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Abstract

This thesis in v estigates the remote-sensing capabilities of GNSS re
ections (GNSS-R) for

o ceanographic applications, through theoretical studies and exp erimen tal data analysis. W e

�rst pro vide an o v erview of the mo dels related to in v olv ed ph ysical pro cesses, suc h as sp ectral

and statistical c haracteristics of random sea surface, electromagnetic scattering and signal

pro cessing. F rom a theoretical and n umerical p oin t of views, w e particularly fo cus on the v al-

idation at L-band of the Geometric Optics appro ximation of the Kirc hho� scattering theory

o v er the o cean. A new mo del for the scatterometric bi-dimensional w a v eform, namely the

Dela y-Doppler Map (DDM), is then prop osed. A GNSS-R sim ulation to olkit is dev elop ed,

whic h enables the syn thesis of the electromagnetic re
ected �eld o v er o cean surface. This

sim ulator is used for assessing the retriev al of sea-state from a coastal platform. F urthermore,

w e fo cus on GNSS-R sensitivit y to sea-surface dynamics, roughness and salinit y through ex-

p erimen tal data analysis. P articular in terest is put on the in v estigation of scatterometric

applications analyzing data from an exp erimen tal 
igh t under quite strong wind conditions.

A complete DDM in v ersion is carried out to infer directional sea-surface mean square slop e

(DMSS), whic h de�nes the size, the direction and the isotrop y of a Gaussian slop e PDF.

This tec hnique is v alidated and app ears to b e a v ery e�cien t to ol for GNSS-R scatterometry .

Sim ultaneously gathered, solar bistatic re
ection measuremen ts (SORES) enhance the under-

standing of quasi-sp ecular scattering through the bi-dimensional Tilt-Azim uth Mapping of

the sea surface. Considered as a rep etition of the famous Co x and Munk exp erimen t, SORES

in v ersion pro vides DMSS whic h are consisten t with L-band deriv ed DMSS, and rev eals a sig-

ni�can t non-Gaussianit y of the slop e PDF. Based on a sp ectral analysis, w e in v estigate the

imp ortan t impact of sw ell in addition to wind stress o v er DMSS. Both optical and L-band

total MSS are 20% higher than what predicts a wind-driv en mo del for the observ ed wind

sp eeds. W e conclude that DMSS should b e considered as a self-standing pro duct and not b e

systematically link ed to the near-surface wind v ector. Additional ground exp erimen ts are re-

p orted in order to dra w preliminary conclusions on the p ossible retriev al of sea-surface salinit y

and emissivit y with GNSS-R. The impact of salinit y is observ ed through analysis of the in ter-

ference b et w een direct signal along with re
ected signal, whic h sho ws a strong noise compared

to the exp ected estimated magnitude. Concerning the radiometric capabilit y of GNSS-R, it

is sho wn that the ratio of the direct and re
ected signals allo ws the estimation of emissivit y ,

although an a priori kno wledge of sea-state is required.
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In tro duction

The sea surface represen ts the in terface b et w een the o cean and the atmosphere, the t w o most

crucial systems go v erning the dynamics of climate and global c hange of the planet. Impro v ed

understanding of the coupled in teractions of the ph ysical pro cesses taking place at the o cean-

atmosphere in terface is th us essen tial.

It has long b een recognized that the retriev al of o ceanographic data is a k ey comp onen t

in mo dern meteorological analysis and forecasting, as w ell as an essen tial resource for climate

researc h. Oceanographic studies su�ered during a long p erio d from lac k of measuremen ts.

Indeed �rst observ ations b egan with in-situ measuremen ts suc h as buo ys, radars on-b oard

planes or b oats. During the last t w en t y y ears, o cean observ ation has increased in e�ciency

with the use of remote-sensing instrumen ts suc h as scatterometers, syn thetic ap erture radars

and radar-altimeters on-b oard satellites. The in teraction b et w een emitted w a v es and the sea

surface can pro vide a geoph ysical signature.

The sea resp onds to atmospheric forcing on man y scales in b oth time and space. Remote-

sensing of near-surface wind sp eed o v er the o cean b y micro w a v e tec hniques relies on the

mo di�cation of short surface w a v es b y the surface la y er winds. This in ter-relationship is

t ypically sampled, form ulated, and utilized on spatial scales of 10-50 km: the mesoscale.

In the last past few y ears, an original remote-sensing concept has fo cused on the p assive

bistatic retriev al of geoph ysical data. The term p assive indicates that the dev elop ed systems

do not emit an y signal, they just \listen". The term bistatic means that emitter and receiv er

are lo cated at t w o di�eren t places in space. The underlying principle is the use of re
ected

signals originating from sources of opp ortunit y to infer prop erties of the re
ecting surface, suc h

as signi�can t w a v e heigh t (SWH), mean sea lev el (MSL) and directional mean square slop e

(DMSS). It can p oten tially pro vide more information compared to monostatic approac hes,

where emitter and receiv er are put on the same platform, due to the p oten tial a v ailabilit y of

m ultiple sources.

Here, w e consider Global Na vigation Satellite Systems (GNSS) as sources of opp ortunit y

emitting at L-band ( � 20 cm). GNSS re
ections (GNSS-R) is an o�spring of bistatic radar

in whic h only the receiv ers need to b e deplo y ed on a sp eci�c platform (coastal, airb orne

or spaceb orne); the emitters are already in place for other purp oses. W e emphasize that

GNSS systems are premium candidates for remote-sensing applications, giv en their co v erage,

p oten tial resolution, long-term a v ailabilit y and signal c haracteristics.

Ob jectiv es

The main ob jectiv e of the thesis is to analyze the GNSS-R capabilities in o cean surface

remote-sensing. F or this purp ose, w e aim at dev eloping mo dels with sp eci�c data pro ducts,

carrying out dedicated exp erimen tal campaigns. The use of GNSS signals re
ected o� the

sea surface as a remote-sensing to ol has generated considerable atten tion since the pioneering
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study of [Mart � �n-Neira1993 ]. Tw o classes of applications ha v e rapidly emerged in the com-

m unit y: sea-surface altimetry , whic h aims at retrieving the mean sea lev el lik e classical radar

altimeters and sea-surface scatterometry for the determination of sea-roughness. The former

consists in an estimation of the relativ e dela y b et w een the direct and re
ected signals, whereas

the latter|addressed in this dissertation|fo cuses on the mo di�cation of the scattered signal

to infer sea-surface c haracteristics. In addition, particular in terest has b een put on another

parameter usually pro vided b y radiometers, the emissivit y , whic h has not b een y et in v esti-

gated with GNSS-R. W e will also consider a comp onen t of the emissivit y , salinit y , although

the retriev al is m uc h more c hallenging.

W e will presen t for this purp ose the mo dels related to in v olv ed ph ysical pro cesses, suc h as

sp ectral and statistical c haracteristics of the random sea surface, electromagnetic scattering

and signal pro cessing. W e aim at determining the re
ected signal c haracteristics through the

mo deled return 2-D w a v eform, namely the Dela y-Doppler Map (DDM). Sev eral exp erimen ts

will b e presen ted in order to in v estigate retriev als of sp eci�c geoph ysical sea-surface parame-

ters. The receiv ed signal can b e treated with sev eral pro cessing strategies dep ending on the

desired pro duct.

W e emphasize in this study the in v estigation on the directional sea-surface roughness,

whic h is one k ey missing in tegrated elemen t, essen tial to understand and quan tify the o cean-

atmosphere 
ux of energy and momen tum. DMSS can help to b etter con trol the width of

the directional distribution of w a v e energy . It is a simple parameter|often related to the

sea-surface wind v ector|required to c haracterize the sea-state degree of dev elopmen t. This

parameter shall constrain the source terms in w a v e energy ev olution equation. It can b e

readily assimilated and help routine forecast of w a v es.

In order to enhance the understanding of GNSS-R resp onse to sea-surface roughness,

sunligh t can also b e used as a source of opp ortunit y . The approac h is simply based on the

observ ation and analysis of the visible glitter pattern o v er the sea surface.

The three k ey concepts to b ear in mind in this dissertation are:

� Bistatic scattering : bistatic remote-sensing di�ers from the monostatic one b y the

fact that transmitter and receiv er ha v e di�eren t lo cations.

� Sp ecular re
ections : they dominate radar forw ard scattering in the micro w a v e do-

main and at shorter w a v elengths. Scatterometry ma y b e th us re-named sp e culometry .

� Sea-surface roughness : it is mainly describ ed b y the mean square slop e (MSS)|or

the directional MSS (DMSS)|whic h is b y de�nition the second order momen t of the

sea-surface slop e probabilit y densit y function (PDF). The MSS do es not pro vide an y

information on the directivit y of the sea-surface slop e PDF, whereas the DMSS is a

parameter of the 2-D PDF.

Con text

The in v estigation includes theoretical analysis and exp erimen tal campaigns, b oth of whic h

ha v e b een carried out at Starlab within the scop e of pro jects for the Europ ean Space Agency

(ESA), the Institut F ran� cais de Rec herc he et d'Exploitation de la MER (IFREMER), and

Starlab. T able 1 summarizes the geoph ysical pro ducts observ ed and mo deled during the

thesis for di�eren t platforms (coastal, airb orne and spaceb orne).

A particular motiv ation of this study w as to gather sim ultaneously optical and L-band data

sets from the same airb orne platform during the P ARIS- 
 Exp erimen t, as fully describ ed
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in Chapter 7. This exp erimen tal campaign w as conducted b y Starlab in Septem b er 2002

along the Catalan Coast for the demonstration of GNSS-R altimetry . An aircraft 
ying at

1000 m collected roughly 1.5 hours of GNSS-R data along a trac k of 150 km total length.

W e in v estigate the full exploitation of the bi-dimensional DDM pro duct to infer the three

parameters fully describing the sea-surface PDF.

In addition to GNSS-R, high resolution optical photographs of Sun glitter w ere tak en,

pro viding the so-called SORES data (SOlar RE
ectance Sp eculometer). Since the famous

study of [Co x and Munk1954 ], it is w ell kno wn that sea-roughness can b e inferred from suc h

data and its a v ailabilit y th us pro vides an extra source of co-lo cated information. Since there

is a strong similarit y b et w een pro ducts (DDM for GNSS-R and Tilt-Azim uth Map (T AM) for

SORES) and mo dels, the same in v ersion metho dology w as applied to b oth datasets.

Platform W a v elength Exp erimen t Con tract Pro ducts

Coastal L-band

OceanP al (sim ulations)

L-band Radiometry

Salp ex

Starlab

Ifremer

Ifremer

Sea-state

Radiometry

Salinit y

Airb orne L-band

OPPSCA T I I

P ARIS- 


ESA

ESA

Sp eculometry

Altimetry

Airb orne Optical P ARIS- 
 ESA Sp eculometry

Spaceb orne L-band

P ARIS- �

(arti�cial data)

ESA

Sp eculometry

Altimetry

T able 1: Related exp erimen ts carried out during the thesis.

State of the art

Man y GNSS-R applications ha v e emerged recen tly . A complete o v erview of GNSS scattering

o v er the sea surface can b e found in [Ru�ni et al. 1999 ] and [Ru�ni et al. 2001a ]. In ad-

dition to the w ell-kno wn altimetric and scatterometric measuremen ts, attempts ha v e tak en

place to retriev e new pro ducts, suc h as ground re
ectivit y prop erties ([Ka v ak et al. 1996 ]),

ice detection ([Komjath y et al. 2000a ]) and soil moisture determination ([Masters et al. 2002 ,

Masters et al. 2003 ]).

As far as sp eculometry is concerned, the in v ersion of GNSS-R data requires (i) a parametric

description of the sea surface, (ii) an electromagnetic mo del for sea-surface scattering at L-

band and (iii) the c hoice of a GNSS-R data pro duct to b e in v erted. A review of these mo dels

can b e found in the OPPSCA T pro jects supp orted b y ESA. In the literature, it is often

assumed that bistatic scattering at L-band can b e reasonably describ ed b y the Geometric

Optics appro ximation of the Kirc hho� theory . This assumption is studied and v alidated in

this dissertation. This imp ortan t conclusion allo ws us to state that the most imp ortan t feature

of sea surface is the statistics of small facet slop es: the bi-dimensional slop e PDF. Under a

Gaussian assumption, three parameters, encapsulated b y DMSS, su�ce to fully de�ne the

ellipsoidal shap e of the slop e PDF: the size (total MSS), the direction (Slop e PDF azim uth)

and the isotrop y (Slop e PDF isotrop y).

The bistatic radar equation prop osed b y [Za v orotn y and V orono vic h2000 ] is to date the

reference mo del for the comm unit y . Ev en though the sea surface is directly parametrized b y

DMSS, it is rarely presen ted as the geoph ysical parameter of in terest. Rather, most authors

prefer to link it to the near surface wind v ector whic h is though t to b e more explicit for
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o ceanographic and meteorological users. Nev ertheless, this link requires the assumption that

sea-roughness b e wind-driv en and no sw ell b e presen t. Under suc h assumptions, one can

use a giv en sea-elev ation sp ectrum (lik e [Elfouhaily et al. 1997 ]) to infer wind sp eed from the

measuremen t of total MSS. W e will argue that this assumption is restrictiv e.

Generally , the pro duct in v erted in GNSS-R sp eculometry is a w a v eform, that is a 1-D

dela y mapping of the re
ected signal amplitude. Using one w a v eform, the wind sp eed can b e

inferred assuming an isotropic slop e PDF (i.e., the PDF's shap e is a circle) [Garrison2002 ,

Cardellac h et al. 2003 , Komjath y et al. 2000b ]. A ttempts ha v e also b een made to measure the

wind direction b y �xing the PDF isotrop y to some theoretical v alue (around 0.7) and us-

ing at least t w o satellites with di�eren t azim uths [Zu�ada and Elfouhaily2000, Garrison2003 ].

[Ru�ni et al. 2000 ] and [Elfouhaily et al. 2002 ] prop osed to w ork on a pro duct of higher in-

formation con ten t: the Dela y-Doppler Map (DDM), that is a 2-D dela y-Doppler mapping of

the re
ected signal amplitude. The pro vision of this extra dimension op ens the p ossibilit y

to a full estimation of the DMSS. In particular, [Elfouhaily et al. 2002 ] dev elop ed a rapid but

sub-optimal metho d based on the momen ts of the DDM to estimate the full DMSS. Ho w ev er,

this approac h neglects the impact of the bistatic W o o dw ard Am biguit y F unction mo dulation

of the Dela y-Doppler return.

Plan of the dissertation

This dissertation is divided in to four parts. The �rst part is, from a theoretical p oin t of view,

dedicated to bistatic sea surface remote-sensing using GNSS frequencies. W e presen t then

in a second part a sim ulator for GNSS-R based on the kno wledge of the previous c hapters.

As a third part, w e in v estigate the GNSS-R airb orne scatterometric p erformance during the

Eddy Exp erimen t Fligh t carried out in the frame of the ESA pro ject P ARIS- 
 . An optical

device w as also used to enhance the understanding of the L-band scattering in sp ecular regime.

Finally , a fourth part rep orts additional exp erimen tal and theoretical studies on the capabilit y

to retriev e sea-surface dielectric constan t and emissivit y with GNSS-R measuremen ts. The

Chapter structure is as follo ws:

� P AR T I : Bistatic Sea Surface Remote-Sensing with GNSS Signals.

This part describ es the mec hanisms in v olv ed in bistatic sea-surface scattering at GNSS

frequencies. It starts in Chapter 1 with a brief description of the a v ailable and future

GNSS signals. A statistical description of the sea surface is then presen ted in Chapter 2,

as w ell as the sea sp ectrum mo del used for this study . The bistatic electromagnetic

mo dels are presen ted in Chapter 3. Then, the signal pro cessing of GNSS re
ections and

sp eculometric data pro ducts are presen ted in Chapter 4. The structure of this part is

illustrated in �gure 1.

� P AR T I I : GNSS-R Signal Sim ulations.

W e presen t a spaceb orne sim ulator for GNSS-R in Chapter 5. An example of application

of suc h sim ulator is then rep orted in Chapter 6 with the deriv ation of empirical in v ersion

la ws for sea-state monitoring at lo w altitude.

� P AR T I I I : GNSS-R Airb orne Scatterometric P erformance Analysis.

W e pro vide in Chapter 7 the 
igh t plan, instrumen tation and set-up of the Eddy Ex-

p erimen t Fligh t. W e rep ort then in Chapter 8 a re-do of the Co x and Munk exp erimen t

whic h aimed at DMSS retriev al through in v ersion of Tilt-Azim uth Map of Sun glit-

ter optical photographs. F urthermore, Chapter 9 is dedicated to the �rst in v ersion of

GNSS-R full Dela y-Doppler Map for the retriev al of the sea-surface directional mean

square slop e. In addition, a comparison of the SORES and GNSS-R data in v ersions is

undertak en.
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Figure 1: Structure of P art I.

� P AR T IV : Other GNSS-R Applications.

Tw o coastal radiometric exp erimen ts are presen ted as an attempt to retriev e sea-surface

salinit y and emissivit y through GNSS-R p o w er c haracterization. Chapter 10 describ es

the Salp ex exp erimen tal campaign and the related mo del to infer dielectric prop erties of

the sea surface. The L-band Radiometry Exp erimen t is then addressed in Chapter 11.

The conclusions of the dissertation and p ersp ectiv es for future w ork are presen ted in page 175.

The reader can �nd the list of relev an t sym b ols and units used in this dissertation in Ap-

p endix A, and acron yms in App endix B.
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Chapter 1

GNSS Signal Characteristics

This Chapter pro vides an o v erview of Global Na vigation Satellite Systems (GNSS) with a

fo cus on the issues relev an t to this study . It includes the presen t Global P ositioning System

(GPS) along with its future impro v emen ts, the Russian system GLONASS and the future

Europ ean na vigation satellite system, Galileo. W e fo cus esp ecially on the former, since it is

the basis of all the exp erimen ts carried out during this study . The goal of this Chapter is to

describ e the structure of the signal to b etter understand the scattering mo dels presen ted in

Chapter 3.

1.1 Global P ositioning System: GPS

The GPS op erational constellation, GPS-24

1

, w as designed to pro vide, from an y �xed p oin t

on the Earth surface and at an y instan t of time, three-dimensional na vigation capabilities. It

consists of a constellation of 24 satellites orbiting in 6 di�eren t planes (inclined at 55

o

) at an

altitude of ab out 20200 km o v er the Earth's surface. There are four satellites in eac h plane.

The satellites ha v e a p erio d of 12 h sideral time.

W e depict in the follo wing section the GPS structure of the t w o presen tly a v ailable L

1

and L

2

signals. Section (1.1.2) in tro duces brie
y the main comp onen ts of a GPS receiv er in

order to detect the incoming signal. An o v erview of the up dates and future impro v emen ts of

the whole system is then presen ted in section (1.1.3). Finally , GPS re
ections co v erage from

space is presen ted to highligh t the great n um b er of observ ations compared to a monostatic

system.

1.1.1 Signal structure

The structure of the GPS signal is based on spread sp ectrum signal tec hniques. It consists

in spreading the bandwidth of the data signal (mo dulation at 50 Hz for the na vigation data)

b y m ultiplying it b y a pseudo-random � 1 signal sequence of rectangular unit pulses (Pseudo-

Random Noise PRN) at a m uc h higher rate than the data stream, but sync hronous to it. The

goal of suc h spreading of the signal is to drop do wn the p o w er sp ectral densit y for a giv en total

radiated p o w er, to increase the tolerance to m ulti-path and jamming, in addition to pro vide

the system with m ultiple access capabilit y (b y means of di�eren t pseudo-random sequences

for di�eren t transmitters).

Tw o main spreading signals are used: the Coarse/Acquisition (C/A) and the Precise (P)

co de. The C/A co de is the civil GPS signal. It is a � 1 pseudo-random sequence with a clo c k

rate of 1.023 Mbps, and a short p erio d of 1 ms allo wing a rapid acquisition. The rate de�nes

1

27 satellites are op erational as of 11-2000 (see h ttp://www.na v cen.uscg.go v/gps/).



20 CHAPTER 1. GNSS SIGNAL CHARA CTERISTICS

a c hip length of appro ximately 9 : 775 � 10

� 7

second, i.e., a length of around �

C = A

=300 meters.

Note that no information is carried b y the unit pulse of the co de. F or this reason, w e call

them chip instead of bit , whic h is reserv ed for the na vigation information unit pulse.

The P co de is a � 1 pseudo-random sequence with a clo c k rate of 10.23 Mbps, and a

longer p erio d of exactly 1 w eek. The transmitter-receiv er range measuremen t through this

co de o�ers a b etter precision than C/A observ ables, since its c hip length �

P

is ten times

shorter than �

C = A

.

The whole signal structure la ys in L-band, as sho wn in �gure 1.1. This a v oids in particular

rain e�ects (observ ed at higher frequencies). There are t w o emitted frequencies: L

1

and L

2

syn thesizing resp ectiv ely 19 cm and 24 cm long w a v es.

Figure 1.1: Presen t GPS signals.

The L

1

signal

The GPS L

1

signal (1575.42 MHz) for satellite i is giv en b y [P arkinson and Spilk er1996]:

S

i

L

1

( t ) =

p

2 P

c

� X G

i

( t ) � D

i

( t ) � cos (


1

t + � ) +

q

2 P

p

� X P

i

( t ) � D

i

( t ) � sin (


1

t + � ) ;

where 


1

is the L

1

angular frequency , � represen ts phase noise and oscillator drift and P

c

and

P

p

are the C/A and P signals p o w ers, resp ectiv ely . The term X G

i

( t ) stands for the C/A co de

and X P

i

( t ) for the P co de. The binary data D

i

( t ) is the na vigation bit stream and also has

an amplitude of � 1 at 50 bps. It pro vides the user with ephemeris, almanacs, corrections

and some other information required to obtain a satisfactory na vigation and time transfer

solution. The na vigation data is formated in to 30-bit w ord and has a 6 s sub-frame and a 30

s frame p erio d. Figure 1.2 presen ts the structure of the L

1

signal.

Eac h satellite i transmits unique C/A and P co des. The C/A co de is nominally 3 dB

stronger than the P co de on L

1

. T o a v oid sp o o�ng, the P co de (whic h is of public kno wledge)

is replaced b y an encrypted co de (the Y co de) when the \an ti-sp o of " mo de of op eration

(AS) is on. Selectiv e a v ailabilit y (SA), on the other hand, is a purp oseful degradation of

the GPS clo c ks and orbits. It has b een turned o� on Ma y 1st 2000. The resulting accuracy

impro v emen t has lead to 22 meters horizon tal, 33 meters v ertical and 200 nanoseconds (60

ligh t-meters) relativ e to UTC, all 95 p ercen t of time.
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Figure 1.2: L

1

signal structure.

The L

2

signal

The L

2

signal (1227.6 MHz) is bi-phase mo dulated b y the C/A or the P co de, as selected b y

ground command. In the normal P op eration, it is giv en b y:

S

i

L

2

( t ) =

p

2 P

2

� X P

i

( t ) � D

i

( t ) � cos (


2

t + � ) ;

where

p

2 P

2

represen ts the L

2

signal amplitude, and X P

i

( t ) is the P co de for the i th satellite,

whic h is clo c k ed in sync hronism with the L

1

co des. It is p ossible to reco v er the L

2

carrier

without kno wing the co de, b y squaring the signal or cross-correlating L

1

with L

2

with a dela y

o�set that matc hes the L

1

to L

2

ionospheric dela y di�erence.

Signal strength and pattern

The minim um sp eci�ed receiv ed signal strength at output from a user receiv er Righ t Hand Cir-

cular P olarized 0dBic an tenna for satellites ab o v e 5

o

of elev ation is -160 dBw for the C/A com-

p onen t and -163 for the P co de at L

1

. F or L

2

, b oth �gures b ecome -166 dBw. Maxim um �gures

(with a 0.6 dB atmospheric loss) are nev er o v er -153 dBw ([P arkinson and Spilk er1996],v ol I,

p. 82). The total 
ux densit y in a 4-kHz band is b elo w the p ermitted -154 dBw/m

2

, thanks

to the spread sp ectrum of GPS signals.

The transmitted signal is Righ t-Hand Circularly P olarized (RHCP), with an ellipticit y

b etter than 1.2 dB for L

1

, and b etter than 3.2 dB for L

2

within the angular range � 14 : 3

o

from the an tenna b ore-sigh t (ellipticit y here de�ned as the semi-axis ratio).

In terms of p o w er Signal to Noise Ratio (SNR), the direct receiv ed signal has carrier

p o w er-to-noise densit y ratio with t ypical v alues ranging b et w een 39 and 52 dB-Hz, dep ending

on the geometry , real transmitted p o w er and instrumen tal/propagation losses.

1.1.2 Signal detection

A p ositioning solution can b e deriv ed from the GPS signals without an y a priori kno wledge

of neither the receiv er lo cation nor the constellation status. First, the receiv er op erates with

a cold start sequence corresp onding to a searc h with a clean replica of a PRN C/A co de in to

sev eral Doppler frequencies and dela ys to �nd a correlation p eak. Once the p eak is found, the

receiv er is able to trac k the C/A signal and th us to deco de the na vigation data message. The

lo cation of other visible satellites is then feasible along with their dela y and frequency o�sets

to appropriately adjust the PRN C/A replicas. The whole set of C/A signals gathered b y the

receiv er an tenna can b e demo dulated and the carriers lo c k ed: the primary GPS observ ables
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are trac k ed. They include the pseudo-range and the phase of the GPS signal, as sho wn in

�gure 1.3.

The pseudo-range is a rough estimation of the geometric distance (i.e., range) b et w een

the emitter and the receiv er. This distance is called pseudo-range since it is not corrected for

the m ultiple p ossible corrupting e�ects, whic h are mainly the clo c k errors and atmospheric

dela ys (see b elo w). Giv en an a priori dela y , the Dela y Lo c k Lo op (DLL) follo ws the v ariation

of the time dela y b et w een transmitter and receiv er, directly related with the pseudo-range

through the sp eed of the ligh t. Pro vided that the a priori dela y is accurate enough and the

rate of c hange in the dela y is lo w, the DLL acts as a maxim um lik eliho o d estimator. It uses

the deriv ativ e of the co de as a discrimination function, so that the pro duct with the incoming

signal yields the error in the dela y of the discrimination function, p ermitting its iterativ e

correction. The uncertain t y in the pseudo-range observ able dep ends on the computation of

the discriminating function. High uncertain t y is obtained for wide in terv al of deriv ation ( � T in

the early-late di�erence). The error in dela y estimation is (see [P arkinson and Spilk er1996]):

�

code

= c�

c

s

B

D LL

� T

2 S N R

0

; (1.1)

where � T has c hip units, c is the sp eed of the ligh t, �

c

the c hip time length, B

D LL

the

noise bandwidth of the DLL and S N R

0

the carrier p o w er-to-noise densit y ratio (receiv er

dep enden t). Fine early-late spacing yields go o d precision, but on the con trary , the reduction

of this spacing length also corrupts the trac king of the dynamics of the signal. This error

ranges b et w een 0.3 m and 1 m for the C/A co de and is b elo w 0.2 m for the P co de. The co de

measuremen ts are not precise but accurate.

The phase observ able represen ts the history of the frequency adjustmen ts p erformed b y

the Numerically Con trolled Oscillator (NCO) to main tain the lo c k of the signal. This is

equiv alen t to the in tegrated Doppler frequency , due to the relativ e motion b et w een emitter

and receiv er. Therefore, this data do es not pro vide the range itself, but a v ariation in the

carrier cycle, whic h can b e expressed as a range v ariation b y the relation: �� �= 2 � . It is th us

called the Accum ulated Delta Range (ADR). The trac king of this observ able is done through

a Phase Lo c k Lo op (PLL) and the precision is giv en b y:

�

phase

=

�

2 �

s

B

P LL

� T

2 S N R

0

; (1.2)

where B

P LL

is the bandwidth of the PLL. T ypically , the error magnitudes are v ery small

(b elo w 1 mm). It is a precise measuremen t but v ery inaccurate, since it pro vides the in tegrated

rate of c hange of the range up to an unkno wn bias o�set.

1.1.3 The mo dernization of GPS

In 1998, US Vice Presiden t Gore announced that a second civil signal will b e broadcast

on the L

2

carrier, and that b eginning in 2005 a third civil signal sp eci�cally designed for

safet y-of-life services will also b e broadcast. The role of the civil L

2

signal is to pro vide

needed ionospheric corrections. F or non-di�eren tial real-time GPS users, the addition of these

new signals pro vides redundancy , impro v ed accuracy , a v ailabilit y and in tegrit y , con tin uit y of

service and resistance to RF in terference. F or di�eren tial applications, they also assist in high

precision applications. The next paragraphs are dev oted to t w o pap ers recen tly published in

GPS W orld ([Sha w2000 ],[Dierendonc k2000 ]). Figure 1.4 sho ws the curren t and future civil

GPS frequencies. F or military applications, new co des are b eing dev elop ed, the M-co des,

whic h will mo dulate the L

1

and L

2

carriers.



1.1. GLOBAL POSITIONING SYSTEM: GPS 23

Figure 1.3: Structure of a GPS receiv er.

In [MacDonald2002 ] a review of the dev elopmen t, status and curren t capabilities of GPS

can b e found. The author in v estigates also the implications of the GPS mo dernization and

enhancemen t activities and their relationship to the analogous Europ ean Galileo program

activities presen ted b elo w in section (1.3).

Civil signal on L

2

The L

2

signal is shared b et w een civil and military co des. The new L

2

civil signal (L2C) will

b e transmitted b y mo dernized I IR (I IR-M) sc heduled to b e launc hed in 2003. L2C is limited

to a single bi-phase comp onen t in phase quadrature with the P/Y co de. It is also limited

to a 1.023 MHz clo c k rate in order to main tain sp ectral separation from the new military

M co de. The L2C signal con tains t w o co des of di�eren t lengths. The mo derate length co de

(CM) has 10230 c hips, rep eats ev ery 20 ms, and is mo dulated with message data. The long

co de (CL) has 767250 c hips, rep eats ev ery 1.5 s, and has no data mo dulation. The comp osite

signal is clo c k ed at 1.023 MHz and alternates b et w een c hips of eac h co de (c hip-b y-c hip time

m ultiplexed). A detailed description of the signal can b e found in [F on tana et al. 2001 ].

Figure 1.4: Presen t and future civil GPS frequencies (from [MacDonald2002 ]'s pap er) .
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The new civil L

5

signal

The third civilian signal, L

5

, will b e added to the �rst Bo eing Blo c k I IF satellite along with

C/A-co de on L

2

, and M-co de on L

1

and L

2

. L

5

is allo cated at 1176.45 MHz with a 24 MHz

bandwidth. A higher c hipping rate and a longer co de than the C/A to reduce self-in terference

are impro v ed features of this signal. L

5

p o w er will b e increased b y 6 dB compared to the

curren t L

1

, equally split in a phase data c hannel (I) and a quadrature data-free c hannel (Q)

to impro v e resistance to in terference, esp ecially from other pulse emitting systems in the same

band as L

5

. The latter includes Distance Measuring Equipmen t (DME) systems already used

for en route and terminal area air na vigation and the military Join t T actical Information

System (JTIDS) used for critical military command and con trol commands. The data-free

comp onen t of the new signal also pro vides more robust carrier phase trac king. This signal

is lo cated in the Aeronautical Radio Na vigation Service (ARNS) band sp ecially designed for

the men tioned a viation applications. A complete description of this signal can b e found in

[ICD-GPS-7052002 ].

The curren t GPS mo dernization e�orts will end in 2010, with a total deplo ymen t of up to

12 GPS Blo c k I IF satellites. F or the p erio d 2010{2030, a new generation of satellites, Blo c k

I I I is planned.

Satellite Sc hedule Launc h

The mo dernization of the GPS signals will b e carried out through di�eren t launc hes:

� Blo c k I IR mo dernization : presen tly , t w elv e I IR satellites are mo dernized (the I IR-

M) to sp eed up the a v aibilit y of the military M co de on L

1

and L

2

and the civil co de

on L

2

. The �rst launc h of a Blo c k I IR-M satellite is foreseen in 2003 and it will carry

the new signal, as will all subsequen t GPS satellites. Initial Op erational Capabilit y

(IOC=18 prop erly placed satellites) is an ticipated in 2008 and F ull Op erational Capa-

bilit y (F OC=24 satellites) for 2010.

� Blo c k I IF mo dernization : these satellites will b e the fourth generation of satellites

and will con tin ue with the L2C signal on L

2

and the M co de on the L

1

and L

2

frequencies,

but will add a new civil co de at the L

5

frequency . The �rst launc h of the Blo c k I IF is

foreseen for 2005. IOC is an ticipated for 2012 and F OC for 2015.

� GPS-I I I : the goal of the GPS-I I I program is to deliv er b est-v alue acquisition and

arc hitectural solutions that will satisfy the curren tly de�ned, y et ev olving, military and

civilian needs for a space-based p ositioning, na vigation and timing system through 2030.

This system will ha v e t w o other c hannels that pro vide na vigation signals for civilian use

in lo cal, regional and national applications. One of the new civil signals is exp ected

to transmit higher p o w er than the other t w o signals for impro v ed reception w orldwide.

The �rst of the new satellites is to b e launc hed in 2010. IOC is exp ected for 2016 and

F OC for 2018, with the en tire constellation exp ected to remain op erational through at

least 2030.

Impact on GNSS-R measuremen ts

As far as GNSS-R is concerned, the main consequence of the future GPS mo dernization shall

come from the signal redundancy and real-time double frequency applications. In particular,

it shall impact the ionospheric and clo c k errors, and enhance the in terferometric capacities of

the system:
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� Ionospheric error : after SA, the next largest con tributor to the GPS p ositioning error

budget is the atmosphere|mainly the ionosphere. Ionospheric e�ects can b e accurately

estimated through the use of dual frequency measuremen ts. The use of C/A co de on the

L

2

frequency in conjunction with L

1

will reduce the t ypical ionospheric error of 7 meters

to 1 cm. This will result in a stand-alone accuracy as lo w as 8.5 meters (95 p ercen t

of the time). T o implemen t the C/A co de on L

2

, the GPS Blo c k I I Replenishmen t

satellite con tract will b e revised to direct Lo c kheed Martin to mo dify the last 12 Blo c k

I IR satellites.

� Clo c k error : after atmospheric errors, the next source in the GPS error budget are

ephemeris and clo c k errors. In the curren t constellation, the clo c k and ephemeris er-

rors con tribute appro ximately to 1.8 and 1.4 meters, for a com bined 2.3 meters User

Equiv alen t Range Error (UERE). A new tec hnique, called the Accuracy Impro v emen t

Initiativ e (AI I), is exp ected to reduce the GPS clo c k and ephemeris con tribution to

UERE to appro ximately 1.25 meters. As a result, w e will obtain a 6 meter or b etter

horizon tal accuracy 95 p ercen t of the time.

� In terferometry : the com bination of t w o di�eren t signals (c hosen b et w een L

1

, L

2

and

L

5

) p ermits to syn thesize larger w a v elengths. Studies ha v e b een undertak en to in v esti-

gate the impro v emen t in altimetric measuremen ts ([Ru�ni and Soulat2000b ]).

T o summarize, initial op erational capabilit y for dual frequency na vigation will o ccur in

2008, with launc hes b eginning in 2003, a status based on a constellation of 18 prop erly placed

satellites broadcasting L

2

C/A in phase-quadrature to the military P signal. The L

5

signal will

b e a v ailable on 18 GPS satellites b y 2012, requiring the launc h of 6 to 12 GPS-I I I satellites.

Stand-alone horizon tal accuracy will impro v e from 100 to 6 meters or b etter. F or non-dynamic

or non-real time applications, cen timeter lev el accuracies will b e ac hiev ed more quic kly and

cost e�ectiv ely than to da y , through the existence of 3 wide lanes to resolv e in teger am biguities.

1.1.4 GPS re
ections co v erage

Bistatic radar o�ers sev eral adv an tages o v er monostatic systems. One of them is the sup erior

co v erage and lo w er cost than monostatic systems. The geometry of bistatic GNSS scattering,

sho wn in �gure 1.5, highligh ts the high across trac k sampling p ossible due to the large n um b er

of GNSS satellites pro ducing sp ecular re
ections.

Studies on GPS re
ections co v erage from space ha v e b een carried out b y [Cardellac h2002 ]

and [Aparicio et al. 2000 ], and more recen tly b y Astrium and Starlab in the P ARIS- 
 pro ject

(see [P ARIS Gamma2003 ]).

1.2 GLONASS

GLONASS is the Russian GNSS system

2

, and is v ery similar to GPS. A 24 satellite constel-

lation w as a v ailable in 1996, distributed in three orbital planes at an inclination angle of 64.8

degrees|only 16 satellites are op erating as of to da y . The orbits are nearly circular, with an

altitude of 19100 km and a p erio d of 11.25 h. The ma jor di�erence with GPS is that broadcast

frequencies are satellite-sp eci�c. The individual carrier frequencies, f

i

L

1

and f

i

L

2

are:

f

i

L

1

= 1602 : 0000 + i � 0 : 5625 MHz

f

i

L

2

= 1246 : 0000 + i � 0 : 4375 MHz ;

2

see h ttp://www.glonass-cen ter.ru/ .
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Figure 1.5: Geometry of m ultistatic GNSS radar system (from V. U. Za v orotn y , Bistatic GPS Signal Scattering

from an Ocean Surface: Theoretical Mo deling and Wind Sp eed Retriev al from Aircraft Measuremen ts, 1999).

where i=0,...,24 is the c hannel n um b er sp eci�c to eac h satellite [Hofmann-W ellenhof et al. 1997 ].

Some satellites ha v e the same frequencies but are placed in an tip o dal slots of orbit planes and

they nev er app ear at the same time in user's view. The t w o co des mo dulated on to the carriers

are the same for all satellites. The public C/A co de has a p erio d of 1 ms, a c hip rate of 0.511

MHz and is mo dulated on L

1

only . The P-co de has a p erio d of 1 s, a c hip rate of 5.113 MHz

and is mo dulated on b oth L

1

and L

2

, although its use is not op en to the public. There is no

analog of Selectiv e Av ailabilit y in GLONASS, ho w ev er.

1.3 Galileo

The future Europ ean na vigation satellite system, Galileo, will complemen t the existing satel-

lite na vigation system, whic h presen tly relies mainly on GPS, the American Global P ositioning

System. Dev elop ed b y the Europ ean Space Agencies and the Europ ean Union on the basis of

equal co-funding, Galileo is designed to pro vide a complete civil system and sc heduled to b e

op erational b y 2008.

The Galileo system will b e built of around 30 satellites (27 op erational and 3 reserv e

craft) o ccup ying three circular earth orbits, inclined at 56

o

to the Equator, at an altitude

of 23616 km. This con�guration will pro vide excellen t co v erage of the planet. Tw o Galileo

con trol cen ters will b e established in Europ e to con trol satellite op erations and manage the

na vigation system. The con tracts for the �rst Galileo satellites w ere signed on F rida y 11 July

2003 at ESTEC, the Europ ean Space Agency's researc h and tec hnology cen ter.

The Europ ean Satellite Na vigation System is curren tly under design dev elopmen t. The

last up date on the system, dated Septem b er 2002, on the Galileo frequencies and signal design

can b e found in [Hein et al. 2002 ]. Galileo will pro vide 10 na vigation signals in RHCP in the

frequency ranges 1164-1215 MHz (E5a and E5b), 1215-1300 MHz (E6) and 1559-1592 MHz

(E2-L1-E1), whic h are part of the Radio Na vigation Satellite Service (RNSS) allo cation. An

o v erview is sho wn in �gure 1.6. The carrier frequencies, as w ell as the frequency bands that

are common to GPS and GLONASS are also highligh ted.

All the Galileo satellites will share the same nominal frequency , making use of Co de

Division Multiple Access compatible with the GPS approac h.

