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In ricordo di Sergio

A Sergio Galli de Paratesi è legata la storia dell’Associazione Italiana di Telerilevamento.
Presidente dalla sua Fondazione (1986) fino al 1993, Sergio aveva iniziato già da tempo 
a collaborare con due eclettici ricercatori: Giovanmaria Lechi del CNR-IGL di Milano 
e Carlo de Carolis, Facoltà di Agraria di Milano. Sergio era arrivato al Telerilevamento 
presso il Centro Comune di Ricerca della Commissione europea di Ispra a seguito della 
riconversione del CCR-EURATOM e all’apertura ad altre nuove scienze e tecnologie, fra 
cui il Telerilevamento appunto.
Affascinato ed entusiasta per il nuovo, mise a disposizione lisimetri e cherry picker per le 
attività di Telerilevamento sulle malattie del riso superando con il suo entusiasmo vaste 
difficoltà burocratiche anche a livello europeo.
Nacquero così alcuni progetto europei tra cui ‘TELLUS’ sulla risposta spettrale del riso e 
delle risaie, ancora oggi una pietra miliare in questo campo. Grazie alle sue incomparabili 
capacità di infaticabile tessitore contribuì, partecipando con Mario Carlà, Mario Fondelli, 
Roberto Cassinis, Francesco Liguori, Giovanmaria Lechi, Adriano Cumer, Pietro Dainelli, 
Vito Cappellini, al Comitato che pose le basi della fusione delle allora due pre-esistenti 
associazioni SITE e AITA, alla fondazione dell’Associazione Italiana di Telerilevamento.
Il 30 aprile 1986 a Milano, fu formalizzato l’atto costitutivo di AIT e nominato Sergio come 
primo presidente, facendo radicare e crescere sia l’associazione che la comunità scientifica 
nazionale, con valide ramificazioni anche all’estero grazie alle sue notevoli conoscenze e 
all’apprezzamento di cui godeva in ambito internazionale. Suo il merito di adesione di AIT 
in ISPRS (International Society of Photogrammetry and Remote Sensing) dopo una lunga 
lotta epistolare.
Europeista convinto, lasciate il CCR e AIT, si è dedicato con immutato entusiasmo allo svi-
luppo dell’EAEME (European Association for Environmental Management Education), un 
sodalizio scientifico di 15 Università Europee 
costituitosi nel 1991 su iniziativa del Parlamen-
to Europeo e del Centro Comune di Ricerche di 
Ispra, Istituto per l’Ambiente.  
Ha intensamente lavorato alla realizzazione di 
master europei per la Gestione dell’Ambiente 
per la formazione di tantissimi giovani in am-
bito ambientale.
Sergio ci ha lasciati lo scorso 11 febbraio ma 
rimane nei nostri cuori e a fianco a noi a pro-
seguire il cammino che ci ha tracciato perché 
l’AIT non è una semplice associazione scien-
tifica ma un crogiolo di umanità, entusiasmo e 
passione per il proprio lavoro, così come lui ci 
ha insegnato.
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Introduzione

Negli ultimi anni il telerilevamento a microonde ha conquistato un notevole rilievo nella 
comunità scientifica ed accademica coinvolgendo sempre più la comunità degli utenti e la 
società tutta. I prodotti telerilevati, sempre più noti anche grazie alla loro bellezza estetica, 
sono oggi fonte primaria per molte applicazioni. Infatti, i sensori attivi e passivi a microon-
de sono divenuti degli strumenti avanzati ed indispensabili per l’osservazione quantitativa 
dei fenomeni ambientali.
A questo sviluppo la comunità italiana dei ricercatori ha partecipato attivamente e con 
convinzione, mostrandosi sempre in grado di operare ai migliori standard internazionali. 
In questo quadro, l’AIT ha nuovamente raccolto l’invito del Centro di Telerilevamento 
a Microonde (CeTeM) ad organizzare, in concomitanza con la XII Riunione Annuale del 
CeTeM, un III Workshop sul telerilevamento a microonde congiunto fra le due Associa-
zioni e intitolato: “Il Telerilevamento a Microonde - L’attività di ricerca e le applicazioni”. 
L’evento è stato ospitato dall’Università di Napoli Parthenope il 25 e 26 novembre 2004 
nella cornice rinascimentale di Villa Doria d’Angri.
Per sottolineare ulteriormente la rilevanza di questo proficuo incontro biennale, l’AIT ha 
patrocinato la pubblicazione di un numero speciale della rivista, dedicato ad una selezione 
dei lavori presenti a questo Workshop congiunto AIT  e CeTeM 
I soci ed i lettori abituali della rivista hanno quindi di nuovo l’occasione di disporre, a 
distanza di due anni, di un’ampia rivista delle attività attualmente svolte da diversi gruppi 
italiani, di indiscusso contenuto scientifico e in stretto legame con quanto offerto nel pa-
norama internazionale. Gli editori di questo numero si augurano quindi che questa lettura 
consenta un aggiornamento, anche per quanti hanno meno familiarità o non sono diretta-
mente coinvolti in questo settore.
I lavori selezionati comprendono sia studi teorici che applicativi. Sono infatti presentati stu-
di di modellistica elettromagnetica, applicazioni SAR negli ambiti agronomico, meteoro-
logico, vulcanico, oceanografico ed atmosferico, tecniche di inversione di dati scatterome-
trici. Rispetto ai sensori passivi sono presentati degli studi per l’impiego della radiometria, 
in ambito atmosferico, e glaciologico. Il numero comprende anche esperienze particolari, 
come l’integrazione di diversi sensori, la progettazione di nuovi sensori dallo spazio od il 
trasferimento di tecniche sviluppatesi nelle applicazioni spaziali, come l’interferometria 
SAR differenziale, nell’ambito delle osservazioni a terra. 
Gli editori auspicano che questa esperienza si ripeta con regolarità negli anni a venire, a 
partire dalla prossima riunione che si terrà a Milano nel 2006.
Infine non possiamo omettere l’importanza del contributo dei revisori e dello staff editoria-
le della rivista al raggiungimento di questo obiettivo: è grazie a loro, che si sono fatti carico 
degli oneri più pesanti, che ci auguriamo di poter vantare l’onore di questo incarico.

Guido Luzi e Maurizio Migliaccio

Il 9 e 10 novembre 2006 si terrà a Milano presso il Dipartimento di Elettronica e Informazione 
(DEI) del Politecnico la XIII Riunione Annuale del CeTeM e IV Workshop AIT “Il Telerileva-
mento a Microonde: l’attività di Ricerca e le Applicazioni”. Per la partecipazione è necessario 
inviare un sommario di una pagina al seguente indirizzo di posta elettronica: cetem@elet.polimi.it, 
entro il 6 ottobre 2006. Ulteriori informazioni si possono trovare sul sito http//www.cetem.org
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Foreword

In the recent years microwave remote sensing has played a remarkable role within the 
scientific and academic communities, and has also proved its usefulness to users and to 
society. Remotely sensed products, which are also appreciated because of their beauty, are 
now a key source of data for many applications. Indeed, both active and passive sensors 
are advanced and essential tools for the quantitative observation of many environmental 
phenomena.
The Italian research community has been playing an essential role that is internationally 
recognized. Within this framework, the AIT, together with the Centro di Telerilevamento 
a Microonde (CeTeM) has organized a III Workshop on Microwave Remote Sensing - 
which includes the XII CeTeM annual Meeting - entitled: “Il Telerilevamento a Microonde 
- L’attività di ricerca e le applicazioni”.
The event was organized by the Università di Napoli Parthenope, at Villa Doria d’Angri, a 
renaissance villa, on 25 and 26 November 2004.
In order to further emphasize the relevance of this joint event, the AIT dedicated this special 
issue to a selection of the best papers presented at the III Workshop AIT/ CeTeM. 
AIT members and the readers of this journal have, thus, the opportunity to be up-to-dated 
on the microwave remote sensing activities going on in Italy, through papers on research 
activities that continue to show the value of the Italian scientific community and its con-
nection with the international panorama. The editors hope that this special issue will be 
appreciated by specialist and non-specialist readers.
Selected papers consider the many facets of microwave remote sensing, in both theoretical 
and applicative studies. Indeed, the reader can find papers on electromagnetic modelling, 
SAR applications to agronomy, meteorology, oceanography and atmosphere, as well as on 
scatterometer data inversion. As far as  passive sensors are concerned, papers on microwave 
radiometry for atmosphere and glaciology are present. The issue also contains papers on 
data fusion, new sensor design, and SAR interferometry techniques as applied to ground-
based observations.
The Editors hope that this experience will be repeate in future, starting from the next joint 
AIT/CeTeM workshop, which will be held in Milano in 2006.
Last but not least, the fundamental help provided by the reviewers and the editorial staff 
must be properly emphasized and acknowledged. Thanks to all of them, we can now be sure 
that a good job has been done.  

Guido Luzi and Maurizio Migliaccio

On November 9-10, 2006, the XIII CeTeM Annual Meeting and IV Workshop AIT “Microwave 
Remote Sensing: Research activities and Applications” will be held in Milan at the Electronic and 
Information Department (DEI) of Politecnico. A one-page abstract should be sent to the follow-
ing e-mail address: cetem@elet.polimi.it, by October 6, 2006. Further information is available at: 
http//www.cetem.org
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A new approach for ground deformation monitoring in volcanic 
areas: the case of the Phlegrean Fields (Naples, Italy)

Sven Borgström, Ida Aquino, Carlo Del Gaudio, Prospero De Martino, Ciro Ricco,
Valeria Siniscalchi, Giuseppe Solaro, Pietro Tizzani and Giovanni P. Ricciardi

Istituto Nazionale di Geofisica e Vulcanologia - Osservatorio Vesuviano, Via Diocleziano 328 -
- 80124 Napoli, Italia. E-mail: sven@ov.ingv.it

Abstract
Geodetical monitoring of the Neapolitan Volcanic District has been historically carried out 
by networks located on the area of interest. This networks, also allowing very high accura-
cies in the deformation measurement, give an information related only to a certain number 
of measuring points; this limitation can be greatly relieved by exploiting the spaceborne 
Differential SAR Interferometry (DInSAR) technique which allows to retrieve the geodetic 
information on wide areas, also indicating eventual migrations of the deformation field in 
the SAR scene and therefore new sites for more detailed measurements to be afterwards 
carried out with classical techniques. Spaceborne DInSAR allows moreover to get a tempo-
ral coverage better than the classical techniques, considering the revisiting time of the SAR 
sensors in comparison with the mean repetition time of the field measurements. The prin-
cipal results of the last years on the geodetical monitoring of the Phlegrean Fields (Naples, 
Italy) will be hereby presented, in particular on the integration between interferometric and 
classical geodetic data.    

Riassunto
Storicamente il monitoraggio geodetico del Distretto Vulcanico Napoletano è stato effet-
tuato avvalendosi di reti uniformemente distribuite sull’area oggetto della sorveglianza. 
Tali reti, pur consentendo precisioni molto elevate nella misura della deformazione, resti-
tuiscono solo un’informazione correlata ad un certo numero di punti di misura; tale limi-
tazione può essere facilmente aggirata avvalendosi dell’Interferometria SAR Differenziale 
(DInSAR) da piattaforma satellitare, che consente di estrarre l’informazione geodetica su 
vaste aree, indicando altresì eventuali migrazioni del campo di deformazione all’interno 
della scena SAR e quindi, in definitiva, nuovi siti verso cui indirizzare successivamente 
indagini a scala puntuale con metodologie geodetiche classiche. L’impiego del DInSAR da 
piattaforma satellitare consente altresì di estrapolare un’informazione temporalmente più 
fitta rispetto alle misurazioni delle reti geodetiche, in considerazione dei tempi di rivisita-
zione dei sensori attualmente in orbita allorché confrontati con i tempi medi di ripetizione 
delle campagne di misura. Verranno qui presentati i principali risultati ottenuti nel corso 
degli ultimi anni in relazione al monitoraggio geodetico dei Campi Flegrei (Napoli, Ita-
lia), con particolare riferimento all’integrazione tra dati interferometrici e dati di geodesia 
classica.
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Introduction
One of the institutional activities of the INGV-Osservatorio Vesuviano (INGV-OV) is the 
surveillance of the Neapolitan Volcanic District, with three different active volcanic areas 
(Mt. Vesuvius, the Phlegrean Fields and the island of Ischia).
Among the “precursory phenomena” of a volcanic eruption also ground deformations 
are measured, induced by the uprising of magmatic bodies towards the surface; such 
deformations appear sometimes also with a very low amount, at least at the beginning, and 
therefore surveying techniques that allow sub-centimetric accuracies shall be used.
During the last decades, these measurements were carried out by the INGV-OV using high 
precision geodetic networks located on the area of interest. In Figure 1 the layout of the 
geodetic monitoring system (continuous and periodic networks) of the Phlegrean Fields is 
shown: this area was selected as it gave strong bradyseismic activity in the recent past.
As to the comparison between spaceborne DInSAR and classical geodetic networks, the 
advantage from SAR to retrieve a continuous information on wide areas should be pointed 
out, where the geodetic information from classical networks is available only on a certain 
number of measuring points. Only for the Phlegrean Fields levelling network the bench-
marks density is very high (200 mt as a mean distance between two benchmarks), so it can 
be considered an areal information, but also in this case it is related only to the networks 
geometry and no information can be retrieved in case of migration of the deformation field 
outside the network. Therefore DInSAR can easily indicate eventual new sites for more 

Figure 1 - The geodetic monitoring system of the Phlegrean Fields.
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detailed measurements to be afterwards carried out with classical techniques.
A further advantage of spaceborne DInSAR in comparison with the periodic networks (GPS, 
levelling) is the good temporal coverage (35 days for ERS2, 35 days/swath for ENVISAT, 
in the case of the ESA satellites), whereas the field measurements are typically carried out 
once or twice a year, unless in case of pre-eruptive or eruptive phase, when data sampling 
is strongly increased. The poor temporal sampling of the periodic networks is mainly re-
lated to the volcanic risk level: with no or low dynamics (low volcanic risk) a low temporal 
sampling can be sufficient, also considering the mean cost of the field measurements, in the 
order of some to many thousand euros.
Otherwise, the geodetic information from the continuously recording stations (GPS perma-
nent network, tiltmetric network) could be not sufficient, due to a poor spatial coverage of 
the networks on the area, related to obvious economical reasons.
In contrast, DInSAR is limited for instance with respect to GPS, because it provides only 
the vector displacement projected into the radar line-of-sight (LOS). Such a limitation can 
be relieved by using SAR data from both ascending and descending tracks, such that the 
EW component of the horizontal deformation can be retrieved.

The deformation history of the Phlegrean Fields
Already in historical time the Phlegrean Fields were marked by uplift and subsidence 
phenomena, sometimes also with seismic activity. These evidences can be evict from 
both the historical chronicles and the actual position of some hand-made structures of 
archaeological interest in the area (i.e.: the Serapeo in Pozzuoli). In recent time the 
bradyseismic crises of the years 1969-72 and 1982-84 shall be mentioned: the first one with 
the maximum ground uplift of about 170 cm while the second one with the maximum uplift 
of about 180 cm.
Since January 1985, the Phlegrean Fields area is undergoing a subsidence phase, with only 
short uplift events recorded in 1989, 1994 and, more recently, in 2000 (Fig. 2). 

Figure 2 - Vertical displacement from levelling measurements - benchmark 25 (1/1985-12/2003).
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The 2000 uplift event 
The Phlegrean Fields area experienced an uplift event in the period between March and Au-
gust 2000 [Osservatorio Vesuviano, Surveillance Report, 2000; Achilli et al., 2001; Lanari 
et al., 2004], followed by a stasis and then by the renewal of subsidence, which is typical of 
the area during the last two decades. 
The availability of both SAR (ERS2) and geodetic data, from both continuous and periodic 
measurements, has allowed an accurate comparison between different data sets besides a de-
tailed evaluation of the space-temporal trend of the deformation. The beginning of the uplift 
event was pointed out by the continuous geodetic networks by both length changes of some 
GPS baselines and the inversion of the tilt vector at the tiltmetric stations located about 2 km 
away from the maximum deformation area. These indications have therefore suggested to 
carry out levelling measurements, besides spaceborne DInSAR data processing.

