band altimeter would thereforestill be able to acquire
measurement@0% of thetime. If thesatelliteis ona sunsynchronousrbit, rain frequencywill also
haveto befactoredin (it rainsmostoftenin the Tropicsbetweern6:00and12:00a.m.and6:00and
12:00p.m.).Converselythis 1.5mm/hthresholdwill alsobelikely to leadto moreaccuratanapping
of raincellsovertheoceari oneof themajorremainingunknownfactorsin the globalwaterbudget
andyield morereliableclimatologydata.

Further information:

1 Phalippou_., E. CaubetandE. ThouvenotA Ka-bandaltimeterfor futurealtimetrymissions,
IGARSS'20002000.
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1 RemyF., B. Legresyand P.Vincent,New scientific opportunitiesfrom Ka-bandaltimetry,
IGARSS'99 Hamburg,Germany,1999.

1 JacquesVerron and The AltiKa Mission Group, AltiKa: a Ka-band altimetry systemfor
operationalaltimetry during the GMES period, 15 yearsof progressin radar altimetry
symposiumyenice,2006.

1 VerronJ.,P.BahurelandP. Vincent, AltiKa: Etudedela circulation oceaniquanesoechelle
paraltimétrieenbandeKa surmicrosatellite Researctproposato CNES,2001.

17 Vincent, P.,N. SteunouE. Caubet,L. Phalippou,L. Rey, E. Thouvenotand J. Verron:
AltiKa: a Ka-band Altimetry Payloadand Systemfor Operatimal Altimetry during the
GMES Period, Sensors, Special Issue: Satellite Altimetry: New Sensorsand New
Applications,2006.

5.3.2 Interferometers

An altimeter/interferometerouldincludeseverakltimetersmountedon mastswhichwould acquire
measurementsimultaneously,thus providing continuous,single or multi-altimeter wide-area
coverage.

Themainlimitationsof standardhadirpointingradaraltimetershavebeenunderstoodor alongtime.

Theyincludethelack of coveragdintertrackdistanceof typically 150km for the T/P/ Jasortandem)
andthe spatialresolution(typically 2 km for T/P andJason)expectedo bealimiting factorfor the
determinatiorof mesoscalphenomenan thedeepoceanin this context,varioussolutionsusingoff-

nadir radarinterferometryhave beenproposedby Rodriguezet al. 2004 to provide a solution for

oceanographimissionobjectives An initial approachs basedon the Wide-SwathOceanAltimeter

(WSOA) which was intendedto be implementedonboardJasor2 in 2004 but has now been
abandoned.

Figure 5.45 WSOAon a Jasonsatellite

An altimeter/interferometawould work asfollows: eachinterferometemould sendout andreceive
backawavefrom theothers.
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Figure 5.46. How the WSOAaltimeter/interferometeworks.

Therearethreefactorsunderlyingmeasuremenincertainty:

1 Measuremenmoise,which depend®n the antennaaselinethe longerthe baselinethe less
noisethereis. This noiseis reducedoy mosaicking.The nadirpointing altimeteralsomakes
it possibleto registerpixels.

9 The error relatedto ionospheric,troposphericand seastate bias effects. Here again, the
radi o nmaéamtendaobe will enabletropospheriacorrectionsto be extendedeliably
acrossa goodproportionof the swath.

1 The error inducedby satelliteroll and pitch, which hasa direct impact on measurement
geometry, by triangulation. This noise could be minimised by analysingand adjusting
ascendin@nddescendinglataat crossovepoints.

Finalmeasuremergccuracycouldbeasgoodas3.2cmrmsperpixel in themosaickedlata(averaged
to 15km cells).
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Figure 5.47. Exampleof WSOAmeasuremenialonga T/P-Jasonclassorbit track.

This mosaic offers a huge advantagein terms of describingthe dynamic topographyat high
resolution,sinceit allows us to measureseasurfacegradient(betweenpixels) and, therefore,the
geostrophiorelocity. Simulationsbasedon realisticmodeldatayield anerrorof 4.7 cm/srms (resp.
5.9) on the zonal velocity (resp.meridionalvelocity). Samplingsimulations(basedon a T/P-type
orbit, sinceWSOA couldbeflown ontheJasorsatellite)showthatthe WSOA conceptvould require
a constellationof four conventionahadirpointing satellitesin a repeatingorbit. The instantaneous
field of view would bewider thanwith a conventionakltimeter,makingit possibleto covercoastal
zonesandto improvetemporal resolution.The major drawbackof sucha systemis thatit involves
intensiveprocessingo improveaccuracy.

The WSOA option for ocean monitoring was dropped from the J2808TM spacecraft in the

spring of 2005 because of concerns about prograromisitito the core JasétiOSTM missiorand

due to cost overrundt evolvedin the SWOT KaRIninstrument toprovide high-resolution
measurements of SSH (Sea Surface Height) on approximately a 10 km grid across a 200 km swath
centered on the satellite graditrack
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Figure 5.48. SWOT integrated measurement appro@ASA, CNES)

SWOT utilizes an integrated measurement approach, which includes the KaRIn system to observe in
two off-nadir swaths, each of 3m. KaRIn produces ocean and surface water heightsand
registered weather imagery and elevations of 50 m and 1 km resolutions for hydrology and ocean
communities, respectively. KaRIn includes an experimental nadir channel, either as a NNI (Near
Nadir Interferometer), or as a KNA (Klaand Nadir Altimeter). The NNI is baselined. Both provide
complimentary measurements to KaRIn and to support calibration and validation. The CNES
supplied Jascheritage nadir altimeter specifically addresses SSH for Ipatyje wavelengths. The
Jasonheritage microwave radiometer corrects the nadir altimeter range measuremémesnier

tropospheric delay and the GPS and DORIS receivers, with th€lL&&&r Retroreflector Assembly),
provide precision orbit determination.
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Further information:

1 Enjolras, V., P. Vincent, J-C. Souyris, E. Rodriguez,L. Phalippouand A. Cazenave,
PerformanceStudyof InterferometricRadarAltimeters:from the Instrumentto the Global
Mission Definition, Sensorsg, 164-192,2006.

9 Ernesto Rodrgu e z , ASurface Water and Ocean
Requirements Document ,h 0 NASA/ JPL,
http://swot.jpl.nasa.gov/files/ISWOT_science_regs_final.pdf

5.3.3 Constellations

Oneof thewaysto improvealtimetryresolutionis to useseverakatellitesatthe sametime (seeHigh-

precisiomaltimetrywith satellitesvorkingtogethey. Until now,thishasbeendonewith verydifferent
types of satellite. The use of severalidentical satellitesin constellationcould reduce costs
(developmentosts,andlaunchcoststoo for micro-satellitedaunchedoy the samerocket).

U7 7= Orbit plan

Satellite 1.4

Satellite 3

Ground tracks

Figure 5.49. TheWITTEX(WaterInclination Topographyand TechnologyExperimentgltimetry

satelliteconstellationproject. (CreditsJohnHopkinsUniversityAppliedPhysics_aboratory) and

GANDER Global Altimeter Network Designed to Evaluate Rknstellaton of microsats in 2
orbit planes(SSTL)

The questiongo be solvedrelateto the minimum numberof satellitesneededtheir distributionin
time and space etc. The answerswill dependin part on the applicationsfavouredd andon the
financingavailable

Further information:

1 Raney, R. Keith, and David L. Porter. "WITTEX: An innovative thsagellite radar altimeter
concept." IEEE Transactions on Geoscience and Remote Sensing 39.11 (200232187
Allan, T., Thestoryof GANDER, Sensors6, 249259, 2006.
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5.3.4 GNSSaltimetry

Oneapproachbeingpursuedor achievingmaximumaltimetry datacoverages to receivereflected
signalstransmittedoy satellitesn the GlobalNavigationSatelliteSystem(GNSS),in particularfrom
the GlobalPositioningSystem(GPS) constellatiorandits future Europearcivil counterpartGalileo.
This conceptis basedon a satelliteon a low-earthorbit (at an altitude of 400to 500 km) retrieving
signalsemittedby multiple satellitesandreflectedby the oceansurface thenanalsingthesesignals
to computeseasurfaceheight. The concepis currentlystill only in the studyphase.

The conceptworks as follows: a spacebornésPS receiverreceivesa signal downlinked from a
satellitein the constellationthenreceiveshe returnechoof the samesignalreflectedby the ocean
surface.By measuringthe delay betweenthe two, we can calculatethe seasurfaceheight. The
backscattedepend®n theangleof incidence’ thereceiveronly sensespeculareflectioni andon

seasurfaceroughnessConsequentlythe systemonly workswell atlow anglesof incidenceupto 10
degreesThereforesignalreturnswill only bestrongfor GPSsatellitesd a b dherec@ivingsatellite,
which will numberno morethantenat anyonetime. In fact, severalreturnechoesabovethe same
areaon the oceanwill haveto be averagedfrom 1 to 10 degrees}o reducethe noise.The main
weaknes®f this concepis its accuracyatanangleof incidenceof 10 degreestheseasurfaceneight
errorwould be seveal metres.The only way to improveaccuracywould be to retrievemorereturn
echoedrom the samepoint on the oceansurface.Thatwould dependon the numberof satellitesin

the GNSSconstellationandthe GPSconstellationis not expectedo expandsigrificantly. On the
otherhand,the EuropearSpaceAgencyhasdevelogdits own GNSS,called Galileo, with the first
satellite launched in 2011 amdotal of 30 to beflying in the Fully Operational Cability (FOC)
service Thehighestaccuracyat anygiventime would be 30 centimetresms.

GP32
L]

GPS 1 . GPS 3
L] L]

GPS 4
-

\
\A Receiver

Figure 5.50. Receptiorof GPSsignalsby satellitesof opportunity.