Six signals, including three data-less c hannels, so-called pilot tones (ranging co des not

mo dulated b y data), will b e accessible to all Galileo users on the E5a, E5b and L1 carrier
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frequencies for Op en Service (OS) and Safet y-of-life Service (SoL). Tw o signals on E6 with

encrypted ranging co des, including one data-less c hannel will b e accessible only to some

dedicated users that gain access through a giv en Commercial Service (CS) pro vider. Finally ,

t w o signals (one in E6 band and one in E2-L1-E1 band) with encrypted ranging co des and

data will b e accessible to authorized users of the Public Regulated Service (PRS).

Figure 1.6: Galileo frequency plan (as of 2003) together with GPS and GLONASS systems.

ARNS is the acron ym for Aeronautical Ratio Na vigation Service. This band is dedicated to

safet y-of-life services (i.e., civil a viation). RNSS is the acron ym for Radio Na vigation Satellite

Service.
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Chapter 2

Sea Surface Mo del

The purp ose of this Chapter is to in v estigate sea-surface c haracteristics to get a go o d un-

derstanding of the scattering pro cess. Indeed, the scattered �eld can b e determined from

ensem ble a v erages of sea-surface heigh ts. F ollo wing a Gaussian mo del, these ensem ble a v-

erages can b e analytically deriv ed and exclusiv ely related to the t w o �rst momen ts of the

distribution. These momen ts can b e computed from the sea-surface sp ectrum.

W e �rst presen t in section (2.1) an o v erview of the sea sp ectra, with sp ecial atten tion to

the sp ectrum dev elop ed b y [Elfouhaily et al. 1997 ]. A short discussion on the use of sp ectral

mo dels to infer the sea-surface slop e v ariance is prop osed. The sea-surface statistics are then

review ed in section (2.2) under the Gaussian assumption.

2.1 Sea-surface sp ectral mo del

This section addresses the status on sea-surface sp ectrum mo dels. An o v erview of the main

comp onen ts of suc h sp ectra is done, with a particular in terest on the [Elfouhaily et al. 1997 ]'s

sp ectrum. The sim ulation of sea surfaces is then easily done from the sp ectrum (section (2.1.3)).

A short discussion on the use of sp ectral represen tation of o cean to infer roughness (scatterom-

etry) is �nally prop osed (section (2.1.4)).

2.1.1 The in v olv ed geoph ysical parameters

There are three imp ortan t asp ects in w a v e generation:

� the wind sp e e d at ten meters o v er the surface U

10

in m/s,

� the dur ation of wind blo wing action,

� the fetch : the distance to nearest shore. This is a measure of the e�ectiv e area in whic h

wind is blo wing on the w ater. The fetch on a small lak e, for instance, is v ery limited.

The general features one exp ects to see in a w a v e sp ectral mo del are:

� A sp ectral p eak at radial frequency !

m

that dep ends on wind sp eed U

10

and fetch .

� A high frequency tail falling o� as !

� 5

.

A form ula summarizing recen t w ork and englobing these t w o p oin ts is (see [Ap el1995 ], page

199):

S ( ! ) =

� ( U

10

; x

f

) g

2

(2 � )

4

e

�

5

4

�

!

!

m

�

� 4

F ( ! ; U

10

)

!

5

; (2.1)

where g is the gra vitational acceleration constan t and x

f

the fetch . Its features are:
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1. W a v es ha ving frequencies b elo w !

m

are tra v eling faster than the wind and ha v e no net

forcing to gro w.

2. W a v es at higher frequencies are dominated b y breaking and cusp-lik e crests, whose

frequency sp ectra ma y b e sho wn to b eha v e as !

� 5

.

3. Wind sp eeds and limited fetch , accoun ted for in � ( U

10

; x

f

), mo dify the o v erall energy

lev el of S ( ! ) and hence of w a v e heigh t without a�ecting its shap e.

4. The function F ( ! ; U

10

) increases the p eak edness of the sp ectral maxim um and parametrizes

the w eak nonlinear w a v e/w a v e scattering in teractions that cause the sp ectrum to b e

more narro w and cohesiv e than it w ould b e the case of linear, indep enden t F ourier com-

p onen ts. The older [Pierson and Mosk o witz1964 ] sp ectral shap e do es not include these

features.

F or instance, in order to generate a ful ly develop e d se a |a saturated sp ectrum|a wind of 10

m/s needs to blo w with a duration of 18 hours o v er ab out 320 km of o cean. Under these

conditions, SWH is ab out 2 meters and w a v e p erio d will b e ab out 7.5 seconds.

Unlik e electromagnetic w a v es in air, o cean w a v es are disp ersiv e. The disp ersion relation

for surface w a v es is giv en b y:

! (

~

k ) = �

q

( g k + k

3

�

s

=� ) tanh k H ; (2.2)

where �

s

is the surface tension, � is the densit y , and H is the depth. A t long w a v elengths the

capillary terms (i.e., w a v es of the order of the cm) are negligible and the disp ersion relation

for de ep water b ecomes:

! (

~

k ) = �

p

g k tanh k H : (2.3)

It is often emphasized that the use of radar data in the deriv ation of sea mo dels should b e

a v oided. Indeed, the use of radar data implies the c hoice of an electromagnetic mo del, and

to date, no satisfactory mo del exists (see [Anderson1999 , Elfouhaily et al. 1997 ]). Moreo v er,

using a mo del w ould bias future mo del ev aluation using suc h sp ectra.

2.1.2 Elfouhaily et al. sp ectrum

Let us discuss the sp ectrum of [Elfouhaily et al. 1997 ], since it is the most p opular one in the

comm unit y . They emphasize that the mo dels a v ailable do not meet fundamen tal criteria: they

should prop erly accoun t for di�eren t fetch conditions, and agree with the in situ observ ations

of [Co x and Munk1954 ] (of wind-dep enden t mean square slop es), [J• ahne and Riemer1990 ]

and [Hara et al. 1994 ] (gra vit y-capillary w a v e curv ature lab oratory measuremen ts) in the high

w a v en um b er regime.

They further criticize that these mo dels su�er undesirable features suc h as discon tin u-

ities across w a v en um b er limits, non-ph ysical tuning parameters, and non-cen trosymmetric

directional spreading functions. They prop ose to remedy this situation with a new mo del: a

t w o-dimensional w a v en um b er sp ectrum v alid o v er all w a v e-n um b ers and analytically amenable

for use in electromagnetic mo dels. Radar data is excluded from the mo del dev elopmen t. The

sp ectrum is deriv ed for the case of wind-generated seas, with wind and w a v es aligned. The

authors b egin b y reviewing the sev eral a v ailable ful l wavenumb er mo dels:

1. The [Bjerk aas and Riedel1979 ] sp ectrum. This widely used sp ectrum is de�ned in four

separate w a v en um b er ranges, and the connection across ranges is pro vided through

arbitrary constan ts to matc h the curv es. This sp ectrum applies to fully dev elop ed sea
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conditions only . The �rst range, near the p eak for gra vit y (long) w a v es corresp onds

to the [Pierson and Mosk o witz1964 ] sp ectrum. Note that [F ung and Lee1982 ] use a

simpli�ed, t w o-regime, v ersion of this sp ectrum.

2. The [Donelan and Pierson1987 ] sp ectrum. This is a t w o-regime sp ectrum. In the lo w

w a v en um b er regime the long-w a v e sp ectrum resulting from the Join t North Sea W a v e

Pro ject (JONSW AP [Hasselmann1973 ]) is used. It is w ell-accepted that this sp ectrum

giv es a reasonable description of fetc h-limited wind w a v e dev elopmen t. Shorter w a v es

are theoretically deriv ed b y requiring an energetic balance b et w een wind input and

dissipation due to viscous damping and w a v e breaking.

3. The [Ap el1994 ] sp ectrum. He called his sp ectrum the \Donelan-Banner-J• ahne" sp ec-

trum. [Elfouhaily et al. 1997 ] follo w Ap el's ob jectiv e of building an analytically amenable

mo del to satisfy the primary need of electromagnetic mo dels: the auto correlation func-

tion or elev ation energy sp ectrum. [Elfouhaily et al. 1997 ] criticize that this mo del is not

consisten t with [Co x and Munk1954 ]'s observ ations of the mean square slop e statistics,

ho w ev er.

The [Elfouhaily et al. 1997 ] energy sp ectrum can b e summarized b y the expression:

	( k ; � ) =

1

2 �

k

� 1

[ S

l

( k ) + S

h

( k )][1 + �( k ) cos (2 � )] : (2.4)

The term [1 + �( k ) cos (2 � )] is the cen trosymmetric spreading function. The term k

� 1

[ S

l

( k ) +

S

h

( k )] is the omni-directional part of the sp ectrum, divided in to lo w and high frequencies. A

detailed expression of eac h term is presen ted in the pap er. The mo del con tains t w o parameters:

U

10

and k

m

(asso ciated to the phase v elo cit y c

m

), the w a v e n um b er of the dominan t w a v e

or the sp ectral p eak. These quan tities are related to the inverse wave age 
 through 
 =

U

10

=c

m

� U

10

p

k

m

=g . The friction v elo cit y u

�

, whic h is link ed to U

10

through a drag co e�cien t

[Duncan et al. 1974 ]), is also considered.

2.1.3 Sea surface generation

The generation of sea surfaces is done in the follo wing w a y . W e de�ne �

r

a matrix of random

phases uniformly distributed b et w een 0 and 2 � ; the sea heigh t at ~ r = ( x; y ) is then:

� ( ~ r ; t ) = F F T

� 1

[

q

	( k

x

; k

y

) e

i ( �

r

� ! t )

] : (2.5)

W e use here the men tioned uni�ed sp ectrum 	 from [Elfouhaily et al. 1997 ]. W e recall that

this sp ectrum is made without radar data and is deriv ed for the case of wind-generated seas,

with wind and w a v es aligned. The time dep endence implemen ts the w a v e propagation.

F or sp eci�c scenarios (namely airb orne and spaceb orne) the receiv er is mo ving ab o v e the

observ ation scene. Instead of mo ving the receiv er, a tric k consists in \mo ving" the o cean

b elo w it. F or this purp ose, w e add another phase term in the in tegral. This phase con tains

the receiv er sp eed v ector. F or a receiv er sp eed ~v

r

, the o cean heigh ts are no w de�ned as:

� ( ~ r + ~v

r

t; t ) =

Z

[

q

	( k

x

; k

y

) e

i ( �

r

+(

~

k � ~v

r

� ! ) t )

] e

i

~

k � ~ r

d

~

k : (2.6)
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2.1.4 Discussion on the use sp ectral mo dels for scatterometric purp oses

The sea-surface MSS is historically used to deriv e wind sp eed estimates. Ho w ev er, it consists

in the high-pass �ltered in tegration of the all sea elev ation sp ectrum, whic h is not solely

dep enden t on lo cal wind conditions.

In the op en o cean, the cuto� w a v en um b er for the equilibrium range at the lo w er frequency

part of the sp ectrum is v ery close to the sp ectral p eak k

m

, whic h is generally assumed wind-

dep enden t, through the relation:

k

m

=

g

U

2

10

: (2.7)

A t the high w a v en um b er end, it is con trolled b y capillarit y w a v es. It is assumed that the ma jor

con tribution to surface slop es comes from higher w a v en um b ers. Using a simpli�ed saturation

sp ectrum (1/ k

4

), w e can giv e a go o d sea-surface MSS estimation [Phillips1966 ]:

�

2

s

=

Z

k

k

2

	(

~

k ) d

~

k = B Log

k

c

k

m

= B Log

 

k

c

U

2

10

g

!

; (2.8)

where k

c

is the cuto� frequency and B a non-dimensional constan t (equal to 0.00405).

Therefore, this mo del states that sea-surface roughness is purely a function of wind sp eed.

Ho w ev er, this result is based on w a v e motion alone. If the w a v e motion encoun ters a curren t

for instance, the c haracteristics of the w a v es will b e di�eren t as a consequence of the kinematic

and dynamic in teraction. The impact of surface curren t on sea-surface roughness has b een

discussed b y [Huang et al. 1973 ] (see section (2.2.3)).

During the Mid-T erm review of the ESA Con tract No. 12934/98/NL/GD on the \Study

of the impact of sea-state on nadir lo oking and side lo oking micro w a v e bac kscatter", an

imp ortan t p oin t w as made. Co-lo cated T op ex/Buo y data sets (using 41 buo ys) sho w that

the correlation b et w een radar cross section �

o

|whic h is in v ersely prop ortional to sea-surface

MSS|and U

10

is higher for underdev elop ed seas, and also higher for shorter radar w a v elengths

(Ku-band). The sea-state w as de�ned a \fully dev elop ed sea" using the Pierson-Mosk o witz

condition, �

�

> 0 : 02352 � U

2

10

, with the buo y data.

Other in teresting conclusion w ere that algorithms using b oth �

o

and �

�

reduce signi�can tly the

error in wind sp eed retriev al (from 1.5 m/s do wn to 1.23 m/s) and that the dual-frequency al-

gorithms [Elfouhaily et al. 1999a ] do not seem to impro v e wind sp eed retriev als. The sea-state

impact on the scattering cross section has b een deeply in v estigated in [Gourrion et al. 2002a ].

As a conclusion of this short discussion, w e emphasize that the sea-surface slop e v ariance

is not a simple function of wind. Other parameters suc h as sea-state (SWH) and surface

curren ts ma y strongly impact the roughness as w ell. The roughness estimations undertak en

during exp erimen tal campaigns (see Chapter 7) illustrate this p oin t.

2.1.5 Summary

F or a go o d, up-to-date review of the state-of-the-art in sp ectrum mo deling, see [Anderson1999 ].

Here w e summarize the imp ortan t conclusions:

� There is no accepted description of the w a v e sp ectrum.

� A recen t attempt can b e found in [Elfouhaily et al. 1997 ], v alid from 6 mm to 600 m

w a v elengths. This sp ectrum dep ends on U

10

, 
, and friction v elo cit y u

�

. No attempt is

made to include sw ell. This is a problem common to other mo dels. No radar data ha v e

b een used in this mo del.
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� F or short w a v e (0.01 to 10 cm) sp ectra, where tension is imp ortan t, the mo del dev elop ed

b y [Elfouhaily et al. 1997 ] seems the b est a v ailable, although shortcomings are p oin ted

out. This is a strongly non-linear regime, and unexplored theoretical ground ab ounds.

� W a v e breaking is included on mo dels based on exp erimen tal data (optical data is used

in [Elfouhaily et al. 1997 ]). V ery p o orly understo o d.

� W a v e breaking, curren ts, slic ks and rain all a�ect the short w a v e sp ectrum, and exp eri-

men ts con tin ue to pro vide more unexplained phenomena.

2.2 Gaussian sea-surface statistics

2.2.1 Statistical c haracterization of random surfaces

W e giv e here an o v erview of the imp ortan t statistical parameters used to describ e the sea

surface under the Gaussian assumption. W e address the standard deviation of the surface

heigh t v ariation (or RMS heigh t) �

�

, the surfac e c orr elation length l , the mean square slop e

MSS= �

2

s

and the mean radius of curv ature r

c

. Ho w ev er, higher order statistical parameters,

suc h as the sk ewness, w ould also b e needed to prop erly depict sea-surface heigh t statistics.

Note that sp eci�cation of higher order statistics are necessary for non-Gaussian surfaces.

Signi�can t W a v e Heigh t

Let

�

� � h � ( ~� ) i b e the a v erage heigh t of a surface � = � ( ~� ), where ~� is the horizon tal displacemen t

v ector. Then, the RMS heigh t is de�ned b y:

�

�

�

q

h

�

� �

�

�

�

2

i : (2.9)

W e recall that from a sp ectral p oin t of view, it is giv en b y the in tegral of the sea-surface

sp ectrum. W e usually address the Signi�can t W a v e Heigh t (SWH) related to �

�

b y:

SWH = 4 �

�

: (2.10)

Correlation length

The surface correlation length l in some direction is giv en in terms of the auto correlation

function of the surface. This is a measure of the spatial scale asso ciated to the statistical

relationship b et w een p oin ts in the surface.

T o ha v e an idea of the b eha vior of the o cean mo del relativ e to wind sp eed, the auto corre-

lation function of sea heigh ts that de�nes the auto correlation length l is sho wn in �gure 2.1.

It app ears clearly that l increases with wind sp eed, in agreemen t with realit y: for high wind

sp eed the w a v es b ecome more dev elop ed and roughness increases also.

Surface slop e v ariance

One can sho w that if the heigh t distribution is Gaussian, then the distribution of slop es is also

Gaussian. Let A ( x ) b e the auto correlation function of the surface (let us restrict ourselv es

to the 1-D case for no w, the generalization is simple). One can sho w that the slop e v ariance

of the surface (\a v erage slop e"|a misnomer) is giv en b y ([Ulab y et al. 1986 ], App endix 12 F,

page 1012, and [F ung1994 ], App endix 2B, page 117):

�

2

s

= � �

2

�

A

00

(0) : (2.11)
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Figure 2.1: Correlation function for di�eren t wind sp eeds ( U

10

=1, 3, 5, ..., 17 m/s), with

Gaussian sp ectrum from [Elfouhaily et al. 1997 ].

F or the more sp eci�c case of a Gaussian auto correlation function with auto correlation length

l , A ( x ) = e

� x

2

=l

2

, this yields

�

s

=

p

2 �

�

=l : (2.12)

Sometimes the slop e tan �

0

is also used as a measure of the a v erage slop e v ariance of the

surface, where tan �

0

= 2 �

�

=l (see [Bec kmann and Spizzic hino1963], page 89 and App endix

D, page 193).

F rom a sp ectral p oin t of view, the sea-surface slop e v ariance is giv en b y the in tegral of the

sp ectrum m ultiplied b y the w a v e-v ector squared.

Radius of curv ature

Another quan tit y whic h will b e considered in scattering mo del requiremen ts|see section (3.2.1)

of Chapter 3|is the mean radius of curv ature, whic h will also ha v e a Gaussian distribution

if the heigh t distribution is Gaussian. One can sho w that if the auto correlation function is

Gaussian, the mean radius of curv ature writes (see [Ulab y et al. 1986 ] v olume I I, App endix

12F):

r

c

=

l

2

�

�

q

� = 24 =

l

�

s

q

� = 12 : (2.13)

In [Ap el1994 ], some t ypical v alues for the correlation length, a v erage radius of curv ature

and o cean w a v elength (this is in fact the w a v elength of o cean w a v es tra v elling at the wind

sp eed) are giv en as function of wind sp eed (these v alues b elong to the o cean mo del discussed

there). F or a wind sp eed of 6 m/s, they are resp ectiv ely l =2.4 m, r

c

=0.8 m, and D =23 m,

for instance.

2.2.2 Slop e distribution

W e here use an anisotropic Gaussian assumption to describ e the 2-D slop e probabilit y densit y

function:
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; (2.14)
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where s

x

= @ � =@ x and s

y

= @ � =@ y stand for the directional slop es in some frame xy and M is

the matrix of slop e second order momen ts: the directional mean-square slop es (DMSS). The

xy frame mapp ed on sea-surface is de�ned as follo ws: it is cen tred on the sp ecular p oin t and

has its x axis aligned with the T ransmitter-Receiv er line. Mean-square slop es along ma jor

and minor principal axes are often referred to as (resp ectiv ely) MSS up-wind ( �

2

u

) and MSS

cross-wind ( �

2

c

). The M matrix is then obtained via a simple rotation:

M =

"

cos  � sin  

sin  cos  

#

:

"

�

2

u

0

0 �

2

c

#

:

"

cos  sin  

� sin  cos  

#

; (2.15)

where  is the angle b et w een x axis and the slop e principal axis.

The three geoph ysical parameters of in terest are �

2

u

, �

2

c

and  . They can b e understo o d

as the three parameters of an ellipse (see �gure 2.2) represen ting the slop e PDF mapp ed on

sea-surface. In this dissertation, w e will actually consider the equiv alen t set of parameters:

� T otal MSS, de�ned as: MSS = �

2

s

= 2

p

�

2

u

:�

2

c

. This magnitude is actually prop ortional

to ellipse area and can b e in terpreted in terms of wind sp eed, considering a particular

wind-driv en sea-surface sp ectrum, lik e the Elfouhaily's sp ectrum [Elfouhaily et al. 1997 ].

� Slop e PDF isotrop y (SPI), de�ned as SPI = �

2

c

=�

2

u

. When SPI=1, the slop e PDF is fully

isotropic and the glistening zone is circular. Lo w v alues of SPI indicate a highly directiv e

PDF. T ypically , SPI is exp ected to b e around 0.65 for w ell dev elop ed sea-surface.

� Slop e PDF azim uth (SP A), de�ned as the direction of semi-ma jor axis with resp ect to

North. As sho wn b y �gure 2.2, this angle (mo dulo 2 � ) is SP A = � + � �  , if � is the

satellite azim uth w.r.t. North.

NORTH

EAST
RX

TX

SPA

f

y

Figure 2.2: Sk etc h of sea-surface slop e PDF and related frames.

2.2.3 Impact of curren t on sea-surface slop e v ariance

This section aims at in tro ducing the dep endence of MSS with curren t conditions. By taking

in to accoun t the surface curren t v elo cit y U

c

and considering equation 2.8, the MSS writes
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[Huang et al. 1973 ]:
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In tro ducing the phase v elo cities c

m

and c

c

corresp onding resp ectiv ely to the sp ectral p eak

and cuto� w a v en um b ers, w e get (up to the second order):
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(2.17)

Note that when U

c

=0, equation 2.17 reduces to equation 2.8.
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Figure 2.3: V ariation of sea-surface slop e v ariance at L-band with curren t sp eed, with wind

sp eed as a parameter (see equation 2.17).

Due to the presence of curren t v elo cit y in the ab o v e equation, the dep endence of �

2

s

on

wind sp eed b ecomes less ob vious. Figure 2.3 sho ws the v ariations of sea-surface slop e v ariance

at L-band with curren t sp eed, with wind sp eed as a parameter. The sharp slop e of the curv es

immediately rev eals the sensitiv e dep endence b et w een �

2

s

and curren t sp eed esp ecially for

mo derate curren ts, probably the prev ailing state o v er most of the o cean.



Chapter 3

Scattering Mo del

The purp ose of this Chapter is to pro vide the basics of the common electromagnetic mo dels

in v olv ed in scattering o v er sea surfaces. Starting from the Kirc hho� mo del and its conditions,

w e fo cus then on the Geometric Optics theory , whic h is v alidated at L-band through Mon te-

Carlo sim ulations in section (3.2). F urthermore, a w a v eform mo del for GNSS-R is prop osed

in section (3.3), follo wing [Za v orotn y and V orono vic h2000 ]'s w ork.

The signatures of o ceanic features whic h can b e detected b y activ e or passiv e micro w a v e

sensors lik e scatterometers, imaging radars and GNSS-R are asso ciated with surface e�ects:

they result from an in teraction b et w een the electromagnetic w a v es and w ater w a v es. The

abilit y of the o cean surface to scatter electromagnetic p o w er bac k to w ards the receiv er is

c haracterized b y its normalized radar bac kscattering cross section (NR CS), whic h dep ends on

the frequency used, p olarization and incidence and scattering angles.

It is necessary to ha v e a clear picture of the ph ysical pro cess in v olv ed in the ele ctr omagnetic

o c e an-surfac e inter action in order to extract the o cean v ariables suc h as near-surface wind

sp eed, w a v e heigh t, w a v e slop e, o cean w a v e sp ectrum, etc. When calculating the cross section,

t w o sets of appro ximations are curren tly used. The �rst set of appro ximations concerns the

scattering theory , presen ted hereafter, and the second set en ters in the statistical description

used to ensem ble a v erage the resulting cross section|presen ted ab o v e in Chapter 2.

Note that to predict electromagnetic scatter one should also consider the h ydro-dynamics

of o cean w a v es. The statistical distribution of sea-surface displacemen t is Gaussian in the

linear appro ximation of a sup erp osition of non-in teractiv e sin usoidal w ater w a v es. But the

non-linear coupling of the o cean w a v es pro duces a con tin uous redistribution of energy and

momen tum of the w a v es causing the statistics to b e non-Gaussian. Besides the energy balance

of the o cean w a v es is con trolled b y sev eral comp eting pro cesses: the input from the wind, the

energy transfer b y non-linear w a v e-w a v e in teractions and the energy lost b y viscosit y and w a v e

breaking. It is w ell kno wn that w a v es riding on an non-homogeneous spatially v arying �eld will

ha v e their gro wth, dissipation, sp eed, w a v elength and heigh t mo di�ed. These mo di�cations

will th us directly en ter in the amplitude strength and Doppler signature of the radar cross

section. This is not ho w ev er the purp ose of the presen t study .

3.1 Bistatic electromagnetic mo dels

All a v ailable closed-form mo dels for electromagnetic re
ected �eld from random surfaces are

asymptotic solutions of the Maxw ell equations. Tw o limits are generally considered: 1) the

Kirc hho� appro ximation ([Bec kmann and Spizzic hino1963]) and 2) the small p erturbation

metho d (SPM) ([Rice1951 ]). The former is obtained under the condition of small slop es and
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long w a v es while the latter is deriv ed for small slop es and short w a v es. The Kirc hho� appro x-

imation describ ed b elo w in section (3.1.1)|together with its high frequency limit appro x-

imation (Geometric Optics)|accurately mo dels the quasi-sp ecular scattering but do es not

consider the sensitivit y to p olarization. On the con trary , SPM, presen ted in section (3.1.3),

carries the p olarization factors but fails to repro duce the near-sp ecular regime, since it do es

not prop erly accoun t for the longer scale features.

A "t w o-scale" or comp osite-surface mo del has b een tested. This approac h, presen ted in

section (3.1.4), com bines t w o "classical" metho ds of w a v e-propagation theory: the metho d

of small p erturbations or tangen t plane and the semi-classical appro ximation. Ho w ev er, in

addition to lac king the necessary accuracy for quan titativ e predictions, this metho d uses

a somewhat arbitrary scale-dividing parameter that mak es the solution am biguous. Man y

imp ortan t c haracteristics of scattering, suc h as p olarization, angle, and dep endence of cross

sections on wind sp eed, cannot b e accoun ted for o v er realistic ranges of parameter v alues. A

more accurate theory is required that is free of �tting parameters.

F or a long time, no solutions to this problem w ere kno wn. [Hollida y1987 ] prop osed an

approac h that includes the p olarization under b oth situations: sp ecular and mo derate-inciden t

scattering. He sho w ed in the com bination of the t w o limits that for the case of bac kscatter in

the SPM limit, the de�ciency in the Kirc hho� �eld can b e corrected through the inclusion of

the next iterativ e correction to the surface curren t.

Other authors ha v e also in v estigated this issue, suc h as [Ro driguez and Kim1992], [T atarskii1993 ],

[V orono vic h1994 ] and [F ung1994 ]. More recen tly , [Elfouhaily et al. 1999b ] generalized Holli-

da y's results to dev elop a bistatic Kirc hho� mo del that is p olarization sensitiv e.

The main assumption for these mo dels is to consider the surface as a p erfect conductor.

Starting from the Stratton-Ch u equations and assuming that the incoming inciden t �eld is a

plane w a v e

~

B

i

=

~

B

0

exp ( � ik

i

� r ), the total magnetic �eld is:

~

B ( r

0
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; (3.1)

where S is the surface describ ed b y z = � ( x ) and x is the horizon tal comp onen t of the three-

dimensional v ector r . The in tegrand in equation (3.1) is the cross pro duct b et w een the total

surface curren t

~

J ( r ) = ^n ( r ) �

~

B ( r ) and the gradien t of the Green's function:
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where k is the electromagnetic w a v e n um b er. The complexit y of the ab o v e equation is that

the total surface curren t is a function of the total magnetic �eld

~

B ( r ). A t the scattering

surface it follo ws the in tegral equation:
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; (3.3)

where ^n is the unit v ector normal to the scattering surface. It is directly determined according

to the lo cal slop es of the sea surface:

^n =

^e

z

� r �

p

1 + ( r � )

2

= n

z

( ^ e

z

� r � ) : (3.4)
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3.1.1 Kirc hho� appro ximation or Ph ysical Optics

An in tegral equation suc h as equation (3.3) is de�ned b y a k ernel K, and sym b olically , it ma y

b e describ ed in generalit y b y:

f = f

0

+ � K f ; (3.5)

where f

0

is the inhomogeneous (giv en) term, K f stands for the con v olution of the k ernel with

the unkno wn function f , and � is a constan t. An iterativ e solution to this problem is giv en

b y a Newmann series (see [Couran t and Hilb ert1989]):

f = f

0

+ � K f = f

0

+ � K ( f

0

+ � K f ) = ::::; (3.6)

and so on. F or instance, to �rst order in �, the solution is f

1

= f

0

+ � K f

0

.

W e consider in the Kirc hho� appro ximation the �rst term in the iterativ e series solution

of the surface-curren t in tegral equation. In this �rst iteration, the total curren t

~

J

1

is forced

to matc h the input curren t
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The needed assumption for this appro ximation is that the inciden t and scattered �elds at the

surface b e related (linearly) through the F resnel re
ection co e�cien t R , whic h is a function

of the lo cal incidence angle and p olarization. In this w a y , the in tegral equations are reduced

to in tegration of the inciden t �eld o v er the surface.

The �nal form of the Kirc hho� �eld is giv en b y [Elfouhaily et al. 1999b ] as follo ws:
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; (3.8)

where

~

P

s

(1)

is an outgoing v ector that dep ends on the inciden t p olarization, the inciden t and

scattering directions, the normal to the surface and the F resnel co e�cien t. The subscript (1) is

referred to the �rst iteration of the surface-curren t in tegral equations. The v ector ~q = ( ~q

?

; q

z

)

is the scattering v ector, de�ned as the di�erence b et w een the scattered w a v e n um b er

~

k

s

and

the inciden t w a v e n um b er

~

k

i

|as sho wn in �gure 3.1. It is the v ector normal to the plane that

w ould sp ecularly re
ect the ra ys in the direction of observ ation. This v ector coincides with

the normal ^n for a sp ecular facet de�ned in the Geometric Optics theory in section (3.1.2).

This form ulation is compact and sho ws clearly that the re
ected �eld dep ends on the

scattering v ector, the p olarization v ector and the surface shap e, of course.

Limitation of the Kirc hho� appro ximation

Ph ysically , in this appro ximation w e assume that the surface is smo oth enough to b e lo cally

represen ted b y planes. The v alidit y of Kirc hho� theory relies on a main asp ect: the radius of

curv ature r

c

. Generally the requiremen t is:

2 k r

c

cos � >> 1 ; (3.9)

where � is the inciden t angle.

It follo ws, from this requiremen t, that at su�cien tly large distances from the p oin t of

tangency|compared to the inciden t w a v elength � |the tangen t plane shall not b e appre-

ciably distan t from the surface. The radius of curv ature should b e greater than the inciden t
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Figure 3.1: De�nition of the scattering v ector ~q = k ( ~ s �

~

i ).

w a v elength. F or the particular sea-surface case, this radius of curv ature is dominated b y small

scales, i.e., the capilarit y-gra vit y w a v es.

T o w ard grazing incidence more complex mec hanisms that cannot b e accoun ted for b y the

Kirc hho� appro ximation b egin to pla y a role: shado wing, di�raction, m ultiple scattering, and

trapping b y atmospheric ducts and w a v es. In fact, all of the mo dels fail in this regime to some

degree.

Since a large r

c

(compared to e�ectiv e w a v elength) can b e an op erating constrain t in the

Kirc hho� appro ximation, it is useful to rewrite in the case of Gaussian statistics of the sea

surface. As seen in equation 2.13 (section (2.2) of Chapter 2):

r

c

� l =�

s

; (3.10)

with l the surface correlation length and �

s

the sea-surface slop e RMS. W e can also write:

r

c

� l

2

=�

�

; (3.11)

with �

�

the sea heigh t RMS.

This means that the large r

c

condition can b e met if:

i) l is large compared to e�ectiv e w a v elength ( �= cos � ), or if

ii) �

s

is small. This condition can b e met again if l is large (bac k to i) or if �

�

is small

compared to e�ectiv e w a v elength.

3.1.2 The Geometric Optics or Stationary Phase Appro ximation

The goal of the presen t section is to review the mec hanisms in v olv ed in the Geometric Optics

(GO) theory , with an emphasis on the Stationary Phase Appr oximation (SP A).

The Geometric Optics appro ximation to the Kirc hho� theory for electromagnetic scatter-

ing represen ts a high frequency limit. The ph ysical picture can b e understo o d in terms of a

sp ecular p oin t (SP) mo del. The �eld at the receiv er is the sup erp osition of the �elds gener-

ated b y a n um b er of "mirrors" (not 
at mirrors, though) on the scattering surface whic h are

orien ted in the correct manner. The radiation from eac h sp ecular p oin t is as coheren t as the

incoming radiation, but there is no coherence in the phase relationship b et w een the radiation

out-coming from the di�eren t mirrors. The result is that there is p o w er at the receiv er, but

that the phase of the receiv ed signal is randomly distributed. The b eha vior of the resulting
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phase will dep end on the geometry , on the n um b er and distribution of mirrors, and also on

the temp oral v ariation of these quan tities.

Generally , the re
ected �eld is determined b y a rapidly oscillating in tegral o v er the rough

surface (see equation (3.8)). W e will see that sp ecular p oin ts are iden ti�ed with the critical

p oin ts of the in tegrand's phase. W e will treat here the radiation coming from eac h mirror

separately , as w as men tioned ab o v e. W e will use the F raunhofer appro ximation (plane w a v es

all the w a y through) to estimate the out-coming �eld. T o ful�ll the F raunhofer requiremen ts,

the size of eac h mirror m ust b e of the order of the �rst F resnel zone, de�ned as the set of

p oin ts near the sp ecular with ranges to the receiv er equal or less than the sp ecular range plus

a w a v elength. In other w a y , the radius of this zone is

p

2 �H , where H is the heigh t of the

receiv er and � the inciden t w a v elength.

Let the incoming �eld b e describ ed b y

1

:

U

o

( p ) =

e

ik r

r

: (3.12)

The quasi-sp ecular scattered �eld under Kirc hho� appro ximation, the F resnel in tegral, writes

(see [Born and W olf1993 ]):
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R �
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r s

( ~q � ^n ) dS; (3.13)

where r is the range b et w een receiv er and the surface and s the range b et w een emitter and

the surface. The scattering geometry from �gure 3.2 leads to:
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The sign b efore the scalar pro duct c hanges as w e consider the out-coming v ector

~

k

s

. W e can

consequen tly rewrite the phase of the in tegrand:

k ( r + s ) � k ( r

0

+ s

0

) � ~q � ~ r : (3.15)

In the far �eld b oth emitter and receiv er are v ery far compared to the size of the scatterer

and since our in tegral is near a sp ecular p oin t with ^n � ^q , w e �nd:
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No w, let us fo cus on a single sp ecular p oin t: imagine that there is only one sp ecular p oin t

on the surface. This means ~q � ^n = q . T o p erform the in tegral let us use a co ordinate system in

whic h the z axis is parallel to ~q . In this co ordinate system the tangen t plane at the sp ecular

plane is therefore parallel to the x - y plane. Hence, dS =

d

2

~�

^n � ^e

z

= d

2

~� . W e need to compute:

I = q

Z

R � e

� iq � ( x;y )

d

2

~ x: (3.17)

No w w e use the Stationary Phase Appr oximation that states that the main con tribution comes

from the sp ecular p oin t. The basic idea of this appro ximation is to expand the argumen t of

the exp onen tial in to a series ab out the sp ecular p oin t ~�

spec

( x; y ):

� ( ~�

spec

+ ~ � ) = � ( ~�

spec

) + r � j

spec

~ � +

1

2!

r

2

ij

�

�

�

�

spec

�

i

�

j

+ ::: (3.18)

1

Here w e do a scalar treatmen t, think of U as a comp onen t of the �eld.
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Figure 3.2: V ector geometry for scattering.

A t this p oin t the linear terms of the series v anish, since sp ecular facets are c haracterized b y a

zero-slop e. In other w ords, as q gets larger the in tegral gets con tributions only v ery near the

sp ecular p oin t|the con tributions farther out cancel out. Indeed in the one dimension case,

the in tegral can b e expressed as follo ws:

I = q

Z

�

� �

R � e

� iq � ( x )

d

2

~ x + q

Z

x6 =[ � �;� ]

R � e

� iq � ( x )

d

2

~ x: (3.19)

The phase of the second in tegral oscillates rapidly for large q so that the in tegral tends to

cancel. On the con trary , the phase around the sp ecular p oin t do esn't v ary so fast.

Bac k to the t w o-dimensional case, w e obtain with a dev elopmen t at the order t w o:

I � q R

spec

e

� iq �

spec

Z

e

� i

q

2

r

2

ij

�

j

spec

x

i

x

j

d

2

~ x (3.20)

= q R

spec

e

� i~ q � ~ r

spec

2 �

( � i ) q det

1 = 2

�

r

2

ij

�

�

�

�

spec

�

(3.21)

= i R

spec

e

� i~ q � ~ r

spec

2 �

det

1 = 2

�

r

2

ij

�

�

�

�

spec

�

: (3.22)

No w, it is not hard to sho w that det

1 = 2

�

r

2

ij

�

�

�

�

spec

�

= 1 =

p

r

x

r

y

|the determinan t just yields

the pro ducts of the radii of curv ature at the sp ecular p oin t ( r

x

and r

y

are the radii of curv ature

in x and y resp ectiv ely , here at the sp ecular p oin t).

W e obtain:

I = i R

spec

e

� i~ q � ~ r

spec

2 �

p

r

x

r

y

: (3.23)

Finally , w e get the Sp e cular �eld , de�ned as the re
ected electromagnetic �eld under GO

assumption (here for one sp ecular p oin t):

U ( p ) =

� i

4 �

e

ik ( r

0

+ s

0

)

r

0

s

0

� i R

spec

e

i~ q � ~ r

2 �

p

r

x

r

y

(3.24)

=

R

spec

2

e

ik ( r

spec

+ s

spec

)

r

spec

s

spec

p

r

x

r

y

:
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The co e�cien t R

spec

dep ends on the F resnel co e�cien ts and on the lo cal geometry . The

scattering cross section is de�ned as the ratio of the scattered p o w er p er unit area and the

inciden t p o w er densit y . A t the sp ecular p oin t it b ecomes:

�

o

spec

=

j U j

2

= A

o

j U

o

j

2

= 4 � r

2

o

(3.25)

=

j U j

2

4 � r

spec

s

spec

j U

o

j

2

l

x

l

y

= jR

spec

j

2

�

r

x

r

y

l

x

l

y

�

jR

spec

j

2

�

2

s

:

The scattering cross section of the surface is the sum of eac h sp ecular p oin t con tribution. The

reader m ust k eep in mind that w e k eep in the dev elopmen t of the in tegrand's phase the terms

to the second order only . As w e will see later through sim ulations in section (3.2.2), the GO

metho d can b e p erfectly applied for surfaces that ha v e for highest orders the quadratic terms

(parab olic case).

In the general case of a Gaussian sea surface, the scattering cross section writes:

�

o

= � jRj

2

q

4

q

4

z

P

s

�

� q

x

q

z

;

� q

y

q

z

�

; (3.26)

where P

s

is the Gaussian sea-surface slop e PDF, presen ted in section (2.2.2) of Chapter 2.

3.1.3 Small P erturbation Metho d

The Small P erturbation Metho d (SPM) b elongs to a large family of p erturbation expansion

solutions to the w a v e equation. It is a partial di�eren tial equation b oundary v alue problem

approac h. The basic idea is to �nd a solution in terms of plane w a v es that matc h the sur-

face b oundary conditions, whic h state that the tangen tial comp onen t of the �eld m ust b e

con tin uous across the b oundary . The surface �elds are expanded in a p erturbation series,

~

E =

~

E

(0)

+

~

E

(1)

+

~

E

(2)

+ � � � (3.27)

where

~

E

( n )

dep ends on the n-th p o w er of the surface elev ation � and its gradien t, whic h is

related to the mean squared slop e �

2

s

. In the expansion, for instance,

~

E

(0)

w ould b e the surface

�eld if the surface w as 
at. The philosoph y b ehind this approac h is that small e�ectiv e surface

curren ts on a mean surface replace the role of the small-scale roughness. So this metho d applies

to surfaces with small surface heigh t v ariation and small surface slop es , i.e., when b oth �

�

and �

s

are small, indep enden tly of the radius of curv ature. Therefore, the surface no longer

needs to b e appro ximated b y planes, as the Kirc hho� appro ximation.