Data processing of the GPS continuous network
In order to allow the comparison between GPS and SAR results, GPS data were processed 
using Quarto station (QUAR, see Fig. 1) as a fixed reference point, as Quarto site is lo-
cated outside the maximum deformation area and reasonably assumed to be a stable area 
in the DInSAR products. GPS data were processed with Bernese software v.4.2 [Beutler et 
al., 2001], using for computation precise ephemeredes, satellite clock corrections, antenna 
height phase centre variations and other general files provided by the Centre of Orbit Deter-
mination in Europe (CODE). 
In Figure 3 the residual values are shown, in a North-East-Up local system, of the com-
parison between the single daily solutions and the combined solution, for ACAE (Air Force 
Academy of Pozzuoli), BAIA (Baia place) and IPPO (Agnano Hippodrome) GPS stations 
with respect to QUAR, for the period from March to August 2000.
As a final result, GPS data processing has pointed out meaningful displacements, as in the 
case of the 3D vertex of ACAE, close to the maximum deformation area, with about 2.5 cm 
in the ENE direction, with an uplift of about 4 cm. Also for BAIA and IPPO vertices plani-
metric displacements were highlighted, respectively of about 2.3 cm in the SW direction and 
about 1.2 cm in the ENE direction. 

Data processing of the tiltmetric continuous network 
Tiltmetric data recorded by the Phlegrean Fields network point out since 1994 a slow ground 
subsidence [Ricco et al., 2000], followed by an inversion from March 2000 (Fig. 4). 
In the window on the right of Figure 4 are shown the trend of the NS component of the tilt 
vector (original signal), the temperature and the decorrelated signal recorded in 2000 by the 
DMB (see Fig. 1) tiltmetric station, about two km away from the maximum deformation 
area, in the NW direction. The original signal (in the lower part of the window) was sub-
jected to a thermical decorrelation process by a model of linear dependence of the tilt from 
ground temperature (in the central part of the window), in order to obtain a signal filtered in 
its seasonal components (in the upper part of the window) from the effects due to the ground 
thermoelasticity. In the three windows on the left the trend is shown of the three statistical 
indicators (up: the regression coefficient, middle: the correlation coefficient (Bravais-Pear-
son), down: the standard error of the estimate) which resume the features of the fit performed 
on the signal.
The tiltmetric signal must be interpreted associating at each positive temporal variation a 
ground tilt towards N, with a consequent uplift towards S and at each negative variation a 
ground tilt towards S.
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Figure 3 - Residual values (mm) from the comparison, for March-August 2000 GPS 
data, of the daily coordinates with the combined solution for ACAE, BAIA and IPPO 
GPS stations (from Berardino et al., 2002, modified).

Figure 4 - Tiltmetric data of DMB station during 2000 (from Berardino et al., 2002, modified).
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Levelling data processing
Accordingly with the results of the geodetic continuous networks, levelling measurements 
were monthly carried out from May along the coastline, which crosses the maximum defor-
mation area (Fig. 5). The analysis of levelling data confirmed the deformation event, point-
ing out a maximum ground uplift of 3.8 cm (Pozzuoli - Corso Umberto site) in the period 
between September 1999 (previous levelling measurements) and August 2000. It is worthy 
to note that this value is not the precise estimate of the 2000 event, as it takes into account 
also the subsidence still acting during the last months of 1999. Levelling measurements car-
ried out after August confirm the trend recorded by the GPS permanent network, indicating 
a stasis in the uplift phenomenon.

DInSAR data processing
In order to further investigate the event pointed out by the geodetic networks, spaceborne 
SAR (ERS2) data were processed by the researchers of the IREA-CNR in Naples (Italy). 
Interferometric data processing was carried out applying the algorithm proposed by 
Berardino et al. [2002] that extends the approach of Lundgren et al. [2001]; it allows, 
besides the production of spatially dense deformation maps, to reconstruct ground 
deformation time-series for each coherent pixel of the scene.

Figure 5 - Vertical displacements referred to September 1999 (coast line) 
(from Lanari et al., 2004).
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In the March-August 2000 deformation map, shown in Figure 6a, a ground deformation 
of more than 4 cm into the radar LOS was clearly pointed out in Pozzuoli area. It must be 
remarked that the considered March-August data pair is part of a large data set produced 
by the ERS1-2 systems from descending orbits starting from June 1992. By processing the 
overall IfSAR data set it is possible to investigate not only the single 2000 event but also 
the temporal evolution of the whole bradyseismic phenomenon in the period which the data 
set refers to. To clarify this point, in Figure 6b the temporal evolution of the deformation is 

Figure 6 - DInSAR results (a) deformation map from ERS2 descending images of March 
and August 2000; (b) ground deformation time-series from DInSAR data in the time 
interval 6/1992-9/2000 for a point close to the ACAE GPS station; (c) comparison between 
GPS measurements (ACAE site) projected into the radar LOS and DInSAR deformations 
for the time interval 3-8/2000; the measurements are referred to the Quarto stable area 
(from Lanari et al., 2004).

(a)

(b)

(c)



Borgström et al. A new approach for ground deformation monitoring in volcanic areas

14

plotted for a point close to the ACAE GPS station. This plot clearly shows the inversion of 
the deformation, from subsidence to uplift, at the beginning of 2000 with a significant value 
from March to August. A comparison between the GPS measurements projected into the 
radar LOS and the DInSAR results is also shown in Figure 6c and clearly shows the good 
agreement between the two measurements.

The recent evolution
A recent project financed by ESA (MINERVA project, Monitoring by INterferometric SAR 
of Environmental Risk in Volcanic Areas) in the framework of the DUP (Data User Pro-
gramme) activities has allowed to get a software code for DInSAR data processing at the 
INGV-OV. The aim of the project was the design, development and assessment of a de-

Figure 7 - Comparison between ground deformation time-
series from SAR and levelling data (benchmark 25) with the 
deformation map.

Temporal Deformation Map

monstrative information serv-
ice based on the interferometric 
processing of images from the 
SAR sensors on board ERS1-2 
and ENVISAT. 
MINERVA is based on a new ap-
proach for DInSAR data process-
ing, which allows optimizing the 
quality of interferograms span-
ning from 35 days up to several 
years, and to merge them to gen-
erate a single solution describing 
the temporal evolution of the 
ground deformation in the area 
(Fig. 7). 
The software allows to update 
this solution each time a new 
SAR image is available, there-
fore representing a powerful tool 
for ground deformation moni-
toring in active volcanic areas 
[Tampellini et al., 2003].
In the particular case of Figure 
7, it can be noticed how the 
code was adapted in order to 
get a comparison between inter-
ferometric and geodetic data, by 
showing the ground deforma-
tion time-series from SAR and 
levelling data for the pixels 
in which both the information 
were available: the good tem-
poral coverage of SAR data has 
allowed to retrieve the informa-
tion not available from levelling 
in the time interval between the 
field measurements.
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Also considering slightly different geometries in the deformation measurement (LOS vs. 
vertical), a good agreement between the different techniques can be pointed out.
The availability of the MINERVA code has moreover allowed to produce the results pub-
lished for the first time in the INGV-OV Surveillance Reports starting from 2002 (Fig. 8 
and Fig. 9). From the analysis of the differential interferogram of Figure 8 (up), related to 
the time interval 28/9/2000-3/10/2002, two fringes are clearly visible, showing a subsid-
ence of about -6 cm in the maximum deformation area. 
The joint analysis of SAR and classical data confirms the renewal of subsidence after the 
2000 uplift event. The results of levelling measurements for the period October 2000-De-
cember 2002 (Fig. 8, bottom left) are shown for comparison, indicating a maximum value 

Figure 8 - Differential interferogram 28/9/2000-3/10/2002 - ERS2, descending orbit (up); height vari-
ations from levelling for the period 10/2000-12/2002 (coast line) (bottom left); temporal variations of 
the ΔUp component of the POSI-RITE GPS baseline (1/2001-10/2002) (bottom right) (from INGV-
OV, 2002 Surveillance Report, modified).
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of subsidence of about -7 cm. In Figure 8 (bottom right) the time-series of the vertical 
component of the POSI-RITE (Posillipo-Rione Terra) GPS baseline (1/2001-10/2002) is 
shown; the trend of RITE station, located in the centre of Pozzuoli, shows a relative subsid-
ence of -5.8 cm with respect to the POSI reference station. Again, the agreement between 
different kind of data is satisfactory. 
On the contrary, the interferogram of Figure 9 (6/4/2003-20/7/2003) (up) does not show 
interferometric fringes, due to the lack of deformation or to a ground displacement whose 
amount is lower than the resolution of the SAR technique. Data from both the continuous 
networks and levelling measurements confirm the lack of deformation for the same period 
[INGV-OV, 2003 Surveillance Report]. In the lower part of the figure (bottom left) the co-
herence map is shown, indicating good coherence in the maximum deformation area, on the 
coast line close to the centre of Pozzuoli.
In Figure 10 the recent evolution of ground deformation at the Phegrean Fields from SAR 
data is reported; for comparison, the maximum value of the height variation from levelling 
measurements is -1.9 cm in the period between July 2002 and June 2004 [C. Del Gaudio, 
personal communication]. 

Figure 9 - Differential interferogram 6/4/2003-20/7/2003 (up); the coherence map of the interfero-
metric pair (bottom left); the master scene (bottom right);  ENVISAT, Image Swath 6, descending 
orbit (from INGV-OV, 2003 Surveillance Report, modified).
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The Corner Reflectors network 
From Figure 9 (coherence map, bottom left), it can be noticed how some areas in the 
Phlegrean Fields are marked by temporal decorrelation phenomena, which allow only a 
partial investigation of the area.  
In order to increase the resolution of the SAR technique in areas with no or low coherence, a 
network of passive reflectors (Corner Reflectors, CR) is going to be installed: in particular 8 
CR (4 couples) were already located in the Solfatara crater. This area is marked by a spatial 
and temporal dynamics quite different from the rest of the Phlegrean system and therefore 
of remarkable interest from the scientific point of view (Fig. 11). In the next future at least 
two more couples of CR will be located in the maximum deformation area.  
The coordinates of the CR in the Solfatara crater are listed in Table 1, in both WGS84 and 
ED50 reference systems; the availability of a couple for each site allows the visibility from 
both ascending and descending tracks, with an inclination of the CR of 23° on the zenith 
axis in order to be detected by both ERS2 and ENVISAT (Image Swath 2) SAR sensors.

Site Lat N (WGS84) Lon E (WGS84) Lat N (ED50) Lon E (ED50)
S1 40.82647 14.13865 40° 49’ 35” 14° 08’ 19”
S2 40.82732 14.14028 40° 49’ 42” 14° 08’ 18”
S3 40.82707 14.13774 40° 49’ 41” 14° 08’ 09”
S4 40.82812 14.13898 40° 49’ 45” 14° 08’ 14”

Table 1 - Coordinates of the CR (Solfatara) in WGS84 and ED50 reference systems.

Figure 10 - Deformation map from SAR data for the time interval March 2002-May 2004 - ERS2, 
descending orbit.

Figure 11 - SAR focusing (by IREA-CNR) of the ERS2 descending pass of 29/7/2004 on 
the Solfatara crater (left), the Digital Terrain Model of the area with the 4 couples of CR 
(middle) and the S4 couple (right).

Temporal Deformation Map
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Discussion and conclusion 
Ground deformation measurement at the Phlegrean Fields is a crucial point for two main 
reasons: primarily for monitoring purposes, because deformation seems to precede the be-
ginning of seismic activity and both the energy and the number of events increase at increas-
ing velocity of ground displacement [Orsi et al., 1999]; during the 2000 event, seismicity 
was recorded from July 2nd whereas the uplift was observed by the geodetic networks by 
March [Osservatorio Vesuviano, Surveillance Report, 2000; Lanari et al., 2004]. Secondly, 
to define the deformation field of the area and therefore to propose a source modelling, tak-
ing into account that not only a vertical component of ground motion was recorded in time, 
but also horizontal displacements, as also mentioned before on GPS data.
The comparative analysis between classical and DInSAR data has shown a clear agreement 
between the different techniques in both space and time. The main limitations toward a 
more precise comparison are due to the poor spatial coverage of the geodetic continuous 
stations vs. the high spatial coverage of SAR data and the poor temporal sampling of the 
periodic networks, unless in case of pre-eruptive or eruptive phase.
Moreover, also the difference between the component of ground motion recorded by SAR 
and by classical techniques has to be taken into account: future works including also as-
cending interferograms should reduce this discrepancy.
In conclusion, the exploitation of DInSAR for volcano monitoring represents a strong im-
provement of the monitoring system, as it allows to retrieve an information on wide areas, 
with a good temporal coverage and with a very low cost.
Furthermore, the availability of both interferometric and geodetic data allows to decide 
which kind of surveying technique should be used depending on the deformation rate and 
the volcanic risk level in the area of interest: for instance, classical techniques could be 
employed with no or low dynamics, whereas spaceborne techniques during pre-eruptive 
and eruptive phase, when the access to the volcano is not possible and/or the traditional 
monitoring networks are not available due to blackout. 
This approach may be successfully used in the next future to also investigate other active 
volcanic areas, as it was already done in the case of Mt. Vesuvius [Lanari et al., 2002; Bor-
gia et al., 2005]. 
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Abstract
This study investigates the potential of synergistically using multi-temporal ENVISAT 
ASAR data and crop growth models, such as CERES-Wheat, in order to improve the 
accuracy of wheat yield predictions. The reliability of crop growth models strongly depends 
on the accuracy of their numerous inputs, which are seldom available at the appropriate 
spatial resolution. In this respect, remote sensing may provide valuable information able 
to lead to large improvements in accuracy of spatially distributed crop growth model 
estimates. Recent experimental studies have suggested the use of HH/VV radar backscatter 
ratio, acquired at high incidence angles, to retrieve wheat biophysical parameters, such as 
above ground biomass and leaf area index (LAI). This work presents a methodology to 
assimilate LAI, retrieved by means of multi-temporal ENVISAT ASAR data at field scale, 
into CERES-Wheat crop model. The results, obtained over the Matera site (Italy), show 
that the assimilation leads to significant improvements in wheat dry biomass and grain yield 
model estimates. Applying this method the average error on the model yield predictions 
decreases from 18% to 4.2%.