Simulationsshow that a single satellite receiving GPS signals, orbiting at an altitude of 400
kilometres would covertheglobein 24 hourswith agroundtrack spacingof 75 kilometres.In other
words,the satellitewould 6 s ey givencell of 50km2ontheE a r tsurfacgl2 timesin 10 days.
Onthis basis two satellitesproviding global coveragevould makeit possibleto achieveseasurface
heightaccuracyf 6 cmrmsoveranaverageof 10 daysandataresolutionof 50 kmz2. Eightsatellites
would offer the sameevel of accuracyputataresdution of 25 km?2.

The majoradvantagef this missionof opportunityconcepts its low cost.lts maindrawbackis its

accuracywhich only Galileo (or Glonassthe Russiarsatellitenavigationsystem)couldincreaselt

would complementonventionabltimetrymissionswhicharestill neededo trackclimaticvariations
overtheoceans.

Page 69 of 356


http://www.altimetry.info/wp-content/uploads/2015/08/gps_alti_pcpe.gif

Radar Altimetry Tutorial

Fixedlocation GPSreceiverscould also be installed along coastlines for exampleon mastsat a
heightof 200 metresto deploya high-quality networkthatwould complemehthe oceancoverage
providedby satellitescarryingGPSreceivers.

In December 2012 the Phase A studies of ESA's PAssive Reflectometry and Interferometry System
In-orbit Demonstration (PARIS loD) mission end&ARIS is called an interferometric GN$S
(IGNSSR) system because the direct and the scattered signals areanre$asted in order to use the
whole signal's bandwidth, and improve the altimetric precision, despite the large bandwidth signals
are not publicly available.

Further information

1 GleasongS.,S.Hodgart,Y. Sun,C. GommengingerS. Mackin, M. Adjrad, M. Unwin, 2005,
DetectionandProcessingf Bi-StaticallyReflectedGPSSignalsFrom Low EarthOrbit for
the Purposeof OceanRemoteSensingAcceptedby IEEE Trans.Geosci.RemoteSensing.

1 Martin-Neira, M., 1993, A Passive Reflectometryand Interferometry System (PARIS):
Applicationto OceanAltimetry, ESA Journalyol. 17, pp. 331-355.
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5.4 SAR Tutorial
5.4.1 On-board

Theon boardstepsaresimilar to theonesin Low ResolutionMode. Somepartsof the hardwareare
commonlysharedbetweerbothmodes Howeverthe pulsesneedto be transmittedwith a PRFhigh
enoughso they remain coherent. The PRF value would dependon the satellite orbit and the
transmissiorpattern.

After a burstof pulsesis successfullyiransmittedandreceived,somecorrectionsshouldbe applied
beforepackingthe dataandsendit to the groundstationfor furtherprocessing.

TheBlock diagramsof the SIRAL altimeteris shownbelow.

Redundant Instrument
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Figure 5.51. Blockdiagramof the SIRALinstrumentCredit: ESA

In this case both LRM, SAR andSARIn datais receivedandroutedto the ProcessindJnit. There
the LRM pulsesaretransformednto rangedomainandaveragedThe SAR pulseswould remainin
time domainandthe Fouriertransformatiorwill be performedby the groundprocessor.

5.4.1.1 Transmission pattern

Alternativelyto the classicalaltimeters transmittedpulsesin HR modearegrouppedn bursts.The
pulseswithin abursthaveto be coherentThus,the PRI (PulseRepetitioninterval) hasto be chosen
accordingly.
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Moreover,in orderto exploitthe conceptof Delay-Doppleraltimetry,theseburstshaveto be spaced
enoughso that the pulsesare incoherentfrom burstto burstandthey can be averagedater on to
improvethe SNR. Thenanotheiparametecomesup: the BurstRepetitioninterval (BRI).

Thefollowing picturesshowthetransmissiorpatterndrom differentDelay-Doppleraltimeters.

Qustf - purdtg
100 W T 0 10 v

*  PRFBurst 85.7 Hz == 11.7 ms

-

Figure 5.52 CryoSat2 transmissiorpattern.Eachburstis formedof 64 Ku-bandpulses Credit:
ESA.

Burst transniission { Burst reception |

PRF=18kHz 64 Eu-Band pulses | PRF=18kHz

Burst cycle ~ 12.5 ms

Figure 5.53. Sentinel3 transmissiorpattern.Notethat burstsinclude2 C-bandpulseshere.
Theseare usedfor ionosphericcorrections.Credit: ESA
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Tx Pulse also used for Calibration

A C-Band Pulse (BW : 320MHz)  PRF from 9.076KHz to 9.280KHz
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Figure 5.54. Sentnel-6 transmissiorpattern.Observethat no burstsare presentand calibration
pulsesare alsoin the sametransmissiorpatternasthe Ku- and C-bandpulses Credit: ESA
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5.4.1.2 Mode mask

CryoSat2 and Sentinel3 canswitch betweenthe Low ResolutionMode (LR mode)andthe High
ResolutionMode (HR or SAR mode),dependingon the scientific and/oruserneeds.In orderto
performthis switch autonomouslythe altimeterscarry a mode mask. This mode maskidentifies,
from the coordinate®f theobservedscenariothe modethathasto be operatedatall times.

Figurebelowshowsthe CryoSat2 mask,alsoincludingtheinterferometrymodecalledSARIn.

Figure 5.55. CryoSat2 modemask.SAR(green),SARin(purple)and LRM (red and others)
operatingmodesCredit: ESA

Ontheotherhand,Sentinel3 modemaskis:

o
el

L 2

I SAR OpeniClosed Loop:
SAR Open Loop
SAR Closed Loop:
LRM Mode:

Figure5.56. Sentinel3 modemask(2015,pre-launch).SARopen/closedoop (green),SARopen
loop (grey), SARclosedloop (blue)and LRM (white) operatingareaslt currently operates in
SAR mode everywhef@redit: ESA
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Alternatively, Sentinel6 will performa continuougransmissiorof pulseswith avariablePRIsuch
asbothmodes(LRM and SAR) canoperatesimultareously.Thus,Sentinei6 will not havea mode
maskon-board(excludingcalibrationacquisitons). This new operatingmodeis called Interleaved
mode.

5.4.2 Resolutioncells

Eachemittedpulseis reflectedby the surfaceandis returnedo thealtimeterafew milliseconddater.
As theilluminatedareagrows,thereturnsignalstrengthgrowsrapidly until anannulusis formed. It

thenremainsconstanuntil thegrowingannulugor ring) reacheshe edgeof theradarantennadeam,
andthenstartsto diminish.

Thesignalacquiredby thealtimeterateachKu-bandburstis initially thesameasin LRM. It is made
up of a seriesof 64 elementaryrangemeasurementthat correspondo groundresolutioncells (i.e.
concentricrings). The maindifference betweenLRM and SAR mode,is thattheradarpulsesof the
sameburstarecorrelated The PulseRepetitionFrequencyPRF)andthe altimeterphasecoherence
from pulseto pulse are key factorsin the syntheticapertureprocess(i.e. the SAR process)to
discriminatethe along-track Dopplerfrequenciegndto be ableto havethe reducedesolutioncells.

Dependingonthe mission,thealongandacrosdrackresolutionsanvary.

satellite
\
X
\'.
\
\
\
\

Figure 5.57. LRM Footprint (Credit: TASF)  Figure 5.58. LRM ResolutiorCell (Credit: TAS
F)

3-dB Antenna

LRM first resclution cell
(Radius ~ 800 m)

Figure 5.59. SARRangeGates(Credit: TAS  Figure 5.60. SARResolutiorCell (Credit: TAS
F) F)

Page:74 of 356



Radar Altimetry Tutorial

5.4.3 Ground processingsteps

Oncethedatais telemeteredo the groundstations,t is unpackedformattedandthenpackedagain
for the Ground Processingfacilities. These ground processingfacilites are responsibleof the
treatmenof the satellitedataup to L2 (seeSectiond. ProductLevels).

Apartfrom thedataion, whichis assigninga giventime valueto eachpulseor burst,themainground
processingtepsare:

1 Calibration

1 Beamforming

1 Multi-looking

1 Retracking

5.4.3.1 Calibration

During the on-board processingthe waveformshave beenaffectedby the instrumentgains and
attenuationsand they may have suffered phasevariationsas well. All thesefactors haveto be
accountedn-groundbeforethe Delay-Dopplerprocessingtarts.

5.4.3.2 Beamforming
Oncethewaveformshavebeencorrectedoy all the on-boardfactors,the beamforming starts.

Thebeamforming consistdan dividing the Dopplerbandwidthof the pulsesof eachburstin different
Dopplercells, definedby the surfacesamplingthat hasbeenperformedpreviously(seeSection2.
Resolutioncells). This meanghatthe pulseshavebeensplit accordingto DopplerfrequenciesAnd
theremainingwaveformsarecalledbeamseachof thembeingthebackscatteredontributionof each
correspondingesolutioncell.

Thefigure below depictsthe beamforming processwith all the Dopgder beamsobtainedfrom the
transmittecburstof pulses.

—— - 256 bursts

i
JUN

1 Doppler begm nunjber

2 Doppler waveforms
« looking » the same
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Figure 5.61. Dopplerbeamsobtainedfrom a burstof pulses Credit: S.DinardoESA
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5.4.3.3 Multilooking

After the Dopplerbeamshavebeencreated stacksareformed. A stackis the collectionof all the
beamghathaveilluminatedthe sameDopplercell.

oy \CryoSat-2 Multi-Look Surface Response (#61)
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Figure 5.62. Multiple contributionsfrom differentburstsconforming toonestack.Credit: SDinardo
ESA

After the collection, the whole stackis averagedmulti-looking). Note that, beforeaveragingthe
stackhasbeenalignedandthe beamshavebeenconvertedo powerwaveformsTheaverageshould
beperformedn thealongtrack (beams)Ximenson in orderto getthe L1B waveform.If we perform
theaverageon therangedimensionwe obtainthe powerdistributionalongtrack (top right).

5.4.3.4 Retracking

Retrackingis the processthat allows extractng scientific parameterscharacterigmg the observed
scendrom the input L1B waveformsdence retrackingis akey stepin the groundprocessochain.