The small scale roughness is expanded in a F ourier series and the con tributions to the

�eld are therefore analyzed in terms of the di�eren t w a v elength comp onen ts. A consequence

of this analysis is that frequencies in the surface sp ectrum that matc h the Bragg condition,

th us con tributing coheren tly to the �eld, pla y a predominan t role. Since Bragg scattering is

fundamen tal to the op eration of mo dern scatterometers, let us brie
y detour to discuss this

asp ect in more detail.

Micro w a v e frequencies used in mo dern scatterometers are resonan t to comp onen ts of the

o cean surface sp ectrum that are either v ery short gra vit y w a v es or surface tension w a v es whic h
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ride on top of larger o cean w a v es. The resonance e�ect is so strong for inciden t radiation from

ab out 20

o

to 65

o

that capillary w a v es of the order of one millimeter of heigh t pla y a dominan t

role in the return signal, ev en if the underlying w a v es are sev eral meters high. Ev en in this

case, ho w ev er, non-Bragg scattering from longer o cean w a v es cannot b e neglected.

In order to assess the impact of the Bragg scattering comp onen t, the sp ectrum of the

scattering surface m ust b e considered. Resonance o ccurs with the comp onen ts of this sp ectrum

that are m ultiples of �= 2 sin � . In the case of standard scatterometers, the w a v elengths in v olv ed

are resonan t with capillary w a v es, whic h are the �rst link in the wind-sea coupling c hain of

ev en ts. Bragg scattering at GNSS frequencies comp etes with the dominan t di�use scattering

at lo w elev ation incidence angles [Za v orotn y et al., 1998b]. In [Zu�ada el al., 1998], moreo v er,

it is noted that Bragg scattering at GNSS frequencies do es not originate from capillary w a v es

(whic h are sub-cen timetric).

When Bragg scattering is the dominan t mec hanism, it pro vides a ric h to ol to study the

surface. Indeed, �xing a Bragg frequency �xes a surface sp ectral frequency and this can b e

related|through the disp ersion relation for o cean w a v es|to Doppler e�ects in the scattered

signal.

T o summarize, SPM is a go o d mo del for small slop e statistics, with b oth standard deviation

of the sea-surface heigh t and correlation length b elo w the electromagnetic w a v elength. It is

the most appropriate for Bragg scattering issues and p olarimetric p erformances.

3.1.4 The Tw o-Scale (Comp osite or Hybrid) Mo del

When there are t w o relev an t scales in the surface roughness (one large and one small), the

results from the rough scale mo del can b e used b y incoheren tly a v eraging the e�ectiv e incidence

and scattering angles with the large scale slop es. This is done in four steps:

1. The surface heigh t 
uctuation � is divided in to a large scale and a small scale 
uctuation,

� = �

l

+ �

s

, eac h with its o wn sp ectrum, W

l

and W

s

, and it is assumed that the total

sp ectrum (whic h is the sum of the t w o sp ectra) is e�ectiv ely one or the other dep ending

on whether the o cean w a v elength is larger or smaller than a giv en w a v elength.

2. The small scale sp ectrum is used to compute the SPM scattering co e�cien t �

o

r t

( � ; �

s

; �

s

),

the subscript s standing for the scattered angles.

3. Using the large scale statistics tilting angle (
) statistics, through the probabilit y dis-

tribution function P (
), the SPM scattering co e�cien t is a v eraged,

�

0

0

r t

( � ; �

s

; �

s

) �

Z

d 
 P (
) �

o

r t

( R




[ � ; �

s

] ; �

s

) : (3.28)

In this expression, R




[ � ; �

s

] stands for the lo cal inciden t and scattering angles after

rotation to the lo cally tilted reference frame. The original expressions for the tilting

angles giv en in [V alenzuela1978 ] are corrected in recen t w ork b y [Elfouhaily et al. 1999b ].

4. Finally , using the large scale p ortion of the sp ectrum the Kirc hho� appro ximation cross

section is added to �

0

0

r t

, �

o

T

= �

0

0

r t

+ �

o

K

to accoun t for the sp ecular part missing in the

SPM. Adding this last step (not crucial for bac kscattering but imp ortan t for forw ard

scattering) mak es the mo del a c omp osite mo del . See [Marc hand and Bro wn1998 ] for a

sligh t mo di�cation of this recip e|it is argued that the Kirc hho� p ortion needs to b e

do wn-w eigh ted due to the loss of scattering area caused b y the small-scale structure.
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One of the problems with this approac h is that the real surface is not correctly describ ed b y

t w o scales, and some recip e m ust b e used to divide the sp ectrum. In [Durden and V esec ky1990 ],

an ensem ble of 1-D small Gaussian surfaces (24 � ) is generated, and the cross section is calcu-

lated using the Momen t Metho d|a computationally in tensiv e metho d impractical for large

2-D surfaces lik e the o cean. The optimal w a v elength for the sp ectrum split is found to b e

roughly at k = 2, but is found to dep end on incidence angle. The authors state that the result

is in rough agreemen t with theoretical results found b y [Chen and F ung1988 ].

In section (3.1), w e ha v e review ed di�eren t electromagnetic mo dels. The Kirc hho� ap-

pro ximation requires a large mean radius of curv ature compared to the inciden t w a v elength.

The Geometric Optics mo del is a high frequency limit appro ximation of the Kirc hho� �eld.

The Small P erturbation approac h requires small mean slop es and heigh ts compared to w a v e-

length, with no restrictions on the radius of curv ature. The Tw o-Scale mo del uses these t w o

approac hes to tak e in to accoun t basically the small scales and the big scales of the o cean

sp ectrum. It seems to b e the most successful in terms of exp erimen tal data.

Ho w ev er w e k eep the GO metho d during the presen t study since it is parameter-free. The

w ork done in the follo wing section sho ws that its v alidation holds at GNSS frequencies.

3.2 GO v alidation at L-band

W e �rst de�ne in section (3.2.1) the requiremen ts needed to apply the GO metho d, based on

the radius of curv ature and size of the scatterer. W e presen t then sim ulations carried out in

order to understand the v alidation of GO scattering o v er a parab olic surface in section (3.2.2)

and o v er a Gaussian surface in section (3.2.3). This w ork refers to [Ru�ni and Soulat2000b ]

and [Ru�ni and Soulat2000a ].

3.2.1 Radius of curv ature and scatterer size

F or the use of the GO metho d at L-band w e ha v e to consider in addition of the join t prob-

abilit y of slop es and heigh ts the probabilit y of radii of curv ature. A t the sp ecular p oin t the

radius of curv ature m ust b e large enough and the heigh t di�erence b et w een the asso ciated

parab ola|i.e., parab ola with same radius of curv ature|and the surface m ust b e less than one

w a v elength. This de�nes a tolerance related to the radius of curv ature in order to apply the

GO metho d as sho wn in �gure 3.3. W e can compare this approac h to the 
atness tolerance

de�ned b y Sc ho oley for the optical case, see [Sc ho oley1962 ].

If w e assume that the z -axis is normal to the sp ecular tangen t plane, so that the slop e is

zero at the sp ecular p oin t, the condition in the one dimensional case is:

�

�

�

�

� ( x ) �

�

� ( x

spec

) +

1

2!

r

2

� ( x

spec

)( x � x

spec

)

2

�

�

�

�

�

< �; (3.29)

where x < 10 �

p

( �r

x

) = (4 � ) and � is the inciden t w a v elength.

In the 1-D case, if w e consider one of the radii of curv ature, r

x

or r

y

, the in tegral to b e

computed from equation (3.20) is essen tially of the form:

I =

Z

l

x

� l

x

dx e

iq x

2

=r

x

: (3.30)



46 CHAPTER 3. SCA TTERING MODEL

l

Surface

Associated parabola
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l

Figure 3.3: Asso ciated parab ola for sp ecular p oin t determination.

With the simple c hange of v ariable u = x

p

q =r

x

, w e obtain:

I =

q

r

x

=q

Z

l

x

p

q =r

x

� l

x

p

q =r

x

e

iu

2

du: (3.31)

In this high frequency appro ximation the scattering v ector ~q has to b e large. The imp ortan t

question is ho w large q has to b e compared to the surface c haracteristics (scatterer size, radius

of curv ature). F or the in tegral to b e reasonably close to

p

� , w e need l

x

p

q =r

x

to b e greater

than 10, sa y . The inferior limit for l

x

is th us 10

p

�r

x

= 4 � .

Finally , in the bidimensional case, the requiremen ts b ecome for the c haracteristic radius

L of the scatterer:

10 �

s

�

p

r

x

r

y

4 �

< L: (3.32)

3.2.2 P arab olic surface

First w e consider a parab olic surface in order to understand ho w its resolution and curv ature

w ere in v olv ed in the computations of the re
ected �eld. The surface is b ell shap ed and the

radii of curv ature in x and y are equal ( r

x

= r

y

). The receiv er is at nadir incidence|one

sp ecular p oin t is th us considered|with a heigh t de�ned b y:

H = H

o

+ � ( x; y ) ; (3.33)

where � ( x; y ) = � ( x

2

+ y

2

) = (2

p

r

x

r

y

), and H

o

is a constan t altitude. W e compute the scat-

tered F r esnel and Sp e cular �elds neglecting the phase and under the far-emitter appro ximation:

U

F r esnel

( p ) =

� i

4 �

Z

e

i 2 k H

0

r

0

exp

"

i 2 k

( x

2

+ y

2

)

2

p

r

x

r

y

#

2 k dS ; (3.34)

U

S pecul ar

( p ) =

e

i 2 k H

0

p

r

x

r

y

2 H

0

: (3.35)

The F r esnel �eld should not dep end on the w a v elength and the resolution. Nev ertheless,

the oscillations of the exp onen tial in the in tegrand of equation (3.34) increase with frequency .

W e need consequen tly a small resolution in the n umerical sim ulation as de�ned b y follo wing

equalit y:

d�

dx

� r esol ution << �: (3.36)

The impact of sim ulation resolution in the F r esnel �eld computation is sho wn in �gure 3.4 for

the bi-dimensional case. The straigh t line stands for the Sp e cular �eld magnitude:

p

r

x

r

y

= (2 H

0

),
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the exact solution in this case. W e to ok a 10 � 10 m

2

parab olic surface with a radius of cur-

v ature at the nadir p oin t (in x and y) of (a) 5 meters and (b) 10 meters; the receiv er is at

H =500 meters o v er the surface and the transmission is in L-band ( � =19 cm). A resolution of

10 cm seems to b e the limit for a tabulation size of 10 meters. This limit decreases for smaller

w a v elengths and increases for greater v alues of radius of curv ature as sho wn in �gure 3.4(b).

Indeed the ab o v e inequalit y is m uc h resp ected b ecause the deriv ativ e of � reac hes smaller

v alues.

Figure 3.4: F resnel �eld magnitude relativ e to surface resolution for t w o di�eren t radii of

curv ature: (a) r

x

= r

y

=5 m, (b) r

x

= r

y

=10 m. The receiv er is at 500 meters o v er a 10 � 10 m

2

parab olic surface.

Figure 3.5: F resnel �eld magnitude relativ e to the tabulation size of the surface for t w o

di�eren t radii of curv ature: (a) r

x

= r

y

=5 m and (b) r

x

= r

y

=10 m. The resolution is 3 cm and

the receiv er is at 500 meters transmitting in L-band.

The size of the surface (the size of the scatterer) is also a v ery imp ortan t ph ysical param-

eter, as w e discussed. Figure 3.5 sho ws the F r esnel �eld magnitude relativ e to the size of the

scattering surface for t w o di�eren t radii of curv ature: (a) r

x

= r

y

=5 m and (b) r

x

= r

y

=10 m.
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Similarly , the straigh t line stands for the Sp e cular �eld magnitude:

p

r

x

r

y

= (2 H

0

). F rom �g-

ure 3.5(a), w e can c hec k the requiremen t of (3.32) for the size of the scatterer. The \sp ecular"

scatterer needs to b e big enough. F or the same parab olic surface and if the inequalit y (3.32)

is v eri�ed, the receiv er \sees" one sp ecular p oin t only and the Sp e cular �eld magnitude should

also b e

p

r

x

r

y

= (2 H

0

) as exp ected in equation (3.24). Geometric Optics is therefore exp ected

to b e a go o d appro ximation for high enough frequencies.

In addition, a simple sim ulation has b een carried out to c hec k if the Geometric Optics is

still a v ailable if w e add v ery small ripples on the parab olic surface. The ripples are generated

b y a sin usoidal signal c haracterized b y its amplitude and w a v elength. The e�ect of ripples

on the re
ected �eld is sho wn in �gure 3.6 for a 10 � 10 m

2

parab olic surface ( r

x

= r

y

=5 m).

Under the curv e, there is a di�erence of � 10% b et w een F resnel magnitude and the magnitude

computed on a p erfect parab olic surface in L-band.

Figure 3.6: E�ect of small ripples added on a v ery smo oth parab olic w a v e. Under the curv e,

there is a di�erence of � 10% b et w een F resnel magnitude and the magnitude computed on a

p erfect parab olic surface in L-band.

Ph ysically w e assume in the Kirc hho� theory that the surface is 
at enough to b e lo cally

represen ted b y planes. The case of t w o scale mo del is in teresting b ecause the GO appro xi-

mation is not v alid an y more. Indeed the di�raction caused b y short scale w a v es has a great

part in the return signal. Their con tribution app ears in the higher terms of the phase de-

v elopmen t. W e emphasize that the GO metho d w orks for a p erfect parab olic surface but is

destro y ed when small scale features are added.

3.2.3 Gaussian surface

The GO v alidit y is undertak en b y comparing the F r esnel and Sp e cular �elds . The latter is

computed 1) applying equation 3.24 to all sp ecular p oin ts detected on the sea surface and 2)

summing incoheren tly their complex �elds. W e �rst fo cus on the sp ecular p oin t detection and

then compare the t w o �elds.

Sp ecular p oin t determination

W e consider the inciden t radiation as a plane w a v e normal to a Gaussian surface and a receiv er

cen tered ab o v e the scattering surface. Using Geometric Optics, the p oin t ( x; y ; � ( x; y )) of the
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surface is considered to b e sp ecular if the slop es (in x and y) follo w geometrical conditions,

see [D.E.F reund 1997]:

d�

dx

=

x � x

r

u

r

+

x � x

s

u

s

z

r

� �

u

r

+

z

s

� �

u

s

=

x � x

r

z

r

� �

(3.37)

d�

dy

=

y � y

r

u

r

+

y � y

s

u

s

z

r

� �

u

r

+

z

s

� �

u

s

=

y � y

r

z

r

� �

; (3.38)

where u

r

(resp. u

s

) is the distance b et w een the p oin t of the surface of co ordinates ( x; y ; � )

and the receiv er of co ordinates ( x

r

; y

r

; z

r

) (resp. the source, considered here v ery high). Our

approac h consists in the detection of slop e v ariations around the exp ected sp ecular slop es

de�ned ab o v e. W e compute at eac h p oin t P of the surface, and for b oth directions x and

y , the exp ected sp ecular slop e S |i.e., the slop e needed to re
ect the inciden t w a v e to the

receiv er|and the slop es of the facets lo cated just b efore (slop e S

bef or e

) and after (slop e S

af ter

)

the p oin t P . The condition for P to b e a sp ec kle is that ( S

bef or e

� S ) and ( S � S

af ter

) m ust

b e of the same sign. This determination is attractiv e b ecause w e do not need to de�ne an y

tolerance on the sp ecular slop es. Therefore it do esn't tak e in accoun t the sadd le p oints de�ned

as in
ection p oin ts.

Barric k deriv ed the a v erage n um b er of sp ecular p oin ts p er unit of area n in terms of the

surface statistics, see [Barric k1968 ]:

n �

1

l

2

exp

 

�

tan

2

�

s

2

!

; (3.39)

where s

2

is the mean square v alue of the total slop e at a p oin t of the t w o-dimensionally rough

surface, de�ned as s

2

=

D

�

2

x

+ �

2

y

E

, and � is de�ned as the angle b et w een the mean normal

to the surface and the lo cal surface normal at the sp ecular p oin t. F or bac kscattering|i.e.,

when the inciden t angle � is zero|it is easy to see that the term in the exp onen tial v anishes.

Th us the sp ecular p oin ts densit y is in v ersely prop ortional to the auto correlation length of

the surface. Figure 3.7 sho ws the sp ecular p oin t n um b er relativ e to wind sp eed for the

bac kscattering case. The underlying idea is that as the wind sp eed increases the w a v es are

more dev elop ed and consequen tly the auto correlation length increases.

As an example, �gure 3.8 sho ws the sp ecular p oin ts p osition|represen ted b y a cross|on

a Gaussian surface for a wind at 45

o

of the x -axis with t w o di�eren t sp eeds. The surface is

a 30 meter side square with 10 cm resolution so that the surface is a matrix of 300 � 300

pixels. Blac k areas stand for troughs and white areas for crest zones. F or (a) U

10

=5 m/s, the

receiv er (500 meters high, at nadir incidence) \sees" 1038 sp ecular p oin ts while 881 in case

(b) U

10

=15 m/s.

Fields comparison

Based on sim ulated Gaussian o cean surfaces, w e ha v e observ ed that there is no strong corre-

lation b et w een the F r esnel and Sp e cular �elds , neither in magnitude nor in phase. Ho w ev er, a

v ery imp ortan t result is that the p o w er from the F r esnel �eld correlates w ell with the n um b er

of sp ecular p oin ts. Figure 3.9 illustrates ho w in v olv ed is the n um b er of sp ecular p oin ts in

the re
ected p o w er computed b y the F resnel in tegrals. The computation has b een done for

a mo ving Gaussian surface based on [Elfouhaily et al. 1997 ]'s sp ectrum (5 � 5 m

2

with 5 cm

resolution) during 2 seconds, under a 15 m/s wind and a fetc h of 10 km; the receiv er is at 50

meters o v er the surface.
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Figure 3.7: Sp ecular p oin ts n um b er relativ e to wind sp eed for bac kscattering (25x25 meter

surface with 5 cm resolution).

(a) U

10

=5 m/s (b) U

10

=10 m/s

Figure 3.8: Sp ecular p oin ts p osition for (a) U

10

=5 m/s and (b) U

10

=15 m/s.
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Figure 3.9: Correlation b et w een the re
ected p o w er and sp ecular p oin t n um b er on a Gaussian

o cean mo del in L-band ( L

1

=19 cm) within 2 seconds: 5 � 5 m

2

, 5 cm resolution, U

10

=15 m/s,

receiv er at nadir incidence at 50 meters.

It is rather clear that there is a correlation b et w een sp ecular p oin t n um b er and the return

signal p o w er. The surface is quite w ell dev elop ed| U

10

=15 m/s|and consequen tly smo oth

enough to apply the GO metho d.

But is this correlation big enough to state that coun ting sp ecular p oin ts can itself b e useful

to describ e the re
ected �eld? W e ha v e compared the ab o v e correlation in L-band to that

with an inciden t w a v elength of 1 cm, whic h is m uc h b etter in terms of the high fr e quency limit

requiremen ts. In �gure 3.10, w e see that the correlation is m uc h b etter for a 1 cm inciden t

w a v elength than for the L-band case, as exp ected.

W e also see that as the mean radius of curv ature increases with high wind sp eeds, i.e., the

requiremen ts of the Kirc hho� theory are b etter resp ected, the correlation increases. Similarly ,

the di�raction terms e�ects decrease with increasing o cean scale, so that their con tribution

in the in tegrand's phase decreases with increasing wind sp eed. These di�raction terms are

those neglected b y the usual stationary phase metho d whic h ev aluates the re
ected �eld with

terms of order t w o only in the in tegrand's phase.

3.2.4 Conclusions on GO assumption for GNSS-R

The computation of the re
ected �eld corresp onds to a rapidly oscillating in tegral o v er the

rough surface. The sp ecular p oin ts are iden ti�ed with the critical p oin ts of the in tegrand's

phase, as stated b y the Stationary Phase Appro ximation. Th us, in the high frequency limit,

almost all the scattered �eld in tensit y comes from the sp ecular p oin ts. It is exact in the

parab olic case, pro vided that Kirc hho� assumption applies and the size of the scatterer is

large enough. W e sa w that small p erturbations added on the parab olic surface destro y the

Stationary Phase Appro ximation in tegrit y .

In the realistic case of a large but �nite inciden t w a v en um b er, the scattering from the

sp ecular p oin t often carries the ma jor con tribution to the re
ected signal. Therefore, in

man y circumstances, the area that con tains the ma jor con tribution to the re
ected �eld|the

brigh t area|can b e iden ti�ed as the part of the sea surface where the probabilit y for sp ecular

re
ection is signi�can t.
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Figure 3.10: Correlation b et w een the sp ecular p oin ts n um b er and the re
ected p o w er com-

puted with the F resnel in tegral, for an inciden t w a v elength L

1

=1 cm or L

2

=20 cm.

Recall one more time that the GO metho d is: a ) the Stationary Phase approac h, b ) an

appro ximation to the �eld up to second order and c ) incoheren t a v eraging.

W e ha v e not seen a go o d correlation b et w een the F r esnel �eld and the Sp e cular �eld

computed directly from the sp ecular p oin ts. There exists, ho w ev er, a correlation b et w een

the sp ecular p oin t n um b er and the re
ected p o w er (p oin ts a ) and c )). In general the higher

the electromagnetic frequency and wind sp eed|i.e., higher roughness and larger scales in the

o cean|the b etter this correlation is, as exp ected from our theoretical understanding of the

appro ximation.

Sev eral conclusions can b e extracted from this study:

� Most of the radiation comes from sp ecular p oin ts, hence the go o d correlation b et w een

sp ecular p oin t n um b er and �eld p o w er. This means that the surface slop e PDF will

pla y an imp ortan t role in bistatic scattering mo deling at L-band.

� The stationary phase appro ximation can b e used but higher order terms m ust pla y a role

at L-band. These corrections are usually called di�raction corrections. This explains

the p o or correlation b et w een the Sp e cular and F r esnel �elds .

� GO's success in GNSS-R w ork stems more from the use of sp ecular p oin t n um b er statis-

tics than from the use of precise �eld calculations based on the stationary phase appro x-

imation. That is, the successful use of the PDF in GNSS scattering is not a v alidation

of GO. In retrosp ect, this is all eviden t: the lesson from GO for L-band is limited to

understanding the imp ortance of the slop e PDF to appro ximate the �eld. The slop e

PDF is the to ol to coun t sp ecular p oin ts. Necessary but not su�cien t, of course.

With this ca v eat, the GO mo del is th us further used in all L-band scattering pro cesses

presen ted in this dissertation, suc h as the w a v eform mo del dev elop ed in the follo wing section.

3.3 W a v eform mo del: DDM

W e presen t in the follo wing section the in tegral expression of the p o w er GNSS w a v eform. A

comparison is then done with the mo dels dev elop ed b y [Za v orotn y and V orono vic h2000 ] and



3.3. W A VEF ORM MODEL: DDM 53

[Picardi et al. 1998 ].

3.3.1 In tegral expression of the p o w er w a v eform

Bistatic scattering of a mono c hromatic w a v e

If the o cean surface is illuminated with a mono c hromatic spherical w a v e, the complete quasi-

sp ecular scattered �eld writes under Kirc hho� appro ximation:

u (
 ; t ) =

i

4 �

Z

R ~q : ^n

G

t

G

r

R

t

R

r

e

� i 
( t � l ( ~ r ;t ) =c )

d ~ r ; (3.40)

with:

� R : F resnel co e�cien t,

� ~q : scattering v ector,

� ^n : normal to the surface,

� G

t

; G

r

: transmitter and receiv er amplitude an tenna patterns,

� R

t

; R

r

: transmitter-o cean and o cean-receiv er distances,

� 
 : carrier pulsation,

� l ( ~ r ; t ) = R

t

+ R

r

: length of the path T ransmitter to generic p oin t ( R

t

) to Receiv er ( R

r

).

A t high altitudes, man y of the ab o v e magnitudes do not v ary signi�can tly o v er the in tegration

area. First G

t

, R

t

and R can reasonably b e considered constan t. Then, for smo oth o cean

surface and in quasi-sp ecular regime, w e ha v e ^n ' ^e

z

and ~ q ' q ^e

z

. Therefore, ~q : ^n '

2 sin 


c




(where 
 is the elev ation of the satellite). Finally , for high enough altitudes, G

r

and R

r

are

also uniform functions. As a result, the Kirc hho� in tegral simpli�es to:

u (
 ; t ) =

i sin 


2 � c

R

G

t

G

r

R

t 0

R

r 0




Z

e

� i 
( t � l ( ~ r ;t ) =c )

d ~ r : (3.41)

Receiv er and transmitter motions mak e the tra v el path time-dep enden t in fast-v arying func-

tions. T o �rst order, this e�ect can b e written:

l ( ~ r ; t ) ' d ( ~ r ) +

�

2 �

!

D

( ~ r ) t; for 0 < t < T

i

; (3.42)

where !

D

= 2 � is the Doppler con tribution of p oin t ~ r and T

i

is the coheren t in tegration time

de�ned b elo w. Finally , w e can state that the scattered �eld for a mono c hromatic inciden t

w a v e at 
 is:

u (
 ; t ) =

i sin 


2 � c

R

G

t

G

r

R

t 0

R

r 0




Z

e

� i (
 � !

D

( ~ r )) t

e

i 
 d ( ~ r ) =c

d ~ r : (3.43)

PRN mo dulation as a w a v e pac k et

In GNSS-R, the inciden t w a v e is not a pure mono c hromatic w a v e. The PRN co de|let's name

it here a ( t ) for b oth C/A and P co des|actually mo dulates the carrier, broadening the inciden t

sp ectrum. Note that the carrier is 
=1.5 GHz and the bandpass is either 1 MHz (C/A co de)

or 10 MHz (P co de). Since the Kirc hho� scattering mec hanism is linear, the outgoing �eld



54 CHAPTER 3. SCA TTERING MODEL

can b e seen as the sup erp osition of a series of mono c hromatic comp onen ts scattered b y the

o cean surface:

u ( t ) =

Z

+ 1

�1

~a ( � ) � u (
 + � ; t ) d� ; (3.44)

where ~a ( � ) is the F ourier baseband sp ectrum of the PRN co de and u (
 + � ; t ) is giv en b y

equation (3.43). Note that in the equation ab o v e, � app ears as the frequency broadening from

the carrier 
.

Co de despreading

As in tro duced in section (1.1.2), the GNSS receiv er p erforms signal detection through co de

despreading, that is b y correlating o v er a p erio d T

i

the incoming signal with a clean mo dulated

replica of the PRN co de:

y ( � ; ! ) =

1

T

i

Z

T

i

u ( t ) � a ( t � � ) e

i (
 � ! ) t

dt: (3.45)

The result of this pro cessing is nothing but the complex dela y-Doppler map at time-frequency

shift ( � ; ! ).

Com bining equations (3.43), (3.44) and (3.45) leads to:

y ( � ; ! ) =

i sin 


2 � cT

i

R

G

t

G

r

R

t 0

R

r 0

Z Z Z

(
 + � ) a ( t � � ) ~a ( � ) e

i [( !

D

� ! � � ) t +(
+ � ) d=c ]

d� dt d ~ r : (3.46)

Let us �rst p erform the in tegration on � :

Z

(
 + � ) ~a ( � ) e

� i� ( t � d=c )

d� ' 
 a ( t � d=c ) ; (3.47)

where w e ha v e assumed that the factor (
 + � ) is basically iden tical to 
 o v er the GNSS

bandpass.

The in tegration o v er t writes:

Z

T

i

a ( t � d=c ) a ( t � � ) e

i ( !

D

� ! ) t

dt = T

i

� ( � � ; � ! ) ; (3.48)

where w e ha v e in tro duced:

(

� � = � � d ( ~ r ) =c

� ! = ! � !

D

( ~ r ) :

(3.49)

The function � is kno wn in radar pulse-compression tec hniques as the W o o dw ard Am bigu-

it y F unction (W AF) of pseudo-random sequences, de�ning here the spatial resolution of the

system. It is here assumed separable:

� ( � � ; � ! ) = �( � � ) � S ( � ! ) (3.50)

= �( � � ) � sinc( � ! T

i

) : (3.51)

The function � is the triangle function of width t wice a c hip length and sinc( x ) is sin ( � x ) =� x .

Finally , the despread signal writes:

y ( � ; ! ) =

i sin 


�

R

G

t

G

r

R

t 0

R

r 0

Z

�( � � ) � S ( � ! ) e

i 
 d=c

d ~ r : (3.52)
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Dela y-Doppler map

Let us mak e explicit the expression of the dela y and Doppler mapping on sea-surface (namely

d ( ~ r ) =c and !

D

( ~ r )). Note that w e will assume w

D

deterministic (Doppler mapping is computed

on a 
at surface) whereas d has a random con tribution through sea-elev ation z = � ( x; y ).

The distances to an y p oin t ( x; y ; z ) on the o cean surface write:

8

<

:

R

2

t

= R

2

t 0

�

1 + 2

x cos 


R

t 0

� 2

z sin 


R

t 0

+

x

2

+ y

2

+ z

2

R

2

t 0

�

R

2

r

= R

2

r 0

�

1 � 2

x cos 


R

r 0

� 2

z sin 


R

r 0

+

x

2

+ y

2

+ z

2

R

2

r 0

�

;

(3.53)

where R

t 0

and R

r 0

are the distances of transmitter and receiv er to the sp ecular p oin t. Re-

taining only signi�can t terms, w e ha v e:

d ( ~ r )

c

'

d

0

c

�

2 sin 


c

z +

sin

2




2 cR

r 0

x

2

+

1

2 cR

r 0

y

2

; (3.54)

where d

0

stands for the bistatic path to sp ecular p oin t ( R

t 0

+ R

r 0

), that is the parameter of

in terest for an altimetric application.

If w e neglect the Doppler spread due to transmitter motion and only retain the con tribution

of the receiv er with v elo cit y ~ v , w e ha v e:

!

D

=

2 �

�

~ v :

~

R

r

R

r

=

2 � v cos �

�

x + y tan � � R

r 0

cos 


p

R

r 0

� 2 x cos 
 + x

2

+ y

2

; (3.55)

where � is the angle b et w een the T ransmitter-Receiv er line ( x axis) and ~ v . T o �rst order:

!

D

= !

D 0

+

2 � v cos �

�

�

sin

2




x

R

r 0

+ tan �

y

R

r 0

�

; (3.56)

where !

D 0

= �

2 � v cos � cos 


�

is the Doppler of the sp ecular p oin t.

Av eraging in p o w er

A t this p oin t, it is time to p oin t out whic h are the con tributions of the o cean surface and b y

this mean, iden tify the random parameters in the ab o v e in tegral. There are actually three

sources of randomness:

� The most crucial one is ob viously d in the exp onen tial term. Note that only this random

con tribution w as considered in [Za v orotn y and V orono vic h2000 ]. This approac h yields

a statistical sea surface mo del only featuring MSS.

� The argumen t of � is also random through d . If it is tak en in to accoun t, the statistical

description of sea surface will also feature SWH, as in [Picardi et al. 1998 ].

� In principle, the argumen t of S is also random b ecause w

D

sligh tly dep ends on the

sea-surface top ograph y through receiv er radial sp eed. Ho w ev er, this e�ect is really tin y

and will not b e considered here.

In the follo wing, w e will therefore assume that � ! is deterministic ( w

D

is computed on a 
at

surface) and that d is the only random v ariable:

y ( � ; ! ) =

i sin 
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G

t

G

r

R

t 0

R

r 0

Z

S ( � ! ) �( � � d=c ) e
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 d=c

d ~ r : (3.57)
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It is then con v enien t to in tro duce the F ourier transform of �( � ), that is the dela y-sp ectrum

of the despread co de:

�( � ) =

Z

~

�( � ) e

i� �

d� ; (3.58)

so that w e can write:

y ( � ; ! ) =

i sin 
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�( � ) e
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Z

S ( � ! ) e

i (
 � � ) d=c

d ~ r d� ; (3.59)

and hence isolate the random con tribution in the exp onen tial term. The a v erage p o w er signal

is then de�ned as:

Y ( � ; ! ) = h j y ( � ; ! ) j

2

i : (3.60)

That is:
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Plugging the dela y mapping in Y ( � ; ! ) yields:

Y ( � ; ! ) =
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Appro ximations

So far, the in tegration is p erformed o v er the six v ariables x

1

, x

2

, y

1

, y

2

, �

1

and �

2

. F or eac h

couple of v ariables, w e in tro duce the mean and the di�erence. F or instance:
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2
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(3.63)

Note that the Jacobian of this transformation is unitary . In the follo wing, w e will fo cus on the

expression of Y ( � ; !

D 0

), i.e., the w a v eform obtained after exact comp ensation of the sp ecular

p oin t Doppler

2

. W e ha v e:
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2

Note that S ( !

D 0

� !

D

) is then a function of ( x; y ) only .
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W e therefore end-up with a tough in tegral featuring six distinct terms where the v ariables

are coupled. Some appro ximations can reasonably b e made. W e remind that �� is b ound b y

the compressed pulse bandwidth (1 MHz for C/A co de) , and that � x and � y are b ound b y

the o cean correlation length (some ten th of meters).

Appro ximation 1.1

In the sixth and �fth term of (3.64), w e assume:


 � �� ' 
 : (3.65)

As a matter of fact, the maxim um phase con tributions induced b y �� is negligible in b oth cases.

Appro ximation 1.2

In the fourth term of (3.64), w e assume:
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As a matter of fact, the maxim um phase con tributions induced b y � x and � y are negligible.

Appro ximation 1.3

In the third term of (3.64), w e assume:
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b ecause the correlation length of sea surface is short and S is a slo w-v arying function.

Simpli�ed expression

According to the ab o v e appro ximations, the expression (3.64) rewrites:
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Geometric Optics

In order to calculate the ensem ble a v erage in the latter expression, w e follo w the standard

pro cedure of the Geometric Optics limit. As describ ed in section (3.1.2), the essence of this

approac h is to consider the sea-surface as a set of plane facets so that � z can b e expressed to

�rst order as a function of the lo cal directional slop e:

� z ' @

~ r

z � � ~ r : (3.69)
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W e are here dealing with t w o random pro cesses of in terest: the sea-surface elev ations z and

the sea-surface directional slop es @

~ r

z . If these are considered indep enden t:
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The ab o v e ensem ble a v erages are then iden ti�ed as c haracteristic functions of the random

pro cesses. In tro ducing the sea-elev ation PDF P

�

and the sea-slop e PDF P

s

, w e end-up with:
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where ~ : denotes the F ourier T ransform. The expression of Y ( � ; ! ) b ecomes:
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with:
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3.3.2 Expression as a 2-D in tegral on sea-surface

In tegration

The six-v ariable in tegral reduces to:
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In tegration of J

In tegrating �rst on d �� , w e recognize the auto correlation of

~

� and the second in tegral app ears

as the F ourier transform of the pro duct of t w o functions:
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This result sho ws that the main impact of sea-state is to in tro duce an e�ectiv e compressed

pulse �

2

e

de�ned as the con v olution b et w een �

2

and the sea-elev ation PDF. As a result, the

nominal compressed pulse width �

c

is broaden b y an additiv e factor prop ortional to signi�can t

w a v e heigh t.
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In tegration of K

W e recognize here a F ourier transform:
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2-D in tegral expression

The w a v eform no w writes as a 2-D in tegral o v er sea-surface:
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3.3.3 Comparison with Za v orotn y's and Picardi's mo dels

Comparison with Za v orotn y's mo del

Expression (3.79) can b e compared to the mo del of [Za v orotn y and V orono vic h2000 ], equation

31. W e ha v e a 2D surface in tegral with three terms resp ectiv ely accoun ting for the W AF in

Doppler, the W AF in dela y and �

o

. The t w o fundamen tal di�erences are:

� Sea-state has b een included in this form ulation through the e�ectiv e compressed pulse

�

e

. Note ho w ev er that the sea-elev ation PDF is v ery narro w compared to the pulse and

sea-state impact is therefore quite tin y .

� W e ha v e not retained the explicit expressions of dela y-Doppler mapping but p erformed

second and �rst order expansions instead. W e feel one could obtain the same expression

with the full dela y-Doppler expressions (not expanded).

Comparison with Picardi's mo del

Expression (3.79) can b e compared to the mo del of [Picardi et al. 1998 ]. The impro v emen ts

of the prop osed approac h are:

� correction of a mistak e. Compare equation (3.54) to their equation (4). They forgot

a sin 
 term, th us addressing the monostatic case (iso-range are circles) instead of the

bistatic (iso-ranges are ellipses).

� inclusion of the Doppler spreading e�ect.

� inclusion of the dir e ctional MSS.

On the other hand, their mo del includes heigh t distribution sk ewness.

As a conclusion, w e ha v e presen ted a new mo del (whic h w e will refer to as the GNSS-R

Starlab mo del) for quasi-sp ecular sea-surface scattering of L-band PRN-enco ded signals, in a

fully bistatic geometry . As in Za v orotn y's mo del, sea-surface roughness is describ ed b y the

DMSS. F ollo wing Picardi, w a v e-heigh t impact w as also included as a sligh t mo di�cation of

Za v orotn y's mo del: an additional input parameter for sea-surface description is SWH. Ho w-

ev er, due to its 300 m c hip length, the C/A co de signal is not sensitiv e to SWH. Consequen tly ,
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Za v orotn y's mo del is su�cien t in the presen t study . Nev ertheless, the new mo del could b e-

come useful in the future when dealing with P-co de: the c hip length of 30 m is, in this case,

m uc h closer to t ypical SWH and the latter will b ecome signi�can t.



Chapter 4

GNSS-R Signal Pro cessing

W e describ e in this Chapter the pro cessing of the GNSS-R data. A step-b y-step description is

presen ted from the ra w data to the �nal pro duct to b e in v erted: the Dela y-Doppler Map. The

correlation of the ra w GNSS signal with a clean PRN replica is the basis of the pro cessing.

Due to the transmitter's motion and the p ossible receiv er's motion, the correlation p eak is

found when the correct Doppler frequency (Doppler cen ter) is inserted in to the clean PRN

replica.

W e pro vide hereafter the di�eren t data pro duct lev els, as presen ted in �gure 4.1.

LEVEL 0b

Incoherent averaging

LEVEL 1

Retracking

SCATTEROMETRYALTIMETRY

LEVEL 0

(amplitude, time, frequency)(amplitude, time)
1-D Waveforms 2-D Waveforms (DDM)

Figure 4.1: Data pro duct lev els in GNSS-R pro cessing.

4.1 F rom ra w data to Lev el 0: Dela y-Doppler PRN co de de-

spreading

In order to sp ecify our de�nition of Lev el 0 data, w e tak e in to accoun t that an y future

GNSS-R pa yload will b e more than a simple an tenna fron t-end: the dela y-Doppler PRN co de

despreading that is presen tly p erformed on ground will b e actually carried out on b oard.
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Based on this, our Lev el 0 data will b e time series of Dela y-Doppler Maps (DDMs) for b oth

direct and re
ected GPS signals. This de�nition is actually CEOS-complian t:

Unpro cessed pa yload data in c hronological order at full space/time resolution with

all supplemen tary information to b e used in subsequen t pro cessing (e.g., orbital

data, health, time con v ersion, etc.) app ended, after remo v al of all comm unication

artifacts (e.g., sync hronization frames, comm unications headers, duplicate data).

W e use the Starlab in-house soft w are (Starligh t), implemen ted in Matlab, to pro duce

DDMs time-series (one p er PRN). The general strategy of the pro cessing is to trac k the

dela y-Doppler of direct signal and then compute DDMs for b oth direct and re
ected signals.

Those DDMs actually represen t complex amplitude of incoming signals when pro cessed with

a dela y-Doppler v alue sligh tly di�eren t from the estimated dela y-Doppler cen ter.