Riassunto
L’obiettivo di questo lavoro consiste nel valutare le potenzialità dell’uso sinergico di dati 
multi-temporali ENVISAT ASAR e di modelli di crescita delle colture, come CERES-Wheat, 
al fine di migliorare l’accuratezza della stima di raccolto di frumento. L’attendibilità delle 
stime dei modelli di crescita dipende dall’accuratezza dei numerosi parametri di input, che 
raramente sono disponibili ad un’opportuna risoluzione spaziale. I dati telerilevati possono 
fornire l’informazione necessaria a correggere le simulazioni dei modelli di crescita 
spazialmente distribuiti. Infatti, recenti studi sperimentali hanno evidenziato la possibilità 
di stimare dai dati radar, in particolare dal rapporto di coefficienti di backscattering HH/
VV acquisiti ad alti angoli d’incidenza, alcuni parametri biofisici del frumento, come la 
biomassa e l’indice di area fogliare (LAI) della coltura. In questo lavoro viene presentata 
una metodologia di assimilazione dell’informazione di LAI, stimata a scala di campo dai 
dati multi-temporali ENVISAT ASAR, nel modello di crescita CERES-Wheat. I risultati, 
ottenuti sul sito sperimentale di Matera (Italia), mostrano che l’assimilazione apporta un 
significativo miglioramento delle simulazioni di biomassa secca e granella. Applicando 
questo metodo, l’errore medio sulle previsioni di raccolto decresce dal 18% al 4.2%.
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Introduction
The early forecast of wheat production plays a key role in crop management and marketing 
strategies. Crop growth models are important tools of modern agronomy, for the predic-
tion of the yield and for the estimation of soil-crop characteristics during growing season. 
However a limitation of these models is the need of numerous input parameters concerning 
the wheat genotype, the soil characteristics and the crop management, which are not always 
available in details. This lack of information often leads to erroneous predictions.
In this context, this work investigates the possibility to improve the accuracy of wheat yield 
estimates of a crop growth model, such as CERES-Wheat, by assimilating the leaf area index 
(LAI) retrieved from polarimetric ENVISAT ASAR data. 
Previous works have presented a synergistic use of crop growth models and optical remotely 
sensed data [Clevers and van Leeuwen, 1996; Barnes et al., 1997; Guérif and Duke, 2000; 
Verhoef and Bach, 2003]. However, so far little work has been done in this field with SAR 
data. The sensitivity of the microwave backscattering coefficient to vegetation parameters, 
such as plant water content and LAI, has been widely demonstrated in the past years by both 
theoretical and experimental studies (as for instance Della Vecchia et al. [2006]; Macelloni 
et al. [2001, 2002]; Paloscia [2002]). Nevertheless due the large number of soil and vegeta-
tion parameters, which concur to the radar response of vegetated surfaces, it is difficult, for 
instance, to retrieve wheat biomass using radar data acquired at a single frequency, single 
polarisation, and single incidence angle. For this reason some recent studies [Brown et al., 
2003; Mattia et al., 2003, 2005; Picard et al., 2003] have investigated the potential of multi-
polarisation SAR data for the retrieval of wheat biophysical parameters. They have shown 
that, at C-band and high incidence angles, the radar HH/VV backscatter ratio is extremely 
sensitive to wheat biomass and LAI, whereas it is almost independent on soil conditions. In 
particular, Mattia et al. [2005] provided an empirical relationship between ASAR HH/VV 
backscatter ratio at approximately 40° incidence angle and wheat LAI for the Matera case 
study. As a possible application, the present work describes a model re-initialisation tech-
nique aimed at assimilating the LAI retrieved by means of multi-temporal ENVISAT ASAR 
data into CERES-Wheat. The effects of the assimilation technique on wheat biomass and 
grain yield predictions over some fields of the Matera area are examined.
In the next section, the employed ground and radar data and the adopted relationship be-
tween multi-temporal HH/VV backscatter ratio and wheat LAI are described. Then, the 
CERES-Wheat crop growth model and the results of its calibration and validation are pre-
sented. Subsequently, the method used for the assimilation of the radar estimated biophysical 
parameter into the crop growth model is illustrated. Then, a comparison between CERES-
Wheat predictions before and after the assimilation of radar data is shown and discussed. 
Finally, the conclusions are summarised.

Materials
Ground data
The experimental site is located close to Matera in the Basilicata region, Southern Italy. Its 
topography is characterised by hills (300-600 m high) alternating with relatively flat valleys. 
The average yearly rainfall of this area is approximately 570 mm. The average temperature 
ranges between 6°C in January and 26°C in July. The Matera site is a predominantly agricul-
tural area mostly dedicated to the durum wheat (i.e. Triticum durum Desf.) cultivation. Ac-
cording to the local crop management scheduling, wheat is usually sown at mid November 
and harvested at mid June. From July to November the fields are fallow.
The experimental data employed in this study were collected during measurement cam-
paigns carried out in 2001, 2003 and 2004. Ten fields, with size ranging from between 3 
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and 15 ha, were selected in an area of approximately 30 km2. Table 1 reports the type and the 
number of fields qualitatively and quantitatively monitored in each campaign. In particular, 
intensive in-situ measurements were carried out in 4 wheat fields in 2001, in 2 wheat fields 
in 2003 and in 1 oat and 4 wheat fields in 2004. In addition in 2 out of the 4 wheat fields 
qualitatively monitored in 2004 the grain productions were also estimated. 
The qualitative information consists of annotations about vegetation and soil state, pheno-
logical stage, sowing and harvesting date. The quantitative information includes the in-situ 
measurements listed in Table 2.

Qualitatively 
monitored

Quantitatively 
monitored

Radar data

wheat fallow wheat oat
2001 4 ERS-2 SAR, C-band scatterometer
2003 5 3 2 ENVISAT ASAR
2004 4 1 4 (2) 1 ENVISAT ASAR

Table 1 - Fields qualitatively and quantitatively monitored in 2001, 2003 and 2004.

Table 2 - In-situ measurements carried out in 2001, 2003 and 2004.

Soil measurements
Soil moisture

Surface roughness
Soil texture

Agronomic measurements

Phenological stage
Fresh and dry biomass of stems/leaves/ears

LAI
Grain yield

Canopy structure measurements

Row spacing and orientation
Plant height

Plant/stem/ear density
Length of stems/leaves/ears

Width of leaves/ears
Thickness of stem/leaves/ears

Undisturbed soil samples were gathered at a depth of 0-5 cm by means of Kopechy rings 
to determine the soil water content with both the gravimetric and volumetric method. Soil 
roughness profiles were acquired by means of a 4-meter long needle-like profiler. A pedolog-
ical campaign was carried out in order to have detailed information on the soil texture (i.e. 
clay and silt content, coarse fragment, bulk density), chemical characteristics (i.e. total ni-
trogen, organic carbon, phosphorus and potassium content) and hydrological properties (i.e. 
soil wilting point and field capacity) for all the soil layers at a depth from 0 to 1 m. Wheat 
fresh and dry biomass were measured separately for stems, leaves and ears by weighing the 
collected samples before and after drying them. Accurate information on canopy structure 
were also collected.
Late in the 2003 wheat growing season and in 2004, LAI data were collected using a port-
able probe, the AccuPAR linear PAR/LAI ceptometer (Fig. 1). This instrument is able to 
measure the photosinthetically active radiation, PAR, (in the waveband from 400 to 700 na-
nometer) intercepted by the plants and to estimate the leaf area index. Based on the canopy 
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light transmission model by Norman and Jarvis [1975] and on its simplified version by 
Welles [1990], the equation used for the LAI estimation is the following [Decagon, 2001]:

                                           [1]

where f
b
 is the fractional beam radiation (amount of non-diffuse beam radiation coming 

directly from the sun, estimated by the instrument), τ is the canopy transmittance (ratio of 
PAR measured below the canopy to PAR above the canopy), A is a term empirically related 
to the leaf absorptivity by a quadratic equation and K is the canopy extinction coefficient. 
For ellipsoidal leaf angle distribution, the latter is expressed by the following equation 
[Campbell, 1986]:

                                       [2]

where x is the leaf angle distribution, which is almost spherical and set to 0.96 for wheat 
canopy, and ϑ is the solar zenith angle, which is estimated by the instrument knowing 
date, time, latitude and longitude of the site. The sensitivity analysis carried out by Hyer 
and Goetz [2004] assessed that the most important factors affecting the uncertainty of LAI 
retrieved by means of AccuPAR ceptometer are the errors in the incident PAR and solar 
zenith angle measurements, as they could change along the data acquisition period. A 10% 
error on the incident PAR could lead to a LAI bias of approximately 25% for LAI lower 
than 1.5 and of approximately 7% for higher values, whereas an error of approximately 10° 
on the solar zenith angle could cause a retrieved LAI error of approximately 5%. However, 
in order to take account of the time variability of incident PAR and solar zenith angle and 
in order to reduce the error on them, repeated measurements of both these parameters were 
carried out.
At the end of the season the grain production, the seed weight and the total above ground dry 
biomass were determined. Moreover climatic data were collected during the whole growing 
season by an agro-meteorological station located close to the fields. The station measured 
daily parameters such as maximum and minimum temperature, precipitation, total solar ra-
diation, wind speed and direction, air humidity, soil temperature and soil moisture.

Figure 1 - AccuPAR linear PAR/LAI cep-
tometer used for LAI measurements.

The 2001 and 2003 campaign data have been 
employed for the calibration of the crop growth 
model, whereas its validation has been carried out 
over three of the fields monitored in 2004. The 
assimilation method has been tested over all the 
six fields where grain production was monitored 
in 2004.

Radar data
The in-situ measurements, in particular those con-
cerning the agronomic parameters, were collected 
roughly every two weeks coincidentally to the 
radar acquisitions. The 2001 radar dataset consists 
of ERS-2 SAR and ground based scatterometer 
data, whereas in 2003 and 2004 SAR data were 
acquired by the ENVISAT Advanced-SAR system 
(further details of these campaigns can be found in 
[Mattia et al., 2003, 2005]). 
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From tillering to harvesting stage (i.e. February to June) a total of 34 descending images 
(project ENVISAT AO-662) were acquired in 2003 and 2004 over the Matera site by ASAR 
in alternating polarisation (AP) mode, i.e. simultaneously with two polarisations. 
However only 9 images were acquired in HH and VV polarisation and at approximately 40° 
incidence angle (ASAR swath I5 and I6), which is the radar configuration more suitable for 
the retrieval of wheat biophysical parameters [Brown et al., 2003; Mattia et al., 2003, 2005; 
Picard et al., 2003].
The ASAR APS (Alternating Polarisation Single look complex) products employed in this 
study are characterised by a resolution of 9 m in range and of 12 m in azimuth. They have 
been pre-processed (radiometric calibration and ground range projection have been per-
formed) and then co-registered using the GAMMA Remote Sensing Research and Consult-
ing AG software package. Then the backscattering coefficient of the areas corresponding to 
the monitored fields has been extracted from all the images.
These ASAR data and the corresponding in-situ data were thoroughly analysed in [Mattia 
et al., 2005]. This study found a strong correlation between the HH/VV backscatter ratio at 
approximately 40°, (σ0

HH/VV
)

40°
, and LAI from tillering to the beginning of heading stage. 

The empirical relationship reported in [Mattia et al., 2005] is shown in Figure 2. Data refer 
to the phenological period from tillering to heading and to all the fields in which the LAI 
was measured during the 2003 and 2004 campaigns. Using a power law (y = axb) to fit the 
data, a good determination coefficient, R2 = 0.82, was found and the root mean square error 
on the LAI estimates is Δ

LAI-ASAR
 = 0.4 m2/m2.

The LAI estimated by means of this relationship from the 2004 ASAR data has been em-
ployed in the assimilation technique. In particular, only in three dates of 2004 wheat season, 
from tillering to beginning of heading stage, the ASAR data (at HH and VV polarisation 
and 40° incidence angles) were available. The date, the orbit and the swath of ASAR acqui-
sitions are reported in Table 3.

Figure 2 - LAI versus HH/VV backscatter ratio at ap-
proximately 40° incidence angle measured over 7 fields 
monitored from tillering to heading stage in 2003 and 
2004 on the Matera site [Mattia et al., 2005].
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Crop model
The crop growth model selected for this study is CERES-Wheat, implemented by the soft-
ware DSSAT 4.0. The CERES (Crop Environment Resource Synthesis) family of crop mod-
els is used to predict the performance of several cereal crops, especially maize and wheat, 
estimating, among the others, LAI, biomass and yield. CERES-Wheat calculates crop phasic 
and morphological development using temperature, day-length, genetic characteristics and 
vernalization. Growth rate, leaf expansion and plant population influence the light inter-
cepted, which is assumed to be proportional to biomass. The latter is partitioned into various 
growing organs of the plant. A water and nitrogen sub-model causes feedback effects on 
plant growth and development. A detailed description of the model can be found in [Godwin 
and Jones, 1991; Jones et al., 2003].
The genotype input files contain numerous parameters which depend on the wheat variety and 
define the crop growth characteristics during the season, such as the duration of the crop phe-
nological phases and the maximum percentage of biomass partitioned into the various compo-
nents of the plant at each phase. The procedure for the model calibration consists of varying 
these parameters until the model predictions approximate the data measured in the test site. 
Using as reference the results obtained from previous calibration and validation of CERES-
Wheat over different sites in Southern Italy [Castrignanò et al., 2000; Rinaldi, 2001], the 
model has been calibrated for the specific variety sown in the Matera site. The calibration 
has been carried out employing the data collected in two out of the four fields monitored in 
2001 and in the two fields monitored in 2003. The use of a large multi-year dataset for the 
calibration leads to robust results, i.e. relatively independent on the crop characteristics of a 
specific field or of a particular season. However, due to slight differences in the wheat varie-
ties, it is more difficult to obtain a high accuracy over all the fields.
The results of the calibration are shown in Figure 3, where the above ground dry biomass 
and the grain yield estimated by the model at the harvest are reported versus the measured 
data. The simulation error, i.e. the mean absolute difference between the estimated and the 
observed data normalized by the measured value and expressed in percentage, is also indi-
cated in the figure. The yield prediction is generally good (mean difference of approximately 
24%) except for one field where the grain yield is underestimated. The total dry biomass at 
harvest is slightly underestimated in all the fields, however the error, of approximately 29%, 
remains acceptable in the context of a crop growth model [Jamieson et al., 1991].
After the calibration procedure, the model has been validated over three fields monitored in 
2004, comparing the model predictions with the in-situ data. The simulation error has been 
found to be equal to approximately 11% for the total dry biomass at harvest and approximate-
ly 9% for the grain yield, confirming that the performed calibration has been successful.

Assimilation method
Different techniques can be chosen for the assimilation of remote sensing data into models, 
as for instance described by Bach and Mauser [2000]. 

Date Orbit Swath

03/04/04 10940 6
22/04/04 11212 5

08/05/04 11441 6

Table 3 - ASAR AP data acquired on the Matera 
site at HH and VV polarisations and at 40° inci-
dence angle from tillering to heading in 2004.
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In this work, the time sequence of the LAI estimated by the radar has been assimilated in 
the crop model by means of a re-initialisation strategy, i.e. the CERES-Wheat state variable, 
LAI

CERES
, has been forced to fit the LAI

ASAR
 by varying a set of model input parameters. 

This assimilation method was already tested in a previous work [Dente et al., 2004], obtain-
ing promising results. A significant improvement in the model predictions of dry biomass 
was obtained by assimilating the LAI retrieved by a C-band ground-based scatterometer 
into the CERES-Wheat model. Moreover in the frame of that study a sensitivity analysis 
of CERES-Wheat was carried out. This led to the identification of the set of model inputs 
which mainly affect the LAI predictions: wheat sowing date, soil wilting point and field 
capacity. The sowing date establishes the period of the season when wheat growth occurs 
and then, depending on the temperature of that period, the length of the phenological stages. 
The wilting point and the field capacity, which are soil hydrological properties mainly de-
pendent on soil texture and bulk density, define the range limits of the soil water available 
for the crop. 
These three parameters constitute the set of inputs which need to be varied in order to mini-
mize the error between the radar estimated parameter and the model state variable.
To simplify the subsequent assimilation procedure, a generic curve of the LAI state variable 
of the model has been parameterised by fitting it with a sigmoid function of time Σ(t):

                                                  [3]

which depends on three parameters, i.e. p
1
, p

2
 and p

3
. Figure 4 shows two curves of LAI 

predicted by CERES-Wheat in two completely different conditions of sowing date and soil 
properties and the corresponding Σ(t) curves. As it can be seen, there is a good fit from 
tillering to heading stage. The assimilation method can be schematised in two steps and 
represented by the flow chart of Figure 5.