Retrackers can kanalyticalor empirical. In tle analytical ones mathematicamodelemulating the
L1b waveformis generated anfitted to the L1B waveform under analysisextract3 parameters
(epoch, SWHand Pu)In orderto do so,themodelshallreplicateall processingtepsthat led tathe
production of he L1B wareformto be retracked
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Figure 5.63. Retrackingof an OceanL1B waveform Credit: isardSAT

In the pictureabove,an L1B waveformis showntogetherwith the oceanretradker. Outputsof an
analytical retrackeare

1 Range(from Epoch)

1 SWH

1 Backscattecoefficient(from amplitudePu)

Furthermorewind velocity canalsobeextractedrom the backscattering coefficient

Empirical retrackerdocus onthe gatistics of thewaveformnot consideringhe processing from
which the L1B waveform has been creat8dch retrackerfollow mathematicaformulatiors to
parametrized the waveforandallow to estimate the epoch atite amplitudeSuch retrackers (e.qg.

the OCOGdiscussedh 5.2.2 provide very good results in the inland water domain (lakes and rivers)

5.4.4 Product levels

Therearedifferentdataproductsassociatedavith thethreelevelsof processingf altimeterdata:
1 LevelOis therawtelemeterediata,geolocatecanddated
9 Level1A containscdibrateddatabeforeSAR processing.
1 Level1BSis the Level 1A dataafterthe beamforming andthe geometrycorrectiongstack

data)
1 Level1BisthelLevellBSdataaveragedo obtainasinglemultiiookedwaveformperrecord.

1 Level2is thelLevel 1B dataretrackedcandcorrectedor geophysicakffects.
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5.4.4.1 Level-0

Theinput datafor Level-O processings the InstrumentSourcePacket(ISP). The ISP containsraw
data expressed in instrumentengineeringunits, not in internationalsystem(SI) units. The first
functionof the Level-0 processinghainis to extractanddecodehe|SPraw dataandconvertit into
Sl units. The secondfunction of the Level0 processinghainis to correctthe dateandtime of the
measurementandto locatethesemeasurementen the Earth (satellite position and measurement
locationontheE a r tsunfécs).

5.4.4.2 Level-1A

TheL1A is anintermediateoutputof the SAR processorL1A complexwaveformsshouldbe fully
calibratedincludingbothinstrumentabainsandcalibrationcorrectionsandalignedin rangewithin
eachburst The time tag is given at the surface(that is whenthe middle of the burstreacheghe
surface)L1A is thestartingpointfor the SAR processingvhich provideshigh resolutionproducts.

5.4.4.3 Level-1BS

TheL1B-SHR productcontaingnformationof Dopplerbeamsiata.Hence,jt hasonly beendefined
for the SAR processinghain.

TheDopplerbeamsassociatedb a givensurfacdocation(alsocalledstackdata)areformedthrough
theselectiorof all thebeamghatilluminatea givensurfacdocation,andthatcontributeto eachL1B
HR waveform.Beamsarethe resultof applyinga Dopplerprocessingo the waveformbursts,that
allowsto divide the conventionakltimeterfootprint in a certainnumberof stripes andthuscreatea
DelayDopplerMap (DDM). With this, contributionscomingfrom differentstripes canbeidentified
and collectedseparatelyWhenall the contributionsfrom different burstsare collected,a stackis
formed. The stackwaveformsare providedin 1/Q sampleqcomplexwaveforns) in the frequency
domain.

Apart from the Doppler processingthe beamsof a stackhavealsobeenfully calibratedandrange
aligned.The L1B-S also includescharacterisatioparameteraboutthe stackitself. Thetime tagis
givenat eachsurfacelocation(definedthroughoutthe L1 processinghain)

5.4.4.4 Level-1B

The L1B SAR productcontairs the samevariablesasthe L1B-S productexceptfor the waveform
andthe stackcharacterisatioparts.A L1B waveformis the averageof eachstackandis providedin
12Q2 samplegpowerwaveform)in the frequencydomain(rangedomain).

54.45 Level-2

The input data for Level2 processingare the Levell products.The first function of the Level2

processingchainis to apply differentre-trackingalgorithmsto the Level 1 waveformsto calculate
thefinal altimeterrange packscattecoefficient,wind speedveroceanandSWH. Therearedifferent
typesof re-trackingalgorithmsaccordingo thetype of waveformsre-tracked(oceanjce, seaice).

For theSynthetic Aperture Radar Altimet¢BERAL) on boardSentinel3, the Level2 processing
chaininputsare:

9 oneLevellB SRAL product
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i oneLevel1B MWR product
1 asetof dynamicancillaryor auxiliary data.

Dynamic Ancillary Dynamic Auxiliary L2 SRAL/MWR Product ’

Data Data
| { 20 Hz LRM/SAR Ku Data Seot =
Orbx data I [ Meteorological data | 20-M2 Ku band parametses =
4 -~ & . o
rdman | | weoda " portonad t Lotursah audes
SRAL instrumental [ Pole location daa |
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characwrzation data 3. rom SRAL Measurements
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performed n LRA/SAR Modes
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« Enhanced » data
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Figure 5.64. SRALand MWRLevel1B Inputsand SRAL/MWR_evel2 Outputs(Credit: CLS)

The secondfunction of the Level2 processingchain is to computeand apply all geophysical
correctiongo the measurement&xamplesof geophysicatorrectionsarethetidesor thereference
surfaceused(e.g.geoid).
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6T he mdJtsiea s e s

A wealthof applicationsarepossibleusingradaraltimetrymeasurement&ivolving mostgeoscience

fields andpractisedoy morethanathousandeans of usersaroundtheworld. Fromtheé hi st or i c
applications(geodesy generaloceancirculation) to the developingones(solid Earth and coastal
applications, etc) and the ones that have become classic (ocean variability, ice topography,
hydrology),atimetry hasshownoverandoverthatit is a very productivetechnique.

Figure 6.1.Example of some use cases

In this section,we proposeyou with somepracticalexamplesof the applicationsof altimetry data.
Thetype of datato use,the methodologyandthe maincomputationsaredetailed,aswell ashow to

work with datausingthe BroadviewRadarAltimetry Toolbox Note thattheseexamplesaremeant
to give you the generalguidelines,andthat someadapation will be necessaryo usethemin other
contexts.

Ocean

1 Western boundary currents: the Gulf Streamandits seasonavariations

1 Altimetry data processingfor mesoscalestudies Oceaneddiesin the Kuroshiocurrent
1 Altimetry data processingfor mesoscalestudies ComputingGeostrophia/elocities

1 Alti metry for coastalstudies The North WesternMediterranearbea

1 Altimetry for coastalstudies The Agulhascurrent

1 Altimetry for coastalstudies TheFloridaKeyscurrents

9 Seaice studies Altimetry andradiometryfor seaice classification
9 Ice studies Altimetry for observingoolarice caps

1 lce studies CryoSatovercontinentaice

9 Seaice studies CryoSatoverseaice

Climate
1 Monitoring climate events El Nifio andoceanplanetarywaves
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1 Monitoring climate change TheMeanSeal evel

Atmosphere,wind & waves

1 Wind & waves:Seasonatlistributionof SignificantWaveHeight
1 Altimetry for extremeweather studies: HurricaneKatrina

Hydrology & land

1 Temporalwatersurfaceheightvariationsin enclosedareasThe AmazonBasin

1 Hydrology: Aral Sealevel

1 LandstudiesAltimetry overcontinentalurfaces

1 Hydrology: Altimetric waveformsfor monitoringlakeslevel

1 Hydrology: Altimetry for lake/reservoistudiesby usinghydrologydedicatedroducts
1 Hydrology: Altimetry for wetlandstudiesby usinghydrologydedicatedroducts

Geodesy& geophysics
1 Altimetry and gravimetry: Useof GOCEtoolboxin oceanographwith altimetry
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6.1 Geodesy& geophysics

— — N
l‘k.

' SSHIG old-',g X gl

Figure 6.2.Exampleof geophysicainformationextractedirom altimetry (aroundltaly) (Credits
Universityof Calgary)

Geophysicss thestudyof thesubstancethatmakeup the Earthandthe physicalprocessesccurring
on, in andaboveit. Informationderivedfrom altimetry datacanbe usedto studytheE a r tshages
andsize, gravity anomalieggeodesy),seafloorrelief (bathymetry) tectonicplate motion andrifts
(geophysics)etc.

Althoughoftenlinked to platetectonicsisunamisarevery different,transienjphenomena-owever,
theirimpactontheseasurfacecanbeseerby altimetersn somecasesthushelpingthestudyof their
propagation.

Further information:

1 McAdoo, D., Marine Geoid, Gravity, and Bathymetry: An increasinglyclear view with
satellitealtimetry, 15 yearsof progressn radaraltimetry Symposiumyenice, Italy, 2006

6.1.1 Bathymetry estimatefrom altimetry

Densesatellite altimeter measurementsan be usedin combinationwith sparsemeasurementef

seafloordepthto constructa uniform resolutionmapof the seafloortopography.Thesemapsdo not
havesufficient accuracyandresoluion to be usedfor assessingavigationalhazardsput they are
usefulfor suchdiverseapplicationsaslocatingobstructions/constrictiorte themajoroceancurrents
andshallowseamountsvherefish andlobsterareabundantDetailedbathymetryalsorevealsplate
boundarieandoceanimlateaus.
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Figure 6.3. Bathymetrycanbe computedisingaltimetrytogetherwith otherdata (CreditsCNES

A detailedknowledgeof topographys fundamentato the understading of mostEarthprocessedn
the oceansdetailedbathymetryis essentiafor understandingphysicaloceanographybiology and
marinegeology.Currentsandtidesarecontrolledby the overall shape®f the oceanbasinsaswell
as by the smaller,shap oceanridgesand seamountsSealife is abundantvhererapid changesn
oceandepthdeflectnutrientrich watertowardthe surface Becausesrosionandsedimentatiomates
are low in the deepoceans,detailed bathymetryalso revealsmantle convectionpaterns, plate
boundariesthe cooling/subsidencef the oceaniclithosphere pceanicplateausandthe distribution
of off-ridgevolcanoes.