The v ery high lev el 
o w c harts of the pro cessor is presen ted in �gure 4.2. The three basics

blo c ks are:

� the initialization : it corresp onds to the estimation of the Doppler cen ter and all pa-

rameters corrupting the signal extraction (na vigation bit, direct-re
ected signals syn-

c hronization, ...),

� the trac king : the correlation pro cess itself,

� the DDM generator : the generation of the dela y w a v eforms at di�eren t Doppler

frequencies around the Doppler cen ter.

TRACKER

DDM

Clean replica of PRN i

Raw data

Doppler frequency update rate

Coherent integration time

INITIALIZATION

Figure 4.2: The top high lev el 
o w c hart of the GNSS-R pro cessor for PRN i.

The pro cessor assumes as input data the a v ailable GPS signal (I or Q comp onen t), at a certain

In termediate F requency (IF), sampled at a certain rate f

s

, and with a t w o lev el quan tization.

Eac h signal is then represen ted b y a bit stream, in natural-time sequence. As an example,

in the case of data coming from the T urb oRogue receiv er (lik e those in the ESA GPS-R

hardw are), the IF is 308 kHz and the sampling frequency is 20 : 456 MHz.
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4.1.1 Initialization

The �rst mo dule, the initializer , pre-pro cesses the data in order to generate an ASCI I �le

con taining all the information needed to trac k b oth direct and re
ected signals (i.e., the

second blo c k). The input of this blo c k are the data �les, the PRN n um b er and an additional

�le con taining all the parameters that will b e used during the pro cessing. It is assumed that

the GPS satellites pro vided to the �rst blo c k is a visible satellite.

This blo c k is sub divided in to four mo dules applied on the direct signal:

� First Doppler estimation: this mo dule is in c harge of �nding a �rst estimation of the

Doppler frequency of the PRN under in v estigation.

� Na vigation bit sync hronization: taking b ene�t of the previous outputs, this mo dule �nds

the p osition of the na vigation bit inside the data stream of the direct signal.

� Fine Doppler estimation: once the p osition of the na vigation bit is kno wn, a series of

correlations, uncorrupted b y the na vigation bit transition, are p erformed. The output is

a new and more precise v alue of the Doppler frequency of the PRN under examination.

FIRST DOPPLER ESTIMATION

NAVIGATION BIT SYNCHRONIZATION

FINE DOPPLER ESTIMATION

Figure 4.3: Initialization mo dule of the GNSS-R pro cessor.

Let's describ e the three parts of this mo dule.

First Doppler estimation

The goal of this mo dule is to �nd a �rst estimation of the Doppler frequency for a giv en

PRN and direct signal data �le. The algorithm is based on the consideration that correlating

the direct signal with a clear replica of the PRN co de under in v estigation, the correlation

p eak will b e higher if the Doppler frequency used to do wn-con v ert the signal is closer to the

real one. Th us, p erforming man y correlations using di�eren t Doppler frequencies|c hosen as

to span the whole range of p ossible Doppler for the giv en situation|the one generating the

highest p eak or, b etter said, the b est signal-to-noise ratio during the correlations, is assumed

to b e the actual Doppler.

The n um b er of C/A co de p erio ds used for the coheren t in tegration is set to 3. If no

satisfying Doppler frequency estimation is found, a second trial is done, using an incoheren t

a v eraging of three successiv e correlations. This pro cedure allo ws fast estimation of the Doppler
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frequency when dealing with high SNR signals. Of course, the execution time increases, as

the n um b er of incoheren tly a v eraged w a v eforms increases. This pro cedure is robust also with

resp ect to the p ossibilit y of �nding a na vigation bit c hange in the piece of data analyzed b y

this mo dule.

This pro cedure pro vides a Doppler estimation whic h is in general within � 40 Hz from the

real one. An example of the correlating pro cess output is sho wn in �gure 4.4.

-20456 -10228 0 10228 20456 -20456 -10228 0 10228 20456 -20456
sample [~15 m]

Figure 4.4: An example of correlation p eak in arbitrary units, for 5 ms of coheren t in tegration

time, using the PRN co de n um b er 9.

Na vigation Bit Sync hronization

The goal of this mo dule is to �nd the p osition of the na vigation bit inside the direct signal

data stream.

W e recall that the GPS na vigation co de represen ts the actual data pro vided b y eac h GPS

satellite to the users. It consists in a 50 hertz data stream con taining all the information

necessary to the GPS receiv er, suc h as the ranging signal time of transmission, the satellite's

orbital elemen ts, the ranging corrections, status 
ags, etc... T o successfully correlate a receiv ed

GPS signal with a lo cal replica, the na vigation co de should b e remo v ed.

T o understand this metho d, consider �gure 4.5. The top dra wing represen ts the m ultipli-

cation of t w o replicas of a PRN co de, that is the v alue of its auto correlation at lag zero. As

w e kno w this v alue is one. The cen tral dra wing represen ts the m ultiplication b et w een a PRN

co de and its replica m ultiplied b y � 1. In this case the v alue of suc h op eration is � 1. The

last dra wing represen ts the m ultiplication b et w een a PRN co de and its replica after that the

second half of this co de has b een m ultiplied b y � 1. The result is no w zero.

This third scenario illustrates what happ ens when the na vigation bit transition app ears righ t

in the middle of the p ortion of signal that w e are coheren tly in tegrating, i.e., correlating with

its clear replica. If the transition of the na vigation bit o ccurs somewhere along the co de and

not in the middle, the maxim um absolute v alue of the correlation will b e less than one.

W e tak e adv an tage of this b eha vior in order to detect the na vigation bit p osition within

the receiv ed signal. Let's imagine that w e use a 20 ms long replica of a certain C/A co de

(equal to 20 C/A co de p erio ds, that is equal to the duration of one na vigation bit). Supp ose

that w e are sync hronous with the na vigation bit and that w e start m ultiplying the signal and

the co de replica. Since w e are sync hronous the v alue of the m ultiplication will b e maxim um.
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Figure 4.5: E�ect of the na vigation bit transition on the correlation pro cess.

No w w e shift the replica b y one p erio d, i.e. 1 ms, and w e p erform again the m ultiplication.

This time, the replica will ha v e its last C/A co de p erio d inside the new na vigation bit and

this will degrade the m ultiplication v alue (if the na vigation bit c hanges). Iterating the pro cess

shifting the clear replica of 1 ms eac h time, when the na vigation bit transition reac hes the

middle of the co de, the result of the m ultiplication b et w een the t w o signals will reac h its

minim um v alue. After that, it will increase again. This pro cess can b e rep eated so that man y

estimations of the minim um v alues of the m ultiplication of the signal with the replica can b e

incoheren tly summed to pro vide a more reliable estimate. This pro cedure is sho wn in �gure

4.6.

Once this sync hronization with the na vigation bit is completed, the coheren t in tegration

time can b e set to 20 ms without the fear for SNR losses. Of course this pro cess has to b e

iterated for ev ery PRN co de presen t in the signal. Moreo v er, since the direct data stream and

the re
ected one are not sync hronized, this pro cedure has to b e done separately for the direct

and the re
ected signal.

The output of this mo dule is the n um b er of samples to remo v e from the direct signal bit

stream to b e sync hronized with the na vigation bit (and th us with the C/A co de) for the PRN

under in v estigation.

Fine Doppler

This mo dule is in c harge of pro viding a b etter estimation of the Doppler frequency of the

signal relativ e to the PRN co de under in v estigation.

The algorithm is based on the fact that the c hange in the phase of the correlation p eak

b et w een t w o successiv e correlations (normally v ery small, sa y in the order of one ten th of a

cycle) should b e, on the a v erage, zero. If the Doppler frequency used to do wn-con v ert the

signal is wrong, the a v erage of the delta phase will b e di�eren t from zero. The v alue of this
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Figure 4.6: Example of the searc h for the na vigation bit sync hronism. As the 20 ms long

co de replica slides on the signal (a, b, c, d, e, f ), the v alue of its pro duct (green curv e at

the b ottom) with the signal (�rst ro w) dep ends on the p osition of the na vigation bit (red)

transition within the co de replica.
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a v erage is directly related to the error in the Doppler b y the follo wing equation:

� f

D oppl er

=

< � phase >

T

i

; (4.1)

with in tuitiv e notation. The precision of this estimation is of the order of one Hertz.

4.1.2 T rac king the 1-D w a v eforms

The trac king mo dule simply correlates the direct and re
ected signals with the clean PRN

replica. The w a v eform is computed through the correlation co e�cien ts. As sho wn in �gure

4.7, t w o parameters are required in addition to the outputs of the initialization mo dule:

� the coheren t in tegration time : it corresp onds to the length in n um b er of p erio ds of

the replica. T ypical v alues are 1, 2, 5, 10 or 20 ms.

� the Doppler up date rate : this parameter indicates ho w often the Doppler frequency

is up dated while carrying out the correlations along the data stream. T ypical v alues are

0.25 or 0.5 second.

TIME TAGS

REFLECTED SIGNAL CORRELATION FUNCTIONS (WAVEFORMS)

DIRECT SIGNAL CORRELATION FUNCTIONS

CORRELATION PROCESS

DOPPLER FREQUENCY HISTORY

Starting Doppler

Code and navigation bit synchronization

INPUT PARAMETERS

Coherent integration time

Doppler frequency update rate

INITIALIZATION OUTPUT

Figure 4.7: T rac king mo dule of the GNSS-R pro cessor.

The correlation pro cess uses F ast F ourier T ransforms (FFT). The output of this mo dule

are basically the correlation functions of the direct and re
ected signal, with a time tag and

the Doppler frequency used.

4.1.3 2-D w a v eforms generation (DDM)

In the case of scatterometric applications, w e simply construct the Dela y-Doppler Maps

through the generation of dela y w a v eforms at di�eren t Doppler frequencies around the Doppler
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cen ter. Examples of DDMs for b oth direct and re
ected signals are sho wn in �gure 4.8. They

corresp ond to an airb orne scenario (see the Eddy Exp erimen t Fligh t in Chapter 7). The

coheren t in tegration time w as set to 20 ms to ensure a Doppler resolution of 50 Hz. The

delta-dela y spans -40 to 40 correlation lags (i.e., +/- 1.95 � s) with a lag step (48.9 ns) and

the delta-Doppler spans -200 Hz to 200 Hz with a step of 20 Hz. The DDMs are plotted in

amplitude times 10

3
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(b) Re
ected signal DDM

Figure 4.8: DDM of direct (a) and re
ected (b) signals from the Eddy Exp erimen t Fligh t

(P ARIS � 
 ESA Con tract). The DDMs are plotted in amplitude times 10

3

.

4.2 F rom Lev el 0 to Lev el 0b data: incoheren t a v eraging

The Lev el 0b data consists in incoheren tly a v eraging Lev el 0 data o v er a giv en accum ulation

time T

a

. This pro cess aims at reducing b oth thermal and sp ec kle noises b y a factor of

p

N ,

N b eing the n um b er of DDMs. It is ho w ev er limited b y the blurring e�ect as T

a

increases

and the required resolution.

4.3 F rom Lev el 0b to Lev el 1 data: retrac king

Finally , in order to reac h the needed sub-sample accuracy for b oth altimetric and scatteromet-

ric purp oses, w e rely on the use of the w a v eform (or correlation function) mo del dev elop ed in

section (3.3) of Chapter 3. The natural mo del for r etr acking of the direct signal w a v eforms is

the mean auto correlation of the GPS C/A co de in presence of additiv e Gaussian noise, whic h

accoun ts mainly for the receiv er noise. As far as the re
ected signal is concerned, the mo del is

not so straigh tforw ard. In fact, the re
ection pro cess induces mo di�cations on the GNSS sig-

nals whic h dep end on sea surface conditions (directional roughness), receiv er-emitter-surface

kinematics and geometry , and an tenna pattern. Among all these quan tities, the least kno wn

ones are those related to the sea surface conditions. In principle, these quan tities should b e

considered as free parameters in the mo del for the re
ected signal w a v eform and estimated

during the r etr acking pro cess of the w a v eform.

The crucial step of r etr acking is also kno wn in altimetry b y the Radar Altimeter (RA)

comm unit y . Once a correlation w a v eform is obtained for b oth the direct and re
ected signals,
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the lapses can b e estimated. W e emphasize that this is not as trivial as considering the

maxim um sample of eac h w a v eform or the w a v eform cen troid, for instance, as the bistatic

re
ection pro cess deforms sev erely the signals and, in general, suc h distortions will displace the

w a v eform maxim um or cen troid lo cation. Moreo v er, the sampling rate of 20.456 MHz, while

m uc h higher than the Nyquist rate for the C/A co de, is equiv alen t to an in ter-sample spacing of

49 ns|ab out 15 ligh t-meters. This coarseness in the lapse estimation is not su�cien t to reac h

the �nal altimetric precision target. The main c hallenge for GNSS-R using the GPS Coarse

Acquisition (C/A) co de is to pro vide sub-decimetric altimetry using a 300 m equiv alen t pulse

length, something that can only b e ac hiev ed b y in tense a v eraging with due care of systematic

e�ects. F or reference, pulse lengths in monostatic altimeters suc h as Jason are almost three

orders of magnitude shorter.

F or these reasons, the temp oral p osition of eac h w a v eform (the delay parameter) is es-

timated via a Least Mean Squares mo del �tting pro cedure (see [Ru�ni et al. 2003 ]). The

implemen tation of accurate w a v eform mo dels (for direct and re
ected signals) is fundamen tal

to r etr acking . Conceptually , a r etr acking w a v eform mo del allo ws for the transformation of the

re
ected w a v eform to an equiv alen t direct one (or vice-v ersa), and a coheren t and meaningful

comparison of direct and re
ected w a v eforms for the lapse estimation.

The r etr acking is actually necessary for scatterometric purp oses, in order to in v ert correctly

the DMSS, as sho wn in section (9.2) of Chapter 9.



70 CHAPTER 4. GNSS-R SIGNAL PR OCESSING



P art I I

GNSS-R Signal Sim ulations

71





Chapter 5

GNSS-R Sim ulation T o olkit

In this Chapter, w e presen t a soft w are sim ulation to ol|called GRAD AS (GNSS Re
ections

Arti�cial Data Syn thesiser)|able to pro duce GNSS-R Arti�cial Data (AD) [Soulat et al. 2002a ].

W e sho w here sim ulations of spaceb orne data receiv ed from a Lo w Earth Orbit platform

(LEO). W e consider one GNSS satellite emitting at nadir the C/A co de in L

1

and L

2

, in

prevision of the implemen tation of C/A co de in L

2

in 2003|see section (1.1.3) of Chapter 1.

The inputs of this soft w are are the p osition and v elo cit y of the receiv er (amplitude and

direction), and sea-state mo del parameters (suc h as signi�can t w a v e heigh t, wind sp eed and

direction). By Arti�cial Data, w e mean syn thetic data in the same format as the data gen-

erated b y the ESA Son y recorders used in all ESA campaigns, with the extrap olation to the

space scenario. A complete description of the ESA material can b e found in section (7.1.1)

of Chapter 7. Th us, the output is a set of recorded data sim ulating the 20.456 Mbit/s data

streams pro duced b y the Son y recorder as if it w as in orbit. The goal of this w ork is indeed

to sim ulate data whic h can then b e read and pro cessed b y the Starlab in-house soft w are, with

the goal of assessing retriev al feasibilit y from space|b y extraction of the pseudo ranges and

phases.

In order to construct the sim ulator, man y asp ects of the problem|most presen ted in

previous Chapters|ha v e to b e tak en in to accoun t:

� Geometry ,

� Incoming signal structure ( L

1

, L

2

, PRN co des, na vigation message),

� Sp ecular p oin t lo cation,

� A tmospheric e�ects,

� Ocean mo del,

� Electromagnetic in teraction mo del,

� Instrumen tal asp ects (do wn con v ersion, sampling, recording).

Giv en the complexit y of the task, w e will fo cus not on absolute 
exibilit y or details (all

geometries, na vigation message, etc). Rather, the goal of this w ork is to get samples of data

for a giv en scenario with 
exibilit y on o cean mo deling: w e used a Gaussian o cean surface.

W e presen t hereafter t w o di�eren t approac hes. The �rst mo del dev elop ed in the next section

is based on the Kirc hho� appro ximation as the electromagnetic in teraction mo del, where the

re
ected �eld is giv en b y the F resnel in tegral, as describ ed in section (3.1.1) of Chapter 3.

The second one of section (5.2) considers a direct application of the GO appro ximation to

the Kirc hho� theory (see section (3.1.2) of Chapter 3). The t w o mo dels ha v e b een v alidated

through the carrier phase retriev al from our in-house GPS pre-pro cessor.
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5.1 Mo del 1: GRAD AS

W e �rst concen trate on o cean sim ulations for h uge areas. A sp ecial atten tion will b e paid

on the di�cult y to sim ulate o cean surfaces within the First Chip Zone (F CZ) with required

resolution (20 cm). Indeed, its radius can reac h 17 km for a receiv er's altitude of 500 km, whic h

implies tremendous memory and CPU requiremen ts. W e prop ose a demo cratic sampling of

the F CZ.

Section (5.1.2) giv es an o v erview of the structure of the GNSS signal. An expression

of the re
ected signal is prop osed, whic h determines the basics of the dev elop ed algorithm

presen ted in section (5.1.3). This latter section �rst describ es the inputs of the algorithm and

the assumptions made and then presen ts a blo c k diagram whic h details the di�eren t tasks

p erformed b y the sim ulator.

Section (5.1.4) presen ts t w o kinds of v alidations of the prop osed algorithm. First, the

v alidit y of the o cean surface sampling presen ted in section (5.1.1) is v eri�ed. Then, the

qualit y of the GNSS-R AD is con�rmed.

5.1.1 Ho w to sim ulate the �eld for large o cean surfaces?

This section concen trates on the generation of sea surface. Before fo cusing on the syn thesis

of Arti�cial Data|meaning basically that w e tak e in to accoun t the C/A co de|w e presen t

in this section our approac h to generate o cean surfaces, when the re
ected �eld has to b e

computed for a large area. This requires for the LEO scenario, a sampling of the area, that

w e v alidate with the notion of minimum r epr esentative p atch .

Sea-surface elev ations are generated as sho wn in section (2.1.3) of Chapter 2, and deter-

mined b y a Gaussian sea sp ectrum as prop osed in [Elfouhaily et al. 1997 ]|see section (2.1.2).

W e recall that the inputs of the sp ectrum are the wind sp eed at 10 m ab o v e the surface U

10

(amplitude and direction) and the fetc h. The spacecraft is mo ving o v er the surface at 7 km/s,

sa y .

The inputs of the implemen ted co de are the size of the sea patc h with the required

resolution|a resolution of 20 cm has b een considered for this study , accordingly to P aris-

� analysis (see [Ru�ni et al. 2001b ]) on the resolution|and the time incremen t.

As men tioned ab o v e, it is not p ossible to sim ulate o cean surfaces o v er the total �rst c hip

zone in a LEO scenario. It represen ts the p oin ts on the surface whose dela y with resp ect to

the sp ecular p oin t is less or equal to one c hip length �

chip

. F or a nadir-lo oking receiv er at

500 km and considering the C/A co de, this represen ts a disk of radius 17 km and hence a

85000 � 85000 matrix. T o o v ercome this problem, it has b een suggested in P aris- � , that the

scattered �eld can b e computed only from a sample of \small" patc hes randomly distributed

o v er the F CZ.

Let us no w fo cus on the size of these \small" patc hes and in tro duce the notion of minimum

r epr esentative p atch . Considering statistical homogeneit y of the sea-surface roughness o v er a

relativ ely large area, w e seek for a surface size o v er whic h the statistical features of the re
ected

�eld are congruen t to the a v erage one coming from the whole zone de�ned b y the W o o dw ard

Am biguit y F unction (W AF). This w ould enable us to syn thesize a big patc h with only sev eral

sub-patc hes tak en randomly , and th us compute the re
ected �eld with a drastically reduced

time.

F or this purp ose, w e fo cus no w on the temp oral sp ectrum of the re
ected �eld that con tains

most of the information w e need. Let F

S

b e the �eld re
ected b y the whole surface S and F

A

the �eld re
ected b y a sub-surface A of S. Their resp ectiv e temp oral F ourier transforms

^

F

S
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and

^

F

A

can b e describ ed in the discrete domain as:

^

F

S

=

1

T

T � 1

X

j =0

e

(

� ik j

2 �

T

)

0

@

N

S

� 1

X

p =0

I ( p; j )

1

A

; (5.1)

^

F

A

=

1

T

T � 1

X

j =0

e

(

� ik j

2 �

T

)

0

@

N

A

� 1

X

p =0

I ( p; j )

1

A

; (5.2)

where I ( p; j ) is the usual in tegrand presen ted b elo w in equation 5.6. The index p indicates

the summation o v er the surface and j the summation o v er time. N

S

(resp ectiv ely N

A

) is the

n um b er of discrete elemen tary scatterers that comp ose the surface S (resp ectiv ely A). Under

stationary and homogeneous statistical assumptions, the sp ectrum estimation giv es:

j

^

F

S

j =

s

S

A

j

^

F

A

j : (5.3)

A

A

A

A

Decorrelated

1

2

3

f

S

Figure 5.1: Sc hematic dra wing of the minimum r epr esentative p atch .

If w e consider no w di�eren t sub-surfaces A

f

of S (see �gure 5.1) and making the assumption

that the heigh ts distribution is decorrelated from a sub-surface to another, the temp oral

sp ectrum of the �eld re
ected b y the surface S can b e estimated b y the incoheren t sum of the

F ourier transforms of the �elds re
ected b y the sub-patc hes A

f

.

Sim ulations ha v e b een carried out to v alidate the sp ectrum estimation presen ted in equa-

tion 5.3. W e computed the sp ectrum of the re
ected �eld for a 2.5 second p erio d (with 2.5 ms

of time incremen t) o v er a 200 � 200 m

2

patc h (with 20 cm of spatial resolution). The receiv er

is v ery high (100 km) at nadir. Figure 5.2 sho ws the sp ectrum estimation computed from

t w o sub-patc hes only , with their cen ters at 50 meters of the big patc h, symmetrically lo cated

relativ e to it. W e studied the normalized sp ectrum|see equation 5.3|for three di�eren t sizes

of the sub-patc hes: 12.8 m, 25.6 m and 51.2 m side long. The wind sp eed is 4 m/s, so that

the length of the sub-patc hes is m uc h longer than the correlation length of the sea (the wind

sea p eak is corresp onding to a 7 m w a v elength). W e see that the estimation is quite go o d for

the 25.6 m and 51.2 m cases, and a bit w orse for the 12.8 m case. F rom this analysis, w e can

conclude that the sea surface re
ected �eld is su�cien tly homogeneous o v er the whole area

to consider the existence of a minimum r epr esentative p atch that describ es the total a v erage

re
ected �eld quite w ell. As an ticipated, w e also tested the sp ectrum estimation considering

4 sub-patc hes (eac h 25.6 m side) with v ery go o d success.
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Figure 5.2: Sp ectrum estimation of the true temp oral sp ectrum of the re
ected �eld o v er a

200 � 200 m

2

surface (thic k line) with 2 sub-patc hes only: 12.8 m side (dotted line), 25.6 m

side (dashed line), 51.2 m side (dashed dot dot line).

A demo cratic sample of the �rst c hip zone seems to b e a go o d w a y to compute the re
ected

�eld.

5.1.2 GNSS direct and re
ected signals

Direct signal

As describ ed in Chapter 1, the direct GNSS signal is a spherical w a v e, mo dulated in phase

b y a PRN co de, that propagates with a carrier frequency f

c

. It can b e considered as quasi-

mono c hromatic, b ecause the co de bandwidth is m uc h less than the carrier frequency .

The direct signal after do wn-con v ersion at the receiv er, lo cated at

~

R

r

, can b e written as:

U

d

(

~

R

r

; t ) = C ode ( t )

e

ik R

d

R

d

e

� i 2 � f

I F

t

; (5.4)

where k is the L

1

/ L

2

w a v en um b er, R

d

is the distance b et w een the transmitter and the receiv er,

and f

I F

=308 kHz is the carrier frequency in base-band (after do wn-con v ersion). W e consider

here C ode ( t ) as the C/A co de.

Re
ected signal

The GNSS re
ected signal is mo di�ed b y the in teraction with the o cean surface. Note that

suc h pro cess has b een analyzed and sim ulated in the scop e of [PIP AER2000 ] and P ARIS- �=�

ESA pro jects. W e no w complete the mo deling b y in tro ducing the co de itself and a large space

in tegration to compute the re
ected �eld.

Let us �rst in tro duce some commen ts ab out signal Doppler frequency con ten t. W e can

consider the surface frozen during 1 ms according to the dynamics of the sea elev ations for

normal conditions. Ho w ev er, a sea-surface sampling of 10 kHz has b een c hosen to capture the

Doppler e�ect in tro duced b y the receiv er's v elo cit y (7 km/s). Let us remind that in the case

of the re
ected signal, another Doppler frequency is added. An elemen tary scatterer in ~ r at

time t, induces a Doppler frequency:

f

D

( ~ r ; t ) = [ ~v

t

�

~

i ( ~ r ; t ) � ~v

r

� ~ s ( ~ r ; t )] =� + [ ~q ( ~ r ; t ) � ~ v ( ~ r ; t )] = 2 � ; (5.5)



5.1. MODEL 1: GRAD AS 77

where

~

i is the unit v ector of the inciden t w a v e, ~ s is the unit v ector of the scattered w a v e, ~v

t

and ~v

r

are the v elo cities of the transmitter and the receiv er resp ectiv ely , ~ r is the p osition of

the scatterer, ~q = k ( ~ s �

~

i ) is the sc attering ve ctor (see �gure 3.1 in section (3.1.1) of Chapter 3

for v ector de�nitions) and ~ v the sea-surface v elo cit y .

If w e consider the �rst c hip zone at nadir, the Doppler bandwidth in tro duced b y a satellite

mo ving at 7 km/s at 500 km altitude is 1.2 kHz (without considering transmitter's Doppler).

Considering that the maximal orbital v elo cit y for a w a v e is 10 m/s, this implies a sea-surface

induced Doppler of 100 Hz, whic h is m uc h less than the one in tro duced b y the satellite motion.

Let us no w consider I ( ~ r ; t ) the F resnel in tegrand:

I ( ~ r ; t ) =

e

ik ( r + s )

r s

( ~q � ~ n ) ; (5.6)

where r and s are the distances transmitter-scatterer and scatterer-receiv er resp ectiv ely . When

in tegrating o v er the space and considering the carrier already as the baseband pulsation !

I F

,

w e obtain:

U

r

(

~

R

r

; t ) =

Z

C ode [ t � �

r

( ~ r ; t )] I ( ~ r ; t ) e

i!

I F

t

dS; (5.7)

with �

r

( ~ r ; t ) the time dela y b et w een the receiv er and a scatterer at ~ r at time t .

It is necessary to sample the co de at high rate. If sampled at the c hip rate for instance, the

co de will ha v e a �xed v alue for an y scatterer of the �rst c hip zone, b ecause the range c�

r

( ~ r )

will b e equal or less than the length of one c hip c�

chip

(293 m for C/A co de), b y de�nition

of the F CZ! It is imp ortan t to notice at this p oin t that at a co de sampling rate of 20.456

MHz, the sea elev ations do not impact m uc h the lo cation of a co de transition within the �rst

c hip zone. Indeed, the w a v es will in tro duce v ariations of �

r

of the order of meters, whereas

the range resolution is ab out 15 m at 20.456 MHz. Therefore the dela y �

r

will b e computed

ignoring the sea elev ations, that is for a 
at surface. As a result, the dela y �

r

b ecomes time

indep enden t.

Finally , w e ha v e:

U

r

(

~

R

r

; t ) = e

i!

I F

t

�

Z

C ode [ t � �

r

( ~ r )] I ( ~ r ; t ) dS: (5.8)

5.1.3 GRAD AS algorithm

The GRAD AS algorithm implemen ts equation 5.8 with IDL routines, taking in to accoun t the

patc h sampling of the �rst c hip zone and the high sampled C/A co de.

Inputs/outputs

The main assumptions are summarized in �gure 5.3. There are t w o kinds of inputs:

� the o cean surface features,

� and the receiv er's p osition and v elo cit y .

The geometry of this scenario is presen ted in �gure 5.4. The receiv er is lo oking at nadir

and mo ving at the sp eed ~ v

r

at a �xed altitude. The transmitter is �xed and emitting a

spherical w a v e. Since its altitude is v ery large, w e consider the incoming w a v e as plane.

The output of this sim ulator is simply a bit data stream. W e generate 0.5 s of data at

20.456 MHz. This data set can b e read b y the Starlab in-house Starligh t pro cessor. Results

of the pro cessing of the data are presen ted in the follo wing section.
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GRADAS 
ALGORITHM

Nadir case
First Chip Zone
Fixed transmitter
Incoming plane wave

AD bitstream
       (0.5s)

OCEAN

RECEIVER

10 kHz sampling

 

INPUTS

5000 patches (25x25m,20cm resol.)

ASSUMPTIONS

OUTPUTS

PRE-PROCESSOR

U10

Height=500km

IF=308kHz
Vr=7km/s

Figure 5.3: Inputs and outputs of the GRAD AS sim ulator.

OCEAN SURFACE

1st chip zone

TRANSMITTER

RECEIVER

y
x

vr

Figure 5.4: LEO geometry for the GRAD AS sim ulator.
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F rom the F resnel �eld to Arti�cial Data

The GRAD AS algorithm is describ ed in the blo c k diagram of �gure 5.5. After generating a

demo cratic sampling of N patc hes of the F CZ, the routine is based on t w o main lo ops. The

�rst one considers one patc h after the other. The second one is o v er time. The sea elev ations

are generated with di�eren t random phases from one patc h to the other.

Let us consider one patc h randomly lo cated in the F CZ. As already men tioned, the sam-

pling rate of the re
ected �eld is 10 kHz to capture the Doppler frequency in tro duced b y the

receiv er sp eed. Note that the �elds are computed at b oth L

1

and L

2

frequencies. The C/A

co de sampled at 20.456 MHz is then inserte d on to the time series of the F resnel �eld for that

patc h. It is imp ortan t to stress out at this p oin t, that this insertion dep ends on the p osition

of the patc h. As w e consider for no w the �rst c hip zone, it is easy to see that, at a giv en

time, the co de can ha v e a maxim um of t w o v alues within the corresp onding area. The 20.456

MHz sampling rate of the C/A co de corresp onds appro ximativ ely to 20 samples p er c hip (293

m)|i.e., 15 m spatial resolution. That means that the �rst c hip zone can b e divided in to 20

zones, as sho wn in �gure 5.6. Let us imagine no w that a co de transition in the GNSS signal

is hitting the surface: the zone 1 in �gure 5.6 is reac hed �rst, b ecause its distance to the

transmitter is the smallest one. Then the transition is displaced along the F CZ. F or instance,

a patc h in the zone 2 will r e c eive a transition in the co de b efore a patc h lo cated in the zone

3 and farther. This is a k ey p oin t to insert the co de in to the re
ected �eld.

GRAD AS is the sum o v er all the patc hes of the mo dulated electromagnetic �elds. The

base-band frequency is then added to it. The amoun t of noise to add is determined b y the

mission scenario, i.e., b y the receiv er an tenna gain whic h driv es the exp ected SNR of the

signal. According to [Lo w e1999 ], a space-b orne scenario with a 25 dB gain an tenna w ould

pro duce a single-sample v oltage SNR of 0 : 0651. Finally , the data stream is the in-phase

comp onen t of this �eld, sampled at one bit.

It is imp ortan t to stress out at this stage the in tro duction of the induc e d w eigh ting function

on the bac kscattered �eld due to the GPS receiv er pro cessing|the W AF function describ ed

in [Za v orotn y and V orono vic h2000 ]. This function selects and w eigh ts the �eld in a giv en area

of the F CZ and w eigh ts the con tribution of eac h scatterer. The part of the o cean in v olv ed in

the re
ection pro cess is determined b y the in tegration time used for correlations. Therefore,

the demo cratic sampling can b e reduced to this area, whic h clearly sa v es some computation

time.

The computational time is of the order of 4 min utes to compute 0.5 second of the re
ected

�eld from one patc h. W e used 6 computers w orking in parallel to compute the time series of

the �elds. Then a routine is dedicated to gather all these data and sum them, as sho wn in

the b ottom of the blo c k diagram of �gure 5.5.

5.1.4 V alidation

The pro cess of v alidation for the output of this study , as clearly comes out from the previous

sections, can b e though t as a t w o step pro cess. The problem of generating an electromagnetic

�eld, bac kscattered b y h uge surfaces, w as solv ed with the concept of demo cratic patc hing. A

�rst step of v alidation is therefore needed at this lev el, in order to v erify the v alidit y of suc h

approac h. F urther, the re
ected �eld is mo di�ed so that it sim ulates the GNSS bac kscattered

signal. Essen tially , the presence of a co de that mo dulates the carrier �eld m ust b e accoun ted

for. The w a y this mo di�cation is carried out m ust also undergo a v alidation pro cess. These

t w o kinds of v alidations are describ ed in the next sections.
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Fresnel field computation: F(k,t)

~
"Insert" code in F(k,t) acccording to position k: F(k,t)

Read C/A code

Sea surface generation at patch k

t=t+dt

k=k+1

GRADAS = 
k
SF(k,t)

~

Democratic sampling of WAF zone
N patches (25x25m)

k=1
patch

t=to
time

e
iw t

IF

GRADAS_I  = Re[GRADAS]

NOISE

 

Sampling=20.456MHz

Sampling=10kHz

 

1 bit sampling

Figure 5.5: GRAD AS algorithm.
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Figure 5.6: First c hip zone: the 20.456 MHz sampling rate of the C/A co de corresp onds

appro ximativ ely to 20 samples eac h c hip. The �rst c hip zone is divided in to 20 rings. W e can

see an example of a patc h (25 � 25 m

2

) lo cated in zone 4.

Re
ected �eld v alidation

First, this section aims at giving a clear picture of the re
ected �eld without an y C/A co de

mo dulation. This �eld is the one compared to the �eld retriev ed b y the pre-pro cessor as

describ ed b elo w. W e w ould lik e to understand if the �eld generated b y sampling the F CZ has

a ph ysical meaning. What should b e the sp ectrum of the re
ected �eld?

W e presen t in �gure 5.7 the phase, the amplitude and the p o w er sp ectrum of the re
ected

�eld from 240 patc hes (6 � 400 m

2

) demo cratically lo cated in the 200 Hz Doppler zone of

the F CZ. W e see clearly , in this 0.5 second ev olution, the large Doppler bandwidth, whic h is

theoretically equal to 400 Hz for this Doppler zone. Therefore, the phase b eha vior for this 10

m/s sim ulation b eha v es accordingly to our exp ectations.

As observ ed, the sp ectrum is not con tin uous and p eaks spaced b y a �xed frequency of 273.4

Hz are sub-sampling the F ourier transform. These p eaks come from the fact that the signal

is highly p erio dic. Let's remind that the receiv er motion is sim ulated b y adding a phase term

when generating the sea elev ations. This tric k has the p eculiarit y to \shift" the surface in suc h

w a y that after a certain time|function of the receiv er sp eed|the surface comes bac k to its

initial p osition. This rep etition time is 3.6 ms for a receiv er sp eed of 7 km/s, corresp onding

to the 273.4 Hz spacing frequency . That means that it tak es appro ximately 3.6 ms for a

scatterer to en ter a 25 � 25 m

2

patc h and to lea v e it. During that time, the sea w a v es ha v en't

propagated v ery m uc h, whic h giv es the p erio dicit y in the �eld.

T o face this issue, w e generated rectangular patc hes, so that the w a v es propagate in a

longer range in order to increase the rep etition time. T ypically , w e used 6 � 400 m

2

side

patc hes, giving a 17 Hz frequency spacing in the F ourier domain.
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Figure 5.7: F rom left to righ t are plotted the phase, the amplitude and the p o w er sp ectrum of

the re
ected �eld from 240 patc hes (6 � 400 m

2

) demo cratically lo cated in the 200Hz Doppler

zone of the �rst c hip zone. The receiv er mo v es at 7 km/s along the x -axis, its altitude is 500

km. The sampling rate is 10 kHz, 0.5 second ev olution, U

10

=10 m/s.

Pre-pro cessing of GRAD AS

The b est w a y to v alidate the sim ulated AD is to pro cess them with an op en lo op GPS receiv er.

This op en lo op receiv er b eha v es lik e a normal GPS receiv er, using the correlation b et w een

the receiv ed (sim ulated, in our case) signal and a replica of the C/A co de under in v estigation.

The in tegration time used to compute the correlations is 20 milliseconds. The C/A co de used

in these sim ulations is the PRN n um b er 9.

Figure 5.8 represen ts a situation with a wind sp eed U

10

=10 m/s. On the left-hand side,

the red curv e represen ts the phase of the �eld b efore adding the C/A co de and after 20 ms of

coheren t in tegration. The blac k curv e represen ts the phase of the �eld as trac k ed b y the op en

lo op GPS receiv er, with the same in tegration pro cess to b e consisten t when comparing the

t w o phases. The trac k ed phase is ob viously v ery similar to the original one. Clearly in this

example, the phase is lost at some p oin ts of the curv e, due to some fading as sho wn in the

righ t-hand side. The crosses represen t the phase di�erence b et w een the red and blac k curv es.

As observ ed, it is mainly constan t except at the p oin ts where the amplitude is lo w (fadings

o ccurring in the green curv e).

5.2 Mo del 2: In termitten t Screamers

The foundation of this mo del is a ph ysical understanding of the dominan t mec hanism in the

near sp ecular forw ard scattering, namely , quasi-sp ecular scattering. Is has b een called In ter-

mitten t Screamers (IS), since eac h sp ecular p oin t is considered as source of a time-limited

indep enden t tone. This is the result of the observ ation that GO-lik e scattering appro xi-

mation holds for near sp ecular L-band bistatic measuremen ts, as con�rmed in the study of

section (3.2) of Chapter 3. As exp ected, the p o w er return in this regime, as demonstrated b y

previous w ork during the OPPSCA T pro ject, is dominated b y the sea-surface slop e statistics.

While w e assume here that a GO mo del is appropriate, w e tak e in to accoun t the �nite size

of the sp ecular lob e (in GO this lob e has zero width). The goal here is to pro duce a signal

resem bling closely the signals to b e receiv ed from space within the �rst c hip zone, but without

the computational e�ort required for GRAD AS.
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Figure 5.8: The lo w er line in the left-hand �gure, represen ts the phase of the electromagnetic

�eld generated with the demo cratic patc hing of the o cean surface, b efore C/A co de mo du-

lation. In this example, 240 patc hes lo cated in the 200Hz Doppler zone are considered, the

receiv er is mo ving at 7 km/s, the wind sp eed is U

10

=10 m/s. The red curv e is the phase

retriev ed with the GPS op en lo op pro cessor. On the righ t-hand side, the retriev ed amplitude

is sho wn with the di�erence in phase (crosses) b et w een the un wrapp ed phase. The relation

b et w een fadings and the lose of the phase is clearly observ ed.

The follo wing are our assumptions:

1. The p o w er is dominated b y sp ecular re
ections.

2. The p o w er from eac h scattered is c haracterized b y the scatterer lifetime , r adius of cur-

vatur e , delay , Doppler and a r andom phase .

3. Under a Gaussian assumption, all necessary parameters can b e deduced from an o cean

surface elev ation sp ectrum.

W e recall that under GO assumption the complex re
ected �eld from one scatterer writes:

U

0

( p ) =

R

spec

2

e

� ik ( r

spec

+ s

spec

)

r

spec

s

spec

p

r

x

r

y

: (5.9)

A t this stage w e see all the relev an t features of the sp ecular �eld: a random phase related

to the Signi�can t W a v e Heigh t, and a magnitude related to the e�ectiv e radius of curv ature.

In order to pro duce a sensible sim ulation w e ha v e to b e able to generate random dra ws of

these quan tities based on an o cean mo del.

5.2.1 Sp ecular p oin t sp eci�cations

W e emphasize here the deriv ation of sp ecular p oin t statistics under the Gaussian assumption,

as in tro duced in section (2.2) of Chapter 2. Our atten tion is fo cused on the �rst c hip from

space, therefore the mean square slop e will only en ter in our sim ulation through the sp ecular

p oin t densit y .