Figure 3 - Model calibration results: estimated above ground 
dry biomass (square) and grain weight (triangle) at harvest 
versus observed data.
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In the first step, the optimal curve Σ
opt 

(i.e. the optimal p
k
 parameters) which better interpo-

lates the temporal series of radar LAI estimates (LAI
ASAR,i

) has been determined by mini-
mizing the following functional with a generalized reduced gradient method:

                   [4]

where N is the total number of radar estimates until heading, p
k
 are the parameters charac-

terising the Σ function, p
k0

 is the a priori information of these parameters, Δ
k0

 is the standard 
deviation associated with p

k0
, Δ

LAI-ASAR
 is the standard deviation on radar estimates, Σ

i
 is 

Σ(t
i
). The functional J is equal to a weighed sum of the square error between radar measure-

ments and CERES-Wheat predictions and the square error between retrieved and guessed 
parameters. The weights are inversely proportional to measurement errors (Δ

LAI-ASAR
) and to 

a priori information errors (Δ
k0

).
The a priori information, expressed in terms of the guessed values p

k0
, have been obtained 

from a curve Σ(t), which fits an average LAI behaviour for wheat crops of the Matera area. 
This average curve has been estimated by varying the sowing date, the wilting point and the 
field capacity, i.e. the three input parameters which mainly affect the CERES-Wheat LAI 
predictions, in the ranges that characterise the Matera site: sowing date from November to 
February; wilting point from 0.15 to 0.29 cm3/cm3; field capacity from 0.31 to 0.45 cm3/
cm3. In correspondence of each change the model has been run and a discrete set of LAI 
curves that the model can predict in the Matera area has been generated. Each LAI curve 
has been fit with a sigmoid function, determining the corresponding p

k
 values. Then the p

k
 

mean and standard deviation have been computed and used respectively as guessed values 
of Σ(t) parameters, p

k0
, and their relative errors, Δ

k0
.

The second step consists in determining the CERES-Wheat configuration corresponding to 
the obtained Σ

opt 
which has to be adopted to re-initialise the model. More specifically the 

Σ
opt

 has been compared with the discrete set of LAI curves that the model can predict in the 

Figure 4 - LAI predicted by CERES-Wheat model and Σ function for two different 
fields of the Matera site.
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Matera area, computing the rms error. The LAI curve characterised by the lowest rms error 
with the Σ

opt
 and the corresponding CERES-Wheat configuration have been selected. The 

CERES-Wheat configuration found applying this procedure is the one which better assimi-
lates the information retrieved by radar data.

Results
The re-initialisation assimilation technique has been applied to the six wheat fields where 
yield analyses were carried out in 2004. 
The pre-assimilation predictions, which have been used as reference to evaluate the effect 
of remote sensing information on the CERES-Wheat estimates, have been preliminary 
obtained. In case of absence of accurate information concerning crop management and 
soil properties, the average values characterising the Matera area could be used. Driven by 
these values the crop model predicts an average wheat behaviour typical of the Matera area, 
which will be referred as to ‘mean field’ predictions.
The experimental data collected in the six monitored wheat fields have been compared first 
with the model estimates for the ‘mean field’ and then with the model predictions obtained 
after the assimilation of the LAI retrieved from ASAR data. 
In order to explain the results it is worth mentioning that the wheat fields monitored in 2004 
can be divided in two categories: three fields where no fertilization and no herbicide treat-
ments were applied and three fields where these treatments were carried out. 
Figure 6 shows a picture taken over a field of the first category on the left and over a field 
of the second category on the right. The fields of the first category were characterised by a 
significant presence of weeds (the average percentage of weed weight with respect to the 
total above ground canopy weight is approximately 40%) and by an inhomogeneous can-
opy. These unfavourable conditions affected the wheat growth, so that the observed wheat 
biomass, LAI and yield were below the average values of the area. As the model does not 
simulate the presence of weeds, the ‘mean field’ predictions considerably overestimated the 
values measured in these fields.
The assimilation of the radar data into the CERES-Wheat model has shown two different 

Figure 5 - Flow chart of the assimilation technique adopted in this work.
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effects for fields with weeds and for fields without weeds. 
In Figure 7 the LAI curves predicted by the model before the assimilation, i.e. for the ‘mean 
field’, and after the assimilation for one field with a significant presence of weeds and one 
field with a low percentage of weeds, respectively referred to as ‘Field A’ and ‘Field B’, are 
compared with the observed LAI. The plot shows that the agreement between the temporal 
behaviours of simulated and observed LAI is significantly improved by the assimilation of 
radar retrieved data. Before the assimilation CERES-Wheat predicts a beforehand increase 
of LAI and a higher maximum with respect to the measured data. The assimilation leads 
to a delay in the increasing of LAI and to a decrease of the maximum LAI. Comparing the 
simulated and observed values, the rms error decreases after the assimilation from 1.16 to 
0.51 in the case of Field A and from 1.14 to 0.41 for Field B. However Figure 7 shows that, 
even after the assimilation, the model still overestimates the LAI especially when it reaches 
high values. 

Figure 6 - Pictures collected in a field with weeds (left) and in a field without weeds (right).

Figure 7 - LAI curve predicted by the model before and after the assimilation for one of the 
fields with weeds (Field A) and one without weeds (Field B), compared with observed data.
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The plots of Figure 8 compare the wheat leaf and plant dry biomass measured in Field A 
(on the left) and Field B (on the right) with the temporal behaviour of the same parameters 
simulated by the model before and after the assimilation. In Field A the estimates remain 
considerably overestimated after the assimilation, while in Field B the fit between the esti-
mated curve and the observed values is significantly improved. Even though the assimila-
tion reduces the error on the total LAI estimates in both fields, at least for Field A this is 
not enough to improve the predictions of wheat leaf biomass. The same comments can be 
extended to wheat above ground dry biomass.
The poor effect of the assimilation technique on the CERES-Wheat predictions when weeds 
are present in wheat fields may be due to limitations in the performance of the model and in 
the retrieval of wheat LAI by radar data. Due to the presence of weeds the canopy density 
is higher than the predicted one and this affects the regular growth of the wheat plants. The 
weed presence, indeed, reduces the solar radiation intercepted by wheat and also the soil 
water resources. The crop model is not able to predict the weed presence and neglects the 
consequent effects, so that wheat growth and yield are overestimated.
Moreover the backscattering coefficient measured over these fields is affected by the weed 
presence, without the possibility to discriminate the wheat and weed contributions. This ef-
fect was taken into account in [Mattia et al., 2005], where data of both fields with and with-
out weeds were used to obtain the empirical relationship between (σ0

HH/VV
)

40°
 and LAI. Con-

sequently the LAI retrieved from radar data includes the component due to the weeds and the 
assimilation of this information into the crop model leads to overestimated predictions.
Figure 9 shows the simulation errors on the wheat dry biomass predictions after the as-
similation as a function of the percentage of weed weight over the total above ground dry 
weight of the canopy. Data refers to the 6 wheat fields monitored in 2004. The simulation 
error, defined as the absolute difference between the estimated and observed values normal-
ised by the measured parameters (expressed in percentage), increases with the percentage 
of weed weight, due to the causes mentioned above.
However, the assimilation effects of remote sensing data on CERES-Wheat model 
predictions over fields with a low weed presence are very satisfactory. As observed in 
Figure 8, the temporal behaviour of the wheat dry biomass predicted by the model fits 
better the observed data after the assimilation. The average simulation errors on wheat dry 

Figure 8 - Above ground and leaf (multiplied by two) dry biomass predicted by the crop model 
before and after the assimilation, compared with observed data.
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biomass at harvest for these three fields decreases from 13.5% to 9.1%. 
The effect of the assimilation over the yield prediction has been analysed only over the 
three fields with low weed presence. The bar-plot in Figure 10 reports the simulation errors 
on the grain yield before and after the re-initialisation of the model. Before the assimilation, 
the observed values have been compared with the grain yield predicted for the ‘mean field’, 
showing a model overestimation. Whereas the bar-plot shows that after the re-initialisation 
of CERES-Wheat the accuracy on yield predictions is significantly improved. In two out of 
the three fields the simulation error decreases of approximately 20% after the assimilation, 
whereas for one of the monitored field the improvement consists of an error reduction 
of only 2%. The poor effect of the assimilation on the second field plotted in Figure 10 
(labelled as Field 2) may be due to two causes. Firstly, the model prediction before the 
assimilation is already relatively accurate (the simulation error is approximately 10%). 
Secondly in this case only the LAI retrieved on two dates was assimilated into the crop 
growth model, whereas for all the other fields the assimilation was carried out employing 
3 multi-temporal values of LAI. The HH/VV backscatter obtained over Field 2 on 3rd April 
(the first ASAR acquisition) is negative thus indicating a low VV signal attenuation by the 
vegetation and a dominant soil contribution in the backscatter (i.e. extremely low values of 
LAI). This field, indeed, was characterised by a delayed wheat development.

Figure 9 - Simulation error on the 
above ground dry biomass at har-
vest, after the assimilation of radar 
data, versus the percentage of 
weed weight for the 6 monitored 
wheat fields.

Figure 10 - Simulation error on 
grain yield before and after the 
assimilation of radar data into the 
crop model for the three wheat fields 
with low weed presence.



Rivista Italiana di TELERILEVAMENTO  -  2006, 35: 21-34

33

Conclusions
In this study a methodology aimed at assimilating polarimetric ENVISAT ASAR data into 
CERES-Wheat crop growth model, has been assessed in order to improve the accuracy of 
wheat yield predictions. Canopy LAI of 6 fields in the Matera site has been retrieved from 
ASAR HH/VV backscatter ratio by using the empirical retrieval algorithm described in 
[Mattia et al., 2005]. Then the LAI information have been assimilated into CERES-Wheat 
by means of a model re-initialisation method.
The obtained results indicate that, when the model is driven by inaccurate information 
about sowing date and soil properties, the assimilation of remote sensing information, from 
tillering to heading stage, leads to significant improvements in CERES-Wheat predictions 
of LAI, dry biomass and grain yield. The rms error between measured and simulated LAI 
is reduced from 1.14 to 0.41. The average simulation errors on dry biomass at harvest and 
yield decrease from 13.5% to 9.1% and from 18% to 4.2% respectively. 
However no significant effects have been observed when the same technique has been 
applied over fields characterised by large presence of weeds. A possible explanation is 
that CERES-Wheat is not able to predict the presence of weed, whereas the canopy LAI 
retrieved by the radar and assimilated into the model includes the weed component. This 
leads to model overestimation of wheat biomass and yield.
The encouraging results obtained in the assimilation of the radar retrieved LAI into the 
CERES-Wheat crop model indicate the possibility to extend the application to larger areas 
and to early estimate accurate wheat grain yield maps.
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Abstract
The accuracy of integrated precipitable water vapor (IPWV) estimates by using scanning 
microwave radiometers, Global Positioning System receivers, and radiosondes is assessed 
by analyzing the measurements from four experimental campaigns that have been carried 
on in various environments since 1999. The first two campaigns were conducted in Italy, 
in Cagliari in 1999, and in Perugia and Elba Island in 2000-2002, by the Remote Sensing 
groups of the University of Perugia, L’Aquila and by the Fondazione Ugo Bordoni. The 
last two field experiments were conducted by the US Department of Energy’s Atmospheric 
Radiation Measurement program (ARM) in Oklahoma, USA, in 2003, and Alaska, USA, in 
2004. Our results have shown that the IPWV accuracy is on the order of 2 mm, and reduces 
to 1 mm or less during clear skies and with the availability of co-located instruments. Our 
studies have also indicated the potential of using a neural network with respect to a polyno-
mial regression for IPWV retrievals during rainfall.

Riassunto
In questo lavoro vengono presentate quattro campagne sperimentali, condotte in diverse 
zone geografiche a partire dal 1999, le cui misure sono state utilizzate per valutare l’ac-
curatezza della stima del contenuto integrato di vapore (IPWV). Gli strumenti utilizzati 
sono: radiometro a microonde posto a terra, ricevitori GPS (Global Positioning System), 
radiosonde. Le prime due campagne sono state condotte in Italia, a Cagliari nel 1999, e a 
Perugia e Isola d’Elba nel periodo 2000-2002, coinvolgendo i gruppi di ricerca in Teleri-
levamento dell’Università di Perugia, di L’Aquila e la Fondazione Ugo Bordoni. Le ultime 
due sono state condotte dal US Department of Energy nell’ambito del programma ARM 
(Atmospheric Radiation Measurement) in Oklahoma, USA, nel 2003, e in Alaska, USA, nel 
2004. I risultati hanno mostrato una accuratezza nella stima di IPWV dell’ordine di 2 mm, 
riducendosi a 1 mm in condizioni di cielo sereno e disponendo di più strumenti colocati. 
Inoltre gli studi effettuati hanno indicato l’utilità dell’utilizzo delle reti neurali, rispetto alle 
regressioni polinomiali, nel caso di stima di IPWV in presenza di pioggia.
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Introduction
Research studies on electromagnetic properties of the atmosphere continually provide new 
understanding of the structure, properties and processes of the Earth’s atmosphere and 
its interactions with the environment, playing a key role in recognizing and anticipating 
changes in environmental conditions. These studies require remote sensing techniques to 
be developed, as well as to well characterize the accuracy of the instruments. Field experi-
ments that gather various instruments to observe a common scenario are therefore ideal to 
these objectives. Such experiments are particularly significant when conducted in different 
environments: in such cases, a wider range of variability of the parameters of interest can 
be explored, and any specific behavior detected and analyzed, especially in critical environ-
ments, such as the Polar Regions. 
In this paper, we review four experimental campaigns that have been carried on since 1999. 
We have conducted two campaigns in Italy, in particular in Cagliari in 1999, and in Perugia 
and Elba Island in 2000-2002, in collaboration with the Department of Electrical Engineer-
ing of the University of L’Aquila and with the Fondazione Ugo Bordoni (FUB). We also 
have been involved in the field experiments conducted by the US Department of Ener-
gy’s Atmospheric Radiation Measurement program (ARM) in Oklahoma, USA, in 2003, 
and Alaska, USA, in 2004, in collaboration with the National Oceanic and Atmospheric 
Administration/Environmental Technology Laboratory (NOAA/ETL). 
Specifically, our analysis focused on the estimate of the integrated precipitable water vapor 
(IPWV), because of the importance of this constituent in regulating the atmospheric proc-
esses, energy balance, and climate. In addition, water vapor fluctuations are a major error 
source in evaluating the delay experienced by radio waves propagating through the tropo-
sphere, a limiting factor in applications such as the Global Positioning System (GPS), very 
long baseline interferometry, and satellite altimetry.
During the campaigns, ground-based microwave radiometers, GPS and radiosondes have 
been used, and their performances analyzed. At present, these instruments are considered a 
reference for IPWV estimates.

A brief description of instruments and techniques
Ground-based microwave radiometers (MWRs) have been widely used to derive atmospheric 
IPWV [Westwater, 1993]. MWRs at 23.8 and 31.4 GHz in particular have demonstrated high 
reliability for the accurate estimation of this parameter, providing scanning measurements 
every minute. For this reason, it is important to assess their absolute accuracy in comparing 
IPWV with other instruments, as well as to develop and test accurate calibration algorithms. 
Recent developments in GPS data processing allowed the internal correction of the propaga-
tion delay due to the atmosphere. Taking advantage of these corrections, the contribution due 
to the water vapor can be inferred [Davis et al. 1985; Bevis et al. 1992]. With this technique, 
the IPWV can be computed with a high degree of accuracy on a 30-minute temporal resolu-
tion or better. Furthermore, water vapor estimates are not affected by rainfall and clouds, so 
that GPS is considered an all-weather system. This technique had a rapid development in 
the last few years up to allow near real-time estimates and data assimilation of IPWV into 
operational weather forecasts [Wolfe and Gutman 2000]. Low instrument and maintenance 
costs have led to a continuously increasing number of available permanent stations. 
Radiosondes (RAOBs) measure atmospheric temperature, pressure, humidity, and wind pro-
files from the surface to the stratosphere with high vertical resolution, under all weather con-
ditions. Thus, they are the primary source of upper-air data, and are currently used in many 
applications. For example, RAOBs are used as input for computer-based weather prediction 
models, and serve as ground truth for satellite data and other remote sensing systems.
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Experimental campaign of Cagliari 
With reference to an Italian ground-based network of GPS receivers, managed by the Italian 
Space Agency (ASI), an experimental campaign was conducted at Cagliari (Italy), in the 
Mediterranean Sea, during the whole 1999 [Basili et al. 2001] by the Remote Sensing groups 
of University of Perugia, L’Aquila and by the Fondazione Ugo Bordoni. 
The experimental site was selected at the Cagliari GPS station where a ground-based dual-
channel microwave radiometer was operated for the whole campaign of measurements. 
Also, data from RAOBs released at Cagliari every six hours were available.
The study was mainly based on the comparison of different kinds of techniques for the esti-
mation of IPWV. 
A brief description of instrument features and retrieval algorithms follows.