Sinceit is impossibleto mapthe topographyof the oceanbasinsdirectly from Spacemostseafloor
mappingis a tediaus processhatis carriedout by researchvesselsequippedwith echosounders.
However,completelymappingthe oceanbasinsata horizontalresolutionof 100m would takeabout
125ship-yearsof surveytime usingthe latesttechnologywith highly non-uniform data.Thus,until
recently,our knowledgeof the seafloortopographywaspoor.

Radaraltimetersaboardthe ERS 1 and Geosatspacecrafhavederivedthe marinegravity field over
nearlyall of thew o r lockénsvith high accuracyandmoderatespatialresolution.in March 1995,
ERS1 completedts densg(~8 km track spacingat the equator)mappingof seasurfacetopography
betweenthe latitudesof 81.5° North and South. Thesedatahavebeencombinedand processedo
form a globalmarinegeoidor gravity grid [Cazenavest al., 1996;SandwellandSmith,1997].In the
wavelengthband 15 to 200 km, gravity anomaly variationsare highly correlatedwith seafloor
topographyandthus,in principle,canbeusedto recovertopography.
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Figure 6.4. Gravity anomaliegleft), derivedfrom altimetry,and predictedtopography(right)
deducedromthesegravity anomalieplusin situ measurement$CreditsNOAAScripps
Institution of Oceanography

The basic theory for predicting seafloor topographyfrom satellite altimeter measurementss
summarisedn a paperby Dixon et al. [1983]. The conceptualapproachusesthe sparsedepth
soundingsto constrainthe long-wavelengthdepth while the shorterwavelengh topographyis
predictedrom thedownwardcontinuedsatellitegravity measuremenfSmith andSandwell,1994].
Thereareanumberof complicationghatrequirecarefultreatmente.g.:

1 computingbathymetryfrom gravity anomaliess only possibleover a limited wavelength
band,

1 longer wavelengthsin this band are highly dependenton the elastic thicknessof the
lithosphereand/orcrustalthickness,

1 sedimentsfavour filling bathymetriclows and can eventuallycompletely bury the pre-
existingbasementopogiaphy.

References:

1 CazenaveA., P. Schaeffer M. Bergé,and C. Brossier,High-resolutionmeanseasurface
computedwith altimeterdataof ERS1 (Geodetiamission)andTopex/PoseidorGeophysJ.
Int., 125,696-704,1996.

1 Dixon, T.H., M. Naraghi,M.K. McNutt, andS.M. Smith,Bathymetricpredictionfrom Seasat
altimeterdata.J. GeophysRes.88,15631571,1983.

1 Smith,W.H.F.,andD.T. Sandwell Bathymetricpredictionfrom densesatellitealtimetryand
sparseshipboardbathymetry.J. GeophysRes.99,21,8(-21,824,1994.

1 Smith,W.H.F.,andD.T. Sandwell,Global seafloor topographyfrom satellitealtimetryand
shipdepthsoundingsScience277,19561961,1997.

Further information:

9 SandwellD.T. and W.H.F. Smith, Bathymetric estimation Satellite altimetry and Earth
sciencesl..L. FuandA. Cazenavé=d.,AcademicPress2001

1 Measuredandestimatedseafloortopography(UCSD,USA)
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6.1.2 Geodesy

Geodesys the scienceof theE a r tsHajgeendsize.Altimetry makesit possibleto computeMean
SeaSurfacesuchasurfaceincludesthegeoid,i.e. theshapeof the seasurface assumingacomplete
absenceof any perturbing forces (tides, winds, currents, etc.). The geoid reflectsthe Ear t h 6 s
gravitationalfield. It variesin heightby asmuchas 100 metresover distancef severathousand
kilometresdue to unevenmassdistribution within the p | a nceust,nantleand core. Otherless
pronouncedrregularitiesare also visible over smaller distances.Thesemostly reflect the ocean
bottomtopography.

: i Credits CNES/CI
-160° -120° -80° -40° (0} 40° 80° 120° 160°

Figure 6.5. MeanSeaSurfaceyepresentinghe sealevelresultingfrom constantphenomena,
computedrom 20 yearsof altimetry data. ThisMeanSeaSurfaceis shapediy permanenbcean
currentsand,aboveall, by the gravity field. Differenceselowthe surfaceof the Earth (for
exampleyariationsin magmatemperaturerangeneratesealevelvariationsof over 100 metres
betweertwo oceanregionsthousand®of kilometresapart. At smallerscalega fewkilometres),
we canalsoobserveon this surface(highlightedheresoasto bevisible)theinfluenceof ocean
floor topography(seebathymetry which causesrariationsof severalmetresat theocean
surface.(CreditsCNESLCLS

Accordingto thelaws of physics,if we setasice any perturbingforces(tides,winds, currentsetc.),
the surfaceof the oceanbecomesan equipotentiakurfaceof thee a r gravibysield. Basicallythis
meandhatif we couldplaceballsall overthe surfaceof theoceannoneof theballswouldroll down
the hills of this surfacebecauseheywould all be onthe samefi | e Yi.e. at the samegravity) and
subsequentlythat the watersof the currentswould not flow dueto geoid heightvariations.This
equipotentiaburfacedeviatedy up to 100metresfrom thereferenceellipsoid,theidealshapewhich
fits therotatingEarthmostclosely.Thesehills andvalleysin theo ¢ e aurfacearecausedy minute
variationsin thee a r grdwitagsonalfield. Forexampletheextragravitationalattractionof amassive
mountainon the oceanfloor attractswatertowardsit causinga local bumpin the oceansurface;a
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2,000m-tall underseavolcanocausesa bumpabout2 m high, with a radiusof about20 km. This
bump cannotbe seenwith the nakedeye becausehe slope of the oceansurfaceis very low. In

practice,altimetry data, collectedby different satellitesover manyyears,are combinedto achieve
high datadensityandto averageout seasurfacedisturbingfactorssuchaswaves,winds, tides,and
ocearvariability. Theonly othercomponenbf meanseasurfacethatis notthegeoidis thenthestatic
currents(meandynamictopography)which haveto be explainedusingdifferent methodsandthen
subtractedseeAltimetry BasicPrinciples,Large scaleoceancirculation,Applications).

Long wavelengthsgeoid undulations

Figure 6.6 EIGEN-CG01C GeoidCreditsGFZ Potsdam
Thegreatesgeoidheightsandthosemostvisible on amap,reflectdeeplyburieddensityvariations.

Gravity anomalies

In orderto enhancesmallscalefeatures the high-precisiongeoid canbe convertedinto a gravity
anomaly.Gravity anomalycomputatbnsarequite complex,basedon laws of physics,geometryand
statisticye. g. see[SandwellandSmith,1997]).

Figure 6.7 EIGEN-CGO01C Free Air Gravity AnomaliefCreditsGFZ Potsdam
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References:

9 Green,C. M., Fairhead,J. D., and Maus, S., Satellitederived gravity: Wherewe are and
w h a he&t:FhelLeadingEdge,17,77-79,1998.

1 Haxby,W.F.,Karner,G.D., LaBrecque,).L., and Weissel J.K., Digital imagesf combined
oceanicandcontinentaldatasetsandtheir usein tectonicstudiesEOS,64,9951004,1983.

1 Li, Xiong, and HansJurgen Gotzez, Tutorial: Ellipsoid, geoid, gravity, geodesy,and
geophysicsGeophysicsyol. 66, n0.6 (novemberdecembel001);p. 16601668,2001.

1 Sandwell,D.T.,and Smith,W.H.F., Marine gravity anomaly from Geosatand ERS1
satellites:J. GeophysRes.,102,1003910054,1997.

1 Yale, M. M., Sandwell,D. T., and Herring, A. T., What are the limitations of satellite
altimetry?:The LeadingEdge,17,73-76,1998.

Further information:

1 Tapley,B.D. andM.C. Kim, Applicationsto geodesySatellitealtimetryandEarth sciences
L.L. FuandA. Cazenavé=d., AcademicPress2001

6.1.3 Other geophysicalapplications

Geophysicss thestudyof thesubstancethatmakeup the Earthandthe physicalprocessesccurring
on,in andaboveit. Informationderivedfrom altimetrydatacanbeusedo studytectonicplatemotion,

rifts, etc.

Plate Tectonics

40'W 35'W
FV—

e —— ) L i 1 i
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atellite gravity anomaly (mGal)
_‘&S'W 50'W 45'W 4a0'wW 35'W 30'W._,

25‘NL- e e —J\gf’N
55'W 50'W 45'W 40'W 35'W 30
Figure 6.8. Gravity anomaliegtop) in the North Atlantic measuredn milligals (1 mGal= 10°
m/s?).Sincegravity depend®n distributionanddensityof material featuressuchasthe Mid-
Atlantic Ridgeandfracturezonesshowup clearly (CreditsLegos.

Page87 of 356


http://www.altimetry.info/wp-content/uploads/2015/06/anom_grav_sm.jpg
http://www.altimetry.info/wp-content/uploads/2015/06/deriv_anom_grav.gif

Radar Altimetry Tutorial

Further information:

1 CazenaveA. and J.Y. Royer, Applicationsto marine geophysics Satellite altimetry and
EarthsciencesL.L. FuandA. Cazenavéd.,AcademicPress2001

6.1.4 Tsunamis

Tsunamisarewavestriggeredby the verticaldeformationof the ocearnbottom,causedy submarine
earthquakesr landslidesTheyleadto wavescrossingthe oceansat high speedaround800 km/h),

anda potentiallyenormougquantity of waterflooding the coastswhenthesewavescometo shore.