W e remind that in [Barric k1968 ] a previous result b y Ko dis ([Ko dis1966]) is extended to

the bistatic case with �nite conductivit y . It is sho wn that taking ensem ble a v erages of the

surface statistics b efore or after computation of the Kirc hho� in tegral in the stationary phase
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appro ximation in tegral is equiv alen t. Starting from equation 3.26 of Chapter 3, the radar

cross section is expressed in the follo wing|v ery in tuitiv e|manner:

�

o

= � n � hj r

x

r

y

ji � jR ( �

l

) j

2

(5.10)

= � sec

4

� � P

s

( s

xspec

; s

y spec

) � jR ( �

l

) j

2

:

W e recall that n is the a v erage n um b er of sp ecular p oin ts p er unit area, hj r

x

r

y

ji is the a v erage

absolute v alue of the pro duct of the principal radii of curv ature at sp ecular p oin t (i.e., the

e�ectiv e area of eac h scatterer), and �

l

is the lo cal angle of incidence at sp ecular p oin ts

1

.

The follo wing conditions for v alidit y are stated: i) the radius of curv ature ev erywhere on the

surface is m uc h greater than the w a v elength so that the tangen t plane appro ximation can b e

applied, ii) m ultiple scattering is neglected and iii) k

2

�

2

�

cos �

2

>> 1, so that the surface can

b e considered rough and p o w er can b e summed incoheren tly .

If Gaussian statistics are assumed the result is

2

:

�
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W e can translate this here to mean that at the sp ecular ( � =0):

n � hj r

x

r

y

ji =

1

tan

2

�

0

=

1

2 �

2

s

: (5.12)

Recalling Barric k, at � =0, assuming a Gaussian correlation function with correlation

length l , w e ha v e for an isotropic surface:

n =

7 : 255

�

2

l

2

; (5.13)

and

hj r

x

r

y

ji = 0 : 1378 �

l

2

�

2

�

2

s

: (5.14)

F or a directional sea, w e follo w recen t dev elopmen ts b y [Gardasho v2000 ] helping to sim-

plify a seminal analysis from [Longuet-Higgins1958 ]. Under Gaussian statistics, the necessary

statistical c haracteristics asso ciated with the join t statistical distribution of the mean and dif-

feren tial curv ature of the surface can b e simply deriv ed from the 2nd and 4th order sea-surface

elev ation sp ectral momen ts, de�ned as:

m

pq

=

Z Z

k

p

x

k

q

y

S ( k

x

; k

y

) dk

x

dk

y

: (5.15)

F or our application, the a v erage n um b er of facets en tering a tangen t plan appro ximation will

b e ev aluated b y considering a �ltered o cean surface. T o a go o d appro ximation for our purp ose,

this implies the ab o v e exp ectation to b e tak en up to a giv en cuto� w a v en um b er. Numerically ,

taking the cuto� to corresp ond to 60 cm w a v elength (3 times the L-band w a v elength), the

a v erage n um b er of facets and mean radius of curv ature can b e n umerically ev aluated.

Under lo w wind conditions 5 m/s, w e �nd n ' 1 : 6 m

� 2

and hj r

x

r

y

ji ' 16 m

2

. Under higher

wind conditions 10 m/s, the a v erage curv ature remains almost the same and the a v erage

n um b er of facets sligh tly decreases to giv e n ' 1 m

� 2

. F or comparison, exp ectations tak en up

to a cuto� w a v en um b er corresp onding to 5 cm w a v elength giv e n ' 106 m

� 2

and hj r

x

r

y

ji '

0 : 08 m

2

for the 10 m/s case.

1

W e ha v e: cos 2 �

l

= ^n

i

� ^n

s

; also �

l

= �

i

� � , where � is the lo cal facet inclination angle|the sp ecular angle.

2

W e recall that tan �

0

= 2 �

�

=l and that the mean square slop e is also related to this quan tit y , �

s

=

p

2 �

�

=l .
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5.2.2 Co de implemen tation

An IDL co de has b een dev elop ed in order to use the ab o v e presen ted GNSS signal o cean

re
ection mo del. This relativ ely simple co de is structured as describ ed in �gure 5.9. The

1-bit sampler

1-bit sampler
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(Modified by the "triangular" part of the WAF function)
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Noisy GNSS-R simulated data

Clean GNSS-R simulated data

Physical
Simulated
Field

Figure 5.9: Flo w c hart of the co de implemen ting the IS-mo del.

input parameters can b e divided basically in to t w o di�eren t categories:

Signal related inputs Sea-surface related inputs

GPS signal frequencies grid dimensions

GPS C/A co de grid resolution

LEO receiv er satellite heigh t wind sp eed

receiv er an tenna gain SWH

sim ulated signal time duration n um b er of scr e amers

scr e amers lifetime

surface mean square slop e

Essen tially , the co de generates the grid on the sea surface and thro w randomly on this grid

the predetermined n um b er of scr e amers , according to the c haracteristics sp eci�ed. A t eac h

time instan t (the sampling frequency is 20 : 456 MHz), the con tribution of all the scr e amers

are summed together. The time series of suc h v alues is the time series of the sim ulated

electromagnetic �eld bac kscattered from the sea surface. This �eld undergo es t w o di�eren t

pro cesses.
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One pro cess consists in adding to this �eld the e�ect of the GPS C/A co de and the noise.

The amoun t of noise to add is determined b y the mission scenario, i.e., b y the receiv er an tenna

gain whic h driv es the exp ected SNR of the signal. Similarly to the GRAD AS sim ulator, w e

consider a single-sample v oltage SNR of 0 : 0651. This is the v alue tak en in to consideration in

our sim ulations. Scaling prop erly this v alue it is easily p ossible to sim ulate di�eren t scenarios.

Moreo v er, the sim ulated electromagnetic �eld is also spatially w eigh ted b y a triangular

function (in the domain of time-dela y), whic h em ulate the e�ect of the GPS receiv er correlation

pro cess, i.e., the dela y-dep ending factor of the W AF. This is done in order to ha v e a �eld whose

phase is comparable to the one retriev ed with the GPS pro cessor.

The IS sim ulator has b een implemen ted also in C++ language to impro v e its sp eed. The

curren t v ersion is able to generate one millisecond of GNSS-R data in 15 : 2 � N milliseconds,

where N is the n um b er of indep enden t scr e amers considered on the sea surface.

5.2.3 Sim ulated data and analysis

The GNSS-R syn thetic data are fed in to an op en-lo op GPS receiv er to trac k the carrier

phase. An example of correlation p eak is sho wn in �gure 5.10. The red p eak is the (scaled)

auto correlation of the C/A co de considered. The blue one is the correlation of the clear

C/A co de with the sim ulated re
ected signal, i.e., the waveform . The result of this op en

lo op pro cessing is the series of the carrier phase v alues, whic h is then compared to the phase

extracted from the p artial W AF-mo di�e d �eld (i.e., the sim ulated ph ysical �eld after spatial

�ltering with the triangular function ).

-4 -2 0 2 4 6
chip

Figure 5.10: The w a v eform (blue curv e) resulting from the correlation b et w een the sim ulated

o cean-re
ected GPS data and a clear replica of the corresp onding C/A co de. In red, for

purp ose of comparison, the auto correlation of the same co de. The asymmetry of the w a v eform

re
ect the extension, in c hips units, of the sea surface tak en in to consideration in the signal

generation pro cess. The n um b er of c hips is the time-dela y unit on the x -axis. On the y -axis,

arbitrary units.

Let us no w consider a complete sim ulation pro cess, applied to a w ell de�ned scenario.

W e will consider the PETREL (P ARIS Explorer for T rac king and RE
ectometry in L-band)
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scenario. This mission has b een prop osed to the Europ ean Space Agency (ESA) in 2002 b y a

consortium of Europ ean companies, led b y Starlab.

The k ey parameters of this mission to b e considered in this case are:

receiving LEO satellite altitude 500 km

receiving an tenna gain 25

The other inputs to the sim ulation are:

grid dimensions 200 � 200

grid resolution 20 m

wind sp eed 4 m/s

SWH 31 cm

n um b er of scr e amers 3000

scr e amers mean lifetime 10 ms

surface mean square slop e 0.01

sim ulated signal time duration 200 ms

The sim ulated GNSS-R data ha v e b een pro cessed using 1 ms of coherence in tegration time

with a subsequen t of incoheren t in tegration of 10 ms. The result of the pro cessing of this

sim ulated data are sho wn in �gures n um b er 5.11 and 5.12. It is clear that the phase trac king
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Figure 5.11: The phases as retriev ed b y the op en-lo op GPS pro cessor (in blac k) and the

one from the sim ulated ph ysical �eld (in red), after the spatial �ltering with the triangular

function . A cycle slip in the trac k er can b e observ ed.

in this condition has b een successful.

5.3 Conclusions

GRAD AS and IS are t w o related approac hes for sim ulation of re
ected data, and w e are

no w able to generate realistic arti�cial data of GNSS re
ected signal at 20.456 MHz as will

b e gathered from a space-b orne receiv er. W e ha v e used the data to b egin optimization of a

GNSS-R pro cessor, with the aim of demonstrating, in-silico, co de and phase trac king. After
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Figure 5.12: The blue curv e represen ts the di�erence b et w een the retriev ed phase and the one

of the electromagnetic �eld. The green curv e represen ts the �eld amplitude, in dB

v

. Clearly ,

when a fading o ccurs, the trac king of the phase can fail. In normal conditions the phase is

w ell reconstructed.

pro cessing of GRAD AS data, the phase of the re
ected signal has b een correctly trac k ed.

That is, the virtual exp erimen tal lo op is closed: generation of a ph ysical �eld, sim ulation of

reception, sampling, and p ost-pro cessing to return to the original input. This, at the v ery

least, guaran tees consistency of the approac h.

An imp ortan t asp ect of this w ork has b een a thorough understanding of the GNSS signal

structure and of the mec hanism of re
ection from the sea surface. This kno wledge allo ws

mo deling of the in v olv ed phenomena to a degree of realit y that is enough for pro ducing

realistic arti�cial data but, at the same time, not to o detailed to result in an un b earable

computational burden.

Of course, the �nal pro of of the concept will come from a real space-b orne exp erimen t.



Chapter 6

An Application for Sea State

Monitoring

This Chapter pro vides an application of the GNSS-R sim ulator dev elop ed in Chapter 5.

Mon te-Carlo sim ulations ha v e b een undertak en in order to infer an empirical in v ersion la w

relating sea-surface parameters with statistics of the complex re
ected electromagnetic �eld.

These sim ulations consider GNSS re
ections gathered from a coastal platform.

As observ ed in these sim ulations, it app ears that the re
ected �eld is quite sensitiv e to

sea-surface dynamics, whic h are mo deled b y a wind-driv en o cean. W e see that the dynamics

of the v ariations in phase and amplitude correlate linearly with the sea-state. It is then sho wn

that lo oking at the statistics of the deriv ativ e of the en tire �eld impro v es the in v ersion la w.

6.1 Sim ulation sp eci�cations

W e presen t sim ulations of GNSS-R from a coastal platform using the GRAD AS sim ulator|see

section (5.1). The incoming signal is assumed to b e a plane w a v e b ouncing o� a wind-driv en

sea surface, whic h is mo deled b y a 50 � 50 m

2

patc h of Gaussian sea elev ations. The surface

resolution is set to 20 cm. The receiv er is lo cated at 30 meters o v er one edge of the patc h,

with the wind blo wing in the direction of sigh t, a w a y from it.

One min ute sim ulations ha v e b een undertak en with a time incremen t of � t =2.5 ms for

di�eren t wind sp eeds, ranging b et w een 1 and 15 m/s. W e ha v e considered here the corre-

sp onding sea heigh t RMS �

�

, or SWH (ranging from 0 to 90 cm). W e ha v e fo cused on the

future L

5

GNSS frequency , whic h syn thesizes a 25.5 cm w a v elength. The re
ected �eld, com-

puted with the F resnel in tegral, can b e describ ed as a complex phasor whose amplitude and

phase are function of time:

F ( t ) = r ( t ) e

i� ( t )

: (6.1)

As seen from a static platform, the �eld scattering from a frozen o cean could b e represen ted

as a static complex phasor. The motion of the o cean surface th us translates in to motion of

the phasor in the complex plane. W e can see suc h a phasor represen tation of the re
ected

electromagnetic �eld in �gure 6.1. The underlying idea is that the analysis of the dynamics

of the re
ected phasor pro vides the k ey to estimating sea-surface parameters from suc h static

platforms.

Let us consider for instance the �eld at time t

1

: r ( t

1

) e

i� ( t

1

)

and at t

2

= t

1

+ � t : r ( t

2

) e

i� ( t

2

)

.

The goal of this study is to understand ho w high can b e the v ariations in phase from � ( t

1

)

to � ( t

2

) and the v ariations in amplitude from r ( t

1

) to r ( t

2

) as a function of the sea-surface

89
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Figure 6.1: The dynamic L-band electromagnetic �eld in a complex phasor represen tation

pro duced b y a wind-driv en o cean mo del.

elev ation RMS. In tuitiv ely , these v ariations are quite small for a calm sea and increase as

w a v es b ecome big.

Therefore, a fo cus on the deriv ativ es of b oth phase and amplitude has b een undertak en,

resp ectiv ely � � and � r with v ariances �

2

� �

and �

2

� r

. Then, the deriv ativ e of the �eld is consid-

ered.

6.2 Results

6.2.1 Phase analysis

Figure 6.2 presen ts the standard deviation �

� �

of the deriv ativ e of the phase in Hz (cycles/� t )

as a function of sea elev ation RMS �

�

. The jitter in phase is ob viously increasing quite linearly

with SWH. It spans b et w een 2 Hz and 5.5 Hz when SWH ranges from 0 to 90 cm. Ho w ev er,

it app ears that the phase v ariations are not the b est w a y to infer sea-surface features. Indeed

high v ariations in phase o ccurring when the �eld magnitude is small has not the same meaning

as big excursions in phase o ccuring on a �eld of high magnitude. In other w ords, the phase

has less ph ysical con ten t when the magnitude of the �eld b ecomes lo w. Besides, as observ ed

in our sim ulated time series, the tail of the distribution of � � is quite high: big cycle slips ma y

app ear from time to time. The uncertain t y in the estimation of �

� �

is th us quite high.

6.2.2 Amplitude analysis

A �rst analysis has b een made on the standard deviation �

r

of the amplitude r as a function

of SWH. As observ ed on �gure 6.3, the v ariance increases quite rapidly with �

�

and then

saturates. This saturation is reac hed when �

�

is around 6.4 cm (dot dashed line in the �gure)

whic h corresp onds to a Signi�can t W a v e Heigh t of 25.6 cm. This v alue is similar to the

inciden t w a v elength L

5

. This w ould mean that the amplitude of the �eld stabilizes when the

heigh t of the w a v es b ecomes greater than the inciden t w a v elength.

A second analysis fo cused on the standard deviation �

� r

of the time deriv ativ e of the

amplitude of the re
ected �eld, as sho wn on �gure 6.4. The deriv ativ e of the amplitude has
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Figure 6.2: Standard deviation of the deriv ativ e of the re
ected phase ( �

� �

) as a function of

sea elev ation RMS �

�

. L

5

, 1 min ute sim ulation.

Figure 6.3: Standard deviation of the re
ected amplitude ( �

r

) as a function of sea elev ation

RMS �

�

. L

5

, 1 min ute sim ulation.
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Figure 6.4: Standard deviation of the deriv ativ e of the amplitude of the re
ected �eld ( �

� r

)

as a function of sea elev ation RMS �

�

. L

5

, 1 min ute sim ulation, with 4 � error bars.

b een normalized as follo w:

� r = H

�

� t

( j F � F j ) ; (6.2)

where F is the mean of the re
ected �eld, and H the receiv er heigh t.

As observ ed, t w o linear regimes can also b e distinguished around the critical v alue SWH=25.6

cm. First, the parameter �

� r

increases rapidly with �

�

, whereas the increase b ecomes a bit

slo wly in the second regime. On the con trary to the �

� �

parameter, �

� r

do es not saturate

with SWH.

Assuming that the deriv ativ e of the amplitude follo ws a Gaussian distribution, the stan-

dard deviation of the estimation ^�

� r

is �

� r

=

p

2 N , with N the n um b er of indep enden t measure-

men ts. The 1 min ute errors bars are plotted on the graph (4 � is represen ted). As observ ed,

the regression line of the second regime has a slop e of 32.51. Then, kno wing that one min ute

sim ulation giv es a maxim um incertain t y of 0.83 in the estimation of �

� r

, w e conclude a max-

im um incertain t y in the SWH retriev al of 4 � 0 : 83 = 32 : 51=10.2 cm. Naturally , this �gure will

decrease considerably for longer sim ulations. F or instance, this maxim um uncertain t y w ould

decrease to 3.2 cm after 10 min utes of sim ulation.

6.2.3 Field deriv ativ e analysis

Let us consider no w the deriv ativ e of the re
ected �eld, or sp e e d ve ctor :

� F = ( � r + ir � � ) e

i�

: (6.3)

T aking the absolute v alue of this complex �eld, w e obtain:

j � F j =

q

� r

2

+ r

2

� �

2

: (6.4)

In tuitiv ely , this parameter dep ends on the orbital v elo cities of the sea elev ations. It con tains

b oth phase and amplitude v ariations and do es not presen t suc h rare in tense magnitudes, as

observ ed in the phase or amplitude alone. Therefore the uncertain t y in SWH retriev al is
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impro v ed. Figure 6.5 presen ts �

j � F j

as a function of �

�

. On the left hand side, 1 min ute

estimations are plotted, together with the linear regression line. On the righ t hand side, 10

second estimations are added (5 p oin ts for eac h v alue of �

�

). As observ ed, the parameter �

j � F j

do es not saturate with sea-state and follo ws a linear trend.

Figure 6.5: L eft : Standard deviation �

j � F j

of the amplitude of deriv ativ e of the re
ected �eld

as a function of sea elev ation RMS �

�

. L

5

, 1 min ute sim ulation. R ight : Same plot with 10 s

�

j � F j

estimation (squares).

6.3 Conclusions

W e rep orted coastal sim ulations as an attempt to deriv e empirical la ws for sea-state estima-

tion. The GRAD AS sim ulator has b een used under a coastal scenario. W e ha v e analyzed

phase, amplitude and deriv ativ e of the re
ected �eld as a function of �

�

in order to deriv e

in v ersion curv es.

Under the assumption of a wind-driv en o cean, sev eral conclusions on SWH/wind sp eed

in v ersion using the re
ected electromagnetic �eld can b e made:

� The analysis of the deriv ativ e of the phase pro vides an in v ersion la w through the sea-

elev ation RMS parameter.

� The v ariance of the amplitude saturates rapidly with SWH. Ho w ev er, an analysis of its

deriv ativ e sho w ed that the �

� r

parameter do es not saturate with sea-state and presen ts

t w o regimes whose separation is determined b y the incoming w a v elength magnitude. In

b oth regimes, a linear in v ersion curv e is empirically obtained. Under the assumption that

this parameter has a Gaussian distribution, w e found a maxim um incertain t y in SWH

of 10.2 cm after one min ute sim ulation. Ho w ev er, some rare ev en ts of high magnitude

ma y a�ect considerab ely the qualit y of the estimations and longer times series w ould

allo w a b etter precision.

� The deriv ativ e of the �eld, or the so-called sp e e d ve ctor , is a more appropriate parameter

to deriv e SWH. The 
uctuations �

j � F j

v ersus SWH follo w a linear trend for the whole

range of sea-states exp ected in a coastal area.
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Chapter 7

The Eddy Exp erimen t Fligh t

As part of ESA pro ject P ARIS- 
 (TRP ETP 137.A|Phase 1), an exp erimen tal 
igh t w as

conducted b y Starlab on Septem b er 27th 2002 along the Catalan coast in order to gather

sea-re
ected GPS signals. This exp erimen t w as carried out in order to demonstrate the

p ossibilit y of GNSS-R mesoscale mapping of the o cean surface from an airb orne platform. The

scien ti�c/tec hnological goal w as �rst to demonstrate the capabilit y of mapping a mesoscale

phenomenon suc h as eddies, with decimetric altimetric signatures. W e in ten tionally do not

emphasize here the altimetric pro cessing. Rather, the goal of this Chapter is to pro vide all

information required to v alidate the scatterometric in v ersions.

W e presen t hereafter the exp erimen tal campaign including 
igh t plan, instrumen tation

and set-up. W e rep ort then in section (7.2) the a v ailable ground truth as a basis of the

v alidation of DMSS estimations presen ted in Chapters n um b er 8 (optical) and 9 (L-band).

7.1 Exp erimen tal campaign

The exp erimen t consisted in gathering GNSS-R data along a 140 km long trac k o v er the sea

surface. The aircraft w as a P artena via P-68 Observ er, pro vided b y the Catalan Cartographic

Institute (ICC). The 
igh t altitude w as 1000 m and the nominal airsp eed and heading w ere

50 m/s (180 km/h or 100 knots) and 30

o

from North, resp ectiv ely . The tilt of the plane w as

required to b e less than 15

o

in order to main tain the maxim um n um b er of collected PRNs

without discon tin uities (whic h w ould endanger Kinematic solution) and a v oid phase pattern

disturbances.

Figure 7.1 sho ws the map of the 
igh t tra jectory . The trac k of the plane has b een c hosen

to follo w the ascending cycle trac k 187 of Radar Altimeter (RA) Jason. It is almost parallel

to the Catalan coast, but only close enough in the latitude range from 41.5

o

to 42.5

o

North.

During its w a y , the trac k crosses the P alamos Can y on, a strong bath ymetric feature that

a�ects the surface top ograph y .

Three main ground stations w ere deplo y ed at Llafranc, Creus and at the Barcelona airp ort

(see �gure 7.1). These three temp oral GPS ground stations pro vided additional na vigation

information to reco v er the tra jectory of the 
igh t in the most accurate w a y . P1 and P2 are

t w o p oin ts along the Jason's trac k. The P1-P2 distance is roughly 140 km. The total 
igh t

duration w as 3h 43 mn and the time of acquisition w as 2h 54 mn.

A GPS t w o-buo y system, gathering double frequency 1 Hz observ ables w as also deplo y ed

on the Jason's ground-trac k, under the airplane tra jectory . Unfortunately , time series of the

sea lev el could not b e obtained from the GPS buo y observ ables during the whole exp erimen t,

since the sea conditions w ere to o strong for buo y deplo ymen t (see �gure 7.2). Ho w ev er, the



98 CHAPTER 7. THE EDD Y EXPERIMENT FLIGHT

Figure 7.1: Map of the 
igh t tra jectory . The blue line sho ws the Jason's trac k. The p oin ts

P1 and P2 mark the exp erimen t b oundaries, while the green p oin ts indicate the p ositions of

sc heduled GPS buo y measuremen ts.

Figure 7.2: Views of the sea surface during the exp erimen t from the air and sea.
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�rst 30 min utes of measuremen t allo w ed to �nd a signi�can t w a v e heigh t in the middle of the

trac k of around 1.7 m.

7.1.1 Instrumen tal set-up

The instrumen t con�guration is presen ted in �gure 7.3. Both direct and re
ected L

1

signals

are collected at high sampling rate. The receiv ers shared the in ternal receiv er clo c k.

Figure 7.3: Aircraft set-up con�guration.

The equipmen t used during this ESA exp erimen t w as len t b y the Europ ean Space Researc h

and T ec hnology Cen tre (ESTEC). It is presen ted in �gure 7.4 and includes:

� A LHCP an tenna, Allan Osb orne Asso ciates (ESTEC/ESA). The an tenna is lo cated at

the b ottom of the plane. It is nadir lo oking for GNSS-R signal reception.

� A RHCP an tenna, Allan Osb orne Asso ciates (ESTEC/ESA). The an tenna is lo cated at

the top of the plane. It is zenith lo oking for GNSS direct signal reception.

� Tw o T urb o Rogue receiv ers (ESTEC/ESA). These commercial receiv ers ha v e b een mo d-

i�ed to extract the data from their IF at 20.4 Mbps. They still act as commercial re-

ceiv ers obtaining the GNSS observ ables. Eac h of these t w o receiv ers w ere connected to

a GNSS an tenna (RHCP , LHCP).

� Tw o SONY recorders (ESTEC/ESA): These recorders can w ork at 20.456 Mbps using

a single c hannel. Eac h of them collected data from one F ron t End of the T urb o Rogue

receiv er. Before coming in to the recorder, the signal passes through a Digital Lev el

Con v erter (SONY SBS-LC1) in TTL input mo de.
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W e also used the Inertial Na vigation System (INS) data pro vided b y ICC. This pro vides the

rate of c hange of the angular sp eed of the aircraft in its three comp onen ts (heading, pitc h

and roll). This data is needed to precisely p osition the nadir lo oking an tenna from the zenith

lo oking an tenna tra jectory .

The PCScan soft w are w as used to do wnload the data from tap es to hard disk, where they

w ere automatically sa v ed and named with the extension \.BST" (bit stream). Then, w ord-

b y-w ord b yte sw apping (used in BST �le format) w as remo v ed, and the data �les w ere named

with the extension \.bit". A t this stage, the �les con tain the receiv ed bits, ordered according

to their actual time of reception. Those BST �les are referred to as ra w data. The v olume of

these �les, considering that the signal sampling frequency is 20.456 MHz, is of around 3 GB

for 1 min ute of data (direct and re
ected).

Figure 7.4: ESA equipmen t used during the Eddy Exp erimen t Fligh t.

7.1.2 Satellite con�guration

The analysis of the data has b een carried out on three PRNs, namely PRN n um b er 08, 24

and 27. They are the three highest satellites in view during the 
igh t. Their elev ations and

azim uths are giv en in �gure 7.5. The plots of �gure 7.6 sho w the dela y-Doppler mapping at

the b eginning and end of the trac k.

7.2 Ground truth

The ground truth is pro vided b y a n umerical mo del dev elop ed b y the Spanish National Me-

teorology Institute (INM), and b y Jason's GDR data.
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Figure 7.5: Elev ation and azim uth of three GPS satellites in view during the exp erimen t.

Figure 7.6: Map of the one-c hip iso-dela ys and iso-Dopplers (-100 Hz, 0 and +100 Hz) for

PRNs 08 (blue), 10 (red) and 24 (green) at the b eginning ( left ) and end ( right ) of the trac k.

The -3dB an tenna pattern is also represen ted in blac k.

Wind/w a v e mo del

Wind v ector (sp eed and direction) pro vided b y INM is sho wn in �gure 7.7(a) and SWH in

�gure 7.7(b) at 12 UTC of the da y of P ARIS- 
 Exp erimen t. The exp erimen t started at

around 10 UTC. Therefore, these graphs giv e an o v erall picture of the sea-state during the

exp erimen t. The blac k straigh t line corresp onds to the observ ation trac k: it starts at latitude

41.32

o

North and ends at latitude 42.58

o

North, whic h �ts the top of the graph.

The sea-surface roughness w as quite strong during the exp erimen t, whic h w as principally

due to a strong wind coming from the Golfe du Lion. As observ ed along the trac k, the wind

direction represen ted b y the green arro ws v aries quite signi�can tly from 30

o

North to -30

o

North appro ximately . The wind sp eed v aries b et w een 9 and 13 m/s appro ximately along the

considered trac k. It increases regularly from latitude 41.32

o

North to latitude 42.2

o

North,

and then starts decreasing slo wly .

The SWH increases from around 1.5 to 2 meters along the observ ation trac k. The green

arro ws indicate the presence and direction of wind generated w a v es, meaning that a y oung

sea w as observ ed that da y along the trac k. Dev elop ed sw ell is observ ed principally South to
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(a) Wind Field (b) SWH

Figure 7.7: Wind �eld and SWH at 12 UTC in the observ ation area (data from INM).

Baleares islands.

Jason's GDR data

The Jason radar altimeter essen tially pro vides the sea-surface heigh t from the elapsed time

of the radar pulse, from the satellite to the surface and bac k. In addition to giving estimate

of sea-surface heigh t, it also giv es signi�can t w a v e heigh t from the slop e of the leading edge

of the return w a v eform and wind sp eed o v er the o cean from the strength of the returned

bac kscattered p o w er. Jason's data are sampled at 1 Hz with an accuracy of 20 km. Figure

7.8 sho ws the MSS in Ku- and C-bands and wind sp eed as obtained b y Jason the da y of the

exp erimen t. The SWH is sho wn in �gure 7.9.

The sea-surface slop e v ariance is computed with the bac kscatter co e�cien t �

o

, through

the relationship:

M S S

J ason

=

�

�

o

; (7.1)

where � is a prop ortionalit y constan t; here it includes the F resnel re
ection co e�cien t, slop e

statistical description and p ossible radar calibration o�set. In absence of the last t w o pieces

of information � is set here to 0.64 for b oth w a v elengths, the nominal F resnel co e�cien t v alue.

The wind sp eed obtained from Jason's GDR data is sho wn on �gure 7.8(b). It is calculated

through a relationship with �

o

in Ku-band and the signi�can t w a v e heigh t using the algorithm

dev elop ed b y [Gourrion et al. 2002b ]. The wind sp eed mo del function is ev aluated at 10 meters

ab o v e the sea surface, and is considered to b e accurate to 2 m/s. The wind direction is giv en

b y an in terp olation of the ECMWF mo del with an accuracy of ab out 20

o

.
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Figure 7.8: (a) Mean square slop e from Jason along the trac k in b oth Ku-band (blue curv e)

and C-band (red curv e). (b) Wind sp eed from Jason along the trac k.
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Chapter 8

Scatterometry with Sunligh t

As a complemen tary remote-sensing instrumen t, high resolution optical photographs of Sun

glitter w ere tak en during the 
igh t, pro viding the SORES data (SOlar RE
ectance Sp ecu-

lometer, a Starlab acron ym). The goal of this Chapter is to p erform Least-Square in v ersion

of these data to obtain optical estimates of directional sea-surface mean square slop e. The

forw ard mo del and in v ersion tec hnique ha v e b een dev elop ed within the OPPSCA T I I pro ject

(see [Soulat et al. 2002b ] and [Soulat et al. 2003 ]).

The Chapter b egins with the presen tation of the data set in section (8.1). The in v ersion

pro cedure is then rep orted in section (8.2) including forw ard mo del, parameter searc h and

results. A sp ectral analysis of the images is then undertak en in section (8.3) to enhance the

sea surface c haracterization. W e depict in particular the wind induced long w a v es w a v elength,

direction and mean square slop e. F urthermore, sim ulations highligh t the impact of w a v e heigh t

and wind/w a v e misalignmen t on the three parameters of the DMSS. Finally in section (8.4),

the results are compared to Co x and Munk's measuremen ts.

8.1 The data set

The photographs w ere tak en from time to time along the trac k when the roll, pitc h and y a w

of the plane w ere lo w enough. The �rst photograph w as tak en at 10:00 UTC. The Jason pass

on the area of in terest w as observ ed at 9:33 UTC. Therefore, the SORES data w ere v ery w ell

co-lo cated in space and time with Jason. The Sun elev ation w as appro ximately 45

o

during

the whole exp erimen t. The plane o v er-
ew the altimeter trac k b oth up w ard and do wn w ard.

The camera w as a Leica dedicated to aerial photograph y len t b y ICC. Figure 8.1 sho ws

the camera together with the GPS LHCP an tenna, b oth lo cated at the b ottom of the plane.

An inertial system pro vides the p osition and time of eac h snapshot. Figure 8.2 presen ts the

lo calization of the snapshots n um b ered from 35 to 60. The �lm w as a panc hromatic Aviphot

P an 80. The fo cal length is 15.2 cm, and the photographic plate has an area of 23 � 23 cm

2

.

The ap erture angle is consequen tly 74.2

o

. Giv en the altitude of the plane, the observ ed scene

is a square with area 1.124 � 1.124 km

2

. The exp osure time is �xed at 1/380 and ap erture at

f/4.

The argen tic photographs ha v e b een scanned b y ICC. The original images are comp osed

of 16128 � 16128 squared pixels whic h size is around 260 Mb. Then, the images ha v e b een

bi-linearly resampled to 400 � 400 squared pixels, in order to b e easily pro cessed. An example

of SORES ra w data is sho wn in top of �gure 8.3.

Note that the roughness of the sea surface b eing quite strong during the exp erimen t,

breaking ev en ts and foam o ccur on man y pictures (see b ottom of �gure 8.3). They ha v e not
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Figure 8.1: High resolution camera and GPS LHCP an tenna lo cated at the b ottom of the

plane.
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Figure 8.2: Lo calization of the snapshots along the trac k of the plane. Eac h photograph is

lab eled b y a n um b er ranging from 35 to 63.
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b een corrected for the sea-surface slop e v ariance estimation presen ted in this study .

8.2 In v ersion pro cedure

8.2.1 The directional mean square slop e

T o date, and as systematically referenced when mo deling the sea-surface slop e statistics,

results deriv ed from the glitter-pattern of re
ected sunligh t as photographed b y Co x and

Munk in 1951 [Co x and Munk1954 ] remain the most reliable direct measuremen ts of wind-

dep enden t slop e statistics. W e do not prop ose here the slop e distribution as in section (2.2.2)

of Chapter 2, but consider higher order terms. Based on Co x and Munk analysis, w e �t the

logarithm of sea-surface slop e probabilit y densit y function P

s

:

log ( P

s

) = a

o

� a

0

o

s

2

+ a

00

o

s

4

+ s ( a

1

� a

0

1

s

2

) cos �

0

(8.1)

+ s

2

( a

2

+ a

0

2

s

2

) cos 2 �

0

+ a

3

s

3

cos 3 �

0

+ a

4

s

4

cos 4 �

0

:

The slop e s = tan � is de�ned as the tangen t of the tilt of steep est ascen t of eac h sea-surface

facet, �

0

= � � �

o

is the azim uthal angle of the facet according to the principal axis �

o

,

whic h is the direction of highest MSS encoun tered in the 2-D probabilit y densit y function.

See �gure 8.4 for the de�nition of these t w o angles. The �t co e�cien ts a

m

n

ha v e then b een

related to the expansion co e�cien ts p ertaining the cum ulan ts of the slop e distribution under

a Gram-Charlier appro ximation. Note that a

o

in equation 8.1 is an arbitrary o�set due to the

inabilit y to fully resolv e the steep est angles.

The mo del is simpli�ed in this analysis b y remo ving the �rst and third order momen ts and

the directionalit y in the fourth momen t. Only part of the glitter pattern could b e actually

observ ed giv en the quite lo w Sun elev ation. The sk ewness parameter w ould th us not b e

observ able. Equation 8.1 simpli�es to:

log ( P

s

) = a

o

+ [ � a

0

o

+ a

2

cos (2( � � �

o

))] s

2

+ a

00

o

s

4

: (8.2)

The slop e v ector is de�ned in the frame (X,Y,Z) sho wn in �gure 8.4 with the comp onen ts:

(

s

x

= sin � tan �

s

y

= cos � tan �

(8.3)

In the ( s

x

, s

y

) frame, the sea-surface slop e PDF writes:

P

s

( s

x

; s

y

) = exp[ a

o

� ( a

0

o

+ a

2

cos 2 �

o

) s

2

x

(8.4)

� ( a

0

o

� a

2

cos 2 �

o

) s

2

y

+(2 a

2

sin 2 �

o

) s
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y
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00
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4
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y

)] :

There are four parameters of in terest and one scaling factor:

� a

o

is the normalization parameter,

� a

0

o

is the in v erse o v erall MSS,

� a

2

addresses the anisotrop y of the slop e PDF,

� a

00

o

is for the fourth order momen t,
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Figure 8.3: T op : Example of SORES ra w data (photograph 47). Bottom : Example of

breaking ev en t observ ed during the exp erimen t.
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� �

o

pro vides the direction of steep est encoun tered MSS relativ e to the Sun azim uth. This

direction is then corrected and giv en with resp ect to the North.

Giv en the three men tioned parameters a

0

o

, a

2

and �

o

, w e in v estigate in this section:

� the up-wind MSS : �

2

u

=

1

2( a

0

o

� a

2

)

, whic h is the higher MSS encoun tered in the 2-D

PDF,

� the Slop e PDF Isotrop y : SPI =

�

2

c

�

2

u

=

a

0

o

� a

2

a

0

o

+ a

2

,

� the Slop e PDF Azim uth (SP A): de�ned as the direction of the up-wind MSS, simply

giv en b y �

o

min us the Sun azim uth (the azim uth angles of the T AM are referenced with

resp ect to the Sun azim uth, as presen ted b elo w). There is ho w ev er an am biguit y of 180

o

in this direction. The direction of the up-wind MSS is exp ected to b e prett y close to

the wind direction.

Note that the T otal MSS is related to the up-wind and cross-wind MSS b y:

T otal MSS = 2

q

�

2

c

� �

2

u

: (8.5)

The term a

00

o

giv es information on the departure from the Gaussianit y of the PDF. W e will

analyze this fourth order momen t through the parameter b

00

o

(used to remain consisten t with

Co x and Munk's nomenclature):

b

00

o

=

a

00

o

a

0 2

o

: (8.6)

According to their results, this parameter is not negligible and almost wind indep enden t. F or

clean sea surface measuremen ts, the suggested constan t v alue is 0.04.

8.2.2 F orw ard mo del

A short o v erview of the mec hanisms in v olv ed in the relation b et w een the sea-surface slop e

PDF and the photograph in tensit y are summarized in this section. W e �rst presen t ho w the

sea-surface slop e distribution and sea-surface radiance are related. Then, from the instrumen t

p oin t of view, w e relate the sea-surface radiance to the pixel in tensit y . The geometry of the

exp erimen t is giv en in �gure 8.4. This dev elopmen t is based on the gridding of the sea surface

with cells of required tilts � and azim uths � : the Tilt-Azim uth Map (T AM).

Geometry of the exp erimen t

Hereafter is presen ted the geometry of the sea surface re
ection in �gure 8.4, as considered b y

Co x and Munk. The inciden t ra y is in the plane ( Y ; Z ), mak es an angle � with ( X ; Y ), and

forms an image on the v ertical photographic plate. The angle b et w een the inciden t ra y and

the re
ected one is 2 ! . The p oin ts AB C D de�ne a horizon tal plane through A and AB

0

C

0

D

0

the plane tangen t to the sea surface. The tilt � is measured in the direction AC of steep est

descen t, and this direction mak es an angle � clo c kwise from the Sun. O O

0

is parallel to the

Z -axis and the plane of the photographic plate is parallel to ( X ; Z ). The unit v ectors ^n ,

^

i

and ^r , resp ectiv ely normal to the surface, along the inciden t ra y and along the re
ected ra y ,

can b e expressed as:

^n = ( � sin � sin � ; � cos � sin � ; cos � )

^

i = (0 ; � cos �; � sin � ) (8.7)

^r = ( � sin � sin �; � cos� sin �; cos � ) :
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According to the la w of re
ection, these v ectors follo w:

^r �

^

i = (2 cos ! ) ^ n: (8.8)

W e can deduce:

cos � = 2 cos � cos ! � sin �; (8.9)

and

tan �

� 1

=

1

tan �

�

cos �

2 sin � sin � cos !

; (8.10)

with:

cos ! = ^n: ^r = � ^n:

^

i = cos � sin � � cos � sin � cos �: (8.11)

Z

X

Y f b

a

Incident ray

A

B
C

D

D'

C'
B'

m

O'

O

Reflected ray

X

Y

n

2w

Figure 8.4: Geometry of SORES sensing during the Eddy Exp erimen t Fligh t.

The Tilt-Azim uth Map (T AM)

The w a y to read these equations is the follo wing. W e can �rst consider the inciden t ra y b ounc-

ing ev erywhere o� the surface with the same angle � , since the Sun is at v ery high distance.

This angle can b e kno wn at the momen t an observ er tak es a picture. F rom equation 8.11, !

b ecomes a function of � and � , and equations n um b er 8.9 and 8.10 de�ne a simple system of

t w o equations with t w o unkno wn v ariables. Th us, a relation b et w een the detected p oin ts on

the photographic plate and the w a v e slop es can b e established.