- GPS: ROGUE SNR-8100 receiver with a DORNE MARGOLIN with chokerings an-
tenna. The IPWV retrieval is based on the neutral zenith total delay (ZTD) estimation 
from GPS observations [Bevis et al. 1992; Bevis et al. 1996]. ZTD time series, with a 
time resolution of 15 minutes, were produced by Bernese 4.0 GPS software [Rothacher 
and Mervart 1996] using data from the fifteen stations of the Italian Network available 
at that time and combined into baselines.
- MWR: portable dual-channel (23.8 and 31.4 GHz) type, model WVR-1100 (desig-
nated WVR in the Italian campaigns), manufactured by the Radiometrics Corporation 
[www.radiometrics.com]. The radiometer antenna consists of a 15-cm aperture gaussian 
optical lens that focuses the atmospheric radiation into a corrugated feed horn. The time 
resolution of radiometer observations is of about 1 minute. The IPWV retrieval is based 
on a regression technique [Westwater and Guiraud 1980] applied to atmospheric opaci-
ties derived from the brightness temperatures measured by the radiometer for non-scat-
tering atmospheric conditions [Ulaby 1982]. Monthly values of regression coefficients, 
and of the mean radiative temperature for the atmospheric opacity calculation, have 
been used in the IPWV estimation. These parameters were estimated from a large his-
torical database of radiosoundings collected at the Cagliari site from 1980 to 1987. 
-RAOBs: RS-80 Vaisala radiosondes launched by the Italian Air Force Service four 
times a day (at 00, 06, 12, 18 GMT) from the Cagliari-Elmas airport, approximately 15 
km away from the GPS and WVR site. Also, a large historical database of fifteen years 
of RAOB profiles collected at the Cagliari site, from 1980 to 1997, was available for 
climatological characterization and retrieval algorithm development. Radiosonde pro-
files of pressure, temperature and relative humidity, allowed us to compute precipitable 
water vapor values. 

During the experimental campaign of 1999, measurements of surface pressure and tem-
perature were collected at the site of GPS and WVR.
Results of the experiment for the whole 1999 are shown in Figure 1, on the basis of meas-
urements gathered in non-precipitating conditions. The estimates of IPWV have been ob-
tained using all the above-mentioned instruments, with the radiometer pointing at zenith, 
and the comparison is performed considering a sampling time of 6 hours, in coincidence 
with RAOB releases.
This long-term comparison has shown a fairly good agreement among the two remote 
sensors and the RAOBs, with a higher correlation between GPS and WVR. The Cagliari 
campaign has shown an error standard deviation in the comparisons similar to other experi-
ments reported in literature. 
This results obtained from the available measurements have confirmed that GPS is a valid 
tool for the estimation of IPWV and a complement to radiosondes and radiometers.



Basili et al.  Experimental campaigns for IPWV estimates in the atmosphere

38

Experimental campaign of Perugia and Elba Island
Two different campaigns were conducted in the centre of Italy exploiting the availability of 
microwave radiometers and of other co-located instruments by the Remote Sensing groups 
of the University of Perugia, L’Aquila and by the Fondazione Ugo Bordoni [Basili et al. 
2004]:

- campaign of Perugia (from June 2000 to October 2001): dual-frequency microwave 
radiometer WVR-1100 (the same of Cagliari campaign), GPS receiver (ASCHTEC Z-
XII3 receiver with a DORNE MARGOLIN with chokerings antenna), Vaisala weather 
station with raingauge.
- campaign of Elba Island (from July 2002 to March 2003): radiometer WVR-1100, 
GPS receiver (TRIMBLE 4700 receiver with a DORNE MARGOLIN with chokerings 
antenna), Vaisala weather station with raingauge. 

The purpose of these campaigns was the IPWV retrieval from WVR during rainy condi-
tions using non-linear algorithms including polynomial regressions (PolR) and feedforward 
neural networks (FFNN). The algorithm predictors were the brightness temperatures T

B
 

directly measured from WVR. Taking into account that GPS observations are not affected 
by rainfall, we have exploited the IPWV from GPS in the training procedure of the above 

Figure 1 - Scatterplots of IPWV computed at Cagliari, 1999, by three different instruments (RAOB, 
GPS and WVR). Panel (a): IPWV-GPS vs. IPWV-RAOB; panel (b): IPWV-WVR vs. IPWV-RAOB 
vs.; panel (c): IPWV- WVR vs. IPWV-GPS. After [Basili et al. 2001]. 
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algorithms during rainfall. The IPWV retrieval in both campaigns, based on ZTD time se-
ries with a time resolution of 5 minutes, was produced by Gipsy software. 
The polynomial statistical regressions (3nd order) to estimate IPWV during rainy events is 
given by:

    [1]

where IPWV is from GPS, T
B
(f

k
) is the brightness temperature measured by the WVR at fre-

quency f
k
. We have also included surface pressure P

s
 and temperature T

s
 in the combination 

of predictors. The above polynomial regressions have also been computed adding as further 
predictors T

B
(f

k
) acquisitions 15 minutes before the beginning of rainfall (in the following 

PolR_mem).  
Moreover, because of the non-linearity of the inversion problem, we have considered feed-
forward neural networks having, besides the input layer, two hidden layers of ten neurons 
with tan-sigmoid transfer functions and an output layer of one neuron with linear transfer 
function. Instead of the standard backpropagation, for a fast training, we have used the Lev-
enberg-Marquardt algorithm (Hagan and Menhaj, 1994). The neural network predictors and 
outputs are the same as of PolR and PolR_mem, in the following FFNN and FFNN_mem, 
respectively. To assess the algorithm capability to retrieve the atmospheric parameters dur-
ing precipitation events, Table 1 reports a comparison of the retrieval accuracy of IPWV for 
the two campaigns with the different algorithms applied to a test set of data independent 
from the training one.
The best accuracy values for IPWV at both locations were obtained using neural networks 
with training including T

B
 measurements just before the rainfall beginning, with experiment 

results shown in Figure 2. The accuracy of IPWV retrieval with neural network in rainy con-
ditions can be considered a very good result, since it is similar to the results obtained in clear 
air conditions with standard linear regression algorithms. In fact, when the retrieval problem 
suffers of non-linearity, the neural networks generally show an improvement with respect to 
polynomial regressions.

The Cloudiness Inter-comparison Intensive Operational Period (CIC-IOP)
In March–April 2003, a field experiment, the Cloudiness Inter-comparison Intensive Op-
erational Period (CIC-IOP), was conducted by ARM at their field site of Southern Great 
Plains Central Facility (SGP) in North-Central Oklahoma, USA [http://www.db.arm.gov/
IOP/past/past_iops.html]. 

Perugia (435 samples): climatological Std of IPWV = 0.612 cm  
Elba Island (235 samples): climatological Std of IPWV = 0.654 cm  

PERUGIA ELBA ISLAND

ALGORITHM
Corr.
coeff. 

Std
(cm)

Bias
(cm)

Corr. 
coeff.

Std
(cm)

Bias
(cm)

PolR 0.909 0.254 0.016 0.917 0.262 0.018

PolR_mem 0.924 0.233 -0.014 0.933 0.236 0.017

FFNN 0.935 0.218 -0.002 0.964 0.175  0.003

FFNN_mem 0.963 0.165 -0.013 0.983 0.121  0.007

Table 1 - IPWV accuracy from WVR during precipitation using regressions and neural networks.
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Among the objectives of the IOP, our study focused on the IPWV estimated from three 
ground-based dual-channel MWRs at 23.8 and 31.4 GHz [see also Mattioli et al. 2005] and 
the inter-comparison with the IPWV derived from the GPS and RAOBs.
The three MWRs were the operational unit at SGP, designated C1, and two radiometers of 
the same type as C1, designated E14 and S01, that were operated only for the period of the 
experiment. The radiometer type is the water vapor radiometer of the WVR-1100 series 
from Radiometrics Corporation. The half-power beam width of the 23.8 and 31.4-GHz 
channel is 5.9 and 4.5 degrees, respectively. C1 and E14 were scanning in the east–west 
direction at five elevation angles (19.35, 23.4, 30.15, 41.85, and 90.0 degrees), set to be 
close to air masses 3, 2.5, 2, 1.5, and 1 [Liljegren 2000], while S01 was scanning in the 
north–south direction, orthogonal to the other two. 
For the three MWRs, two calibration algorithms were considered, the instantaneous “tip-
cal” method developed at the ETL [Han and Westwater, 2000] and the ARM automatic 
self-calibration algorithm [Liljegren 2000].
Radiosondes of the Vaisala RS90 type [http://www.vaisala.com] were regularly launched 
four times a day (0530, 1130, 1730, 2330 UTC) at the SGP. The RS90 series contain the 
H-Humicap relative humidity sensor. With respect to the previous series, (RS80 A-Humi-
cap and RS80 H-Humicap), the new RS90 H-Humicap consists of twin-heated H-Humicap 
sensors working in phase so that while one sensor is used for measuring, the other is heated. 
The H-Humicap differs from the A-Humicap in the polymer materials and the algorithm 
used in the data processing.
A GPS permanent station with collocated surface meteorological sensors is operating at the 
SGP site. The antenna is a TRM33429.20+GP and the receiver type is a TRIMBLE 4700. 
The system belongs to the SuomiNet network (site ID SG01) that is managed by the Uni-
versity Corporation for Atmospheric Research and is included in the NOAA/Forecast Sys-
tem Laboratory (FSL) Ground-Based GPS-IPW project [http://gpsmet.noaa.gov] network, 
which provides IPWV estimates every 30 min with less than 15-min latency. 
To discriminate between clear and cloudy conditions, we used a Vaisala CT25K Ceilometer 
(VCEIL), which measures cloud base height up to a nominal altitude of 7.6 km on a 15-s 
temporal scale. 
Table 2 summarizes the comparison of IPWV retrieved from the three MWRs and com-
puted from RAOBs during clear-sky conditions, the retrieval coefficients derived from the 
Rosenkranz absorption model computations [Rosenkranz 1998; Rosenkranz 1999], and the 

Figure 2 - Scatterplots of IPWV from WVR and GPS at Perugia (left panel) and at Elba Island (right 
panel), during rainy conditions, using the FFNN_mem algorithm.
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analysis presented for both ARM and ETL calibration procedures. The comparison between 
the MWRs and RAOBs has shown a good agreement in terms of bias, on the order of 0.025 
cm (absolute mean value) and std, less than 0.1 cm.
Figure 3 shows the comparisons of IPWV from the GPS with IPWV from the MWR C1, 
performed using 30-min-averaged MWR measurements centered on GPS data during clear-
sky conditions. In such analysis, we assessed the accuracy of the GPS at SGP with respect 
to the MWR. During clear-sky conditions, the rms is less than 0.1 cm, and on the order of 
0.01 cm smaller by applying the ETL calibration. 
We also evaluated the influence on the GPS IPWV-estimation of the computation of the 
coefficient of proportionality that converts the zenith wet delay in IPWV. Specifically, it 
depends on the weighted mean temperature of the atmosphere T

m
 [Davis et al. 1985] that 

we have both derived from the surface temperature [Bevis et al. 1992] (Fig. 3 left) and 
computed from RAOBs (Fig. 3 right). The computation of T

m
 from RAOBs improves the 

rms accuracy of the GPS-derived IPWV of 0.01 cm with respect to the MWR. 

The North Slope of Alaska Arctic Winter Radiometric experiment (NSA-AWRE) 
The North Slope of Alaska Arctic Winter Radiometric experiment (NSA-AWRE) has been 
conducted by ETL at the ARM “Great White” field site near Barrow, Alaska, USA, dur-
ing March 9–April 9, 2004. The site is within the Polar Arctic Circle (coordinates 71° N 
19.378’, 156° W 36.934’) and therefore is significant for high-latitudes IPWV studies. In 
this experiment, we partecipated in the field experiment, and our analysis focused on the 
data from the dual-channel MWR, the RAOBs and the GPS.
The MWR, designated C1, located at the Great White field site, is a dual-channel water va-
por radiometer operating at 23.8 and 31.4 GHz. For the ARM’s purposes of consistency, the 
radiometer has the same characteristics as the MWR C1 at the SGP site in Oklahoma. As for 
the CIC-IOP, both ARM and ETL calibrations were applied to the MWR measurements.
The GPS receiver, operating in proximity of Great White, belongs to the SuomiNet Network 
(site ID SG27). The antenna is a TRM33429.20+GP and the receiver type is a TRIMBLE 
4700. As for the station SG01 at SGP, the system is included in the NOAA/FSL Ground-
Based GPS-IPW project network. 
During the experiment, a number of radiosondes were launched. In Table 3 we summarize 
the comparison of the MWR and the GPS with the RAOBs that were launched four-times 

Table 2 - Microwave radiometer IPWV compared with RAOBs. Sample 
size is 67 for the comparison with MWR C1, 78 with S01, and 75 with 
E14. Bias and std are referred to IPWV(MWR)-IPWV(RAOB). After 
[Mattioli et al. 2005].

MWR C1 (67 samples), S01 (78 samples), E14 ( 75 samples)

ETL calib Bias (cm) Std (cm)

MWR C1 0.013 0.066

MWR S01 0.031 0.050

MWR E14 -0.025 0.076

ARM calib

MWR C1 0.025 0.065

MWR S01 0.046 0.055

MWR E14 -0.011 0.090
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a day (0500, 1100, 1700, and 2300 UTC) at the ARM duplex (DPLX), where the Vaisala 
RS90 radiosonde type were used, and the synoptic radiosondes (1100 and 2300 UTC) from 
NOAA/National Weather Service (NWS) of VIZ-B2 type.
The comparison has shown a generally good agreement between the IPWV derived from 
these instruments with an rms less than 1 mm. Note the low range of IPWV values, less than 
1 cm, in the comparisons. 
In addition, our analysis has shown less accuracy in the humidity measurement from the 
VIZ with respect to the Vaisala sonde type, which consequently affected the IPWV calcula-
tions. Such behavior was also confirmed by the comparison with the IPWV from the MWR 
and the GPS.
In Figure 4, the comparison between the IPWV from the MWR and the GPS is given in 
terms of a scatterplot, both ARM and ETL calibrations appied to the MWR measurements, 
and performed using 30-minute-averaged MWR data centered on GPS data. The compari-
sons are generally good in terms of IPWV, the bias is negligible, and the std is 0.045 cm. 
Nevertheless, at the very low IPWV values, the IPWV from GPS reaches values as low as 0.7 
mm, never reached by MWR retrievals. These differences could be explained by the fluctua-
tions of the GPS data, or by limits in the MWR retrieval algorithm at these low values. 

Figure 3 - IPWV from the GPS compared with IPWV from the MWR C1. Both ETL (circles) and 
ARM (asterisks) calibration were applied to the MWR measurements. (Left panel) T

m
 derived from 

the surface temperature, and (right panel) computed from RAOBs. A detailed description of the 
results is given in [Mattioli et al. 2005]. 

Table 3 - Rms difference of IPWV from RAOBs compared with IPWV 
from the MWR C1 and the GPS.

MWR vs. DPLX (105 samples); MWR vs. NWS (44 samples);
GPS vs. DPLX (82 samples); GPS vs. NWS (43 samples).