Theoretically, sealevel anomaliesobservedby altimetry should reflect thesewaves. However,

observations difficult, sincetheadditionalheightis oneof thesignalsof ocearvariability. Studying

the differenceshetweerthe few altimetric obsenationsandthe tsunamipropagatiormodelsshould

enablethe scientificcommunityto enhanceheirunderstandingf suchphenomenorandto fine-tune

themodels.It is clearthatonly a multidisciplinary,multi-techniquestudycangraspall the forcesat

work here(geophysicalhydrodynamicgnergeticetc.).

Until the Indian Oceantsunamion 26 Decembe2004,tsunamiobservationdy satellitealtimeters
hadbeenrelativelyinsignificant.Studiescarriedout in the past[Okal etal.,1999]showthat TOPEX
wastheonly altimeterto detecta tsunamicausedy anearthquaken Nicaraguan 1992.Thesignal
wasnotclearlyobservedecausef its weakamplitude closeto 8 cm, andthegreatocearnvariability

in thisarea.Theprobabilityof asatellitealtimeterobservinga tsunamiis low becausé requiresthat

the satelliteoverfliesthe tsunamiwave almostimmediatelyafterit originates,duetothet s una mi 6 s
greatpropagatiorspeed(about800 km/h in an ocean5,000mdeep).Tsunamisignalsin the open
oceanarealso quite weak.
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Figure 6.9. Groundtrackfor Jasonl (top left) andEnvisat(bottomleft) overlaidby the CEA
wavepropagatiorsimulationatthetime of thes a t e pdssadekhéaseacorrespondigto the
t s u n &oniisiscled. Sealevelanomaliesneasuredyy Jasorl andEnvisatcomparedo the

CEA simulation(top andbottomright) (CreditsCEA & CLYS).
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Altimeter SealLevel Anomaliesaccountfor many different oceansignalssuchaslargescaleand
mesoscal®cearnvariability. Thesesignalsconsiderablyimit our ability to detecttsunamiwaves,or

canat leastsignificantly modify the observeccharacteristicsMost of thesesignalscanberemoved,
however usinganocearnvariability mappingtechnique.Notethatthisis possibleonly becausatthe

time of the Decembe2006tsunami,we hadvery goodspace/timesamplingof the oceanwith four

altimeters.Sucha configurationis requiredto describeheo ¢ e anesbscaleariability andthusto

extractthe signalsgeneratedby thetsunamifrom the backgroundceanvariability signals.

It must be noted that satellite altimetry is not sufficient for the early detectionand warning of
tsunamis Evenwith afour altimeterconfiguration(asit wasthe caseduringthe 26 Decembe004
Indian Oceantsunami),the probability of observinga tsunamijust afterit is triggeredremainslow
[Okal et al., 1999]. This also posessome specific data acquisitionand processingissues(data
processingime would hardly be compatiblewith the time requiredto issuean alert). The unique
contribution of satellite altimetry is to better understandand improve the modelling of tsunami
propagatioranddissipation.In particular,reportedobservationgrom the 26 DecembeR004 Indian
Oceantsunamihavebeenusedto refinetheinitial displacementonditionsdueto the earthquakeso
thatobservationgnatchmodeloutputs[Ablain, 2006].

Further information:

9 Ablain, M., J.DorandeuP-Y. Le Traon,A. Sladen,ThelndianOceanT sutnamiof December
26, 2004, High ResolutionAltimetry RevealsNew Characteristicof the December2004
Indian OceanTsunami,GeophysRes.Lett., submitted 2006.

9 Ablain, M., J.DorandeuP-Y. Le Traon,A. Sladen,ThelndianOceanT sunamiof December
26, 2004, Observedby Multi-satellite Altimetry, 15 yearsof progressin radar altimetry
Symposiumyenice,ltaly, 2006

1 Smith, W.H.F., R. Scharroo,V.V. Titov, D. Arcas, and B.K. Arbic, Satellite altimeters
measurdésunami.Oceanographyl8(2),11-13,2005.

1 Okal, E., A. PiatanesiandP. Heinrich, Tsunamidetectionby satellitealtimetry.J. Geophys.
Res.104(B1), 1999.
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6.2 Oceanapplications

Figure 6.10. MeanDynamicTopographyCreditsCNES

Theocearnis thesurfacestudiedoy themajority of altimetryapplicationsandsomemissionsareeven
optimisedfor it. Ultimate applicationsinclude oceanographytself, aswell asthe implicationsof
ocearmovement®n climate(andvice-versathe effectsof climatecharge ontheocean).

Ocearcurrentanraiseseasurfaceheightby upto ametrehigherthanthesurroundingarea Currents
canthereforebe mappedby measuringheightvariations.Satellitealtimetry, supplyingcontinuous
worldwide observationshas beenincreasingour knowledgeof oceancirculation sincethe 1978
Seasalnission.Theocearis alsoaturbulentenvironmen® especiallysoin themajorcurrentareas

, Wwhered me s o sddied(i.ee gildiesmeasuringabout50-500km acrossyaregenerateandmove.
Thegoalof operationabceanographis to describen reattime andto forecassuchoceardynamics,
with altimetry supplyingthe mostimportantdatafor assimilation.

Thetides,anotheroceanphenomenoseenby altimetry, cannow be gaugedo within 2 cm, thanks
largelyto altimetry. This hashelpedto improveour understandingf EarthMoon interactionssuch
astheMo o ningpacton the lengthof the day on Earth,andhasgiven someinsightinto oneof the
driving forcesof theE a r tlimétesystem.

Last, but notleast,by trackingchangesn sealevel, altimetryhelpsusto monitormeansealevel, its
time variationsandgeographicapatternsMany studiesare ongoing,in the contextof researchnto
thegreenhouseffect.

6.2.1 Large-scaleoceancirculation

A view of the globaloceancirculationshowscurrentsswirling aroundthe hills andvalleysatthesea
surface.In the NorthernHemispherecurrentsflow aroundhills in a clockwisedirectionandin an
anticlockwisedirection (the oppositeoccursin the SouthernHemisphere)aroundvalleys. These
currentsform gyreson eitherside of the equator Planetarywavesare otherlarge scalephenomena
thatarelesseasyto seeon aninstantaneoumap,but nonethelestheytoo havea globalimpact.
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Figure6.11. Changesn the extentof the Gulf Streamandthe Kuroshio,asseerby
Topex/Poseidornhecurrentswere6 e | o n ig 3903ardl ©999,and contractedn 1996and
2001.(Credits.Universityof Washirgton)

The major oceancurrentscanraiseseasurfaceheightby up to a metrehigherthanthe surrounding
area.Thedeviationof the ocearsurfaceelevationfrom thegeoidis calledoceansurfacetopography.
This is usedto calculatethe speedand direction of oceancurrentsd providedthat the geoidis
understoodindependentlywith sufficient accuracy, which, since the CHAMP and GRACE
gravimetry satelliteswere launched This understandingvas enhancedfurther with the GOCE
mission. After 4.5 years in orbit, itgathered enough data to map Earth's gravity with unrivalled
precision.The5th gravity field model base@GM_TIM_RLO5, with amean global accuraf 2.4
cm in terms of geoid heights and 0.7 mGal for gravigynaalies at a spatial resolution of 100.km

Evenwithout this knowledge studiesof the large scalevariationshavebeenundertakersincethe

beginningof altimetry. Amongotherthings,yearto-yearvariationsin the extentof the Gulf Stream
andKuroshiocurrentshavebeenobservedthatcanbe correlatedwith changesn upperoceanheat
content.Thesehaveanimpacton ocearatmospherdneatexchangeswith implicationsfor decadal
climatevariations.

1 DatausecaseWesternboundary currents:The Gulf Streamandits seasonabariations

Kelvin and Rossbywaves

Though the major currentsare very important, the oceanand climate are also influenced by
phenomendhat are more difficult to see.0 P | a n walvesarogséhe oceansalong parallelsand
interactwith generaloceancirculation. Theseare either Rossbywaves,which travel from eastto
west,or Kelvin waveswhich movein theoppositedirection.Theyintensify currentssuchasthe Gulf
Streanor theKuroshio.Iln addtion, theymaybereflectedoff thecontinentsandreturnin theopposite
direction,or follow coastlinesThesewavesandtheir reflectionsplay a keyrole, in particularin the
El Nifilo phenomenon.
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Theexistenceof Rossbywaveshadbeenpredictedheoretcally for over50 years buttheycouldnot
be observeduntil the adventof high-precisionaltimetry satellites.Their small amplitude (a few
centimetres)extent(anocearbasin)andvelocity (afew kilometresperday,dependingnthelatitude
I theytake severalyearsto crossthe Pacific Oceanat the 30° latitude) madeit nearlyimpossibleto
observethemusingin situ measurement®Now thatwe know whatwe arelooking for (theycanbe
seenmostclearlyasa seriesof straightlinesin longitudetime diagrams)we canalsodetectthemin
otherkinds of satellitemeasurementsdigh-precisionaltimetry, however,remainsthe bestway of
detectinghesewaves.

i) SEH anamaly from TOPEX Passlaon
B

Figure 6.12. Comparisorof longitudetime diagramsfrom threedifferentsensorgaltimeter,
water colour, surfacetemperature)(CreditsSouthamptoi®ceanographyentre

Further information:

1 Cipollini, P.,P.G.ChallenorD. Cromwell,l.S. RobinsonG.D. Quartly,How satelliteshave
improvedour knowledge of planetarywavesin the oceans15 yearsof progressin radar
altimetry Symposiumvenice,ltaly, 2006

1 Fu, L.L. and D.B. Chelton, Largescale oceancirculation, Satellite altimetry and Earth
sciencesL.L. FuandA. Cazenavéd., AcademicPress2001

9 Brockmann, Jan Martin, Norbert Zehentner, Eduard Hock, Roland Pail, Ina Loth, Torsten
MayeiZsurr, and Wollieter Schuh. "EGM_TIM_RLO5: An independent geoid with
centimeter accuracy purely based on the GOCE mission." Geophysical Research Letters 41,
no. 2 (2014): 80838B099.