Then, iso-tilts and iso-azim uths on the photograph are plotted on eac h pro cessed pho-

tograph. W e call it the Tilt-Azim uth Map (T AM). An example of T AM is sho wn b elo w in

�gure 8.5(a). Note that this mapping mak es a strong analogy with the Dela y Doppler Map

presen ted in the scatterometric GNSS-R data. The original in tensit y of the photograph is

th us re-organized from the metric space ( X , Y ) to the slop e angle space ( � , � ).
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F rom sea-surface slop e distribution P

s

to sea-surface radiance N

As explained b y Co x and Munk in their w ell-do cumen ted rep ort [Co x and Munk1956 ], w e

ha v e to tak e in to accoun t the tolerance of slop es for the o ccurrence of a highligh t at a �xed

p oin t on the surface, as related to the �nite size of the Sun. The area of the slop e tolerance

ellipse at the p oin t ( x

0

, y

0

) with slop e c haracterized b y the tilt �

0

and azim uth �

0

is:

�

t

=

1

4

� '

2

cos

3

�

0

cos !

0

; (8.12)

where ' is the angular radius of the Sun and !

0

the half angle b et w een the inciden t and

re
ected ra ys. The re
ected radian t in tensit y from one sp ecular p oin t is:

J = � ( !

0

)

H

� '

2

�

h

cos !

0

cos �

0

; (8.13)

where �

h

designates the area of a single sp ecular p oin t pro jected on to a horizon tal plane, H

the Sun irradiance and � the re
ection co e�cien t.

Let P( � , � ) b e the lik eliho o d for a sp ecular p oin t to o ccur in a certain area ( � , � ) of slop e.

By de�nition, it corresp onds to the in tegration of the slop e probabilit y P

s

o v er the tolerance

ellipse: P = P

s

( �; � )�

t

( �; � ). The re
ected radian t in tensit y from the en tire sea surface with

radiance N is then:

N cos � = P J = P

s

�

t

J: (8.14)

The sea-surface slop e probabilit y expression deriv ed b y Co x and Munk is:

P

s

=

4

�

cos

4

�

N

H

cos �: (8.15)

According to [Stegelmann and Garv ey1973 ], this expression m ust b e divided b y the correction

term

sin � cos �

cos !

: (8.16)

This correction comes from the assumption that sp ecular p oin ts are curv ed rather than 
at,

as assumed b y Co x and Munk. Ho w ev er, it has not a signi�can t impact in the presen t

con�guration. Strong discrepancies app ear at lo w er Sun elev ations.

F rom sea-surface radiance N to pixel in tensit y I

The solid angle subtended b y the camera ap erture of diameter d is:

� d

2

cos �

4 r

2

; (8.17)

where r is the distance b et w een the fo cused area and the camera. The 
ux receiv ed in to the

photosensitiv e camera system

N � d

2

� ( � ) cos

2

�

4 r

2

; (8.18)

in tro duces the transmission � ( � ), whic h allo ws for the instrumen t's b eha vior with the angle

of the incoming optical ra y . Considering the re
ections of the incoming ra ys with the outer

and inner face of the camera length, � ( � ) is prop ortional to (1 � � )

3

. Note that the vignetting

e�ect has not b een tak en in to accoun t in � ( � ).
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It can b e sho wn that the sea-surface radiance and the in tensit y on the photograph are

related b y:

N �

I

� ( � ) cos

4

�

; (8.19)

where I is the pixel in tensit y ranging b et w een 0 (blac k) and 1 (white).

Finally w e ha v e:

P

s

�

I cos

3

� cos !

� (1 � � )

3

sin � cos

3

�

: (8.20)

This probabilit y is not absolute, since w e ha v e no absolute relation b et w een N and I in

equation 8.19. The in tensit y on the photograph is th us prop ortional to the sea-surface slop e

probabilit y times a function of the geometry (Sun elev ation � ) and the Tilt-Azim uth Mapping:

I ( �; � ) � P

s

( �; � ) � f ( �; � ; � ) ; (8.21)

with

f ( �; � ; � ) =

� (1 � � )

3

sin � cos

3

�

cos

3

� cos !

: (8.22)

Ho w ev er, this relationship is not v alid for observ ed in tensities far a w a y from the glin t blob.

Indeed, the v ery infrequen t slop es are mask ed b y the bac kground re
ectivit y of the sea surface.

Bac kground mo del

The pixel in tensit y on the image comes principally from the additiv e con tribution of sunglin t

and re
ected skyligh t. The sunligh t scattered b y particles b eneath the sea surface is assumed

negligible and is not considered here. A mo del has b een dev elop ed to remo v e re
ections of

sky radiance from the glin t.

The approac h consists in considering eac h sea surface facet sp ecular b ecause, for a giv en

lo cation of the receiv er, it alw a ys exists a \source" in the sky that satis�es the sp ecular

re
ection condition. Let's consider the cell ( �

i

; �

i

) of the T AM. It corresp onds to the slop e

comp onen ts required to re
ect the solar ra ys on to the camera. The radiance of the sea surface

due to re
ected skyligh t in the cell ( �

i

; �

i

) can th us b e simply mo deled b y the in tegration of

in tensit y I of equation 8.21 o v er all the azim uths � and tilts � except the azim uth �

i

and the

tilt �

i

of the corresp onding cell:

I

b

( �

i

; �

i

) =

Z

� 6= �

i

Z

� 6= �

i

K � P

s

( �; � ) � f ( �; � ; � ) d�d� ; (8.23)

with K a constan t related to the sky radiance. The bac kground is th us parametrized with

the same parameters of in terest of the slop e PDF and a m ultiplicativ e constan t.

F orw ard in tensit y mo del

F rom equations 8.21 and 8.23, the mo del in tensit y I

m

writes:

I

m

( �; � ) = P

s

( �; � ) � f ( �; � ; � ) + I

b

( �; � ) : (8.24)

It is comp osed of t w o n uisance parameters ( a

o

, K ) and four parameters of in terest ( a

0

o

, a

2

, a

00

o

and �

o

). Figure 8.5 sho ws an example of a photograph with its asso ciated T AM data I

d

.
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Figure 8.5: (a) Photograph 41 with the T AM. (b) Data in tensit y I

d

.

8.2.3 P arameter searc h

In v ersion w as based on the least-square approac h, i.e., estimation is p erformed through a

minimization of the ro ot mean square error b et w een mo del and data DDMs. The optimization

pro cedure used to �t a T AM I

d

with our mo del I

m

has b een carried out through the non-linear

�tting Matlab function nlinfit . This function has b een mo di�ed so that a domain of searc h

for eac h parameter can b e sp eci�ed. The inputs of this function are a �rst guess of the six

parameters and a domain of searc h for eac h parameter. The �rst guesses ha v e b een �xed

to a

o

=3, a

0

o

=20, a

2

=6, a

00

o

=15, �

o

=180

o

and K =0. The domains of searc h are c hosen with

reference to Co x and Munk's observ ations:

� a

o

2 [0 : 5],

� a

0

o

2 [0 : 50],

� a

2

2 [0 : 30],

� a

00

o

2 [0 : 50],

� �

o

2 [0

o

: 180

o

],

� K 2 [0 : 1 ].

Note that b ecause of the date and time of the exp erimen t, part of the sunglin t is visible only .

Therefore, the domain of searc h for �

o

is restricted to half the space only .

Figure 8.6 sho ws an example of data and b est-�t mo del T AMs, together with the residual

b et w een mo del and data. As observ ed, the residual do not exceed 10% and is b elo w 4% most

of the time.

8.2.4 Results

The obtained directional slop e v ariances along the trac k of the plane are presen ted in the

follo wing �gures and summarized in T able 8.1. In this study , DMSS are represen ted b y

crosses for the ascending trac k and b y diamonds for the descending trac k.
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Figure 8.6: Examples of data and b est-�t mo del T AMs. T op : Data T AMs. Middle : Best-�t

mo del T AMs. Bottom : Data-mo del residual.
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In �gure 8.7, b oth estimated up-wind MSS and slop e PDF isotrop y are plotted as a function

of photograph latitude. As observ ed during the ascending trac k, the up-wind mean square

slop e increases regularly from latitude 41.2

o

to appro ximately latitude 42.2

o

. A decrease

is then observ ed in the range of latitude [42.2

o

-42.6

o

]. These v ariations are in v ery go o d

agreemen t with the wind sp eed pro vided b y INM and with MSS pro vided b y Jason as sho wn

in �gures n um b er 7.7(a) and 7.8(a), resp ectiv ely . A t latitudes ranging b et w een 42

o

and 42.2

o

,

the magnitudes of the up-wind MSS obtained during the descending trac k of the plane are

lo w er than the ones obtained during the ascending trac k. Tw o hours ha v e passed b et w een the

�rst photograph (n um b er 35) and the last one (n um b er 60). Ho w ev er, as sho wn after, this

v ariation in MSS corresp onds to wind v ariations less than 1.5 m/s.

Photograph Latitude North (deg) a

0

o

a

2

a

00

o

SP A from �

o

(deg North)

35 41.3245

o

13.8606 1.5815 12.6136 -3.9436

o

37 41.5585

o

14.0545 3.4893 10.4035 -12.6559

o

38 41.6610

o

13.3639 3.3965 9.9729 -11.2093

o

39 41.7760

o

11.1930 2.4997 9.0526 -10.7038

o

40 41.9395

o

10.6231 3.2986 7.4682 -13.4550

o

41 41.9498

o

10.8427 3.0718 7.7430 -14.6193

o

42 42.0362

o

10.9335 3.2780 7.5862 -17.3171

o

43 42.1263

o

11.1635 3.2415 7.7810 -18.3593

o

44 42.1659

o

11.3595 3.6843 7.1311 -18.4752

o

45 42.2897

o

12.6817 4.0638 8.5308 -20.1206

o

47 42.5808

o

13.8954 3.4875 11.5217 -10.7170

o

48 42.5037

o

12.9548 2.8321 11.1340 -26.0437

o

49 42.3845

o

13.5814 3.7823 10.0749 -19.1450

o

50 42.2890

o

13.2319 3.5123 10.5604 -18.4675

o

51 42.1534

o

12.1448 3.2049 9.2280 -9.0746

o

52 42.0819

o

13.7373 4.3761 9.9098 -6.1770

o

53 41.9756

o

12.6535 3.8245 9.1848 -4.1865

o

54 41.8704

o

13.0652 4.0820 9.3435 1.3328

o

55 41.7962

o

15.4996 5.8453 1.4376 -4.2403

o

58 41.7889

o

13.9303 4.7390 9.7291 2.8801

o

59 41.7509

o

12.8656 3.7523 9.6445 7.6377

o

60 41.7245

o

12.9297 3.9557 9.4167 7.7232

o

T able 8.1: P arameter estimation in c hronological order.

The isotrop y of the PDF decreases quite signi�can tly from 0.8 to reac h a minim um v alue

of around 0.5 at latitude 42.2

o

, as sho wn in �gure 8.7(b). It is clearly observ ed, when com-

paring the b eha viors of up-wind MSS and SPI, that the isotrop y of the sea-surface slop e PDF

decreases with sea-surface roughness. Ho w ev er suc h v ariations in SPI for the range of wind

sp eeds considered are not exp ected b y Elfouhaily's mo del, as sho wn b elo w. W e will sho w a

strong correlation b et w een slop e PDF isotrop y and wind/w a v es misalignmen t.

W e sho w in �gure 8.8(a) the Slop e PDF Azim uth whic h pro vides a go o d a priori of wind

direction, although they are not alw a ys aligned. SP A is aligned with North at the b eginning

of the trac k and rotates progressiv ely to reac h -30

o

at the end of the trac k. Discrepancies in
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SP A b et w een ascending and descending trac ks can b e observ ed, but they do not exceed 15

o

.

The estimated direction is in prett y go o d agreemen t with the ECMWF wind direction for that

particular da y and with the INM mo del (see �gure 7.7(a)). W e can already an ticipate that

an estimation bias app ears when wind direction and wind-generated w a v es are not exactly

aligned.
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Figure 8.7: Up-wind mean square slop e and slop e PDF isotrop y along the trac k.
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Figure 8.8: Slop e PDF azim uth and b

00

o

along the trac k.

As observ ed in �gure 8.8(b), the parameter b

00

o

do es not v ary signi�can tly along the as-

cending and descending trac ks of the plane. The magnitudes are ho w ev er higher than the

a v erage 0.04 observ ed b y Co x and Munk|see b elo w the discussion in section (8.4).

When compared to ground truth in a more precise w a y|as sho wn latter in section (8.4)|

the estimation pro vides high sea-surface slop e v ariances for the considered wind sp eeds ob-

serv ed that da y . The parameters a

0

o

, a

2

and a

00

o

presen t indeed lo w er v alues compared to
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the ones obtained b y Co x and Munk for high wind sp eeds. This can b e explained with t w o

argumen ts:

� W e extended the in v ersion pro cedure to the whole image. Giv en the Sun elev ation and

camera ap erture, w e w ere able to detect slop es up to 40

o

, whereas Co x and Munk did not

consider slop es greater than 25

o

, sa y . Ho w ev er, they increased their slop e v ariance b y a

factor of 23% in order to tak e in to accoun t the uncommon steep slop es they in ten tionally

did not measured due to SNR considerations.

� As clearly observ ed on the photographs, the glitter pattern is mo dulated b y long w a v es.

This mo dulation corrupted the slop e v ariance estimation and ga v e the motiv ation to

c haracterize these long w a v es.

8.3 Wind and w a v es c haracterization

As observ ed on the photographs, the return in tensit y is mo dulated b y a wind-generated sw ell.

It is exp ected that long sea w a v es do ha v e a non-negligible impact on the DMSS. W e depict

in this section the con tribution of the long w a v es in the DMSS through a sp ectral analysis of

the images and sim ulations.

The sp ectral analysis of the images has b een undertak en in section (8.3.1) to estimate the

direction and w a v elength of the sw ell along the trac k of the plane. In addition, w e estimated

the slop e v ariance of the observ ed long w a v es.

The sim ulations of section (8.3.2) depict the impact of long w a v es on the estimated sea-

surface slop e PDF. W e fo cus on the b eha vior of the up-wind MSS, SPI and SP A with resp ect

to the heigh t and direction of the wind generated w a v es.

8.3.1 Sp ectral analysis

W e in tend in this section to estimate the sea long w a v e sp ectrum with a F ourier analysis of

the return in tensit y . This requires usually the cen tering of the in tensit y around its mean. The

cen tered in tensit y I

c

at pixel ( i , j ) is de�ned in our case b y the return in tensit y at pixel ( i , j )

divided b y the mean v alue obtained in the corresp onding cell ( � , � ) the pixel is b elonging to:

I

c

( i; j ) =

I ( i; j )

�

I ( �; � )

: (8.25)

Figures 8.9(a) and 8.9(b) sho w the cen tered in tensit y I

c

in optimal region of photograph 47

and its F ourier transform, resp ectiv ely .

As sho wn b efore, the mean return in tensit y in cell ( � , � ) is prop ortional to the sea-surface

slop e PDF times a correction factor f whic h is simpli�ed here to 1 = cos

4

� for further calcu-

lation:

�

I ( �; � ) �

1

cos

4

�

� e

a

o

e

[ � a

0

o

+ a

2

cos(2( � � �

o

))] tan

2

�

: (8.26)

In sp ecular regime, the amplitude mo dulation of the bac kscatter is due to the lo cal tilting

of the short w a v es b y underlying longer energy con taining sw ell. So far, in w a v e sp ectrum

retriev al from SAR images, the Mo dulation T ransfer F unction (MTF) under a Gaussian as-

sumption is de�ned b y:

M T F ( k ) =

�

1

I

dI

d tan �

� ik

�

2

: (8.27)
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Photograph 47: Intensity spectrum (log scale)
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Figure 8.9: (a) Cen tered in tensit y I

c

in optimal region of photograph 47. (b) 2-D F ourier

transform of I

c

.

It comes to:

M T F ( k ) =

" 

4

sin

2

�

tan �

� 2

tan �

mss

!

� ik

#

2

; (8.28)

with here:

1

mss

= a

0

o

� a

2

cos[2( � � �

o

)] : (8.29)

The MTF pro vides the dynamic of the deca y of the return in tensit y I , i.e., the decreasing

o ccurrence of sea-surface slop es. It allo ws to describ e the fact that the con trast in the image

dep ends on the observ ation angle.

Then, the relationship b et w een the image p o w er sp ectrum and the sea w a v e sp ectrum

writes:

S (

~

k ) =

F

2

M T F

; (8.30)

where F is the F ourier transform of I

c

.

The sea w a v e sp ectrum estimated from photograph 47 is presen ted in �gure 8.10(a). A

passband �lter allo ws a b etter c haracterization of the long w a v e p eak (see �gure 8.10(b)).

The w a v elength and direction of the long w a v es are simply estimated b y the p osition of the

p eak in the 2-D sp ectrum.

W e also in v estigate from the estimated long w a v e sp ectra the mean square slop e mss

l

related to the observ ed long w a v es. It done through the �tting of the in tegrated sp ectrum

with the signi�can t w a v e heigh t (SWH) pro vided b y Jason. This parameter searc h is motiv ated

b y the simple assumption that the T otal MSS is the sum of the long w a v e slop e v ariance mss

l

plus a wind-related slop e v ariance mss

w

:

T otal MSS = mss

w

+ mss

l

: (8.31)

A close lo ok to the data has sho wn that equation 8.28 do es not hold. Sp ectral analyses

ha v e b een carried out on 128x128 squared pixel images at di�eren t observ ation angles. The
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Photograph 47: Elevation spectrum (log scale)
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Photograph 47: Passband filtered elevation spectrum (log scale)
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Figure 8.10: (a) Sea elev ation estimated sp ectrum S ( k ). (b) P assband �ltered S ( k ).

in tegrated image sp ectrum presen ts three regimes along the tilt axis of the T AM, i.e. the angle

of observ ation, as sho wn for photograph 37 in �gure 8.11. It is �rst an increasing function of

� , then reac hes a 4

o

large plateau and �nally decreases.

When the in tegrated sp ectrum do es not dep end on the observ ation angle, it implies from

equation 8.30 that the MTF do es not v ary as w ell. This means that in this range of slop es

the deriv ativ e of the receiv ed in tensit y (i.e., slop e PDF) with resp ect to the slop es is constan t.

Consequen tly , the o ccurrence of slop es decreases in exp ( � tan � =mss ) in this range and not

in exp ( � tan

2

� =mss ) as in the Gaussian case.

Note that this plateau corresp onds to the in
ection p oin t of the PDF. As observ ed on all

the set of photographs, it shifts to w ards large slop es v alues as the roughness increases.

In this particular range of slop es, the signi�can t w a v e heigh t can th us b e de�ned b y:

S W H = 4 �

�

= 4

s

Z

S (

~

k ) d

~

k = 4

s

Z

F

2

(

~

k )

C

2

~

k

2

d

~

k : (8.32)

The constan t C is an ad ho c parameter replacing the MTF and computed so that SWH �ts

the v alues pro vided b y Jason (see �gure 7.9). W e deduce �nally a slop e v ariance of the long

w a v es:

mss

l

=

1

C

2

Z

F

2

(

~

k ) d

~

k : (8.33)

Results

Finally , w e obtained from the sp ectral analysis the follo wings results:

� The sw ell w a v elength spans b et w een 40 and 45 meters along the trac k.

� As sho wn in �gure 8.12, the sw ell direction �

s

rotates quite linearly from ab out 40

o

North at latitude 41.6

o

to -60

o

North at latitude 42.6

o

. A t eac h p oin t of the trac k

where w a v es ha v e b een c haracterized, the w a v e orien tation do es not c hange in time

since there are no signi�can t di�erences b et w een the directions estimated during the
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Figure 8.11: In tegrated sp ectrum v ersus tilt � .

ascending and descending trac ks. Ho w ev er, these directions di�er from the slop e PDF

azim uths estimated through the T AM data in v ersion at lo w latitudes. As sho wn b elo w,

there is indeed a decoupling b et w een wind and w a v es as w e go South.

� The long w a v es slop e v ariance mss

l

ranges b et w een 0.008 and 0.016 as observ ed in

�gure 8.13(a). The T otal MSS and mss

w

are also plotted. These magnitudes are v ery

consisten t with V andemark's recen t measuremen ts [V andemark et al. 2003 ] for coastal

observ ations. Their mss

l

includes w a v es with w a v elengths greater than 2 m.

W e quan ti�ed in p ercen t of the o v erall slop e v ariance the mss

l

con tribution of the long

w a v es in �gure 8.13(b). The long w a v e slop e v ariance represen ts more than 10% of the

o v erall slop e v ariance along the trac k and can reac h v alues up to 22%.
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Figure 8.12: Sw ell direction �

s

along the trac k from a sp ectral analysis of the images.

8.3.2 Sim ulations

W e in v estigate in this section the impact of a sw ell on the Sun glitter through some sim ulated

photographs. The goal is to quan tify the long scale slop e comp onen t of the total sea-surface

slop e v ariance.
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Figure 8.13: (a) T otal MSS, mss

w

and mss

l

v ersus latitude. (b) Long w a v e v ariance con tri-

bution in p ercen t to the o v erall slop e v ariance.

The sw ell can b e simply mo deled b y a sine function with three parameters: heigh t H ,

w a v elength L and direction �

s

:

�

s

( X ; Y ) = H cos

�

2 �

L

(sin �

s

X + cos �

s

Y )

�

: (8.34)

As observ ed from the sp ectral analysis, the sw ell w a v elength is �xed to L =45 meters. W e

recall that the induced wind sea-surface slop e PDF prop osed in section (8.2.1) is:

P

s

( �; � ) = e

a

o

+[ � a

0

o

+ a

2

cos (2( � � �

o

))] tan

2

�

: (8.35)

A slop e originally sp ecular in the cell ( � , � ) of the T AM is no w tilted along the sw ell b y

an angle �

s

. The slop e ( � , � ) is to b e expressed in the lo cal frame of the sw ell (

~

X

s

,

~

Y

s

,

~

Z

s

) at

that p oin t of the surface, de�ned as:

8

>

<

>

:

~

X

s

= cos �

s

~

X � sin �

s

~

Y

~

Y

s

= cos �

s

sin �

s

~

X + cos �

s

cos �

s

~

Y � sin �

s

~

Z

~

Z

s

= sin �

s

sin �

s

~

X + sin �

s

cos �

s

~

Y + cos �

s

~

Z

Then, the unit v ector ~ u tangen t to the sp ecular facet writes in frames (

~

X ;

~

Y ;

~

Z ) and (

~

X

s

;

~

Y

s

;

~

Z

s

):

~ u =

8

>

<

>

:

sin � cos �

cos � cos �

� sin �

(

~

X ;

~

Y ;

~

Z )

=

8

>

<

>

:

cos � sin( � � �

s

)

cos � cos �

s

cos ( � � �

s

) + sin � sin �

s

cos � sin �

s

cos ( � � �

s

) � sin � cos �

s

(

~

X

s

;

~

Y

s

;

~

Z

s

)

The mo di�ed slop e PDF comes to:

P

s

( �; �

0

) = e

a

o

+[ � a

0

o

+ a

2

cos(2( � � �

o

))] tan

2

�

0

; (8.36)

with:

sin �

0

= sin � cos �

s

� cos � sin �

s

cos ( � � �

s

) : (8.37)
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Figure 8.14: Sim ulated photographs with the Eddy Exp erimen t Fligh t camera sp eci�cations.

The up-wind MSS is 0.031. T op : without sw ell. Bottom : with sw ell ( H =1 m).
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Sim ulations ha v e b een done based on equations 8.36 and 8.37 in order to highligh t the

impact of H and the relativ e orien tation b et w een wind and w a v es (� � = �

s

� �

o

) on the

up-wind MSS, SPI and SP A. W e �xed an initial up-wind MSS to 0.031 ( a

0

o

=20 and a

2

=4),

whic h corresp onds to an isotrop y of 0.67. The bistatic geometry is similar to the one of the

photographs, with a Sun elev ation of 45

o

. Ho w ev er, b oth Sun azim uth and wind direction are

assumed to b e aligned with the top of the photograph ( �

o

=0

o

). Figure 8.14 sho ws an example

of sim ulated glin t with and without long w a v es for that particular DMSS. The sw ell direction

is 50

o

a w a y from the wind direction with H =1 m.

The use of the Matlab �tting function is not appropriate in this case, since the domain

of searc h c hanges signi�can tly from one incremen t of H or � � to the other. The parameter

estimation has b een done with a simple least square in v ersion. The results of the sim ulations

are presen ted b elo w.

Impact of SWH

W e fo cus on the v ariations of the mean square slop e with the heigh t of wind-generated w a v es

for a �xed orien tation, whic h is c hosen to b e at � � = �

s

� �

o

= 45

o

from the wind direction.

As observ ed in �gure 8.15(a), the up-wind MSS increases with H . F or instance, a SWH of 2

m ( H =1) will increase the slop e v ariance b y a factor 1.24.
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Figure 8.15: Impact of w a v e heigh t H on �

2

u

and SPI. � � = 45

o

.

On the con trary , the isotrop y of the PDF decreases with the SWH and is lo w ered b y a

factor 1.08 for SWH=2 m (see �gure 8.15(b)). W e conclude that the SWH increases the

anisotrop y of the sea-surface slop e PDF, but not signi�can tly .

The di�erence b et w een the slop e PDF azim uth and wind direction is plotted as a function

of the heigh t of the w a v es in �gure 8.16. The deviation from the true wind direction increases

quite signi�can tly with H and can reac h 15

o

for SWH=2 m.

Impact of a wind/w a v e misalignmen t

The parameter H is no w �xed to 0.7 (blue curv e) and 1 meter (red curv e), and � � b ecomes

the v arying parameter. Figure 8.17(a) sho ws that the up-wind MSS increases of ab out 40%
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Figure 8.16: Impact of H on wind direction estimation. � � = 45

o

.

when w a v es and wind are aligned (� � =0) for a SWH of the order of 2 m ( H =1 m). It

decreases then to the nominal v alue of 0.031 when the w a v e direction is p erp endicular to the

wind direction. Note that shado wing e�ects are not mo deled here, and giv en the geometry of

the scattering (Sun elev ation is 45

o

) they should ha v e a great impact on the return in tensit y .

A lo w er increase than the 40% found in the mean square slop e is exp ected.
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Figure 8.17: Impact of � � on �
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u

(a) and SPI (b). H is 0.7 (blue curv e) and 1 meter (red

curv e). The blac k line corresp onds to the nominal v alue of the analyzed parameter.

The slop e PDF isotrop y equals 0.5 when wind and w a v es are aligned as sho wn in �gure

8.17(b). As exp ected in that case, the long w a v e tilting e�ect increases the anisotrop y of the

slop e PDF. When the w a v e orien tation di�ers from the wind direction, the PDF b ecomes

more isotropic and SPI equals 0.8 for � � = 90

o

. W e conclude that the relativ e orien tation of

the wind and w a v es b ecomes a crucial parameter go v erning the sea-surface slop e shap e.

The di�erence angle b et w een slop e PDF azim uth and wind direction is maxim um around

� � = 40

o

to 60

o

. The estimation bias is then of the order of 15

o

as observ ed in �gure 8.18.
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Figure 8.18: Impact of � � on wind direction estimation. H is 0.7 (blue curv e) and 1 meter

(red curv e).

8.4 Comparison with Co x and Munk's measuremen ts

W e compare in this section the obtained �tting co e�cien ts with sea-surface roughness and

with the ones found b y Co x and Munk. The relationship b et w een DMSS and sea-surface

c haracteristics suc h as SWH and misalignmen t b et w een wind and w a v es is discussed. Sp ecial

atten tion is then paid to the fourth order momen t of the slop e PDF.

Sea-surface slop e v ariance

The estimated MSS de�ned b y 1 =a

0

o

has b een plotted as a function of Jason's wind sp eed in

�gure 8.19(a), together with the MSS computed with the Co x and Munk's parameters a

0

o

(red

circle). The latter includes a correction factor (the so-called \blank et" factor) of 23%, whic h

m ultiplies their inference of an \incomplete" slop e v ariance 1 =a

0

o

to accoun t for the infrequen t

and unmeasured steep slop es (see Co x and Munk, 1956, section 7.3 and section 9). According

to the mathematical extrap olation pro cedure, the mean square slop e w ould then b e simply

estimated via the deduction:

MSS '

B

a

0

o

; (8.38)

where B is the appro ximated blank et adjustmen t factor to tak e in to accoun t the v ery infre-

quen t steep slop e comp onen ts in the total v ariance.

As understo o d, this factor th us encompasses the appro ximation of the ratio a

00

o

=a

0 2

o

, and is

wind-insensitiv e. As prop osed b y Co x and Munk, the v alue is 1.23 leading to the often-cited

deduction for clean surface:

MSS

cl ean

= 0 : 003 + 0 : 005 U

12

'

1 : 23

a

0

o

cl ean

; (8.39)

where U

12

is the wind at a 12 meter altitude, g the acceleration gra vit y . This regression line

is also plotted in red. In addition, b oth Elfouhaily's and Kudry a vtsev's mo dels are plotted

(see [Kudry a vtsev et al. 1999 ]).

A linear v ariation of the optically deriv ed slop e v ariance with the wind sp eed is observ ed.

The regression line has not b een computed since the range of wind sp eeds during the exp er-

imen t w as to o small. The sea-surface slop e v ariances obtained during this exp erimen t are

higher than the ones computed b y Co x and Munk. W e �t p erfectly their data b y reducing
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Figure 8.19: (a) T otal MSS v ersus wind sp eed. Co x and Munk slop e v ariances are also

plotted (red circles). (b) Angle di�erence b et w een slop e PDF azim uth and sw ell direction
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our estimated v ariances b y 20%. This high slop e v ariances ma y come particularly from the

sea-state. Indeed sim ulations ha v e highligh ted that the non-wind related SWH could increase

the MSS b y around 20%. W e ha v e indeed observ ed during this exp erimen t a stronger wind-

generated sw ell (SWH � 2 m) than the one observ ed b y Co x and Munk (SWH � 1.2 m) for high

wind sp eeds.

F urthermore, w e ha v e seen in section (8.3.1) that the estimated long w a v e slop e v ariance

mss

l

con tributes to more than 10% of the o v erall sea-surface slop e v ariance. It con�rms the

fact that at high wind sp eed conditions (9 to 13 m/s), high SWHs|i.e., high mss

l

|will

increase signi�can tly the o v erall MSS.

Slop e PDF azim uth

Co x and Munk ha v e found the slop e PDF azim uth to b e orien ted with the wind in the whole set

of data they pro cessed. In our set of data, w e detected discrepancies b et w een w a v es direction

and SP A at lo w latitudes of the trac k. Figure 8.19(b) presen ts the di�erences b et w een the

directions of the wind-generated w a v es and the slop e PDF azim uths along the trac k. Sw ell and

wind are appro ximately aligned at high latitudes, whereas di�erences reac hing v alues of the

order of 40

o

are observ ed at the b eginning of the trac k. Probably due to strong bath ymetric

v ariations in this area, the wind generated w a v es rotate signi�can tly to w ards the Catalan

coast as w e go South, whereas the wind decreases and rotates slo wly . Giv en the results of the

sim ulations, the detection of this di�erence allo ws us to think that there is a bias b et w een

the estimated SP A and the true wind direction ranging b et w een 0

o

and 15

o

. This bias could

explain the discrepancy of the data with the ECMWF mo del at the b eginning of the trac k.

Slop e PDF isotrop y

In their w ell do cumen ted rep ort, Co x and Munk measured isotropies ranging from 0.54 to

1 and noticed that high v alues of this parameter (i.e., a quasi-omnidirectional slop e PDF)

w ere obtained for gust y winds of high v ariabilit y . Therefore they related isotrop y lo w v alues

with the lo w v ariabilit y of the wind. W e observ e in �gure 8.20(a) similar lo w v alues of ab out
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0.5 in an area where the wind is strong (12-13 m/s) and particularly aligned with the w a v es.

It is clearly observ ed that the slop e PDF isotrop y decreases with wind sp eed, with higher

v ariations than the ones predicted b y the Elfouhaily mo del (blac k curv e). Indeed, this mo del

do es not predict signi�can t v ariations of the isotrop y at this range of wind sp eeds.
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Figure 8.20: (a) Slop e PDF isotrop y v ersus wind sp eed. (b) Slop e PDF isotrop y v ersus � � .

W e an ticipate that high v alues of SPI are obtained also when there is a misalignmen t

b et w een wind and w a v es. Co x and Munk's observ ations do consolidate this dep endency

since the high isotrop y v alue of 0.97 encoun tered for a 8.6 m/s wind sp eed corresp onds to a

misalignmen t of 39

o

.

The relativ e orien tation of w a v es and wind and the SWH impact signi�can tly the isotrop y

of the sea-surface slop e PDF, as understo o d from the sim ulations. It has b een sho wn ho w ev er

that SPI w as m uc h more sensitiv e to this misalignmen t than the SWH. Figure 8.20(b) sho ws

indeed the prett y go o d correlation b et w een SPI and this misalignmen t. The slop e PDF

isotrop y increases from 0.5 to 0.6 when 30

o

of di�erence b et w een wind and w a v e orien tations

is observ ed. Note that the small isotropies encoun tered corresp ond also with the highest

SWHs.

F urthermore, w e observ e in this �gure that the minim um of the isotrop y do es not o ccur at

� � = 0 as exp ected but at around 15

o

. This bias could b e related to the bias b et w een slop e

PDF azim uth and true wind direction, since � � is not the exact angle di�erence b et w een

wind and w a v es but the di�erence b et w een SP A and w a v es.

Departure from Gaussianit y

The analysis of parameter b

00

o

clearly sho ws that, in this high wind sp eed regime, it is higher

than the v alue 0.04 men tioned b y Co x and Munk. The imp ortance of this v alue for their

analysis comes from the necessit y to accoun t for the missing data ( a

0

o

s

2

� 4) to ev aluate the

total slop e v ariance. Co x and Munk extrap olate their �t results out to a

0

o

s

2

� 8 to estimate

for what they called the inc omplete slop e v ariances. This limit can b e judged quite arbitrary ,

and is in fact strongly dep ending up on the ratio a

00

o

=a

0 2

o

[Chapron et al. 2000 ]. When this v alue

is less or equal to the c hosen constan t 0.04, the extrap olation pro cedure can b e tested and a
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p osteriori justi�ed. But, it is not the case for higher v alues (in fact obtained for wind sp eeds

higher than 6 m/s).

As observ ed in �gure 8.21(a), the fourth order momen t a

00

o

of the slop e distribution is

a decreasing function of the wind in the range 9 - 13 m/s. The regression line computed

regardless of the outlier giv es:

a

00

o

= 18 : 1942 � 0 : 7316 U

10

: (8.40)

The parameter b

00

o

(see �gure 8.21(b)) spans b et w een 0.05 and 0.07 and presen ts slo w increasing

v ariations with wind sp eed, according to the regression line:

b

00

o

=

a

00

o

a

0 2

o

= 0 : 0569 + 2 � 10

� 4

U

10

: (8.41)

Note that some of the Co x and Munk's data fall in to the obtained ranges of v alues.
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(a) and b
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(b) v ersus wind sp eed. Co x and Munk's data are also

plotted (red circles).

The blank et adjustmen t factor used b y Co x and Munk, along with its implicit relation

to the PDF 4

r th

order correction, is p oten tially highly v ariable (sea-state, stabilit y , curren t,

slic k, ...). The strong sea-state observ ed during the presen t exp erimen t ma y explain the quite

high departure of the slop e PDF from Gaussianit y , depicted b y b

00

o

=0.057, compared to the

mean v alue of 0.04 computed b y Co x and Munk for a wider range of wind sp eeds (from 0.5 to

14 m/s). In addition, Co x and Munk clearly observ ed v alues lo w er than 0.04 for wind sp eeds

lo w er than 5 m/s and a SWH not exceeding 1 m. Therefore, the parameter b

00

o

certainly

dep ends more on the sea-state than on the sea-surface roughness.

As understo o d, this v alue impacts the v ariance estimation and the predicted o ccurrence

of the infrequen t but v ery large o cean slop e comp onen ts. This factor do es strongly impact

the shap e of the PDF, and th us the corresp onding optical and radar cross sections in quasi-

sp ecular re
ections.



8.5. CONCLUSIONS 129

8.5 Conclusions

W e ha v e presen ted in this Chapter a re-do of the Co x and Munk exp erimen t whic h aimed at

DMSS retriev al through in v ersion of Tilt-Azim uth Map of Sun glitter optical photographs. A

set of 25 photographs has b een analyzed b y the SORES pro cessor along a path aligned with

Jason's trac k, close to the Catalan coast. W e ha v e retriev ed the DMSS pro�le along the trac k

with a v ery go o d agreemen t compared to the altimeter data.

Estimated sea-surface mean square slop es range b et w een 0.04 and 0.08 and are linearly

prop ortional to the wind sp eed. Slop e PDF Isotropies presen t quite strong v ariations from 0.8

to 0.5. The wind direction agrees v ery w ell with the ground truth giv en b y ECMWF mo del

and n umerical mo dels from INM.

A sp ectral analysis has b een carried out to extract further parameters of the sea surface,

suc h as w a v e direction, w a v elength and long w a v e slop e v ariance. These parameters ha v e

b een estimated along the trac k, sho wing v ery consisten t results. These additional parameters

allo w ed us to impro v e the understanding of the long w a v e impact on the DMSS, whic h has

b een enhanced through sim ulations.

In particular, w e ha v e seen that a SWH of 2 meters could increase the slop e v ariance of

ab out 20%. The explanation comes from the tilting e�ect of the long w a v es on the small scale

roughness. It has b een sho wn that the direction of the wind-generated w a v es with resp ect to

the wind direction signi�can tly impacts the isotrop y of the PDF. This e�ect has b een clearly

observ ed exp erimen tally . The discrepancy b et w een wind and w a v es orien tations clearly lo w ers

the anisotrop y of the slop e PDF, i.e., increases the SPI. In addition, w e ha v e sho wn that sw ell

and wind misalignmen t can lead to estimation biases in the wind direction up to 15

o

.

A comparison has b een undertak en with Co x and Munk's results. The main di�erence in

the pro cessing of the data comes from the fact that they limitated the �t of the sea-surface

slop e PDF to maxim um slop es of ab out 20-25

o

, while w e ha v e here considered the whole image

with detectable slop es up to 40

o

. The motiv ation of this approac h w as to dev elop a bac k-

ground mo del, whose parameters are minimized during the in v ersion pro cedure. Therefore, w e

don't need an y correction or so-called \blank et" factor|as in tro duced b y Co x and Munk|to

estimate the sea-surface slop e v ariance. Ho w ev er, the slop e v ariances are 20% higher than the

ones estimated b y Co x and Munk for high wind sp eeds. This is consisten t with the fact that

w e observ ed w a v e heigh ts t w o times bigger than the ones observ ed b y Co x and Munk for the

same wind conditions.

The non negligible con tribution of the long w a v e slop e v ariance in the o v erall mean square

slop e con�rms that the sea-state a�ects considerably the estimation of the wind-related DMSS.

F urthermore, a strong departure of the PDF to Gaussianit y has b een observ ed during

this exp erimen t. It has b een suggested that the parameter b

00

o

is strongly dep enden t to SWH.

F urther exp erimen tal data tak en for di�eren t wind sp eed and SWH conditions are needed to

con�rm this statemen t.
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Chapter 9

Scatterometry with GNSS-R

This Chapter presen ts estimation of DMSS during the Eddy Exp erimen t Fligh t b y in v ersion

of the bi-dimensional Dela y-Doppler Maps. The metho d uses a Least-Square approac h and

p ermits to retriev e sim ultaneously at L-band the T otal MSS, Slop e PDF Isotrop y and Slop e

PDF Azim uth. This w ork has b een carried out in the frame of the OPPSCA T I I ESA pro ject

(see [Germain et al. 2003 ]).