DPLX
(RS90) 

sondes NWS
(VIZ)

 sondes

MWR
(ARM calibration)

0.041 0.050

MWR
(ETL calibration)

0.042 0.050

GPS 0.053 0.071
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Conclusions
By analyzing data in different environments and experimental campaigns, we have as-
sessed the accuracy of the IPWV estimates by using MWRs, GPS and radiosondes. Our 
results indicate that, over the range of IPWV from 0.3 to 4.5 cm, the retrieval accuracy 
is of the order of 2 mm, as in the Cagliari campaign, or less than 1 mm during clear-sky 
conditions, when co-located instruments are available, as at SGP site. The CIC-IOP at SGP 
provided an excellent opportunity to evaluate the reliability of each instrument’s data for 
IPWV estimates. In fact, the simultaneous presence of three radiometers of the same type 
has ensured detailed quality control and calibration consistencies, and the availability of 
active cloud-measuring instruments allowed the data to be separated into clear and cloudy 
categories. A long history of radiosonde observations also allowed accurate modeling of the 
water vapor retrieval coefficients. 
Furthermore, from the Perugia and Elba Island campaigns we have evaluated the IPWV 
accuracy applying a neural network to radiometer observations during rainfall, since the 
neural networks generally show an improvement with respect to polynomial regressions 
when the retrieval problem suffers of non-linearity. The preliminary results show a very 
promising accuracy when compared with the IPWV retrieval during clear-sky conditions.
In the Arctic, our studies have shown a general good agreement between the MWR, the 
radiosondes and the GPS, but at the low end of the range of IPWV that occur in the Arctic, 
where the IPWV can be less than 3 mm the percentage differences are substantial, and ap-
proach 50%. In such cases, measurements are difficult to make, and fluctuations in water 
vapor amounts are of the same order of the accuracy of the instruments.
The discrepancies of GPS with the MWR should be further investigated, in particular in 
evaluating the retrieval coefficients from different absorption models, as well as the ac-
curacy of radiosonde-derived humidity, forward model uncertainties, and the sensitivity of 
both the MWR and the GPS to low amounts of vapor. 
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Abstract 
The hybrid stripmap/spotlight operating mode for Synthetic Aperture Radar (SAR) system 
is able to generate microwave images with an azimuth resolution better than that achieved in 
the stripmap configuration, and a ground coverage better than the one of the spotlight con-
figuration, thanks to the radar antenna beam steering about a point farther away from the ra-
dar than the area being illuminated. In the last years the attention of remote sensing scientific 
community for the hybrid SAR mode is increased and, consequently, the subject of design, 
processing and data interpretation is gaining a growing interest. SAR spaceborne sensors 
operating in the hybrid mode are still under design, as SAR 2000 in the Cosmo/Skymed 
project or TerraSAR-X, while airborne ones are already available as the wide band sensor 
SAR/MTI PAMIR. Consequently, a hybrid SAR raw signal simulator is strongly required, 
especially when real raw data are not yet available, to test processing algorithms and help 
mission planning. In addition, to analyse the effects of processing errors and to verify the 
impact of different system design choices on the final image for different kinds of imaged 
scenes, an extended scene SAR raw signal simulator is very useful and it is what we present 
in this paper.

Riassunto
La modalità di funzionamento ibrida stripmap/spotlight per Radar ad Apertura Sintetica 
(SAR) [Caltagirone et al., 1998] è in grado di generare immagini nelle microonde con una 
risoluzione in azimut migliore di quella raggiunta dalla modalità stripmap ed una copertura 
a terra maggiore di quella garantita dalla geometria spotlight. La rotazione del fascio del-
l’antenna radar attorno ad un punto più distante dal radar dell’area che si vuole illuminare 
è l’espediente che conferisce alla modalità ibrida le caratteristiche descritte di risoluzione e 
copertura in azimut. Tali proprietà hanno suscitato notevoli interessi nella comunità scienti-
fica che infatti ha visto crescere, negli ultimi anni, gli studi di progettazione, elaborazione e 
di interpretazione dati relativi a tale modalità. Alcuni sensori SAR per lo spazio operanti in 
questa modalità sono tuttora in fase di progettazione, come SAR 2000 del progetto Cosmo/
Skymed [Belcher et al., 1996]o TerraSAR-X, mentre da aereo è già disponibile, ad esempio, 
il sensore a larga banda SAR/MTI PAMIR. Si sente come urgente a questo punto, special-
mente se dati grezzi reali non sono ancora disponibili, la realizzazione di un simulatore di 
segnali grezzi SAR ibridi in grado di supportare la progettazione di sistemi SAR ibridi e 
valutarne i relativi algoritmi di elaborazione ed è quanto presentiamo in questo lavoro. 
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Introduction
Hybrid stripmap/spotlight configuration is a new mode in which a Synthetic Aperture Ra-
dar (SAR) system can image an area over the ground. In the hybrid acquisition the radar 
antenna beam is steered about a point farther away from the radar than the area being il-
luminated, (Fig. 1). That is why it results to be ‘hybrid’ between the well-known stripmap 
mode, in which the radar antenna is pointed along a fixed direction with respect to the 
platform flight, and the spotlight configuration in which the radar antenna beam is steered 
during the overall acquisition time. Such a system allows the generation of microwave im-
ages with an azimuth resolution better than that achieved in the stripmap configuration, and 
a ground coverage better than the one of the spotlight configuration. In many cases, this is 
of paramount importance because a flexible operational mode as hybrid one allows to look 
at a wide range of scenarios every time with the best ‘eye’, that is with the most right couple 
of values of  azimuth resolution and ground coverage.
In order to support the planning of SAR hybrid systems currently under design [Caltagirone 
et al., 1998] or to test processing procedures proposed, in the last years, for hybrid mode 
[Belcher et al., 1996; Lanari et al., 2001] we need of a SAR raw signal simulator, being real 
raw data not yet available. 
A frequency domain approach, being time and memory saving, would be highly desirable 
when extended scenes are considered. While efficient extended scene SAR simulators, 
based on a frequency domain approach, have been presented for the stripmap and spotlight 
operational modes [Franceschetti et al., 1992; Cimmino et al., 2003], no one, to the best of 
our knowledge, is currently available for the hybrid geometry. In this work, the definition 
of a new transfer function for the hybrid case and its analytical evaluation via an asymptotic 
expansion are crucial steps for our aim. After showing that in the hybrid case a 2D Fourier 
domain approach is not viable, we demonstrate that a 1D range Fourier domain approach, 
followed by 1D azimuth time domain integration, is possible when some approximations, 
usually valid in the actual cases, are accepted. Theoretical statements are followed by a 
simulation example, relevant to an actual extended scene, which confirm the effectiveness 
of the simulator here presented.

Figure 1 - The hybrid stripmap/spotlight mode.
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The hybrid stripmap/spotlight mode
In order to evaluate the SAR transfer function for the hybrid configuration we need to first 
evaluate the corresponding raw signal. At this aim we have to introduce the factor [Belcher 
et al., 1996, Lanari et al., 2001]

                                                           [1]

where R
0
 is the distance from the line of flight to the centre of the scene and r

1
 is the distance 

from the ground to the beam steering point position beneath, so that r
1
+R

0
 is the distance 

from the line of flight to the steering point position, (Fig. 2).
It can be shown that in this case the resolution is increased by a factor 1/A with respect to 
the stripmap case, whereas the fully resolved covered area is increased by a factor A(X

1
/X)-1 

with respect to the spotlight case. 
For a given sensor position x´ the illuminated area is centred around a point with azimuth 
coordinate x = Ax´ and has an azimuth size equal to X, (Fig. 2). Accordingly, the azimuth 

illumination diagram of the real antenna is of the form . 

Usually, a SAR raw signal can be seen as the superimposition of all the elementary returns 
from the illuminated surface while each return is given by the scene reflectivity pattern 
γ(x,r) weighted by SAR impulse response function g(·). This leads to the generic expression 
of the SAR raw signal given below:

                              [2]
   
which can be particularized for the hybrid case letting 
   
       . 

[3]

In Equations [2]-[3], x, r and θ are the coordinates in the cylindrical coordinate system 
whose axis is the sensor line of flight; S ≡ (x’,0,0) is the antenna position; γ(x,r) is the scene 
reflectivity pattern1 including the phase factor exp[-j(4π/λ)r]; λ and f are, respectively, the 

Figure 2 - Geometry of the problem.

1Hereafter we will assume γ(x´, x, r) ≈ γ(x,r). Actually, the reflectivity pattern of still ground point changes 
as the sensor moves, but the approximation is acceptable for the distances involved.
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carrier wavelength and frequency of the transmitted signal; R is the distance from S to the 
generic point (x,r,θ(x,r)) of the scene; θ = θ(x,r) is the soil surface equation; R

0
 is the dis-

tance from the line of flight to the centre of the scene; Δf is the chirp bandwidth; c is the 
speed of light; τ is the pulse duration time; X = λR

0
/L is the real antenna azimuth footprint 

(we assume that w(·) is negligible when the absolute value of its argument is larger than 1/2, 
and that it is an even function); L is the azimuth dimension of the real antenna; rect[t/T] is the 
standard rectangular window function, i.e., rect[t/T] = 1 if |t| ≤ T/2, otherwise, rect[t/T] = 0; r´ 
is c/2 times the time elapsed from each pulse transmission.
A stationary phase evaluation of the FT of Equation [2] leads to
 

              [4]

where, for the hybrid configuration,

                    

                                          [5]

As expected, in the limiting cases A = 1 and A = 0, Equations [2]-[5] reduce to the expression 
of the SAR raw signal and transfer function in the stripmap and spotlight acquisition modes, 
respectively. Unfortunately, in the intermediate cases (0 < A <1) the integral in Equation [2] 
cannot be expressed as a 2D convolution, and cannot be efficiently evaluated in the 2D Fou-
rier transformed domain. In fact, the particular x-dependence in Equation [5] does not allow 
the implementation of an efficient simulation algorithm in the frequency domain while a 
time domain approach would be computationally expensive. With an approximation usually 
acceptable in actual cases we demonstrate that an efficient simulation procedure, involving 
1D range FT’s, is still possible and is here proposed in the section below.

Simulation procedure
Let us examine the second exponential of Equation [3] and replace ΔR with its value at 
the scene centre (i.e., at r = R

0
) thus neglecting only the effect of space variance on range 

curvature. In such a way Equation [2] can be rewritten as follows:

 
[6]

where
                                    [7]

 

        [8]

and

      .                                [9]

In Equation [6], the last term in the graph parentheses is recognized as the range-convolu-
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tion between γ
1
(x'-x,x,r) and g(x'-x,r). Therefore, Equation [6] can be also written as:    

 

 [10] 

where Γ
1
(x'-x,x,η) and G(x'-x,η) are the 1D range FT of γ

1
(x'-x,x,r) and g(x'-x,r). 

Equation [10] suggests the steps we have followed to perform the simulation of  hybrid 
SAR raw signals. 

Simulation examples
Raw signals simulation, relevant first to single scattering points and then to complex scenes, 
is now in order to test the effectiveness of the simulator proposed.
In the first case, phase errors, i.e. the phase differences between the raw signals simulated 
by using the proposed approach and the ones obtained via full time-domain simulation, 
have been considered. 
It can be shown that the absolute value of these phase differences is always smaller, and of-
ten much smaller, than π/10, thus leading to negligible effects. As far as concerns raw signal 
amplitudes, only small oscillations around the exact constant value can be noted.
Now, let us consider an actual complex extended scene given by a central area of Naples, 
Italy. The corresponding Digital Elevation Model is reported in Figure 3 where brightest 
pixels are related to higher altitudes. On the bottom left we can recognize the delightful hill 
of Posillipo while, on the top right the more level port area.
A 3-dimensional view of the same area is shown in Figure 4. On azimuth and range axes the 
number of pixels is reported. Pixel dimensions are about 15x15 m2 so the imaged area has 
an extension of 8.6x6.4 km2. An height of about 450 m corresponds to the brightest pixels 

Figure 3 - Digital Elevation Model of Naples, Italy.
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on the top left of Figure 3, which major altitude is also shown in Figure 4. 
In Figure 5 the image corresponding to the scene represented in Figures 3-4, obtained 
processing the raw signal with a hybrid focusing algorithm, is reported. A SAR system, 
flying at about 800 km, with a set frequency of 5.3 GHz, a look angle of 23 degrees and an 
azimuth antenna dimension of 15 m, has been employed in the simulation process. Layover 
and shadow effects, expected for the hill area, are evident. Comparison with the image of 

Figure 4 - Digital Elevation Model of Naples, Italy: 3-dimensional view.

Figure 5 - Image of an actual complex scene (Naples), obtained by ideal hybrid 
processing. Near range is on the left.
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Figure 6, obtained by processing the simulated raw signals with a Fourier domain focusing 
algorithm conceived for stripmap raw signals, shows a good agreement except for the ap-
pearance of some replicas, due to the Fourier Domain stripmap focusing algorithm.

Conclusions
In this paper a new method to simulate hybrid SAR raw signals has been proposed, based 
on a 1D range Fourier domain approach followed by 1D azimuth time domain integration. 
Compared with a full time domain approach, it appears much more efficient, so that 
extended scenes can be considered. 
Effectiveness of the simulator has been verified by comparing simulated raw signal 

Figure 6 - Image of an actual complex scene (Naples), obtained by processing the simu-
lated hybrid SAR raw signal via a Fourier domain stripmap focusing algorithm. Near 
range is on the left.
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corresponding to a single scattering point (placed at different positions in the illuminated 
scene) to the corresponding available time domain exact expression.
Hybrid SAR raw signals corresponding to extended canonical scenes have been also 
simulated. Results confirm the consistency of the proposed simulation scheme and allow to 
highlight some interesting properties of the hybrid stripmap/spotlight SAR signals.
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Abstract
The raindrops size distribution is a critical factor in estimating rain intensity using ad-
vanced weather radars that transmit and/or receive pulses having orthogonal polarization. 
A new neural network algorithm to estimate the raindrop size distribution from S-band dual 
polarized radar measurements is presented. Numerical simulations are used to investigate 
the efficiency and accuracy of this approach. The simulator is based on a T-matrix solution 
technique, while precipitation is characterized with respect to shape, raindrop size distribu-
tion and orientation. Numerical results are discussed in order to evaluate the robustness of 
the proposed technique.

Riassunto 
La distribuzione delle dimensioni delle gocce di pioggia è un fattore critico nella stima 
dell’intensità della precipitazione per mezzo di radar meteorologici che trasmettono e/o 
ricevono impulsi con polarizzazione ortogonale. In questo lavoro è presentata una nuova 
procedura, basata sull’impiego di un algoritmo neurale, per stimare la distribuzione delle 
dimensioni delle gocce di pioggia a partire da misure radar a doppia polarizzazione in 
banda S. Le simulazioni numeriche sono usate per verificare l’efficienza ed esattezza di 
questo metodo. Il simulatore è basato su una tecnica di soluzione del problema di diffusio-
ne denominato T-matrix, mentre la precipitazione è caratterizzata rispetto alla forma, alla 
distribuzione dei diametri delle gocce e al loro orientamento spaziale. I risultati numerici 
sono discussi per valutare la robustezza della tecnica proposta.

Introduction
Meteorological and hydrological applications require quantitative precipitation estimates. 
Because of its spatial and temporal resolution as well as the extended coverage, weather 
radar is very suitable for such purposes. Nevertheless, rainfall rate estimate based on radar 
measurements is affected by an high degree of uncertainty due to several error sources as 
space-time variability of drop size distribution (from one rainfall event to another and within 
the same event). 
Using polarimetric radar systems the mentioned issue can be reduced. As a matter of fact, 
polarization diversity in a radar system enables the anisotropic nature of precipitation par-
ticles to be inferred transmitting both horizontally (H) and vertically (V) polarized electro-
magnetic waves and receiving polarized backscattered signals. 
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Due to aerodynamical stress, falling raindrops assume an oblate shape that becomes more 
evident as their size increase. Consequently, the radar echoes from raindrops are larger in 
horizontal polarization, than in vertical polarization. Dual-polarized radar measurements 
take advantage of this physical effect, which impacts both the propagation of an incoming 
radio electric wave and its backscattering, providing information about particle size, shape, 
orientation, and thermodynamic phase. From the first stages of dual-polarization weather 
radar development, 10-cm wavelength (S-band) and a linear polarization basis (horizontal 
H and vertical V) became a favorite choice by a majority of investigators [Zrnić, 1996]. 
The most common polarimetric radar measurements used in rainfall estimation are the re-
flectivity factors at H and V polarization (Z

H
, Z

V
); the differential reflectivity factor (Z

DR
), 

which is defined as the ratio of Z
H
 to Z

V
; and the propagation differential phase shift (Φ

DP
), 

which is the difference in the two-way phase change between horizontally and vertically 
polarized waves increased with distance through rain. Over a certain radial distance (∆r) 
one can calculate the specific differential phase shift (K

DP
) as one-half of Φ

DP
 gradient.