6.2.2 Oceancurrents and eddies:mesoscal@ceanapplications

Oceancurrentsaresometimesomparedo 6 s ke ia g h wisegagsé&hipsfollow their flow to gain
speedBut this pictureis not wholly accurateln fact, oceancurrentsaremorelike secondaryoads
branchingoff into narrow country roadsand lanes,winding their way aroundhills and natural
obstaclesThemainflow of thesecurrentss oftendisturbedoy eddieshatform attheir edge. Sothe
oceanis really morelike avast,slowly swirling whirlpool baththana swimmingpool divided into
perfectlystraightlanes.
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Standard Deviation Unit: crm
o S5 10 15 20

Figure 6.13. Standarddeviationcomputedrom 12 yearsof altimetrydata(all availablesatellites
duringthe 19922004 period) (CreditsAviso)

The oceanis a turbulentenvironment.The most energetickind of oceancirculation variability is
associatedvith so-called mesoscalevariability (eddies,meanderingcurrentsor fronts, squirtsand
filaments),i.e. featureson a 50-500km scale Jasting10-100days,with currentsof afew kilometres
per hour. The energyof thesemesoscal@rocessegenerallyexceedghat of the meanflow by an
orderof magnitudeor more. They alsotransportheat,salt, carbonand nutrientsasthey propagate
throughthe ocean.Oceaneddiesplay an importantrole in oceancirculationand heattransport,as
well asintheo ¢ e ainggachemicatycles.Theability to monitorthemfrom spacehasapplications
in navigationoffshoreoperationsfisheiies, hurricaneandclimateforecastingamongothers.

Before the adventof satellite observationsthis turbulencewas mostly underestimatedor even
ignored.For improvedmonitoring of suchfeaturesaltimetry needsmergeddatafrom at leasttwo
satellites (see:High-precisionaltimetrywith satellitesworking togethey.

1 DatausecaseOceaneddesasseenby satellitealtimetry:the Kuroshiocurrent

Further information:

1 Le Traon, P.Y. and R. Morrow, Oceancurrentsand eddies,Satellite altimetry and Earth
sciencesL.L. FuandA. Cazenavéd., AcademicPress2001

1 Morrow, R. and P.Y. Le Traon, MesoscaleEddy Dynamicsobservedwith 15 years of
altimetricdatal5 yearsof progres in radar altimetry Symposiumvenice,ltaly, 2006
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6.2.3 Operational oceanography

Figure 6.14. SeaSurfaceTemperatureomputedy the Mercator global model(CreditsMercator
Ocean)

Satellite observationgrovide a unique opportunityto monitor changesn the oceanin real time,
accuratelypn a global scale,andwith high resolution.As only the propertiesof the seasurfacecan
be observedrom Space dataassimilationsystemsare neededo improvethe consistencybetween
satellite data and model simulations,to dynamically extrapolateand interpolate measurements
scatteredn space/timeandto betterexploit theresultsof observations.

Oceanmodelsare basedon the laws of physicsappliedto a fluid (Ne wt olang, slong with

thermodynamics)Dataassimilationis a procedurethat combinesactualobservationsvith models.
This combinationaimsto betterestimateand describethe stateof a dynamicsystemd the ocean.
Estimatesf this dynamicsystemareimprovedby correctingmodelerrorswith the observation®n
theonehand,andby synthesizingpbservationsvith themodelon the other.

The vast majority of assimilationmethodsusedin oceanographynd meteorologyare basedon
minimisingthe squaredlifferencebetweerthe observationgindtheir modelledequivalentsSeveral
differentapproacheareusedto resolvethis problem:theyaredivided into so-calledsequentiabnd
variationalmethods(suchas 3D-Var, 4D-Var). Sequentiaimethodswhich aremore basicbut also
morerobust,enablethedensityof awatercolumnto bemodifiedin themodelin orderto correspond
tothesatelliteobservededevel height. Thesecalculationsareperformedsequentiallyandtheresults
arecomparedvith observationst regularintervals,thusallowing the modelto be corrected Other
more advancedechniquesare costlier and more difficult to adjustdueto their complexity. They
includethevariationalmethodwhich aimsto correcttheinitial conditionsof thenumericalmodelin
orderto obtainresultsthatbestfit the observationsnadethroughouthe periodstudied At anypoint
in time, therefore the correctiontakesinto accountpastandfuture observationsThis techniqueis
usefulfor controlling largescalechangesn oceancirculationand monitoring phenomenauchas
equatorialaves.
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Figure 6.15. Sealevelanomalieson 8 January2003from the mediumresolutionMercatormodel
(1/3°), with assimilationof in situ SSTmeasurementand (left) Jasonrl dataonly, (right) all
availablealtimetry satellitedata (Jasonrl, ERS2 and GFO). More detail canbe seenin theright-
handfigure (CreditsMercator Ocear).

Oceanmodelshavenow improvedto the point wheretheyareusedto simulateandstudythe actual
circulationof theocean.

Further information:

1 Fukumori,l., Dataassimilatiorby models SatellitealtimetryandEarthsciencesl..L. Fuand
A. Cazenavéd.,AcademicPress2001
1 OceanWeather~orecastingk. ChassigneandJ. VerronEd.,Springer2006

6.2.4 Tides

Tideshavebeenstudiedfor longerthanmostotherocearphenomenahowever for mostof thistime,
the only measurementgossiblewerethosemadeby tide gaugeson the coastsmostlyin harbours,
whichwerethussubjectto local factors,thegeometryof thecoastsand,in particular the bathymetry.
Now, satellitealtimetry providesmeasurementsf seasurfaceheightsin the openoceanaccurateo
2-3 centimetreghat are assimilatednto mathematicatide predicion models.This hashelpedto
improvetide models(howaccuratéo within 2 cmin theopenocean)andincreaseur understanding
of EarthMoon interactionssuchastheM o o nindpacton the lengthof the dayon Earth.In return,
tide modelsareusedto removetidal effectsfrom altimetrydata.
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Figure 6.16. Amplitudeof the M2 tidal constituen{in centimetresylerivedfromthe FES99model.
Cotidalllinesindicatingthe phaseevery30 degreeriginate at amphidromigpointswherethetidal
rangeis zero.(CreditsLegos/CNRS)

Figure 6.17. Amplitudeof thelunar wavefor a period of 6 hours(waveM4) in the

particularly complexareasof the North Seaand English Channel A long seriesof

altimetrydata,from Topex/PoseidoandthenJasonl, shouldmakeit possibleto
significantlyimproveforecasting(CreditsKMS)

The combinedattractionof the Moon andthe Sungeneratesideson Earth.Calculatingtheir effects
is notaseasyasit might seem asthe distanceandinclination of the SunandMoon with respecto
Earth,andwith respecto eachother,haveto be factoredin. The shapeandsize of oceanbasinsis
anothefactorthatmakespredictingtidessud acomplexmatter.ln orderto calculateides,theyhave
to be brokendown into sinusoidalwavesof given periods,eachof which variesin amplitudeand
represent®necomponendf the problem.Thus,oneof thewavescalledM2, is dueto the attraction
ofad v i rMoonalacédonaperfectlycircularorbitin theE a r edudimiaplane.lt hastwo high
and two low tides per day (semidiurnal wave). The K1 wave, with a diurnal period, reflects
declinationvariationsof theMoon andSun.Theamplitudeof thetide ata giventime andplaceis the
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sumof all thesesinusoidalvavesIn certainareasahundredof thesevaveshaveto beaddedogether
to obtainapreciseforecast.

Oneof the questionghat needssolvingwhenusingaltimetryin tidal studiesis theissueof aliasing.

Dependingonthes a t e repeafperod,sometidal constituentarealwaysseenat the samepoint

in theircycle,andthushavenotbeenaccuratelymeasuredthisis especiallytruefor sunsynchronous
satellites,which seesemidiurnal tidal constituentsas stationary) whereasothertidal constituents
with periodsshorterthanthes a t e lade mdasu@dvith sparsesamplingwith respectto their

duration,andarethusdifficult to piecetogether.

In additionto their direct effectson maritimeandcoastalactivities,tidesappeaito havea lesswell-
knownimpactontheE a r fcliméate This discovery,which is basedon almostten yearsof highly
precisealtimetrydata,hasled to a newunderstandingf the way in which the Moon influencesour
planet.Oceanwatersarestratifiedaccordingo their density.Thedifferentlayersmix with difficulty.
Howeverthe tidal currentscominginto contactwith the relief of the oceanbottom (evenif thisis
verydeep)createwaveswhich arepropagateattheinterfacebetweertwo layersof differentdensity
(internalwaves) It is currentlythoughtthatthis mechanisntontributesnorethanhalf of thevertical
mixing of watermassesThis mixing is fundamentato large-scaleoceancirculation (thermohaline
circulation)which enablegheredistributionof heatfrom the equatorto the poles.

B0°N 1200 kWim

Figure 6.18. Energyflow of thesemidiurnal, lunar tidal wave(M2). Theillustration showsthe
displacemenbf energyfrom areasin whichit wasgeneratedowardsdissipationareas.It hasbeen
demonstratedior instance thatthe energydissipatedon the Patagonianshelf(to the eastof South
America),oneof theareaswheretidesare highest,comedrom the Pacific andthat 40% of thetotal

energycontributedby the Earth/Moonsystento oceantides,is dissipatedn the North Atlantic.

(CreditsNASA/GSFC)

References:

1 Cartwright, D. E., Detectionof tides from artificial satellites.Tidal Hydrodynames, B.
Parker.NewYork,JohnWiley. 547-568,1991.
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1 Cartwright,R. E. andR. D. Ray, OceanicTides From GeosatAltimetry, J. GeophysRes.
95(C3): 3069-3090,1990.

1 EanesR. J. andS. V. Bettadpur,The CSR3.0global oceantide model, Austin, Cent. for
Spae Res.Univ. of Tex 1996.

1 LeProvostC.,A. F.Bennettetal., Oceartidesfor andfrom TOPEX/Poseidorcience67.
639-642,1995.

1 Le ProvostC., F. Lyard, etal., A hydrodynamiaceantide modelimprovedby assimilating
asatellitealtimeterderiveddataset,J. GeophysRes.103 55135529,1998.