The data set is �rst describ ed with the sp eci�c dela y and Doppler resolutions. Section (9.2)

rep orts then the retrac king and in v ersion pro cedures that ha v e b een carried out on the scat-

terometric data pro ducts. F urthermore, the estimated DMSS are analyzed in section (9.3)

through their con�dence in terv al length. Finally , the results are compared to SORES in v ersion

and ground truth.

9.1 The data set

As it w ould ha v e b een to o computationally extensiv e to analyze the full trac k, the latter

w as divided in to 46 10-second long arcs, sampled ev ery 50 seconds. The �rst arc starts

at SO W=468008.63. Giv en the sp eed of the aircraft, one arc spans roughly 500 meters.

Figure 9.1 sho ws a plot of those arcs while aircraft kinematic parameters are presen ted on

�gure 9.2.

The �rst pro cessing step consists in p erforming a dela y-Doppler PRN co de despreading to

coheren tly detect the direct signal (from GPS emitter) and the re
ected signal (scattered b y

the sea-surface). W e used the Starlab in-house soft w are (Starligh t) to pro duce three DDMs

time-series (one p er PRN), sampled in to 46 arcs of 10 seconds eac h. The general strategy of

the pro cessing is to trac k the dela y-Doppler of direct signal and then compute DDMs for b oth

direct and re
ected signals. As describ ed in section (4.1) of Chapter 4, those DDMs actually

represen t the complex amplitude of incoming signals when pro cessed with a dela y-Doppler

v alue sligh tly di�eren t from the estimated dela y-Doppler cen ter. The coheren t in tegration

time w as set to 20 ms to ensure a Doppler resolution of 50 Hz. The delta-dela y spans -40 to

40 correlation lags (i.e., +/- 1.95 � s) with a lag step (48.9 ns) and the delta-Doppler spans

-200 Hz to 200 Hz with a step of 20 Hz. As a result, the Lev el 0 data for one PRN and one

arc is a complex dela y-Doppler-Time cub e of size 81 � 21 � 500.

W e ha v e c hosen to set the accum ulation time T

a

to 10 seconds so that eac h arc is c harac-

terized b y a unique DDM, resulting from the sum of the amplitudes of 500 complex DDMs

(or 500 \lo oks"). Th us, for eac h arc and eac h PRN, the Lev el 0b data is a real dela y-Doppler

map of size 81 � 21.
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Figure 9.1: Map of the 46 10-second arcs considered along the trac k.

9.2 Retrac king and in v ersion

9.2.1 The forw ard mo del

The mo del considers the a v erage amplitude of the DDM. Since amplitude data are appro x-

imately Ra yleigh distributed, it can b e sho wn that the a v erage amplitude is close to the

square-ro ot of the a v erage p o w er. Hence, the a v erage amplitude of the DDM writes:

A ( � ; f ) =

q

�:P ( � ; f ) + g : (9.1)

P ( � ; f ) is the w a v eform mo del presen ted in section (3.3) of Chapter 3. As w e do not claim to

ha v e a calibrated mo del, w e also ha v e in tro duced an o v erall scaling parameter � in the latter

equation in order to �t mo del to data. F or dela ys lo w er than one-c hip, the DDM amplitude

is not n ull but sho ws a constan t v alue g (often called "grass lev el"). It can b e sho wn that

this v alue dep ends on the correlation length of a thermal noise corrupting the signal and the

coheren t in tegration time (see section (11.2) of Chapter 11 for further details).

T o sum up, the prop osed forw ard mo del features three parameters of in terest and four

\n uisance parameters". Those are:

� three DMSS c haracterizing the Gaussian slop e PDF: T otal MSS, isotrop y (SPI) and

azim uth (SP A),

� DDM dela y-Doppler cen ters: �

c

and f

c

,

� o v erall scaling parameter: � ,

� grass lev el: g .

Other parameters necessary to run the forw ard mo del are recalled in T able 9.1.
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Figure 9.2: Altitude, heading (azim uth from North) and sp eed of the aircraft during the 46

10-second arcs.

9.2.2 In v ersion sc heme

As in the SORES pro cedure, w e used a least-square approac h. Let A

d

( � ; f ) b e the data

DDM and A

�

( � ; f ) the mo del DDM corresp onding to a � v ector of sev en parameters (DMSS

and n uisance parameters). The ro ot mean square error (RMSE) b et w een data and mo del is

de�ned as the ro ot mean square of residual:

RMSE( � ) =

s

X

� ;f

[ A

d

( � ; f ) � A

�

( � ; f )]

2

; (9.2)

Geometry

Aircraft: Altitude, sp eed and heading pro vided at 1 Hz

Satellite: Elev ation and azim uth pro vided at 1 Hz

Instrumen t

An tenna P attern: pro vided (see �gure 9.3)

Band: L

1

(19 cm)

GPS Co de: C/A

Pro cessing

In tegration Time: 20 ms

Accum ulation Time: 10 s

Doppler span: [ -200 Hz , 200 Hz ], 20 Hz step

Dela y span: [-40 samples, 40 samples], 1 sample step

T able 9.1: Ov erview of the parameters necessary for running the DDM forw ard mo del.
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Figure 9.3: P o w er pattern of the LHCP an tenna used to gather the GNSS-R signals (mea-

suremen ts pro vided b y IEEC). It is a 3 dB an tenna, ha ving its cut-o� at 55

o

. It w as moun ted

on the aircraft so that aircraft nose corresp onds to azim uth 210

o

.

and the estimator is the v alue minimizing this error:

^� = argmin

�

RMSE( � ) : (9.3)

Theoretically , the absolute minim um of RMSE should b e searc hed join tly o v er the sev en

parameters. In practice, this is not tractable and w e ha v e adopted the follo wing sub-optimal

strategy . First, the grass lev el is not optimized but a priori set to a v alue measured on data.

This v alue is the a v erage DDM amplitude in the domain suc h that dela y is smaller than min us

one-c hip. Giv en the sampling, this v alue is estimated o v er 20 � 21 � 500 = 210 ; 000 samples and

is therefore exp ected to b e quite accurate. Second, the follo wing t w o-step iterativ e algorithm

w as applied:

� In a �rst step, DMSS parameters are frozen while the three other parameters (scaling

and cen ters) are optimized. This step is called r etr acking : giv en a shap e for mo del DDM,

the optimal translation is searc hed for in order to �t data. W e recall that in GNSS-R

altimetry , this op eration is carried out o v er a w a v eform (a Doppler-cut in the DDM) to

�ne-estimating lapse b et w een direct and re
ected signals.

� In a second step, the dela y-Doppler cen ters are frozen and the four other parameters

(scaling and DMSS) are optimized. This step is called inversion : giv en a p osition for

mo del DDM, the optimal shap e is searc hed for in order to �t data.

Numerical optimization is carried out with a steep est-slop e-descen t algorithm based on Lev en b erg-

Marquardt t yp e adjustmen t ([Lev en b erg1944 , Marquardt1963 ]). In practice, the DMSS is

optimized b y rep eating this t w o-step sequence un til con v ergence.

Tw o kinds of data are actually deliv ered b y this pro cessing. Magnitudes lik e dela y-

Doppler cen ters are Lev el 1 data that can b e pro cessed further to infer geoph ysical param-

eters. In particular, the pro cessing of dela y cen ters is the sub ject of GNSS-R altimetry
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to reco v er sea-surface heigh t. This can b e done through the searc h of dela y cen troids (see

[Aparicio et al. 2002 ]) or through the retrac king of the dela y w a v eform (see [Ru�ni et al. 2003 ]

and [Lo w e et al. 2002 ]). Although w e will fo cus only on Lev el 2 data, namely the DMSS, w e

presen t hereafter the sc atter ometric bias whic h highligh ts ho w altimetric and scatterometric

measuremen ts are link ed together, esp ecially at lo w altitudes.

The scatterometric bias

This iterativ e algorithm someho w mak es the implicit assumption that DDM \p osition" is

only go v erned b y cen ter v alues while its \shap e" is only DMSS dep enden t. If the latter

statemen t is true, the former is only an appro ximation, for w e kno w that at lo w altitude,

DMSS also impacts the dela y-Doppler DDM cen ters: this e�ect is called sc atter ometric bias

in GNSS-R altimetry (see [Rius et al. 2002 ]). Figure 9.4 illustrates this bias b y sho wing t w o

dela y w a v eform mo dels obtained for di�eren t MSS, suc h as MSS

2

> MSS

1

. W e recall that

altimetry measuremen t consists in estimating the dela y � b et w een the direct and re
ected

dela y w a v eforms. It app ears that sea-surface roughness tends to increase the dela y: w e ha v e

�

2

> �

1

.

MSS2
t 2estimated delay:

MSS1

1t  estimated delay:

REFLECTED SIGNALDIRECT SIGNAL

Time

Figure 9.4: Scatterometric bias in the dela y w a v eform.

Sensitivit y analyses ha v e b een carried out to depict the sc atter ometric bias � � = �

2

� �

1

with resp ect to SWH and the three parameters of the DMSS: MSS, SPI and SP A. W e �rst

generated an initial w a v eform with a giv en set of nominal parameters, as sho wn in T able 9.2.

Then, w e generated sev eral mo del w a v eforms with the same set of parameters except one

that spans a range of v alues around the nominal one. F or eac h v alue of this parameter, a

retrac king of the initial w a v eform with the mo del w a v eform has b een undertak en to ev aluate

the sc atter ometric bias .

MSS SP A SPI SWH

0.025 0

o

0.55 2 m

T able 9.2: Set of nominal parameters for sensitivit y analysis of parameter � � .

First, sensitivit y of � � to signi�can t w a v e heigh t is sho wn in �gure 9.5 for the considered

PRNs. Unlik e RA, the signi�can t w a v e heigh t do es not impact signi�can tly the dela y estima-

tion. A t this strong sea-state regime (SWH � 2 m) the error is less than 1 cm for a discrepancy

of 2 m in the SWH. This comes from the fact that the c hip length in GNSS is m uc h longer

than the one used in RA. Therefore, the SWH parameter is not tak en in to accoun t in the

in v ersion.
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Ho w ev er, �gures n um b er 9.6, 9.7 and 9.8 sho w the drastic impact of sea-surface roughness

(resp ectiv ely the wind strength related to MSS, SPI and SP A) on � � . F or instance, a bias of

1 meter in dela y is reac hed when:

� the wind sp eed di�ers b y 2 m/s,

� SPI is 0.25 lo w er than nominal,

� or SP A di�ers b y 25

o

.
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Figure 9.5: Sensitivit y analysis of dela y cen ter to SWH. The nominal v alue is 2 m.
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Figure 9.6: Sensitivit y analysis of dela y cen ter to wind sp eed. The nominal v alue is 10 m/s

(i.e., MSS = 0.025).

This sensitivit y to DMSS comes from the relativ e size of the glistening zone (related to

MSS) within the scattering area. The latter is de�ned as the supp ort of the in tegral of the
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Figure 9.7: Sensitivit y analysis of dela y cen ter to sea-surface slop e PDF Isotrop y (SPI). The

nominal v alue is 0.55.
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DDM w a v eform, whic h includes in addition to the glistening zone, the W o o dw ard Am biguit y

F unction and an tenna pattern. In the case of a lo w altitude receiv er, the glistening zone

corresp onds to the smallest supp ort and th us mo dulates strongly the return w a v eform. Note

that these e�ects will signi�can tly reduce at high altitude, since the glistening area is larger

than the �rst c hip zone. In a spaceb orne scenario, the bias b ecomes constan t.

W e can an ticipate that GNSS-R scatterometry from space will b e quite c hallenging. The

main issue addresses the spatial resolution, for the sensitivit y of the DDM to DMSS app ears

at higher dela ys and Doppler frequencies than those limited b y the �rst c hip zone. Therefore,

the corresp onding spatial scales of the sea surface are to o large compared to sea-surface

roughness v ariations. As part of the OPPSCA T I I ESA pro ject, Starlab dev elop ed a m ulti-

lo ok tec hnique whic h aims at pro ducing high-resolution pro�les of absolute mean square slop e

[Germain and Ru�ni2002].

9.2.3 Empirical adjustmen ts

The �rst guesses pro vided to the algorithm w ere:

� DMSS are initialized to v alues consisten t with exp ected sea-state: MSS=0.025, SP A=0

o

,

SPI=0 : 65.

� Dela y-Doppler cen ters are set to zero.

� Scaling is set to 1 and b oth data and mo del DDMs are normalized to ha v e their maxima

to 1.

The �t w as not p erformed o v er the total dela y-Doppler domain. As a matter of fact, w e

kno w that all useful signal is comprised in the dela y range [-1 c hip,+1 c hip]. Therefore, only

this domain w as used.

9.3 Analysis of the results

In this section, w e presen t the results obtained after in v ersion. Note that comparison with

ground truth as w ell as geoph ysical in terpretations are b ey ond the scop e of this section and

will b e addressed b elo w in section (9.4).

9.3.1 Estimated DMSS

Figure 9.9 sho ws the estimated DMSS together with their formal con�dence in terv al length

(CIL). The T otal MSS increases along the trac k of the plane. PRNs 08 and 24 are prett y

similar, whereas PRN 10 seems to b e biased b y a p ositiv e constan t. As sho wn b y the CIL,

T otal MSS is b etter estimated with PRNs of high elev ation, whereas azim uth is b etter captured

with grazing (and therefore more direction-sensitiv e) PRNs. F urthermore, there is a v ery go o d

in ter-PRN agreemen t in estimation of isotrop y: the three PRNs do ha v e the same trend for

SPI.

Note that the estimation of SP A is degenerate in t w o particular cases: when the transmitter

is at zenith or when the receiv er mo v es to w ards the transmitter [Cardellac h and Ru�ni2000].

In these t w o cases, the dela y-Doppler lines that map the glistening zone are symmetric around

the receiv er direction. Hence, one cannot distinguish b et w een a slop e PDF and its mirror

image ab out the receiv er direction. Here, PRN 08 has its elev ation comprised b et w een 74 and

83 degrees. It is then v ery lik ely that the SP A estimated for this PRN is degenerate. F or

this reason, w e ha v e added on the plot of �gure 9.12 the mirror image of the SP A ab out the

receiv er direction (30

o

from North). W e also note that the azim uth of PRN 10 decreases do wn

to 230

o

at the end of the trac k, quite close from 210

o

(aligned with the receiv er's direction).



9.3. ANAL YSIS OF THE RESUL TS 139

0 500 1000 1500 2000

0.026

0.028

0.03

0.032

0.034

0.036

0.038

0.04

Seconds after SOW=468000

T
ot

al
 M

S
S

   
   

   
   

   
   

500 1000 1500 2000

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8
x 10

-3

Seconds after SOW=468000

T
ot

al
 M

S
S

 C
IL

   
   

   
   

  

0 500 1000 1500 2000

-80

-60

-40

-20

0

20

40

60

80

Seconds after SOW=468000

S
lo

pe
 P

D
F

 A
zi

m
ut

h 
[d

eg
]  

  

0 500 1000 1500 2000
0

10

20

30

40

50

60

70

80

90

Seconds after SOW=468000

S
lo

pe
 P

D
F

 A
zi

m
ut

h 
C

IL
 [d

eg
]

0 500 1000 1500 2000
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Seconds after SOW=468000

S
lo

pe
 P

D
F

 Is
ot

ro
py

   
   

   

0 500 1000 1500 2000
0

0.05

0.1

0.15

0.2

0.25

Seconds after SOW=468000

S
lo

pe
 P

D
F

 Is
ot

ro
py

 C
IL

   
  

Figure 9.9: Estimated DMSS along the 46 10-second arcs for PRNs 08 (blue), 10 (red) and

24 (green). First column : estimated v alues. Second column : formal con�dence in terv al

length (CIL) of estimated v alues. First ro w : T otal MSS. Second ro w : Slop e PDF Azim uth.

Third ro w : Slop e PDF Isotrop y .



140 CHAPTER 9. SCA TTER OMETR Y WITH GNSS-R

PRN T otal MSS ( � 10

� 3

) SP A (deg) SPI

T rend CIL T rend CIL T rend CIL

08 28 to 32 0.5 < 0 to 65 70 < 0.75 to 0.65 to 0.8 0.2 <

10 32 to 39 0.8 < 20 to 35 30 < 0.9 to 0.6 to 0.8 0.04 <

24 28 to 28 1 < -20 to -20 5 < 0.75 to 0.5 to 1 0.07 <

T able 9.3: Analysis of estimated DMSS of �gure 9.9.

9.3.2 Con v ergence and residual

Figure 9.10 illustrates the fast con v ergence of the optimization. After ten steps of retrac king-

in v ersion, a RMSE minim um is obtained and estimated v alues are stable. The graphs clearly

sho w the monotonic v ariations of the three parameters of DMSS as w ell as dela y and Doppler

cen ters.

Figure 9.11 giv es an example of DDMs asp ects as w ell as the residual structure. High

error zones generally corresp ond to higher dela ys or in termediate Doppler frequencies. Let

us emphasize that the �nal RMSE nev er exceeds 2.5%. Note that these graphs resem ble the

graphs of �gure 8.6, illustrating the complete analogy b et w een the T AM and DDM sea-surface

mappings.

9.4 Comparison of optical and L-band deriv ed DMSS

Figure 9.12 presen ts T otal MSS, Slop e PDF Azim uth and Slop e PDF Isotrop y along the

aircraft trac k b et w een latitudes 41.2

o

and 42.2

o

. Blac k diamonds stand for SORES estimations

and the blue, red and green curv es for GNSS-R ones (PRNs 08, 10 and 24, resp ectiv ely).

Additional information when a v ailable in Jason's GDR data has b een added, suc h as MSS in

Ku- and C-bands and wind direction from ECMWF. Sw ell direction from the SORES sp ectral

analysis has also b een considered.

T otal MSS

T otal MSS has b een plotted in log-scale in order to compare di�eren t frequency measuremen ts

more easily . The common trend for all bands is that slop e v ariance increases with latitude

un til reac hing a relativ e plateau. Measuremen ts of PRNs 08 and 24 sho w go o d agreemen t

while PRN 10 seems to b e somewhat up-shifted. As exp ected, w e observ e that the lev el and

dynamic of MSS decrease with longer w a v elength: optical, Ku-, C- and L-band, in this order.

Nev ertheless, the lev el and dynamic of GNSS-R plots (esp ecially PRN 10) seem a bit large

for L-band measuremen ts, when compared to C-band. W e recall ho w ev er that Jason's MSS

ha v e b een obtained through the relationship MSS= �=�

o

, � b eing an empirical parameter

accoun ting for calibration o�sets. Here, w e ha v e set � =0.45 for C-band and 0.95 for Ku-band

but an uncertain t y certainly remains on this parameter, making the o v erall lev els of Jason's

plots unsure.

Slop e PDF Azim uth

The Slop e PDF Azim uth estimation sho ws v ery consisten t results in b oth L-band and optical

regimes when comparing to the wind direction pro vided b y the ECMWF mo del. F ollo wing

wind propagation, the ground truth states that wind direction is around -20

o

from North at

high latitudes of the trac k and increases progressiv ely when going South to reac h a v alue of

ab out 30

o

at latitude 41.2

o

.
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Figure 9.10: Ev olution of DMSS, dela y cen ter, Doppler cen ter and RMSE v alues through the

con v ergence pro cess (here for PRN 10). Iterations n um b er 0, 2, 4, 6, 8, 10 are resp ectiv ely

plotted in blue, red, green, blac k, clear blue and magen ta. First column : DMSS v alues with,

from top to b ottom, the T otal MSS, SP A and SPI. Second column : F rom top to b ottom,

dela y cen ter, Doppler cen ter and RMSE.
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Figure 9.11: Examples of data and b est-�t mo del DDMs. Those corresp ond to Arc01. First

column : PRN 08. Second column : PRN 24. First ro w : Data DDMs. Second ro w :

Best-�t Mo del DDMs. Third ro w : Data-mo del residual.
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According to ECMWF data and SORES sp ectral analysis, wind and sw ell w ere sligh tly

misaligned. PRN 08 (or its mirror image) matc hes v ery w ell the sw ell direction. So do es PRN

10 along most of the trac k. This result underlines the fact that GNSS-R is not sensitiv e to

wind only and that sw ell has a strong impact to o. PRN 24 has a di�eren t b eha vior, in line

with SORES. Those t w o measuremen ts agree relativ ely b etter with wind direction, although

a discrepancy of 30

o

is observ ed at the b eginning of the trac k.

Slop e PDF Isotrop y

It is w orth y reminding that Elfouhaily's sp ectrum predicts a SPI v alue of 0.65, hardly sensitiv e

to wind sp eed. Here, w e note that SPI v aries quite signi�can tly along the trac k for b oth GNSS-

R and SORES. The imp ortan t departure observ ed from the 0.65 nominal v alue is probably

a signature of an immature sea and presence of strong sw ell. Note that further researc h

should b e undertak en in order to b etter understand the p oten tial information con tained in

this pro duct.

9.4.1 Link to wind sp eed

On �gure 9.13, w e ha v e plotted the estimated total MSS v ersus Jason's wind sp eed together

with t w o theoretical links:

� Elfouhaily's sea-heigh t sp ectrum, in tegrated for di�eren t cut-o� w a v elengths,

� An empirical mo del prop osed b y Katzb erg for L-band, based on a mo di�cation of Co x

and Munk's relationship: MSS=0 : 9 : 10

� 3

q

9 : 48 U

10

+ 6 : 07 U

2

10

.

W e see that b oth SORES and GNSS-R estimations follo w the Elfouhaily's mo del trend (in-

tegrated at 3 w a v elengths) but giv e higher v alues of MSS (from to 20 to 40% up-shifted).

Actually , estimations of PRNs 08 and 24 are v ery w ell �tted b y Elfouhaily's sp ectrum in-

tegrated do wn to one w a v elength only . The 20% discrepancy can b e explained b y a strong

sea-state with a SWH t wice as high as the one observ ed during the Co x and Munk's exp eri-

men t (2 m compared to 1 m) for the same wind conditions. A t an y rate, those results tend

to sho w that the wind to MSS link is not straigh tforw ard and that the MSS should probably

b e considered as a self-standing pro duct for o ceanographic users.

9.5 Conclusions

W e ha v e rep orted the �rst in v ersion of GNSS-R full Dela y-Doppler Map for the retriev al of

the sea-surface directional mean square slop e. In addition, w e compared the estimated DMSS

with those obtained b y the SORES data in v ersion.

Our results sho w that b oth optical and L-band total MSS are 20% higher than what pre-

dicted b y Elfouhaily's mo del for the observ ed wind sp eed (9 to 13 m/s). The SP A estimated

b y GNSS-R matc hes the sw ell direction with go o d accuracy for at least 2 out of 3 PRNs. A

geoph ysical pro duct has b een put forw ard: the slop e PDF isotrop y whic h can b e related to

wind/w a v e misalignemen t as w ell as sea degree of dev elopmen t. The analysis highligh ted the

imp ortan t impact of sea-state (SWH) in addition to wind stress o v er DMSS. Sp eculometry b e-

ing sensitiv e to slop e pro cesses o v er a wide range of scales, the link b et w een DMSS and wind is

not straigh tforw ard: total MSS and SP A are de�nitely impacted b y sw ell. Quan titativ ely , the

20% bias observ ed in SORES results can b e explained b y SWH. Other geoph ysical parameters

could a�ect the sea-surface roughness. F or instance, it w as found b y [Huang et al. 1973 ] that

MSS is extremely sensitiv e to the c hange of curren t conditions. They ev en suggested to use the
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sea-surface roughness parameter as a measure of lo cal curren t c hanges. Consequen tly , DMSS

can and should b e studied as an indep enden t parameter, of in trinsic indep enden t geoph ysical

v alue.

Let us �nally emphasize that the 
igh t w as not optimized for sp eculometry (1000 m

altitude, 50 m/s sp eed) and that higher/faster 
igh ts are needed in the future in order to

consolidate the concept of DDM in v ersion for DMSS estimation.
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Figure 9.12: DMSS estimated along the aircraft trac k. First ro w : T otal MSS (in dB).

Second ro w : Slop e PDF Azim uth. Third ro w : Slop e PDF Isotrop y .
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Chapter 10

Sensitivit y to Salinit y

The goal of this Chapter is to analyze the sensitivit y of GNSS re
ections to salinit y through

a simple ground exp erimen t. The Salp ex Exp erimen t (a Starlab/Ifremer Con tract) fo cused

on dielectric mapping sensitivit y and metho ds at L-band (see [Soulat and Ru�ni2003]). The

goal is to extract absolute re
ectance measuremen ts from a salt y surface b y measuring the

p o w er in terference pattern at di�eren t incidence angles. The main strategy is to exploit the

long time scales a v ailable to extract measuremen ts, whic h allo ws, in principle, to a v erage out

other e�ects.

This rep ort is divided in to three main sections. The �rst section presen ts the Salp ex

exp erimen tal campaign, where w e studied re
ections from a 
at surface, o v er a swimming p o ol,

with di�eren t salinities. Section (10.2) addresses the theoretical analysis of w ater dielectric

constan t detection. F or this purp ose the receiv ed p o w er is mo deled. Section (10.3) is dedicated

to the data analysis.

10.1 Exp erimen tal campaign

The campaign gathered re
ected GNSS signals o v er a small swimming p o ol along with direct

signals with one Righ t Hand Circularly P olarized (RHCP) an tenna. Note that a similar

exp erimen t w as carried out b y [Ka v ak et al. 1996 ].

10.1.1 Description

As sho wn in �gure 10.1, the an tenna is deplo y ed to gather in terferences b et w een direct and

re
ected GNSS signals. The an tenna is at h =56 cm ab o v e the surface ( d =15 cm). The

output of the an tenna is then gathered b y a GPS receiv er. It is exp ected, as presen ted in the

follo wing section, to get an in terference pattern in p o w er with the v ariations of the elev ation

of the satellite.

Tw o kinds of data sets ha v e b een recorded with the same exp erimen tal set-up:

� Salted w ater : the �rst recordings to ok place the 25

th

and 26

th

of No v em b er 2002, with

a w ater conductivit y ranging b et w een 42 and 43 mS (29 to 30 psu). The w ater surface

temp erature ranged b et w een 9 and 11.3 degrees Celsius.

� Pure w ater : the second set of recordings to ok place the 28

th

and 29

th

of No v em b er

2002, with a w ater conductivit y ranging b et w een 1.1 and 1.2 mS (1 psu). The w ater

surface temp erature ranged b et w een 10 and 14 degrees Celsius.

These exp erimen tal campaigns ha v e b een carried out for the same con�guration of the satel-

lites in view (the GPS constellation has a p erio d of one sideral da y , whic h corresp onds to 24
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hours min us 4 min utes). The t w o recordings made for eac h scenario is an attempt to c hec k

the rep eatabilit y of the in terference pattern and get an estimation of the noise.

Direct Signal

Reflected Signal

d

h

Figure 10.1: Geometry of the Salp ex Exp erimen t.

10.1.2 Instrumen tation

The material used for this campaign (see �gure 10.2) is:

� a small swimming p o ol, con taining appro ximately 1 m

3

of salted/pure w ater (w e thank

P ablo Sedo for lending us his swimming p o ol),

� a trip o d where the an tenna is �xed,

� one RHCP an tenna, Allan Osb orne Asso ciates (ESTEC/ESA),

� one T urb oRogue receiv er (ESTEC/ESA), deliv ering the GNSS observ ables,

� one p ortable computer (Starlab).

10.1.3 Satellites in view

Tw o satellites ha v e b een used to analyze the data sets. PRNs 15 and 17 seemed to b e the

appropriate candidates according to the a v ailable space windo w plotted in green in �gure 10.3.

This green mask represen ts the area where the GPS signal re
ections are supp osed to b e free

of shado wing phenomena due to the en vironmen t of the swimming p o ol, and therefore only the

satellite within this mask can b e tak en in to consideration for further analysis. Eac h colored

arc represen ts the p osition of a GPS satellite during the exp erimen t. The PRN n um b er is

closed to the b eginning of the data. The clo c kwise angles stand for satellite azim uths and the

cen ter p oin t of the graph corresp onds to 90

o

elev ation angle.

10.2 Theoretical analysis

In this exp erimen t the re
ected signal writes, under the F resnel assumption, simply as the

p olarization matrix times the inciden t signal:

"

E

s

R

E

s

L

#

=

"

U

RR

U

LR

U

RL

U

LL

# "

E

i

R

E

i

L

#

: (10.1)
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Figure 10.2: Salp ex exp erimen tal campaign.
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Figure 10.3: Satellites in view during Salp ex exp erimen t. Eac h colored arc represen ts the

p osition of a GPS satellite during the exp erimen t. The PRN n um b er is closed to the b egin-

ning of the data. The green mask represen ts the area where the GPS signal re
ections are

supp osed to b e free of shado wing phenomena due to the en vironmen t of the swimming p o ol,

and therefore only the satellite within this mask can b e tak en in to consideration for further

analysis.
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The p olarization matrix, expressed in the circular basis, reduces to:

"

U

RR

U

LR

U

RL

U

LL

#

=

1

2

"

R

?

+ R

jj

R

?

� R

jj

R

?

� R

jj

R

?

+ R

jj

#

; (10.2)

where the lo cal F resnel co e�cien ts are giv en b y:

R

?

=

sin 
 �

p

� � cos

2




sin 
 +

p

� � cos

2




(10.3)

R

jj

=

� sin 
 �

p

� � cos

2




� sin 
 +

p

� � cos

2




:

The parameter � is the complex dielectric constan t of sea w ater and 
 is the elev ation angle.

The latter is de�ned as the angle b et w een the inciden t �eld direction and the w ater surface

plane: 
 =90

o

for a satellite at zenith.

In this case, the de-p olarization only comes from the dielectric nature of sea

w ater . Assuming that the surface of the w ater in the swimming p o ol is 
at, w e conclude that

the receiv ed p o w er P is prop ortional to the squared F resnel co e�cien ts.

10.2.1 Receiv ed p o w er v ersus elev ation angle

The total �eld receiv ed b y the an tenna is the sum of direct signal and sp ecularly re
ected

signal. The re
ected signal arriv es with a phase shift that can b e written � = 4 � h=� sin 
 ,

with � the w a v elength (w e recall here � =0.19 m). The in terference b et w een the inciden t and

scattered �eld writes:

"

E

i

R

E

i

L

#

+

"

E

s

R

E

s

L

#

e

i�

; (10.4)

where E

i

R

( E

i

L

) is the righ t (left) comp onen t of the inciden t complex �eld, E

s

R

( E

s

L

) is the

righ t (left) comp onen t of the scattered complex �eld.

In tro ducing the p olarization matrix, w e get:

"
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+
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LR
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RL
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) e

i�

#

: (10.5)

The emitted GPS signal is assumed purely Righ t Hand Circular P olarized and the re
ection

o� the sea-surface mak es it mostly Left Hand Circular P olarized at reception. With E

i

L

=0,

the in terference �eld b ecomes:

E

i

R

"

1 + U

RR

e

i�

U

RL

e

i�

#

: (10.6)

The receiv ed p o w er is mo dulated b y the gain pattern of the RHCP an tenna in b oth righ t

p olarization ( G

R

) and left p olarization ( G

L

). W e �nally obtain:

P /

�

�

�

G

R

(1 + U

RR

e

i�

) + G

L

U

RL

e

i�

�

�

�

2

: (10.7)

W e recall that:

� � is related to 
 and h b y the relation � = 4 � h=� sin 
 ,

� the p olarization co e�cien ts U

RR

and U

RL

are functions of 
 and the w ater dielectric

constan t � (whic h is function of salinit y S and surface temp erature T ),
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� the an tenna gains G

R

and G

L

are function of the elev ation 
 and the azim uth of the

satellite.

During our exp erimen tal campaigns, h is kno wn and �xed, S and T measured. The receiv ed

p o w er b ecomes a function of 
 only . De�ning the p olarization parameters U

RR

= j U

RR

j e

i�

RR

and U

RL

= j U

RL

j e

i�

RL

, equation 10.7 rewrites:

P / G

R

2
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R

2

j U

RR

j

2
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2

j U

RL

j

2

(10.8)

+2 G

R

2

j U

RR

j cos ( � + �

RR

) + 2 G

R

G

L

j U

RL

j cos( � + �

RL

)

+2 G

R

G

L

j U

RR

j j U

RL

j cos ( �

RL

� �

RR

) :

10.2.2 Dielectric constan t mo del

A more detailed discussion ab out the prop erties of the dielectric constan t � can b e found in

Ulab y et al. [Ulab y et al. 1986 ], (v ol I I I, p2019). In general, � is complex, consisting of a real

part, �

0

, and an imaginary part, �

00

:

� = �

0

� j �

00

: (10.9)

Usually , �

0

is referred as the p ermittivity of the material, whereas �

00

is o ccasionally referred

to as the diele ctric loss factor of the material.

In the micro w a v e range, the p ermittivit y of o cean w ater is a complex function of the

temp erature T , salinit y S , and also of micro w a v e frequency f . Usually , the Deb y e or more

adequate Cole-Cole relaxation mo dels are used for micro w a v e remote sensing applications.

The basic idea is to consider that the p ermittivit y of sea w ater will b e a sligh t deviation from

that of pure w ater due to addition of ionic constituen ts. A t lo w micro w a v e frequencies ( f <

20 GHz), the dielectric constan t of sea w ater can th us b e mo deled b y a Deb y e relaxation plus

a conductivit y term of the form:

�

sw

( T ; S; f ) = �

1

sw

( T ; S ) +

�

o

sw

( T ; S ) � �

1

sw

( T ; S )

1 � 2 � f �

sw

( T ; S )

+ j

�

i

( T ; S )

2 � �

o

f

; (10.10)

where

� �

1

sw

( T ; S ) is the high-frequency (or optical) limiting v alue of the dielectric constan t of

saline w ater,

� �

o

sw

( T ; S ) is the static v alue of the dielectric constan t of saline w ater,

� �

sw

( T ; S ) is the relaxation time in seconds,

� �

o

is the p ermittivit y of free space ( �

o

= 8 : 854 � 10

� 12

F � m

� 1

),

� �

i

( T ; S ) is the ionic conductivit y of the aqueous saline solution in S � m

� 1

.

These Deb y e parameters dep end up on the temp erature T and the concen tration of the

ionic salt. W e c ho ose to represen t the concen tration in terms of S , but it can b e represen ted

in term of c hlorinit y or normalit y . Previous w orks whic h describ e mo dels of p ermittivit y

of sea w ater and aqueous saline solutions are those of Stogryn, [Klein and Swift1977] and

Swift, Aggarw al and Johnston, Singh et al., and [Ellison et al. 1998 ]. A complete and critical

discussion of the literature surv ey concerning the dielectric prop erties of sea w ater and aqueous

ionic solutions can b e found in [Ellison et al. 1996 ].

Brie
y , the basic assumption b ehind all the prop osed in terp olation mo dels is that for a

�xed temp erature, and in the frequency range 0-100 GHz, the p ermittivit y of pure w ater and
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that of an aqueous saline solution (sea w ater or a more simple substance) is describ ed b y

a simple Deb y e function. The second assumption is that for a giv en electrolyte, the Deb y e

parameters are related to the Deb y e parameters of pure w ater b y a linear function of the

concen tration.

In the presen t w ork, w e will only consider the mo del dev elop ed b y Klein and Swift (based

on Stogryn's mo del). Aqueous solution of NaCl ha v e b een used to estimate the p ermittivit y

data. Stogryn reasoned that since NaCl is the principal ionic constituen t of sea w ater, the

dielectric b eha vior of sea w ater will not b e signi�can tly di�eren t of that of an aqueous NaCl

solution of the same salinit y . Moreo v er, Stogryn p oin ts out that there is no evidence to

indicate that �

1

sw

dep ends on salinit y and consider the v ariation of this Deb y e parameter with

temp erature to b e v ery lo w so that it is considered constan t. Klein and Swift used exactly

the same analytical expressions than Stogryn for the Deb y e parameters but mo di�ed them

n umerically b y taking in to accoun t the measured data of Ho and Hall whic h w ere p erformed

at 1.43 GHz for an NaCl solution.

The follo wing graphs sho w �

0

and �

00

as a function of temp erature for a few represen tativ e

salinities (�gure 10.4) and as function of salinit y for a few represen tativ e temp eratures (�gure

10.5), for Klein and Swift's mo del at 1.575 GHz.
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Figure 10.4: Dep endence of the real and imaginary parts of the dielectric constan t as function

of temp erature T for di�eren t salinities (in psu). Klein and Swift's mo dels at 1.575 GHz.

The sensitivit y to salinit y c hanges as a function of temp erature is clearly visible. As found

b y Razer et al. in the decimeter band, the real part of the complex p ermittivit y of o cean w ater

dep ends w eakly on salinit y: a decrease in �

0

b y no more than ab out 10 units results from a

c hange in salinit y from 0 to 40 psu. On the other hand, the imaginary part of the dielectric

constan t is m uc h more sensitiv e to salinit y than its real part b ecause of ionic conductivit y .

Th us, when the salinit y is c hanged from 0 to 40 psu at 1.575 GHz, the v alue of �

00

increases

b y ab out 40 to 90 units dep ending on temp erature: the sensitivit y to salinit y c hanges of the

dielectric loss factor is m uc h higher (more than t wice) at w arm sea temp eratures than at cold

temp eratures.

Note that the re
ectivit y , de�ned as the square of the absolute v alue of the F resnel co ef-

�cien t, is not v ery sensitiv e to salinit y , as sho wn in �gure 10.6 in parallel p olarization.
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Figure 10.5: Dep endence of the real and imaginary parts of the dielectric constan t as function

of salinit y S for di�eren t temp eratures. Klein and Swift's mo del at 1.575 GHz.
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ectivit y in parallel p olarization as a function of salinit y S
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P enetration depth

F or a plane w a v e propagating in a lossy medium in the z direction, the electric-�eld in tensit y

at a p oin t z is giv en b y:

E ( z ) = E

o

exp( � C z ) ; (10.11)

where E

o

is the �eld in tensit y at z =0, and:

C = A + j B ; (10.12)

where C , A and B are the propagation, absorption and phase constan ts of the medium. They

are related to � b y:

A = k

o

j I m (

p

� ) j ; (10.13)

B = k

o

R e (

p

� ) :

where k

o

= 2 � =�

o

is the w a v e n um b er in free space, and �

o

is the free-space w a v elength in

meters. Ignoring scattering losses in the medium, the p o w er densit y S ( z ) at a p oin t is giv en

b y:

S ( z ) = S

o

exp( � �

a

z ) ; (10.14)

where �

a

is the p o w er absorption co e�cien t and is related to A b y:

�

a

= 2 A: (10.15)

Often, �

a

and A are eac h expressed in dF � m

� 1

through the relation:

�

a

(dB � m

� 1

) = 4 : 34 �

a

(Np � m

� 1

) : (10.16)

A related quan tit y of in terest in remote sensing is the p enetration depth �

p

. F or a free

scatterer medium:

�

p

= 1 =�

a

=

�

o

4 � I m (

p

� )

: (10.17)

The depth of the skin-la y er �

p

(depth of the electromagnetic w a v e's p enetration) at frequency
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Figure 10.7: P enetration depth in cm v ersus salinit y for di�eren t temp eratures. Klein's mo del

at 1.575 GHz.
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f c hanges in relation to the w ater parameter S and T , since � is dep enden t on this parameters.

It can b e calculated b y the form ula 10.17.

The calculations sho w that the depth of p enetration of millimeter and cen timeter mi-

cro w a v es in the o cean w ater is equal to �

p

� (0 : 01 � 0 : 1) �

o

. In this w a v elength range, the

v alue of �

p

w eakly dep ends on salinit y and temp erature of the w ater. But in the decimeter

range, the depth of the skin-la y er dep ends essen tially on salinit y and temp erature, and can

b e equal to sev eral cen timeters (see �gure 10.7).

One can see from these curv es that understanding the ph ysics of the skin-la y er, and partic-

ularly the v ertical distributions of salinit y and temp erature in this la y er is crucial for remote

sensing of salinit y using L-band GNSS signals.