The main goal of polarization diversity has always been the improvement of radar rainfall 
estimation. Seliga and Bringi [1976] were among the first to suggest the use of polarimetric 
measurements for the retrieval of raindrop size distribution. The uncertainties of a rainfall 
rate estimator by radar are mainly due to the physical variability of the raindrop size dis-
tribution (RSD). In the classical Z-R technique the impact on the estimator of the physical 
variability of the RSD is large. The polarization diversity technique enables the use of com-
bined algorithms which reduce the sensitivity to the variability of the RSD. 
In order to further reduce the dependence on microphysical variability of the observed 
event, Bringi et al. [2004] derived a new a Z-R relation for dual-polarized S-band radar data 
that is continuously varying in space and time as the storm microphysics evolves without 
the need for classifying the rain types a priori. This procedure is based on retrieving the 
raindrop size distribution parameters of a normalized gamma model using radar measure-
ments of Z

H
, Z

DR
, and K

DP 
[Gorgucci et al., 2002; Bringi et al., 2002, 2003].

The aim of the proposed research project is to develop a new integrated procedure to re-
trieve the RSD parameters and estimate the rainfall rate. The polarimetric variables (Z

H
, 

Z
DR

, K
DP

) will be used by means of an ad-hoc neural network (NN) technique to retrieve the 
RSD parameters within each radar range bin. The reason of this choice is the will to exploit 
the better capability of NNs to approximate complex functions such as those describing the 
relationships between the radar observables and the RSD parameter. Finally, the retrieved 
raindrop size parameters will be used to estimate the rainfall rate using the technique pro-
posed by Bringi et al. [2004].

Polarimetric scattering model of rainfall
A Gamma raindrop size distribution (RSD), having the general form N(D)=N

0
 Dμ exp(-Λ 

D) with D the particle diameter and N
0
, μ and Λ RSD parameters, has been introduced in 

literature to account for most of the variability occurring in the naturally observed RSD. 
The multiplication constant N

0
 is not physically meaningful when μ ≠ 0. 

In order to study the underlying shape of the RSD for widely varying rainfall rates, the con-
cept of normalization has been introduced by Willis [1984] and revisited by Chandrasekar 
and Bringi [1987], Testud et al. [2001] and Illingworth and Blackman [2002]. The number 
of raindrops per unit volume per unit size can be written as:

                          [1]

where f(μ) is a function of μ only, the parameter D
0
 is the median volume drop diameter, 
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μ is the shape of the drop spectrum, and N
w
 [mm-1 m-3] is a normalized drop concentration 

that can be calculated as function of liquid water content W and D
0
 [e.g., Bringi and Chan-

drasekar, 2001]. 
The shape of a raindrop can be described by an oblate spheroidal for which, the sphere-
equivalent volume diameter D [mm] is related to the raindrop axis ratio r

a
 (i.e., ratio be-

tween the drop minor and major axis) through a relation which has been investigated by 
several authors. In this study we assumed the relationship proposed by Chuang and Beard 
[1990], that is:
       r

a
= 0.005 + 10-4(5.7D - 260D2 + 37D3 - 2D4)                                    [2]

A raindrop falls in the atmosphere with its symmetry axis aligned in the vertical direction. 
The canting angle in the polarization plane is defined as the angle measured clockwise be-
tween the projection of the symmetry axis of spheroidal particle and the direction running 
opposite to the vertical one so that in case of horizontal incidence it coincides with the tilt 
of the particle symmetry axis [e.g., Bringi and Chandrasekar, 2001]. As shown in Beard and 
Jameson [1983], the distribution of canting angles can be represented by a Gaussian model 
with zero mean and standard deviation ≤ 5°. Given a RSD, the rainfall intensity R can be 
computed as a flux of raindrop volume at a terminal fall velocity v(D), 

                                     [3]

being v(D) usually parameterized as a power law of D [Atlas and Ulbrich, 1977]

       v(D) = 3.67 D0.67                                                        [4]

Polarimetric radar variables
The copolar radar reflectivity factors Z

hh
 and Z

vv
 [mm6m-3] at H and V polarization state and 

the differential reflectivity Z
dr

 can be expressed as follows:

                                   [5]
           

                                                         [6]

where S
hh,vv

 are the backscattering co-polar components of the complex scattering matrix S 
of a raindrop, the angular brackets represent the ensemble average over the RSD. K depends 
on the complex dielectric constant of water estimated as a function of wavelength λ ([mm]) 
and temperature. For a polarimetric radar, the specific differential phase shift K

dp
, due to 

the forward propagation phase difference between H and V polarization can be obtained in 
terms of the scattering matrix S as:

                                                    [7]

where f
hh,vv

 are the forward-scattering co-polar components of S.
 
Numerical examples at S band
Once a RSD is defined, the polarimetric radar parameters can be computed from the model 
previously discussed. Numerically computed forward scatter and backscatter amplitudes of 
raindrop for a given size are used to compute the radar parameters for a given RSD [Mish-
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chenko, 2000]. Computations are carried out at S band and the Gamma RSD is assumed for 
raindrop diameters between 0.6 and 8 mm. In order to generate a large set of model-based 
polarimetric variables, we adopted for D

0
 and μ a uniform distribution inside the range pro-

posed by Chandrasekar et al. [1987], that is 0.5 ≤ D
0 
≤ 3.5 mm and -1 < μ ≤ 4. As already 

mentioned, N
w
 has been generated by assuming a random distribution of water content W 

which results into a variability of rain rate from 0 to 300 mm/h. 
Temperatures of raindrops have been varied between 5 °C and 30 °C with a step of 5 °C. 
We are assuming here the most widely varying RSD parameters without any correlation 
among them in order to ensure the training of the retrieval algorithm even in most general 
conditions.
As an example of this randomly-generated polarimetric dataset, Figure 1 shows the scat-
terplot of R vs Z

hh
, Z

dr
 vs Z

hh
, R vs K

dp
 and K

dp
 vs Z

hh
 at S-band. Amplitude variables are 

expressed in dB. The values of Z
hh

 are varied up to 55 dBZ.
The scatterplot of R vs Z

hh
 and R vs K

dp
 are very instructive as it highlights the possible 

statistical relation and their expected accuracy for designing an inversion algorithm. From 
the figure, we note that K

dp
 show a relatively high correlation with R. From Figure 2, which  

shows the scatterplot of D
0
 vs Z

dr
, it can be seen the correlation between D

0
 and Z

dr
.

Figure 1 - Scatterplot of the polarimetric parameters at S-band.
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Raindrop size distribution retrieval from polarimetric radar data
As outlined by Gorgucci et al. [2002], the estimation of the shape parameter μ is much less 
reliable with respect to the other RSD parameters. For this reason we will focus on the es-
timation of D

0
 and N

w
. The proposed retrieval technique applies an artificial neural network 

algorithm to the polarimetric parameters Z
HH

, Z
DR

, and K
DP

 in order to estimate both the 
median drop diameter D

0
 and the multiplicative constant N

w

 D
0 
= NN

Do
{Z

HH
, Z

DR
, K

DP
}                                                [8]

N
w 

= NN
Nw

{Z
HH

, Z
DR

, K
DP

}                                                [9]

As known, artificial neural networks represent a very versatile and powerful tool to deal with 
non-linear inverse problems and they have been already applied to rainrate estimation from 
radar data [e.g., Bringi and Chandrasekar 2001, Marzano et al., 2004]. The multi-layer per-
ceptron architecture, here considered, denotes useful stochastic approximation properties. 
A topology with an input, a hidden and an output layer, is proved to approximate a non linear 
function to any degree of non linearity [Haykin, 1995]. A multi-layer feed-forward neural 
network, characterized by a back-propagation learning rule, an input layer and an output 
layer, was implemented in this work. A 4-layer neural network, composed by an input layer, 
two hidden layers and an output layer, was chosen for its simplicity and effectiveness. The 
number of input nodes was set to 3, while the number of output nodes to 1. After an optimi-
zation process, called “NN pruning”, the number of nodes in the hidden layers was chosen 
equal to 4 and 3 respectively. It is worth mentioning that the training and test steps have been 
carried out on distinct data sets. For both cases the sample size is about 5000.

Numerical results
In order to test the reliability of the proposed technique, an inter comparison with the para-
metric algorithms proposed by Gorgucci et al. [2002] has been performed. 

Figure 2 - Scatterplot of the median drop diameter vs differential reflectivity.
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Figures 3 and 4 show the results of both the examined algorithms. The performance is 
evaluated in terms of the fractional error (FE) and normalized standard error (NSD) respec-
tively defined as 

                                                                                                       [10]

                                                   [11]

where the letter X stands for both D
0
 and N

w
, while the over and angular bars represent re-

spectively the mean and the estimated values. 

Figure 3 - Retrieval of the median drop diameter D
0
. Comparison 

between the Neural Network (left panels) and parametric algorithms 
(right panels) in terms of correlation diagram, error histogram, 
normalized standard error (NSD).
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The results clearly show an improvement using the proposed technique both for the retriev-
al of the median drop diameter D

0 
and the multiplicative constant N

w
. The results obtained 

using the proposed neural network algorithm, can be summarized as follows:

 -11.3<FE<17.1% (FE = 0.37% and σ
FE

 = 4.2 %) for the D
0
 retrieval;

  -9.0<FE<7.4% (FE = -0.08% and σ
FE

 = 3.12%) for the N
w
 retrieval;

On the other side, using the parametric algorithm we found:   
 -19.7<FE<26.5% (FE = 2.4% and σ

FE
 = 9.0%) for the D

0
 retrieval;

 -17.8<FE<8.0% (FE = -3.7% and σ
FE

 = 5.0%) for the N
w
 retrieval.

Besides, it can be seen from Figure 3 that the NSD decreases at increasing values of D
0
 

Figure 4 - Retrieval of the multiplicative constant N
w
. Comparison 

between the Neural Network (left panels) and parametric algorithms 
(right panels) in terms of correlation diagram, error histogram, 
normalized standard error (NSD).
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much more for the NN algorithm than for the parametric one. The behavior of NSD ob-
tained for the N

w
 retrieval is shown in Figure 4 in the same manner as for Figure 3. Again, 

the NN algorithm performs better than the parametric algorithm for small and big values of 
N

w
, while for intermediate values the performances are similar. 

Conclusions
Rainfall rate estimate based on radar measurements is affected by a high degree of uncer-
tainty due to several error sources as space-time variability of drop size distribution (from 
one rainfall event to another and within the same event).
A new neural network algorithm to estimate the raindrop size distribution from S-band dual 
polarized radar measurements has been presented. Numerical simulations, performed using 
a T-matrix solution technique, have been used to investigate the efficiency and accuracy 
of this approach. The precipitation model has been characterized with respect to shape, 
raindrop size distribution and orientation. The sensitivity analysis, performed in order to 
evaluate the expected errors of this method, showed an improvement with respect to other 
methodologies described in literature. 
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Abstract
Ground based differential SAR interferometry is becoming a powerful technique to moni-
tor terrain changes and slope failures and this approach seems to be a valid  tool by itself 
and as complementary to satellite observations. As for any interferometric technique, the 
effectiveness of radar interferometry is strongly related to spatial and temporal coherence 
between the images: in this case recent studies demonstrated a successful monitoring of 
hydrological sites at risk. In this paper some remarks about the effect of decorrelation 
sources are discussed on the basis of experimental evidences from data collected during the 
last years in Italy; hardware and software arrangements aimed at reducing or compensating 
decorrelation are suggested. Examples of the results obtained with an advanced approach  
are finally reported.

Riassunto
L’impiego di sensori “ground based” per misure di interferometria SAR differenziale è or-
mai divenuto uno strumento consolidato per il monitoraggio di mutamenti del terreno ed il 
cedimento di versanti; questa tecnica  si è mostrata molto efficace sia da sola che abbinata 
ad osservazioni da satellite. Come per tutte le tecniche interferometriche la sua affidabilità 
è legata alla conservazione di una buona coerenza spaziale e temporale durante l’interval-
lo che separa l’acquisizione delle due immagini considerate. In questo caso recenti studi 
hanno evidenziato l’efficacia della tecnica  per il  monitoraggio di siti importanti dal punto 
di vista idrogeologico. In questo lavoro, sulla base di alcuni dati sperimentali raccolti in 
Italia negli ultimi anni, vengono fatte alcune osservazioni sull’effetto delle diverse cause 
di decorrelazione, proponendo soluzioni hardware e software; vengono quindi mostrati 
alcuni esempi di risultati sperimentali. 

Introduction
SAR interferometry from space is becoming a widespread tool in many application fields 
among which the monitoring of ground displacements due to subsidence and to landslides 
as in Ferretti et al. [2000] and Kimura and Yamaguchi [2000]. Pairs of SAR images ac-
quired at different dates, make available interferometric maps of large areas which can be 
converted in map of surface displacement. This technique has been recently enlarged to 
ground based observations too: case studies have been issued demonstrating its potential 
in many fields as the monitoring of large structures like dam as in Tarchi et al. [1999], of  
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buildings as in Pieraccini et al. [2000], or of hydrological sites at risk, as in Pieraccini et 
al. [2002] and Leva et al. [2003]. Radar sensors aboard satellites are potentially able to 
monitor very large area. Ground-based installation can observe single landslides and give 
information on the movement component of the monitored terrain along the line of sight 
with short repetition time (about half an hour). On the other hand satellite observations are 
sometimes not fully satisfactory because of a too long repeat pass time. 
Ground based approach seems to be a valid and complementary tool to compensate the time 
gap between satellite observations or for calibration purposes and as a monitoring and alert-
ing system. Spaceborn and ground based SAR interferometry are based on the same physi-
cal principle but images are usually obtained by means of different kinds of radar sensors: 
step frequency continuous wave radar are preferred in ground based observations while 
impulse radar are used in satellite or airborne applications when measurement times are 
constrained by the velocity of the platform. The differences on collected data type (frequen-
cy or time domain) are easily passed beyond through specific processing. For spaceborne, 
airborne and ground based cases, radar images acquired at different dates can be fruitful for 
interferometry only if the temporal coherence among different images  is adequately high. In 
particular when the two images, from which the differential phase is retrieved, are separated 
by a large time gap (long temporal baseline), a loss of coherence can occur and reduce the 
reliability of the results: several papers deal with this topic in the field of microwave inter-
ferometry from satellites, in particular see in Zebker and Villasenor [1992]. 
In this paper critical aspects to be considered  during the application of ground based ra-
dar interferometry related to decorrelation sources are discussed. To reduce geometrical, 
instrumental and temporal decorrelation some suggestions are given. Finally two examples 
of interferometric map aimed at estimating terrain motion and obtained after hardware and 
software upgrading are shown.