1 MazzegaP., M2 modelof the Global OceanTide Drived from SEASAT Altimetry, Mar.
Geo0d.9(335363),1985.

1 Menard Y., E. Jeansouetal., Calibrationof TOPEX/POSEIDOMNat Lampedusaadditional
resultsat Harvest,J. GeophysRes99C12):2448%24504,1994.

1 Parke M. E., R. H. Stewartetal., Onthe choiceof orbitsfor analtimetric satelliteto study
oceancirculationandtides,J. GeophysRes 92 1169311707,1987.

1 Ray, R., A Global OceanTide Model From TOPEX/PoseidorAltimetry/ GOT99.21
NASA/TM1999209478.GreenbeltMD, GoddardSpace-light Center/NASA58, 1999.

1 SchramakE. J.O.andR. D. Ray,A preliminarytidal analysisof TOPEX/Poseido@ltimetry,
J. GeophysRes.99: 24,79924,808,1994.

Further information:

1 Le ProvostC., Oceartides,SatellitealtimetryandEarthsciencesl..L. FuandA. Cazenave
Ed.,AcademicPress2001

6.2.5 Mean Sealevel

Sealevelrise and the Greenhouseeffect

A large proportionof thew o r |pdpalationlives in coastalarea vulnerableto rising sealevels.
Permanensubmersionrepeatediooding, fastererosionof cliffs and beachesincreasinglysaline
estuariemndsaltcontaminatiorof groundwaterarejust someof the possibleconsequencesf arise
in sealevelin low-lying regions.
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Multi-Mission Sea Level Trends

Period: Jan-1993 to Jan-2017
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Figure 6.19. Combined map of regional patterns of observed sea level (in mm/year). This me
be obtained using gridded, muitiission Ssalto/Duacs data since 1993, which enable the loc
slopes to be estimated with a very high resolution (1/4 of a degree on a Cartesian project|

Isolated variations in MSL are thus revealed, mainly in the major ocean currents and ENSO

(Credits EU Copernicus Marine Service, CLS, Cnes, Legos)

As globaltemperaturesse, meansealevelis rising with them:all theindicatorspointto anincrease
in themeanlevel of thew o r lock@nsAs far aswe cantell from afew isolatedmeasurementsiken
around1900,thisrisehasbeencontinuingfor atleasta century.Today,thanksto theglobalcoverage
of altimetry satellites estimate®f therisein sealevel haveimprovedin accuracyWith time series
containingdfifteen yearsof data,we canbeginto observarendsandattemptto mitigatetheir effects.
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Figure 6.20. MeanSeal evelvariation computedrom altimetry 19932017 (Credits
CLS/Cnes/Leg9s

Altimetry providesa powerfultool for determiningthe extentandcause®f sealevel changeSince
early 1993, Topex/Poseidorhas beenmeasuringglobal sealevel variationswith greataccuracy,
complementedndfollowed by EnvisatandJasonrl. Thislong datasetndicatesthat,in termsof the

globalmean sealevelis presernily rising ata significantly higherratethanthe meanraterecordedoy

tide gaugedor the pastfive or more decadegof the orderof 1.8 +/- 0.3 mm/yr). The higherrate
observedduring the 1990smay indicatethat sealevel rise is acceleratingdueto greaterland ice

meltingand/orincreasedcearwarming.Moreover,we cannotexcludethe possibilitythatit atleast
partly reflectsthe decadalvariability of the combinedchangein thermaland oceanmass.Longer
datasetsare neededto discriminatebetweenthe different hypothesesand to study this question
further.

Estimatingmeansealevel changeand its sourcess currently a very active researchopic. Many
teamsareparticipatingin fine-tuningthe computationg&ndstudyingthe causes.

Further information:

1 Nerem,R.S.andG.T.Mitchum, Sealevel changeSatellitealtimetryandEarthsciencesl..L.
FuandA. Cazenavé=d.,AcademicPress2001

1 NeremR.S.,E; LeulietteandCazenave\., Presentdaysealevel change C.R. Geosciences,
in press2006.

1 A. Cazenave A. Lombard,R.S.Nerem,andK. DoMinh, Presentay sealevel rise: do we
understandvhat we measure?15 yearsof progresdn radaraltimetry Symposium\Venice,
Italy, 2006
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9 Church,J.A.,N.J. White, R. ColemanK. LambeckandJ.X. Mitrovica, Globalandregional
sealevelrise,Paperof Note.Bulletin of the AmericanMeteorologicalSociety,85 (7): 950
952,2004.

1 http://lwww.aviso.oceanobs.com/mglAviso/Altimetry, Mean Sea Level in cooperation
betweenLEGOS,CLS andCNES)

1 http://sealevel.coloradade/ (Universityof Coloradoat Boulder,USA)

1 http://copes.ipsl.jussieu.fr/Workshops/SealevelUnderstanding Sealevel

Rise and
Variability Workshop,June2006)

6.2.6 OpenOcean- SAR

SARaltimetryoveroceanhasattractedalot of attentionin the pastyearsandhugeprogresiasbeen
made in a short timespan.CryoSat2 was the first satellite to provide SAR, also known as
delay/Doppleraltimetrydataovertheoceanwhich permittedio demonstrat¢he significantbenefits
of SAR modefor oceanaltimetry compaed to conventionallow resolutionmode (LRM). Now

Sentinel3 will continueto provideSAR measurementsveroceancontinuousy andglobally.

Thedifferencedetweerthe SAR modeandLRM in terms ofshapeof the waveformsand SNRcan

be appeciatedn thefigure belowwheretwo differentechoedavebeenmodelled.
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Figure 6.21. Delay/Dopplerand conventionabchoedor the samealtimetric parametergPu = 1,
U= 31 gates,SWH= 2 m; credit: AbderrahimHalimi, ENSEEIHT

As for the LRM casethe SAR waveformis affectedby the stateof the ocean dependingon the
heightof thewaves waveformswill bewider or narrowerasit is shownin thefigure below.
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Figure 6.22. SARwaveformsnodéled usingSAMOSA3or wavesof 3 (red curve)and 10 meters
(bluecurve),creditsNOC

Moreover,new retrackes areneededo processSAR waveforms
Thereare differenttypesof retrackersaanddifferentgroupsof peopleworking onthem

1 Numerical SAR waveformmodels,Phalippou& Enjolras,2007,Phalippou& Demeestere,
2011from TAS andF.Boyetal., 2012from CNES.

1 SemtAnalytical SAR waveformmodels,Winghametal, 2004,Gileset al andHalimi etal.,
2012 and different evolutionsof the SAMOSA retrackerfrom the ESA-funded project:
MartinZPuigetal., 2008, Gommengingeetal., 2012andRayetal., 2013.

1 Fully-Analytical PhysicallyBasedSAR waveformmodels

Theconvergencef resultsfrom differentgroupsindicatesa high level of confidencean theretrieval
of geophysicainformationfrom SAR altimetryoveroceanImprovemaets offered by theSAR mode
with respect tahe conventionalLow Resolutionmodearethe following

1 Improvedprecisionin range(andderivedparametersSSH,SLA, etc.)with respecto LRM
data.In termsof 1Hz noise,improvemenfrom 1.57cmto 1.22cm.

1 Improvedprecisionin SWH with respecto LRM data.In termsof 1Hz noise,improvement
from 11.09cmto ~ 8.5cm.

1 Improvedalongtrackresolution,shownin SLA andSWH spectrasothatscalef lessthan
100kmcanberesolved.

1 Improved SNRFig. 6.21)

1 SAR productsareconsistentvith LRM productsor haveknownbiaseghatcanbecorreced
for.

Further information:
1 Reviewof stateof knowledgefor SAR Altimetry overocean EUMETSAT REFERENCE:
EUM/RSP/REP/14/749304yll documentink.
9 CP40Odataaccess
1 ESACP40project
1 ESASAMOSA Project
9 ESA SCOOP Project
9 ESA SHAPE Project
9 ESA SPICE Project
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6.3 Ice:Land and seaice

Figure 6.23. Topographicmapsof Antarcticaandthe areaaround LakeVostok(red circle),
showingtheice plateaucappingthelake (threekilometresbelowthe surface).(Credits
Legos/CNRBIASA/GSFL

Altimetry measurementsanalsobe usedto determineseaice thicknessandglaciertopographylce

motionandspreadaremajorindicesof globalclimatechangeice, includingseaice, playsanactive

role in the climate dueto the strongfeedbackinducedby its high albedo,whereascontinentalice

mostly actsasa hugereserveof freshwater(77% of theE a r ftiréslowateris frozenin Greenland
andAntarctica),thatcouldsignificantly contributeto sealevelrise.

The cryosphereplays an important role in moderatingthe global climate, and as such, the
consequencesf recedingice cover due to global warming are far-reachingand complex. While
evidencesuggestghatice sheetsarerelatively stable,thereare indicationsthat rapid changesare
occurringaroundtheir margins,wherethe ice reacheghe sea:changeghat could weakenthe ice
shees.

Altimetry is oneof themostpowerfultoolsfor observingseaice andice sheetsFor seaice, altimetry

providesa uniqgueway of measuringts thicknessFor ice sheetstheir topographycanbe measured
by altimeters atleastby thosethatcanreachhigh latitudes.Moreover, altimetersalsoprovideother

parametersuch as backscattecoefficient and waveform shapethat give information on surface
roughnessindsnowpackcharacteristicsuchasstratificationor ice grainsize. Theseparameterare

relatedto relevantunknownquantitiesaffectingtheclimate,suchassnowaccumulatiorrateor snow

drift causedy wind.