10.2.3 Ho w do the p olarization co e�cien ts dep end on salinit y?

Using the dielectric constan t mo del presen ted ab o v e, w e analyze the p olarization co e�cien ts

U

RR

and U

RL

in amplitude and phase. Figure 10.8 and �gure 10.9 presen t the amplitude and

phase of U

RR

and U

RL

, resp ectiv ely , v ersus the sine of the satellite's elev ation for di�eren t

salinities and temp eratures.

The temp erature do es not a�ect signi�can tly the magnitude of the p olarization co e�cien ts.

Ho w ev er, it shifts the phase b y a few degrees.

The co e�cien t j U

RR

j decreases with the elev ation angle, so that at nadir the righ t com-

p onen t of the inciden t �eld is totally con v erted in to the left comp onen t. The phase of U

RR

tends to stabilize as the elev ation increases, and there is a di�erence of ab out 10

o

at nadir

b et w een pure and salted w ater. On the con trary , j U

RL

j increases with elev ation angle and

sligh tly increases with salinit y . The phase term b eha v es di�eren tly from the case S =1 psu

to S =30 psu at lo w elev ation angles (w e observ e higher sensitivit y for the salted w ater), and

stabilizes at higher elev ation. The di�erence in �

RL

b et w een the pure and salted case at nadir

is ab out 2

o

. This represen ts a v ery small phase shift of ab out one millimeter.
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and salted w ater case (red curv e) are plotted for T =10
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C (full line) and T =20
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It is exp ected for a p erfect conductor (and still assuming the total in-plane scattering)

that w e get U

RR

=0 and U

RL

=-1. This means that the phase of U

RL

should tend to � 180

o

as the imaginary part of � tends to in�nit y . On the con trary , w e observ e in �gure 10.9(b) a

clear departure of �

RL

with the v alue � 180

o

for a higher salinit y . This b eha vior is due to

the fact that in the range S =0 to 40 psu, the p ermittivit y and dielectric loss factor are of

the same order of magnitude. The graph on �gure 10.10(a) illustrates the b eha vior of �

RL

at nadir as function of the real part of � for di�eren t v alues of the imaginary part. Similarly ,

the b eha vior of �

RL

at nadir as function of the imaginary part of � for di�eren t v alues of the

real part is presen ted in �gure 10.10(b). These t w o graphs highligh t the impact of the relativ e

magnitudes b et w een the p ermittivit y and the dielectric loss factor.
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Figure 10.9: Amplitude and phase of U

RL

v ersus sin 
 . Both pure w ater case (blue curv e) and

salted w ater case (red curv e) are plotted for T =10

o

C (full line) and T =20

o

C (dashed line).
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at nadir v ersus p ermittivit y . Dielectric loss factor is 0, 50 and

100. (b) Phase of U

RL

at nadir v ersus dielectric loss factor. P ermittivit y is 0, 65 and 85.
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T o conclude, all the information needed to deriv e sea-surface dielectric constan t is con-

tained in the p olarization co e�cien ts. They presen t a sligh t dep endency to salinit y b oth in

amplitude and phase. The analysis of these co e�cien ts sho w ed t w o regimes in the phase. A

transition regime o ccurs for lo w elev ation angles, where the phase v ariation is quite sensitiv e

to the salinit y . F or higher elev ation angles, the phase stabilizes and a phase shift of ab out 0.2

cm should b e detected in the cross p olarization co e�cien t U

RL

, in order to detect a v ariation

in salinit y of � S =30 psu.

10.2.4 P o w er mo del

The e�ects of the w ater surface salinit y on the receiv ed p o w er are sho wn in �gure 10.11. The

mo deled p o w er presen ted in equation 10.7 is plotted as a function of the satellite elev ation

angle. The plots are done for S =1 psu (blue curv e) and 30 psu (red curv e), T =11

o

Celsius, and

h =0.56 m, whic h corresp onds appro ximately to the exp erimen tal conditions. It corresp onds,

according to the used mo del, to � = 82 : 3579 + i 10 : 866 4 for S =1 psu and � = 75 : 5106 + i 47 : 1052

for S =30 psu.

The an tenna gain is tak en in to accoun t considering elev ation and azim uth v ariations of

PRN 17. W e ha v e c hec k ed that w ater surface temp erature, with ranges observ ed during our

exp erimen t, do es not impact signi�can tly the p o w er in terference pattern. As observ ed, w e

exp ect the e�ects of salinit y on the receiv ed p o w er to b e v ery small.
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Figure 10.11: P o w er mo del v ersus elev ation angle for t w o di�eren t v alues of salinit y ( S =1 psu

and S =30 psu). The exp erimen tal conditions are similar to the Salp ex ones. T =11

o

C. PRN

17.

10.3 Data analysis

W e presen t in this section the results of the measured p o w er as a function of the satellite's

elev ation. The p o w er is deriv ed from the SNR (in amplitude) pro vided b y the T urb oRogue

receiv er for eac h selected satellite. The in terference pattern is sho wn for pure w ater (1psu)

and salted w ater (30 psu) with PRN 15 (cf �gure 10.12(a)) and PRN 17 (cf �gure 10.12(b)).
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Sev eral observ ations can b e made:

� The data rep eat quite w ell. The rep eatabilit y is b etter for salted w ater, as sho wn in �gure

10.13, where the di�erence b et w een the t w o measuremen ts (with same exp erimen tal

conditions) are plotted b oth for pure and salted w ater. This is consisten t with the fact

that a higher conductivit y of the surface pro duces less noisy data.

� The drops observ ed with a salted w ater app ear to b e deep er than the ones observ ed

for a pure w ater. This is also consisten t with the fact that a high conductiv e medium

pro duces deep er fades in the in terference pattern.

� F or a giv en salinit y , the patterns di�er from one PRN to the other. The azim uth of the

satellite seems to corrupt strongly the in terference pattern.

� The p osition of some drops seems to corresp ond with the ones predicted b y the mo del.

Ho w ev er, there are drops that are not predicted b y the mo del, esp ecially for high elev a-

tion angles.

� The main trend of the in terference pattern with elev ation angle seems di�eren t from the

mo del. Indeed, the mo deled p o w er decreases of ab out 12 dB in the range 0 to 60

o

, as

sho wn in �gure 10.11. Moreo v er, this trend c hanges with the PRN; it is th us sensitiv e

to its azim uth.
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Figure 10.12: In terference pattern as a function of the sine of the elev ation for pure w ater

(blue curv e) and salted w ater (red curv e).

It is ob vious that the mo del presen ted in �gure 10.11 do esn't �t the observ ed data. The

drops p osition and shap e do not corresp ond to the ones in the mo deled in terference pattern.

The presence of additional drops|i.e., higher frequency in the signal|pro vides the pro of of

the presence of re
ections with the ground. The mo del has b een then mo di�ed b y taking in to

accoun t these re
ections:
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; (10.18)

where subscript w stands for w ater con tribution and g stands for ground con tribution. A

�rst attempt to �t the exp erimen tal data has b een done using a ground dielectric constan t at
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Figure 10.13: Rep eatabilit y of the data. Plot of the p o w er di�erence b et w een t w o measure-

men ts with same exp erimen tal conditions, for b oth pure w ater (blue curv e) and salted w ater

(red curv e).
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Figure 10.14: Fit of the Salp ex exp erimen tal data using mo del presen ted in equation 10.18,

when the ground con tribution is tak en in to accoun t. The data corresp ond to a salted w ater

(30 psu). PRN 17.
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L-band of ab out �

g

= 3 + i 0 : 02 (from h ttp://home.earthlink.net/ � jimlux/radio/soildiel.h tm).

Figure 10.14 presen ts the �t of the data taking in to accoun t the ground con tribution included

in the form ula 10.18. The �t spans for elev ation angles 
 ranging from 24

o

to 50

o

.

It is clear that w e ha v e detected a non negligible con tribution of the ground. The w ater

surface area (delimited b y the swimming p o ol) is not large enough to con tain the whole

fo otprin t of the re
ection, although the an tenna has b een p ositioned close to the surface on

this purp ose. This con tribution shall explain mostly the observ ed sensitivit y of the trend of

the in terference pattern with the azim uth of the satellite in view. As a matter of fact, it is

quite di�cult to mo del the ground re
ections, according to the complexit y of the clutter and

obstacles around the swimming p o ol (trees, grass, b enc h, ...).

10.4 Discussion on salinit y estimation

In radiometry , salinit y is measured through the brigh tness temp erature of the sea surface. A

simple mo del for brigh tness temp erature T

B

in tro duces the sea-surface emissivit y e :

T

B

= e � T : (10.19)

A t a �xed temp erature in a smo othed o cean surface (i.e., assuming the e�ects of wind-induced

surface roughness, wind generated foam and whitecaps negligible) increasing salinit y is asso-

ciated with decreasing emissivit y and the lo w er the incidence angle, the higher the sensitivit y

of brigh tness temp erature to salinit y . It can b e sho wn that for a 20

o

surface temp erature a

1% c hange in brigh tness temp erature corresp onds to a v ariation in salinit y of 2 psu.

In bistatic remote sensing, salinit y is measured through the magnitude squared of the

F resnel re
ection co e�cien t, whic h is related to emissivit y:

jRj

2

= 1 � e: (10.20)

W e de�ne the p ercen t c hange in p o w er � b et w een S =40 psu and S =20 psu at T =20

o

C as:

� = 100 �

j U

RL

( S = 40psu ; T = 20

o

C ; 
 ) j

2

� j U

RL

( S = 20psu ; T = 20

o

C ; 
 ) j

2

j U

RL

( S = 30psu ; T = 20

o

C ; 90

o

) j

2

: (10.21)

Figure (10.4) sho ws this p ercen t c hange in p o w er as a function of the sine of elev ation. As

exp ected, the sensitivit y is higher around the Brewster angle and reac hes 5% of c hange in

measured p o w er to get a v ariation in salinit y of 20 psu. In other w ords, a 1% c hange in p o w er

corresp onds to a v ariation in salinit y of 4 psu. This is t wice what w e obtain with curren t

radiometers, i.e, half the sensitivit y .

This sensitivit y ma y still hold to get v aluable information on sea-surface salinit y . An

exp erimen t consisting in a �xed ground GNSS an tenna recording long time p o w er series w ould

b e in teresting to con�rm this �gure and also understand ho w sea-surface roughness corrupts

the salinit y estimation.

10.5 Conclusions on salinit y retriev al with GNSS-R

The Salp ex Exp erimen t has b een a �rst attempt to determine whether it is p ossible to deter-

mine w ater surface dielectric constan t through the use of GNSS re
ections. W e ha v e analyzed

the p o w er coming from a RHCP an tenna that gathers in terferences b et w een direct GNSS

signal along with re
ected signals o v er a calm w ater surface.
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Figure 10.15: P ercen t c hange in p o w er b et w een S =40 psu and S =20 psu as a function of sine

of elev ation angle (see equation 10.21).

This w as a simple approac h, and more complex set-ups can certainly b e devised. Ho w ev er,

our �rst goal w as to p erform a simple analysis of the impact of salinit y on the signals, and

dev elop the mo dels.

The deriv ed mo del uses the Klein and Swift's mo del for the dielectric constan t, and states

that the salinit y impact on the return p o w er is v ery p o or. All the information needed to

deriv e sea-surface dielectric constan t is con tained in the p olarization co e�cien ts. The anal-

ysis of these co e�cien ts sho w ed t w o regimes in the phase. A transition regime o ccurs for

lo w elev ation angles, where the phase v ariation is quite sensitiv e to the salinit y . F or higher

elev ation angles, the phase stabilizes and a phase shift of ab out 0.2 cm should b e detected in

the cross p olarization co e�cien t U

RL

in order to detect a v ariation in salinit y of � S =30 psu.

Th us, di�eren tial phase analysis of the return p o w er could in principle pro vide another

mean for salinit y determination, giv en the fact that the instrumen t is accurate enough to

detect small c hanges in the phase. Ho w ev er, a target of < 1 mm in altimetry is a hard one,

ev en from a �xed platform and after 1 mon th a v eraging (recall that salinit y is in principle

slo wly v arying). This means that using an altimetric approac h for salinit y monitoring will b e

c hallenging.

In turn, w e can also conclude from this analytical study that salinit y will not impact single

frequency L-band altimetric measuremen ts b ey ond the lev el of a few mm.

Another approac h is to fo cus on the re
ected p o w er. W e ha v e seen that in order to b e

sensitiv e to salinit y w e should aim at a 1% relativ e p o w er precision after 1 mon th a v eraging.

The term \relativ e" is imp ortan t. In principle, the b est approac h, exploiting the tec hnique's

strengths, is to fo cus on the re
ected o v er direct p o w er, a ratio more imm une to equipmen t

v ariabilit y .

The analysis of the data sho ws a noisy in terference pattern giving clear fade ev en ts with a

v ery go o d rep eatabilit y . The noise, whic h is m uc h larger than the predicted salinit y impact,

has b een partially understo o d b y the presence of re
ections coming from the ground and
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other m ultipaths. A b etter �t of the data has b een done b y taking in to accoun t the ground

con tribution, whic h corrupts quite signi�can tly the in terference pattern.

Neither the apparatus nor the exp erimen tal conditions w ere appropriate to judge whether

w e can reac h a 1% relativ e p o w er precision after 1 mon th a v eraging. A second Salp ex ex-

p erimen t using more precise equipmen t near the op en sea or a larger swimming p o ol w ould

impro v e strongly the qualit y of the data.



Chapter 11

Emissivit y Retriev al

This Chapter addresses the analysis of re
ected GNSS signals gathered during the exp eri-

men tal campaign carried out in the frame of the L-band Radiometry Exp erimen t, an Ifremer

Con tract (see [Soulat and Ru�ni2002]). The purp ose of this analysis is to pro vide some pre-

liminary conclusions on the capabilit y of a GNSS pro cessor as a radiometer. In the follo wing

section, w e pro vide the description of the exp erimen t. A p o w er mo del is then prop osed in

section (11.2), and estimations of the parameters of in terest are deriv ed. F or radiometric

purp oses, w e in tro duce the parameter K whic h represen ts the ratio of direct and re
ected

noise v ariances. A sim ulation has b een carried out to c hec k the v alidit y of the estimators, in

section (11.3). The exp erimen tal data are then analyzed in section (11.4).

11.1 Exp erimen tal campaign

The exp erimen t to ok place at the Barcelona harb or the 4

rth

of Septem b er 2002. W e thank

Jordi Vil� a from the Barcelona P ort Authorit y . Tw o an tennas w ere deplo y ed, as sho wn in

�gure 11.1, o v er a 30 meter high building lo cated on a pier. The material w as similar to the

one used during the Eddy Exp erimen t Fligh t (see Chapter 7) and the Salp ex Exp erimen t

(see Chapter 10). F or the purp ose of sea-surface emissivit y c haracterization, the exp erimen t

consisted in gathering GNSS-R o v er a calm sea, for t w o di�eren t an tenna con�gurations:

� P art A: b oth RHCP and LHCP an tennas are zenith p oin ting.

� P art B: RHCP an tenna is zenith p oin ting and LHCP an tenna is nadir p oin ting.

The underlying idea is that the signature of sea-surface emissivit y should b e observ ed b y

comparing the statistics of the LHCP an tenna output signal b et w een P art A and P art B. The

wind sp eed at ten meters w as around 4 m/s, so that sea-surface roughness v ariabilit y e�ects

w ere reduced.

Thirt y seconds of data ha v e b een analyzed for eac h part of the exp erimen t. An in tegration

time of 10 ms has b een used in Starlab's GNSS pro cessor. PRN 01 w as the only go o d

candidate to mak e the correlations, since re
ections w ere free of shado wing giv en its elev ation

and azim uth. Figure 11.2 sho ws the time serie of the p eak p o w er (in dB) using PRN 01, during

P art A and P art B, resp ectiv ely . The corresp onding satellite elev ation is 21

o

(its azim uth is

61

o

) during P art A, and 20

o

(azim uth 62

o

) during P art B. Sev eral main observ ations can b e

made:

� The p eak p o w er from RHCP an tenna is quite steady in b oth P art A and P art B, as

exp ected.
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� In P art A, w e observ e man y fadings in the p o w er gathered b y the LHCP an tenna.

Ho w ev er, some go o d correlation p eaks app ear from time to time.

� In P art B, the correlation p eaks of the LHCP an tenna are m uc h higher. The do wn-

lo oking an tenna has gathered re
ected signals.

COASTAL PIER
REFLECTED  SIGNAL

DIRECT SIGNAL

SEA SURFACE

Figure 11.1: Geometry of the exp erimen t during P art B.
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Figure 11.2: Time series of the p eak p o w er (in dB), using PRN 01, of RHCP an tenna (blue

curv e) and LHCP an tenna (red curv e). L eft : P art A, the corresp onding satellite elev ation is

21

o

(its azim uth is 61

o

). R ight : P art B, the elev ation is 20

o

(azim uth 62

o

).

11.2 P o w er mo del

This section presen ts a statistical analysis of the direct and re
ected squared w a v eforms, based

on a simple p o w er mo del in tro ducing a sp ec kle noise mo del. W e deriv e analytic expressions
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of the 1-D mean p o w er w a v eform and its normalized v ariance. Similarly , the statistics of the

ratio of the t w o signals is presen ted.

First, w e recall that the w a v eform is generated through a correlation pro cess de�ned b y:

C

a;b

( � ) =

1

T

i

Z

T

i

0

a ( t ) b

�

( t � � ) dt; (11.1)

where T

i

is the coheren t in tegration time.

Second, the direct return p o w er in dela y is computed from the squared complex correlation

co e�cien ts (in t w o c hannels I and Q ) of the replica R with the incoming signal S + N

dI

+ j N

dQ

.

W e assume N

dI

and N
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to b e t w o white Gaussian noises with mean zero and v ariance �
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The direct squared correlation co e�cien t th us writes:
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Applying the large noise assumption that c haracterizes GNSS signals ( �

d

is greater than the

signal strength) to equation 11.2, w e obtain:
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: (11.3)

C

S;R

( � ) is here a deterministic triangle function, dep ending on the in tegration time T

i

, the

c hip length, the an tenna gain and the geometry (emitter elev ation, receiv er p osition, ...). A

simple expression is: C

S;R

( � ) = A

d

�( � ), with A

d

the maxim um amplitude of the w a v eform.

W e recall that GNSS re
ections come essen tially from the con tribution of scattering p oin ts

on the sea surface. The a v eraged con tribution of these di�eren t scatterers in tro duces fading

phenomena, whic h can b e describ ed b y a sp ec kle noise. W e can then de�ne the re
ected p o w er

as:

~

P

r

( � ) =

h

C

p

nS;R

( � ) + C

N

r I

;R

( � )

i

2

�

2

r

+

C

2

N

r Q

;R

( � )

�

2

r

; (11.4)

where, similarly , N

r I

and N

r Q

are t w o white Gaussian noises with mean zero and v ariance

�

2

r

. W e assume n to b e a sp ec kle noise follo wing a Gamma La w with mean � =1 and order L ,

suc h as:

P ( n ) =

L
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e

� L

n

�

: (11.5)

The parameter L is de�ned as the shap e parameter of the distribution. It is link ed to the

degree of dev elopmen t of the sea surface: for a fully dev elop ed sp ec kle, L equals 1. W e ha v e:

h n i = � = 1

h n

2

i =

1

L

+ 1 : (11.6)

Considering the ensem ble a v erage o v er successiv e w a v eforms, w e get resp ectiv ely for the direct

and re
ected p o w ers:
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where �

n

is the correlation length of the noise.

Since the GNSS-R system is at lo w altitude in this exp erimen t, the Dela y-Doppler Mapping

o v er the sea surface is m uc h wider than the p ortion of the surface con tributing to the re
ection

pro cess (the glistening zone). The correlation w a v eform of the re
ected signal can th us b e

appro ximated b y a triangle function, lik e the direct one. Note, that the noise p o w er is in v ersely

prop ortional to the n um b er of indep endent samples , de�ned b y the ratio of the coheren t

in tegration time and the noise correlation time.

W e no w consider the normalized v ariance de�ned as:
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; (11.9)

and w e obtain for the direct and re
ected w a v eforms, resp ectiv ely:
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W e in tro duced, in the ab o v e expressions, the ratios A

2

d

�

2

=�

2

d

and A

2

r

�

2

=�

2

r

, whic h can b e seen

as a Signal to Noise Ratio. In the grass (i.e., lo w SNR), w e ha v e for b oth direct and re
ected

signals:

N V ( � ) � 1 : (11.12)

F or time lags around lag zero (i.e., high SNR), w e ha v e:

N V

d

( � ) �

p

8 �

�

2

d
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2

d

�( � )

2

�

n

T

i

; (11.13)

N V

r

( � ) �

1

L

: (11.14)

As exp ected, equation 11.13 states that the normalized v ariance gets higher v alues for high

noise p o w er. In the scop e of this study , the parameter of in terest is �

2

r

. It is not p ossible to

infer this parameter from equation 11.14. Note that the normalized v ariance is 1 when the

sp ec kle is fully dev elop ed ( L =1).

W e ha v e seen, in this �rst analysis, that the normalized v ariances are function of the ratio

A

2

�

2

=�

2

. Due to a lac k of kno wlegde on A , the study of the ratio of the t w o signals (direct

and re
ected) seems more appropriate. It in tro duces, as sho wn, the ratio of the t w o noise

v ariances.

11.2.1 Re
ected to direct signal ratio analysis

W e fo cus no w on the statistical description of the ratio of the t w o w a v eforms:

~

P

r atio

( � ) =

~

P

r

( � )

~

P

d

( � )

: (11.15)
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This analysis w as motiv ated b y the fact that, as men tioned ab o v e, the re
ected p o w er has no

(or almost no) trailing edge for a lo w receiv er platform. Ho w ev er, the in tensit y has dropp ed

do wn with a factor � , due to the re
ection pro cess:

A

r

=

p

�A

d

: (11.16)

The parameter � is essen tially a function of the sea-state and the F resnel co e�cien ts.

A t lag zero, w e ha v e:

h

~

P

r atio

(0) i �

�

K

: (11.17)

W e ha v e in tro duced here the parameter K = �

2

r

=�

2

d

. Equation 11.17 is the basis of emissivit y

retriev al, through the estimation of K . It is ho w ev er corrupted b y the � parameter whic h is

sea-state dep enden t.

11.2.2 Summary

W e presen ted a p o w er mo del for GNSS-R data collected at lo w altitude. The prop osed pa-

rameters are:

� �

2

d

and �

2

r

: the noise v ariances of the direct and re
ected signals, resp ectiv ely . These

parameters are the ones to b e estimated in the scop e of this study . Their ratio K =

�

2

r

=�

2

d

is the appropriate parameter to b e in v estigated.

� L : shap e parameter of the Gamma La w. It pro vides the degree of dev elopmen t of the

sp ec kle noise. It is sea-state dep enden t.

� � : atten uation factor due to the re
ection pro cess. It is also sea-state dep enden t.

11.3 Sim ulations

Sim ulations ha v e b een carried out to c hec k the v alidit y of the previous equations, and v erify

that there is no undesired e�ect due to the one-bit sampling. W e fo cus esp ecially on equations

n um b er 11.8, 11.13 and 11.17.

W e consider, as an input of the correlator, the follo wing signal:

S ( t ) = C A ( t ) e

j ! t

+ N

I

( t ) + j N

Q

( t ) ; (11.18)

where C A is the C/A co de of PRN 01, N

I

and N

Q

t w o random v ariables with mean zero and

v ariance �

2

. The carrier frequency w e consider here is the IF frequency: 308 kHz. This signal

is one-bit sampled with a sampling frequency of 20.456 MHz. These frequencies are in line

with the ESA equipmen t sp eci�cations. Before making the correlation b et w een the signal and

the replica, w e remo v e the carrier and consider the signal S

0

= S ( t ) e

� i! t

.

The result of the mean squared correlation o v er 1000 realizations is sho wn in �gure 11.3,

for di�eren t noise v ariances �

2

. The c hoice of these v ariances is related to the observ ed p eak

v alue in the data. The width of the w a v eform is appro ximately 40 samples since the C/A

co de c hip length is ab out 1 microsecond (w e recall that there are 1023 c hips in one C/A co de

p erio d, one c hip lasts 1/1023 ms).

As observ ed, the mean p o w er drops do wn when the C/A co de is corrupted b y a random

noise. This in agreemen t with equation 11.7 (or 11.8). F urthermore, the signal is constan t

in the grass whatev er the v alue of � , as sho wn in the righ t hand side graph of �gure 11.3.

This is also consisten t with equation 11.7. Ho w ev er, w e note that the noise v ariance can b e
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Figure 11.3: L eft : Mean p o w er h

~

P ( � ) i for di�eren t noise lev els ( � =10, 20, 40 and 60). The

c hoice of these v ariances is related to the observ ed p eak v alue in the data. The p eak of

correlation is one for a clean signal. R ight : Zo om of the squared correlation in the grass,

b efore lag zero (p eak p osition). 1000 realizations, PRN 01, T

i

=10 ms.

estimated through the correlation pro cess itself (without an y normalization) if the data are

sampled at 2 bits (or more).

Figure 11.4 sho ws the v ariations of the mean p eak p o w er v ersus the in v erse noise v ariance

1 =�

2

. As exp ected, it follo ws the relation:

h

~

P ( � = 0) i /

1

�

2

: (11.19)

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.01

1/s2

M
ea

n 
P

ow
er

 a
t l

ag
 0

Figure 11.4: Sim ulated mean p eak p o w er at lag zero v ersus in v erse noise v ariance 1 =�

2

. A

line with slop e 1 is also plotted. 1000 realizations, PRN 01, T

i

=10 ms.

The normalized v ariance of the p o w er is presen ted in �gure 11.5. As exp ected, for time

lags corresp onding to the grass, the normalized v ariance of the p o w er is equal to 1 (cf equation

11.12). It is easy to c hec k that, for lags around the lag � =0, the normalized v ariance b eha v es
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as 1 = �( � )

2

(cf equation 11.13). The normalized v ariance at lag zero is plotted v ersus �

2

on

the righ t hand side of �gure 11.5, whic h sho ws that equation 11.13 is v alid.
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Figure 11.5: L eft : Normalized v ariance of the p o w er for di�eren t noise lev els ( � =10, 20, 40

and 60). R ight : Normalized v ariance at lag zero v ersus �

2

. 1000 realizations, PRN 01, T

i

=10

ms.

11.3.1 Re
ected to direct signal ratio analysis

W e consider no w in our sim ulations the p o w er ratio of t w o GNSS signals:

� the direct signal with v ariance �

2

d

,

� re
ected signals with di�eren t v ariances �

2

r

ranging from �

2

d

to 5 �

2

d

.

As observ ed in �gure 11.6, w e easily c hec k that the v ariations of the mean p eak p o w er are

prop ortional to K

� 1

, whic h v alidates equation 11.17. Hence, lo oking at the ratio of the t w o

signals seems p o w erful if the atten uation factor is kno wn. A mo del for � is therefore needed.

11.4 Data analysis

Figures n um b er 11.7 and 11.8 presen t the mean p o w er gathered b y the RHCP an tenna (thic k

curv e) and the LHCP an tenna (dashed curv e) during P art A and P art B, resp ectiv ely . As

exp ected, the p eak p o w er receiv ed b y the LHCP an tenna is quite lo w during P art A. It is

m uc h higher during P art B, since the GNSS signal b ecomes mostly LHCP at the re
ection.

As far as the noise is concerned, w e �rst observ e, in b oth con�gurations, that noise lev els are

sligh tly di�eren t from one an tenna to another. W e also note that the noise lev el of the direct

signal c hanges a bit from P art A to P art B.

Figure 11.9 sho ws the normalized v ariance of the squared correlation for the RHCP an tenna

(thic k curv e) and the LHCP an tenna (dashed curv e). The curv es are consisten t with the mo del

and sim ulations in term of shap e and relativ e magnitudes. W e particularly notice that the

normalized v ariance of the LHCP an tenna in P art A is one all along the w a v eform. The SNR

is indeed not high enough. During P art B, ho w ev er, the normalized v ariance b eha v es lik e

1 = �( � )

2

and is ab o v e the RHCP curv e.
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11.5 Conclusions on radiometry with GNSS-R

A simple GNSS-R ground exp erimen t has b een carried out to c haracterize the signal p o w er

and relate its statistics to emissivit y . F or this purp ose, a GNSS-R p o w er mo del has b een

presen ted with theoretical estimation of the parameters of in terest suc h as the ratio K of the

direct and re
ected signal noise v ariances. The mo del has b een v alidated through sim ulations,

sp eci�cally to v erify that it is v alid in the case of one-bit sampled data, as those gathered

b y the ESA equipmen t. Exp erimen tal data ha v e b een then analyzed demonstrating that the

in v estigation of the statistics b et w een successiv e w a v eforms could b e e�ectiv e for sea-surface

emissivit y measuremen t.

The radiometric solution using GNSS-R could b e impro v ed b y considering the follo wing

p oin ts:

� As observ ed in the deriv ed equations, sea-state dep enden t parameters are corrupting

the estimation of the emissivit y noise. Mo dels for parameters � and L are nedeed to

impro v e this estimation.

� The use of another recording device, whic h w ould sample the data at t w o bits, sa y ,

w ould de�nitely impro v e the thermal noise estimation, b y a close analysis of the grass

of the correlation.



Conclusions and P ersp ectiv es

This study in v estigated the GNSS-R remote-sensing capabilities for o ceanographic applica-

tions. W e depicted GNSS-R sensitivit y to sea-surface geoph ysical parameters, suc h as di-

rectional mean square slop e, salinit y and emissivit y , through theoretical and exp erimen tal

analyses. P articular emphasis w as put on the sp eculometric application, through the �rst

in v ersion of GNSS-R full Dela y-Doppler Maps. Solar bistatic re
ections w as also analyzed

through a similar sea-surface mapping (Tilt-Azim uth Map) in order to enhance the under-

standing of sp ecular scattering.

The �rst part of this dissertation depicted the mec hanisms in v olv ed in the bistatic scat-

tering pro cess at L-band. It included the kno wledge of GNSS signal c haracteristics, electro-

magnetic scattering mo del, random sea-surface features and basics of pro cessing of direct and

re
ected signals. F rom a theoretical p oin t of view, w e particularly fo cused on the v alidation

at L-band of the GO appro ximation of the Kirc hho� scattering theory , through sim ulations.

A new mo del of the scatterometric 2-D w a v eform mo del (DDM) w as then prop osed. The

DDM data pro duct is the basis of sea-surface roughness parameter in v ersion.

In the second part, a sim ulator of GNSS-R signals w as dev elop ed from the kno wledge

acquired in P art I. This sim ulator is comp osed of t w o p ossible mo dels (GRAD AS and IS)

based on the Kirc hho� theory and GO mo del. An application of this sim ulator w as rep orted

for the study of SWH retriev al from a coastal platform. It w as sho wn that the b eha vior of

the re
ected �eld is sensitiv e to sea-surface heigh t dynamics. In particular, the sim ulations

with wind-driv en o cean sp ectrum sho w ed that the RMS of the amplitude of the deriv ativ e of

the complex �eld increases linearly with SWH. This is a promising future line of researc h.

The third part of the study pro vided exp erimen tal results on scatterometric GNSS-R

airb orne capabilities, based on a 
igh t exp erimen t carried out in the scop e of the ESA P ARIS-


 pro ject. First, w e rep orted a rep etition of the Co x and Munk exp erimen t, through the

in v ersion of optical high-resolution images whic h ha v e b een sim ultaneously gathered during

the exp erimen t (SORES data). The deriv ed MSS enhanced the understanding of GNSS-R

scatterometric measuremen ts. In particular, the analysis highligh ted the imp ortan t impact

of sea-state (SWH) in addition to wind stress o v er DMSS, and a non-negligeable departure

from Gaussianit y of the sea-surface slop e PDF. W e observ ed that estimated optical MSS

can b e larger b y up to 20% than MSS predicted b y a wind-driv en sp ectrum. The SORES

tec hnology also p ermitted to measure the sw ell direction and asso ciated long w a v e v ariance

through sp ectral analysis of the photographs.
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An in v ersion pro cedure for DDM has then b een presen ted and DMSS rev ealed to b e v ery

consisten t with mo dels and ground truth, meaning that the dev elop ed in v ersion metho d w as

e�ectiv e. Our results sho w ed that b oth optical and L-band total MSS are 20% higher than

what predicted b y Elfouhaily's mo del for the observ ed wind sp eed (9 to 13 m/s). The SP A

estimated b y GNSS-R matc hed the sw ell direction with go o d accuracy for most cases. A new

geoph ysical pro duct has b een put forw ard: the slop e PDF isotrop y whic h can b e related to

wind/w a v e misalignmen t as w ell as sea degree of dev elopmen t.

W e emphasized that these t w o forw ard scattering instrumen ts (GNSS-R and SORES)

are sensitiv e to DMSS, the directional probabilit y distribution of sp ecular scatterers, and

only indirectly to wind sp eed and direction: the relationship is mo dulated b y other ph ysical

phenomena a�ecting DMSS, suc h as sw ell magnitude and direction. This scatterometric

analysis sho w ed that the sea-surface roughness is a self-standing pro duct, whic h can not

b e directly asso ciated to the wind. The roughness of the o cean surface can b e seen as a

com bination of sev eral ph ysical pro cesses. Therefore, roughness v ariations observ ed on the

surface do not come systematically from the wind stress.

Finally , sp eci�c studies on other p ossible GNSS-R applications ha v e b een rep orted in

a fourth part. They pro vided some preliminary conclusions on the p ossible salinit y and

emissivit y retriev als, through simple ground exp erimen ts.

The goal of the Salp ex Exp erimen t w as to p erform a simple analysis of the impact of

salinit y on the signals, and dev elop the mo dels to compare it to. On this purp ose, w e ha v e

analyzed the p o w er coming from an RHCP an tenna that gathers in terferences b et w een direct

GNSS signals along with re
ected signals o v er a calm w ater surface. The analysis of the data

sho w ed a noisy in terference pattern giving clear fading ev en ts with a v ery go o d rep etivit y .

The main observ ation w as that the noise is m uc h larger than the predicted salinit y impact,

whic h is theoretically v ery tin y . A phase approac h could in principle pro vide the means for

salinit y determination, giv en the fact that the instrumen t is accurate enough to detect small

c hanges in the phase. Ho w ev er, the needed target of < 1 mm in altimetry is a v ery c hallenging

one, ev en from a �xed platform and after 1 mon th a v eraging. Another approac h w as to fo cus

on the re
ected p o w er. W e ha v e seen that in order to b e sensitiv e to salinit y w e should aim

at a 1% relativ e p o w er precision after 1 mon th a v eraging. In principle, the b est approac h is

to fo cus on the re
ected o v er direct p o w er, a ratio more imm une to equipmen t v ariabilit y .

The purp ose of the L-band Radiometry Exp erimen t w as to pro vide some preliminary

conclusions on the capabilit y of the GNSS pro cessor as a radiometer. W e pro vided a p o w er

mo del and algorithms to estimate the parameters of in terest (emissivit y noise v ariance). The

mo del has b een c hec k ed and v alidated through sim ulations. The ratio of direct and re
ected

signals app ears to b e the more appropriate w a y to infer emissivit y , b y estimating the ratio of

the noise v ariances. Ho w ev er, its estimation relies on an a priori kno wledge of the sea-state.

F rom the exp erience of this study , scatterometry with GNSS-R requires more 
igh t ex-

p erimen ts, in order to consolidate the concept of GNSS-R sea-roughness retriev al. Let us

emphasize that the Eddy Exp erimen t Fligh t w as not optimized for sp eculometry (1000 m

altitude, 50 m/s sp eed) and that higher/faster 
igh ts are needed. The strength of this tec h-

nique w ould re-enforce signi�can tly the remote-sensing comm unit y . It app ears clearly , for

instance, that future radiometers suc h as the Soil Moisture and Ocean Salinit y ESA mission

(SMOS)|w orking also at L-band|will require a go o d kno wledge of DMSS for calibration.
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As far as the emissivit y and salinit y retriev als are concerned, more exp erimen tal campaigns

are needed o v er a real sea surface.

Regardless of the application, altimetry , sp eculometry or radiometry , the imp ortan t thing

to k eep in mind is that GNSS-R is a di�erencing approac h (re
ected-direct signals). Engineer-

ing e�orts should fo cus on stabilit y of the system and maximal exploitation of the di�erencing

sc heme.
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App endix A

Relev an t Sym b ols

Sym b ol Units Name

� rad, degrees Sea-surface slop e azim uth

� rad, degrees Sea-surface slop e tilt


 rad, degrees Satellite elev ation

� rad, degrees Incidence angle with resp ect to the normal to the surface

� meters Sea-surface heigh t

� meters Emitted w a v elength ( � 20 cm at GNSS frequencies)

� Sea-w ater dielectric constan t

� rad, degrees Sun elev ation

� seconds Time dela y b et w een direct and re
ected GNSS signals

�

P

seconds P co de c hip length ( � 30 m)

�

C = A

seconds C/A co de c hip length ( � 300 m)

�

o

Scattering co e�cien t

�

�

meters Sea-surface RMS heigh t

�

2

s

or MSS Sea-surface slop e v ariance

�

2

c

Sea-surface slop e v ariance in the cr osswind direction

�

2

u

Sea-surface slop e v ariance in the upwind direction

A ( ~� ) Sea-surface heigh t auto correlation function

l meters Sea-surface correlation length

P

�

Sea-surface heigh t PDF

P

s

Sea-surface slop e PDF

~ q = ( ~q

?

; q

z

) rad.m

� 1

Scattering v ector

R F resnel co e�cien t

r

c

meters Mean radius of curv ature of surface

s

x

Sea-surface slop e along x -axis

s

y

Sea-surface slop e along y -axis

S psu Sea-surface salinit y

T degrees Celsus Sea-surface temp erature

T

a

seconds Incoheren t in tegration time

T

i

seconds Coheren t in tegration time

U

heig ht

m/s Wind sp eed measured at heig ht m ab o v e sea lev el



182 APPENDIX A. RELEV ANT SYMBOLS



App endix B

Acron yms

AD Arti�cial Data

ARNS Aeronautical Radio Na vigation Service

CEOS Committee on Earth Observ ation Satellites

CIL Con�dence In terv al Length

DDM Dela y-Doppler Map

DMSS Directional Mean Square Slop e

ECMWF Europ ean Cen tre for Medium-Range W eather F orecasts

ESA Europ ean Space Agency

ESTEC Europ ean Space Researc h and T ec hnology Cen tre

F CZ First Chip Zone

FFT F ast F ourier T ransform

GDR Geoph ysical Data Records

GNSS Global Na vigation Satellite System

GNSS-R GNSS Re
ections

GO Geometric Optics

GPS Global P ositioning System

GRAD AS GNSS Re
ections Arti�cial Data Syn thesiser

ICC Catalan Cartographic Institute

IEEC Catalan Space Researc h Institute

INM (Spanish) National Meteorological Institute

INS Inertial Na vigation System

IS In termitten t Screamers

LEO Lo w Earth Orbit

LHCP Left Hand Circularly P olarized

MSL Mean Sea Lev el

MSS Mean Square Slop e

MTF Mo dulation T ransfer F unction

NWP Numerical W eather Prediction mo del

NR CS Normalized Radar Cross Section

P ARIS P Assiv e Re
ectometry and In terferometry System

PDF Probabilit y Densit y F unction

PO Ph ysical Optics

PRN Pseudo Random Noise
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RA Radar Altimeter

RHCP Righ t Hand Circularly P olarized

RMS Ro ot Mean Square

RMSE Ro ot Mean Square Error

RNSS Radio Na vigation Satellite Service

SAR Syn thetic Ap erture Radar

SMOS the Soil Moisture and Ocean Salinit y mission

SNR Signal to Noise Ratio

SORES SOlar RE
ectance Sp eculometer

SO W Second Of the W eek

SP Sp ecular P oin t

SP A Slop e PDF Azim uth

SP A Stationary Phase Appro ximation

SPI Slop e PDF Isotrop y

SPM Small P erturbation Metho d

SSH Sea Surface Heigh t

SWH Signi�can t W a v e Heigh t

T AM Tilt-Azim uth Mapping

T/P T op ex/P oseidon

UTC Co ordinated Univ ersal Time

W AF W o o dw ard Am biguit y F unction
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