Further information:

1 Rémy, F., The new vision of the cryospherehanksto 15 yearsof altimetry, 15 yearsof
progressn radaraltimetry Symposiumyenice, ltaly, 2006

1 Zwally, H.J.andA.C. Brenner,Ice sheetdynamicsandmassbalance Satellitealtimetryand
Earthsciencesl..L. FuandA. Cazenavé=d., AcademicPress2001
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6.3.1 Land Ice
6.3.1.1 Polar Ice Caps

Altimetry is a powerful tool for measuringboth the dynamicsand massbalanceof ice sheets.
Continentalice hasanimpacton sealevel: if both of the major Greenlandand Antarcticaice sheets
wereto melt, the sealevel would rise by about80 m.

Figure 6.24. Rate of elevation change of the Antarctic ice sheet between 2010 and 201
determined from CryoS&t repeat altimetry and smoothed with a 25 by 25 km median filter. ¢
grey and white (inset) lines show the boundaries of 27 ice sheet drainsige [awaly et al.,
2012]. The CryoSat measurements reach to
and 430. km for the ERS/ Envi sAlsbshawn ¢insdt)Gre t8e
numbers used to identify ice sheet drainage basins, with East Antarctica and the Antarc
Peninsula defined as basins 2 to 17 and 24 to 27, respectively, and West Antarctica define
remaining basia and the mask developed to identify elevation changes occurring at the der
ice (inset, black regions). Elsewheitas assumd that elevation changes are caused by
fluctuations in surface mass balance alone, and we therefore applied a densityvdbghese
signals (inset, grey regions). Ice dynamical imbalance (IDI) is evident as thickening of the |
Ice Stream (basin 18) and as widespread thinning across the Amundsen Sea sector (basin
22), with the latter signal affecting a considelsalarger area than at any time in the past twc
decades [Shepherd et al., 2002, 2004; Wingham et al., 2(D@&dits CPOM)
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Topographyis one of the parameterselevantto the processesctingon ice sheetslt containsthe
signatureof the main physicalprocessegclimate and dynamic) thatacton anice sheeton both a
smallandalargescale ,andimportantinformationaboutlocal anomaliesor generakrendbehaviour.
Nowadaystopographyis also an initial condition for studying future evolution. Largescale
topographycontrols flow direction and its mappingenablesthe balancevelocity to be derived.
Moreover thedeformatiorandsliding velocitiesdependnthebasalshearstressandthuson surface
slopes.Accurateinformation abouttopographyis, therefore, crucial to predictingfuture evolution
andunderstandingce dynamics eitherby providinganempiricalparameterisationf the flow laws
or by pointingout unknownphysicalprocesses.

Moreover,altimetersalso provide other parametersuch as backscattercoefficientand waveform
shapethat give informationon surfaceroughnessandsnow packcharacteristicsfrom the global to
thekilometrescale SinceERS 1 waslaunchedywith anorbit ashighas82°N andS, our vision of the
ice sheetdhasbeenradically transformedThis long serieswith ERS2 andEnvisatfollowing ERS
1, hasmadeit possibleto discernchangesn the shapeandvolumeof bothice sheetsGreenlandand
Antarctica,which arerelatedto climatechange Moreover,from April 1994to March1995,ERS1
wasplacedon a geodeticorbit (two shiftedcycleswith a 168-day repeat)sothatthe topographyof
bothice sheetscould be mappedwith a resolutionof 2 km. This precisetopographyhasled to the
detectionof subglacialakes,subglaciahydrologicalnetworks outletglacieranomaliesetc.

The 25 yearsof datafrom ERS 1, ERS2, Envisatand CryosaP havealsomadeit possibleto map

theice masshalanceMeasurements frof@ryoSat missionlauncledin 2010,have been used to map

the height of the huge ice sheets that blanket Greenland and Antarctica and show how they are
changing.t carriesan interferometer altimeter, call&IRAL, thefirst of its kind to overcome the
difficulties intrinsic to measuring icy surfaces. The instrotnallows scientists to determine the
thickness of ice floating in the oceans and to monitor changes in the vast ice sheets on land,
particularly around the edges where icebergs are cdledheets gain mass through snowfall and

lose it through meltingnd by glaciers that carry ice from the interior to the ocean.

Examining the ice sheet regions individually we show that the Greenland, West Antarctic and
Antarctic ice sheets have all lost mass over the past two decades, whilst the East Antarctit ice shee
has undergone a slight snowidliven growth. The Greenland ice sheet has lost the largest mass and
accounts for about twthirds of the combined ice sheet loss over the study period. In Antarctica, the
largest mass losses have occurred in the Westdiatdce Sheet. However, despite occupying just

4% of the total ice sheet area, the Antarctic Peninsula has accounted for around 25% of the Antarctic
mass losses.
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Figure 6.25. Time series of cumulativeass change and sea level contributions from the East,
and Antarctic Peninsula ice sheets (left), éimelAntarctic, Greenland, and combined Antarctic a
Greenland ice sheets (righ{Credits IMBIE)

Further information:

1 Remy, F., The new vision of the cryospherehanksto 15 yearsof atimetry, 15 yearsof
progressn radaraltimetry Symposiumyenice, ltaly, 2006

1 Zwally, H.J.andA.C. Brenner |ce sheetdynamicsandmassbalance Satellitealtimetryand
Earthsciencesl..L. FuandA. Cazenavé=d., AcademicPress2001

1 McMillan, Malcolm, et al. "Increased ice losses from Antarctica detected by CZ'Sat
Geophysical Research Letters 41.11 (2014): 3833b.

1 Shepherd et al., 2012 A reconciled estimate of ice sheet mass balance.

6.3.1.2 Mountain Glaciers

Satellite altimetry has been used extensively in the past few decades to observe changes affecting
large and remote regions covered by land ice such as the Greenland and Antarctic ice sheets. Glaciers
and ice caps have been studied less extensively due to the limitation of altimetry over complex
topography. However, their role in current-$eael budgetss significant and is expecteditapact

over the next century and beyond (Gardner et al., 2011), particularly in the Arctic where mean annual
surface temperatures have recently been increasing twice as fast as thavglicgg.

Radar altimetrys well suited to monitor elevation changes over land ice due to-itgeather year

round capability of observing ice surfaces. Since 2010, the Synthetic Interferometric Radar Altimeter
(SIRAL) on board the European Space Agency (ESA) radar altimetpnSat2 (CS-2) mission has

been collecting ice elevation measurements over glaciers and ice caps. Its Synthetic Aperture Radar
Interferometric (SARINn) processimgodereduces the size of the footprint aletngck and locates the
acrosstrack originof a surface reflector in the presence of a slope. This offers new perspectives for
the measurement of regions marked by complex topography.

More recently, data from the ERARINn mode have been used to infer elevation beyond the point of
closestapproachPOCA) with a novel approach known as
Gray et al., 2013; Foresta et al., 2016). Together with a denser ground track interspacing of the CS
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mission, the swath processing technique provides unprecedented spatiafje@ret resolution for
space borne altimetry, enabling the study of key processes that underlie current changes of ice caps
and glaciers.
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Figure 6.26. Comparison between swapinocessed (Swath) and camtional (POCA) surface
elevation change rates over the six largest ice caps in Iceland, representing 90% of the glaciatt
V (Vatnajokull), L (Langjokull),H(Hofsjokull),M(Myrdalsjokull), D (Drangajokull), and E
(Eyjafjallajokull). The inset shows thacation of individual elevation measurements by using Sw
and POCA approaches over Langjokull. [CrediticaForesta et al. (2016).]

Further information:

1 Tepes, Paul, et al. "CryoSat swath altimetry to measure ice cap and glacier surface elevation
change." AGU Fall Meeting Abstracts. 2016.

1 Gardner, A.S., Moholdt, G., Cogley, J.G., Wouters, B., Arendt, A.A., Wahr, J., Berthier, E.,
Hock, R., Pfeffer, 10 W.T., Kaser, G. and Ligtenberg, S.R., 2013. A reconciled estimate of
glacier contributions to seavel rise: 2003 to 2009. Science, 340(6134), pp-852

1 Foresta, L., et al. "Surface elevation change and mass balance of Icelandic ice caps derived
from swath mode CryoS&t altimetry.” Geophysical Research Letters 43.23 (2016).

6.3.2 Seaice

Seaice is oneof the leastknown parametersieededor climatemodelling.While its extentandage
canbemeasuredy othersensorsaltimetryis the only oneprovidingseaice thickness.
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Figure 6.27. Averagespring (March-April) Arctic seaice thicknessefrom 2012 to 2016rom
satellitealtimetermeasurementsficefreeboardh ei ght by whi ch t he i
surface) Data are notavailablefor the marginalice zone,or abovethe ERSlatitudinal limit of
81.58°N.Ice freeboarddataare convertedo thicknesaisingfixedice, snowandwaterdensitiesand
regionalmonthlysnowdepth.Themeanthicknessexcludeghin ice (lessthan0.51 m) and openwater.
(CreditsUniversityCollegeLondon/Centrdor Polar Observatiorand Modelling)

Seaice is seawatethat hasfrozen.It containglittle saltasmostof it is rejectedasit forms. Seaice
coversthe Arctic Oceanmoreor lesspermanenthyabovethe latitudeof about75°N. This permanent
ice capis composedf packice, which is keptin continuousmotion by the wind, tidesandocean
currents.It mustbe notedthat, sinceseaice is floating, if it wereto meltit would not causethe sea
level to rise directly. However,dueto its high albedo,ice directly affectsthe global Earthenergy
budgetby reflectingabout80% of incidentsunlightbackoutto Space Thus,onceformed,ice tends
to bemaintainedHowever if ice coverwereto decreasdgesssolarradiationwould bereflectedaway
from thesurfaceof the Earthi causingheice to absorbmoreheatandconsequentlyneltfasterstill.
The thicknessof Arctic seaice alsoplaysa centralrole in the polar climate asit moderatedeat
exchangdy insulating the oceanfrom the cold polar atmosphereMoreover,asseaice forms, the
salinity, and thereforethe density, of the upperoceanincreasesThis densityincreasecauseshe
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