Differential SAR interferometry for terrain deformation
The physical principle
The working principle of the Differential SAR Interferometry, (DInSAR) in brief it mainly 
consists of the acquisition by means of the SAR technique of two or more complex radar im-
ages, i.e. containing amplitude and phase information of the received echoes, taken at differ-
ent times and of the evaluation of their phase difference. The technique has been described in 
detail in many papers, see for example Massonet and Rabaute [1993] or Rosen et al. [2000]. 
When potential sources of error on phase measurement are negligible, the differential phase 
is related to the variations occurred along the Line Of Sight (LOS) direction connecting the 
centre of phase of the radar system from the corresponding pixel of the terrain. 
This displacement can be estimated with an accuracy of the order of fraction of the electro-
magnetic wavelength of the transmitted signal according to the variance of the measured 
phase: in our case operating with a 5. cm wavelength, 1. millimetre accuracy, as retrieved 
from specific measurements carried out in a controlled situation, was obtained [Noferini, 
2005]. The ground based radar instrumentation available for the experimental data collec-
tions here discussed makes use of a Vector Network Analyzer (VNA), HP8653D, as micro-
wave transceiver; this device was often used by different authors for collecting scattero-
metric data and ground based SAR images (see for example Strozzi and Matzler [1998] and 
Zheng-Shou et al. [2004]). The antennas move along a linear horizontal rail for scanning 
the synthetic aperture, and a PC controls the VNA, the moving of the antennas, the data 
recording and all the operations needed to carry out the measurement. It can be installed in 
the measurement site in a few hours and can be remotely controlled in real time in all its 
operations: radar parameters configuration, data acquisition and processing. Data can be 
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sent through a radio frequency link to a base station located within two kilometres. 
A thermally controlled and waterproof container allows to work with widely variable en-
vironmental conditions. For each different position the transceiver transmits and receives 
a finite number of stepped frequencies. Applying the inverse Fourier transform of the fre-
quency sweep a time profile can be attained with a spatial resolution related to the swept 
band. To generate radar images, the acquired complex data are processed using standard 
SAR techniques (focusing algorithm): see for example Pieraccini et al. [2001]. 
Range and cross-range synthesis are provided by coherently adding all contributes of the 
acquired signal at different frequencies and positions, taking into account their phase his-
tory. The available radar images can be rendered as a two dimensional representation of 
the scenario along two directions: range and azimuth (or cross-range). Raw data can also 
be focused taking into account the three spatial coordinates of the pixel, available from 
the Digital Elevation Model of the terrain, to provide a three-dimensional plot of the radar 
intensity. In the radar image the phase, ϕ, of each image pixel contains information about 
pixel distance from the sensor as depicted in Figure 1 where a simple scheme of the ground 
based DInSAR principle, i.e. in zero baseline configuration, is sketched. 
The displacement must be as small as to remain within the pixel dimensions. By assuming 
the dielectric characteristics of the pixel point n do not vary at each observation time and 
in absence of artefacts due, as we will se later, to atmospheric fluctuations  or instrumental 
and geometrical instabilities, the delay introduced by the propagation of the radar echo is 
proportional to the range. When a terrain displacement occurs in the time elapsed between 
two SAR acquisitions, the phase will vary accordingly: SAR interferometry can exploit 
this effect for terrain monitoring. The displacement map is obtained taking the phase of 
the complex product of two SAR images, called interferogram. The measured phase is 
uniquely defined only in the principal value interval [-π, π) corresponding to displacements 
within plus or minus half the wavelength, and any value outside this interval is “wrapped” 
into the same interval; this aspect is a crucial point for radar interferometry application. 
When the observed displacements are larger than half wavelength unwrapping procedures 
must be applied to retrieve the correct value; this topic is not discussed in this paper but an 
unwrapping procedure, from Ghigla et al. [1994], is applied in the interferometric maps. 

Figure 1 - Scheme of the principle of displacement measurement 
from ground based interferometry. 
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Decorrelation sources
The measured Interferometric phase, ϕ, is retrieved from the conjugate product of two 
SAR images consisting of nxm pixels, I

1
(n,m) and I

2
(n,m), acquired at different times and 

its statistical effectiveness is related to the complex correlation coefficient between the two 
complex images, γ, see Just and Bamler [1993]. The variance of the phase is related to the 
amplitude of γ, usually called coherence, equivalent to fringes visibility usually considered 
in optical interferometry. Therefore an interferometric map is a good estimation of the dis-
placement along the LOS only if correlation among different images remains high. When a 
displacement along the range direction occurs, in absence of decorrelation sources, the rela-
tionship between the interferometric phase and the displacement is simply the following:

                                                      [1]

where c is the light velocity in vacuum, Δϕ is the measured interferometric phase, f
0
 the 

centre frequency, and Δr = r
2
- r

1
 where r

1 
and, r

2
  are the slant ranges of the pixel from the 

radar, respectively in the first and the second image.
In the real case some sources can contribute to the echo decorrelation: on this subject an 
analysis about microwave interferometry from satellite can be found in  Zebker [1992]. We 
can consider the simple scheme proposed by Kenyi and Kaufmann [2003] and analyse it for 
ground based approach. By neglecting the processing aspects not of concern to our case, we 
can use the  following  expression for an analysis of decorrelation sources in ground based 
interferometry:

ϕ
measured = ϕ

instr
 + ϕ

atm
 + ϕ

geom
 + ϕ

displacement
                                [2]

So the measured differential  phase, considering dielectric variations of the observed media 
negligible, can be considered as the summation of different terms: ϕ

instr
 resumes the instru-

mental noise, ϕ
atm 

coming from atmospheric effects, ϕ
geom 

, the contribution of geometric 
decorrelation which in ground based case concerns only the mechanical stability of the 
system (zero baseline), and finally ϕ

disp , 
the term due to the actual displacement. In this pa-

per we give a summary of some observations resulted from some ground based radar  data 
collections.

Instrumental noise
With respect to Equation [2] lets consider the term, ϕ

instr
, coming from instrumental decor-

relation. The phase measured by the transceiver can be affected by a systematic error due to 
the temporal instability of the frequency of  the main oscillator; this effect must be analyzed 
in two different time scales: the short term, comparable to the time needed to make an im-
age (< one hour), and the long term, the time elapsed between the acquisition of the two 
images (from one day to months). Short term effects are mainly related to thermal noise and 
valuable with the following expression (see Just and Bamler [1994]):

                                                       [3]

The signal to noise ratio S/N of the transceiver, > 45 dB, assured a high value of coherence 
(|γ| > 0.999). This evaluation is not complete because S/N does not take into account phase 
and frequency stability of the radar related to other factors. A crucial point is the stability of 
phase and frequency of the transmitted frequency over long time interval from some hours 
to several weeks or months, i.e. for different campaigns. 
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A drift, ε
f
 of the central frequency, f

0
, occurring between the two phase measurements, 

corresponds to a variation of the propagating e.m. wavelength and in the simplest case can  
affect the retrieved displacement through a linear dependence from range, with a coefficient 
α

f
. An offset term, βϕ, must also be considered as a second term, because of thermal and 

mechanical behaviour of the cables and of possible drift on the radio frequency section 
external to VNA, affecting the phase. Considering these two factors, instrumental error can 
be resumed by the following expression:

Δr = Δr´ - α
f
 r - βϕ                                                                                       [4]

Where Δr is the measured displacement and Δr’ the actual displacement of the pixel. The 
entity of temporal and geometrical decorrelation in ground based radar interferometry can 
be estimated as reported in Luzi et al. [2004]; here a metal disk, usually used for calibration 
purposes, was arranged at a small distance (15 meters) from the radar on a stable pedestal 
(Δr’=0). Because the range is short compared to landslides distance and according to the 
Equation [4], the phase variation measured on the disk must be ascribed to the third term 
βϕ of Equation [4], whose contribution is not range dependent. The displacement measured 
on the disk during an entire campaign as a function of time, can give an estimation of the 
available accuracy at short range. On the other hand considering a long term frequency 
instability, it affects the phase through α

f
 and the range value: by using more sophisticated 

techniques as the PS [Ferretti et al. 2001], which will be briefly introduced in the next para-
graph, these as others long term system instabilities can be taken into account.

Atmospheric delay
Generally speaking SAR power images from space are negligibly affected by atmospheric 
state. On the contrary deeper studies on interferometric data demonstrated phase retrieval 
can be strongly affected by atmospheric state also at C band [see for example Ifadis and 
Savvaidis, 2001; Cakir et al., 2003]. The cause of this additional delay is the deviation of the 
speed of the radar wave from the constant value in vacuum, c, to c/n where n is atmosphere 
refractive index. This parameter depends on air humidity, U, temperature, T, and pressure, 
p, in order of importance: n

atm 
= n

atm
 (U, T, p). Other effects as ionospheric disturbances are 

absent in ground based measurements, so we can take into account the delay added by the 
atmospheric path by using the following expression:

                                                [5]

where, , the first term refers to path delay and the second one the atmosphere char-

acteristics. Rain is a further decorrelation factor both on target and on path but we confine 
our analysis to rain-free data. If a variation of U,T or p occurs between two measurements, 
and n

atm1 
changes to

 
n

atm2
, a phase variation, ϕ

atm , occurs resulting as a displacement of the 
considered pixel, valuable as :

                                                       [6]

where r
1 

= r
2 

= r
  
distance from the pixel

 
and

 
ε

atm
 = n

atm2 
- n

atm1
. Hence the variation ϕ

atm
 

produces temporal decorrelation which depends on the range r from the radar such as the 
instrumental decorrelation introduced by frequency drift. In our ground based observations, 
the propagation paths are obviously smaller than the satellite ones (hundreds of kilometre): 
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in the majority of the experimental campaigns carried out with the considered ground based 
interferometric radar, the maximum length of the path was 4km (two-way); the wave propa-
gation in these cases performs through the low troposphere where the factors affecting 
refractivity, air humidity and temperatures are strongly time and spatially variable. 
In ground based SAR interferometry the operating wavelength can be chosen with the 
goal of achieving the best sensitivity to displacement and for this reason higher frequency 
(above 10 GHz) are often used: see Leva et al. [2003]. At lower frequencies the atmosphere 
induced delay corresponds to a smaller phase term [ Zebker et al., 1997]. Variation of inter-
ferometric phase due to atmospheric fluctuations can be compared with the instrumental 
decorrelation sources and evaluated as reported in Luzi et al. [2004]. As an example in 
Figure 2 the displacement retrieved from measured interferometric phase is plotted as a 
function of time for  two targets: a steady metal disk close to the radar (15m) and a pixel 
on the rock at a range of 350 meters; in spite of the measurements obtained from conven-
tional ground truths as extensometer, which confirmed the stability of these pixels, a virtual 
displacement is noticeably fluctuating, within +/- 1.5 cm for the rock. On the other hand 
no noticeable displacement appears for the disk confirming the absence of instrumental 
error due to phase error. To discriminate the effect of long term instrumental instability 
from atmospheric decorrelation in the same plot also the air humidity trend is plotted: a 
good correlation between air humidity trend and the measured apparent displacement is 
noticeable. The absence of artefacts on the disk and a deeper statistical analysis confirmed 
the atmospheric effect was dominant. The uncertainty introduced can be of the order some 
millimetres and it can compromise the required accuracy on displacement measurement.
When the SAR images used for interferometric mapping are acquired with temporal separa-
tion of months, as in the satellite case, the influence of this type of disturbance on GB-SAR 
interferometric measurements must be properly investigated. In the next section we intro-
duce a possible solution for ground based long term decorrelation which is derived from 
the application of the Permanent Scatterers (PS) technique in a specific development for 
ground based case.

Figure 2 - Time trend of the displacement measured on a metal disk 15 meters far from the 
radar, on a pixel on the steady rock and relative humidity in %, measured on the rock top.
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Geometric decorrelation
The last term to be considered in Equation [2] comes from geometric decorrelation. One 
of the main difference between ground based and satellite interferometry is its “zero base-
line” condition because the radar system remains in the same spatial position, maintaining 
the same geometrical path. Sometimes, when time between to subsequent campaigns is 
long and at the end of each campaign the radar system including the mechanical frame is 
dismounted, the subsequent repositioning can be subject to error due to mechanical toler-
ance and to introduce a geometric decorrelation. Optical instrumentation like theodolite 
is strongly devoted to check the absolute position of the radar installation but it is usually 
costly. Close-range photogrammetry can be a low cost reliable method to quantify this 
source of decorrelation. The availability of high performances digital cameras makes this 
technique cheap and moderately time consuming. For its application a digital camera with 
at least 3 Mpixel of resolution is needed together with some reference optical targets to be 
placed near the object under measurement and specific software for extracting 3D coordi-
nates from images. Calibration, acquisition, and post-processing can be carried out with 
commercial software too. The acquisition consists of making groups of photos from differ-
ent positions and similar range and with an overlapping area. By measuring the coordinates 
of two different positions, to the two extreme positions of the scan, we can compare the 
actual scan line for each campaign. The effectiveness of the correction obtained applying a 
roto-translation to restore the two line overlapped can be evaluated by comparing the coher-
ence values before and after its application, see Luzi et al. [2004].

Proposed solutions and examples
The proposed solutions
In the previous paragraph we characterized the occurrence of different sources of decor-
relation in ground based DInSAR. The first goal was to cancel out the causes related to 
controlled factors like the phase and frequency accuracy of the radar sensor. In Figure 3a it 
is shown the configuration usually employed in VNA based scatterometer while in Figure 
3b an upgraded version implemented at our lab is depicted. The main oscillator of the VNA 
was locked to a high stability source (0.5. ppB) to assure no influence on targets decorrela-
tion caused by frequency instability. The simple system configuration of  Figure 3a can suf-
fer from phase error due to mechanical strains of the cables, when the antennas move along 

Figure 3 - Scheme of the VNA based transceiver a) plain configuration b) improved version with 
calibration path.

a) b)
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the rail, and their thermal deformations. To overcome this problem, the radar, modified as 
depicted in Figure 3b, acquires two data set for each position along the rail:  an acquisition 
of the signal, with the receiver switched toward the transmitter through the microwave 
cable path, and one from the receiving antenna looking at the measuring scenario. In this 
way a ratio between these two data set give back normalized data not affected by thermal 
and mechanical cable deformations. A photo of the entire apparatus on field taken during a 
recent experimental campaign ( Macugnaga (VB) Italy)  to monitor a glacier slope is shown 
in Figure 4. After this upgrading some experimental tests were specifically carried out in 
controlled conditions to estimate the stability of the system obtaining for the radar sensor a  
1.mm accuracy, see Noferini et al. [2005]. 
Now it remains to consider atmospheric decorrelation and noise generated over the ob-
served areas where the electromagnetic profiles and/or the positions of the scatterers in the 
resolution cell do not change uniformly with time still. The analysis of the interferometric 
phases of very coherent points, called permanent scatterers (PSs), allows the evaluation of 
the atmospheric disturbance and the possibility of removing it. The method of using sparse-
ly distributed but phase stable point targets, now called “permanents scatterers” (PSs), in 
interferometric applications was first introduced by Ferretti et al. [2000, 2001, 2003] (pat-
ent US6583751),  in order to overcome the shortcomings due to temporal and geometrical 
decorrelation in space microwave interferometry.
The method used to identify possible PS points is based on the analysis of the time series of 
their amplitude values. This approach is due to the fact that an exact evaluation of the phase 
stability is possible only after estimation and removal of the atmospheric contribution, while 
amplitude values are almost insensitive to the atmospheric phenomena. The PS extraction 
procedure starts with the estimation of the amplitude dispersion index for each pixel in the 
image. The amplitude dispersion index of a given pixel, which is in turn a measure of its 
phase stability, is defined as:

                                                         [7]

Where m
A
 and σ

A
 are the mean and the standard deviation of the pixel amplitude values ‘A‘ 

through a temporal sequence of images. PSs pixels are selected by considering only those 

Figure 4 - Overall view of measurement set up as configured in the measurement campaign carried 
out in August 2004 in Macugnaga (Rosa Mountain); from left to right: the box containing the elec-
tronic equipment, the metal frame and the RF section with calibration section.
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pixels exhibiting D
A
 values under a given threshold (typically D

A
 ≤ 0.25). These data set of  

selected points are hence used to calculate the atmospheric correction. The displacement is 
now evaluated for a reduced number of pixel but free from atmospheric artefacts.

The Val Citrin experimental campaign
This method was applied to data collected during an experimental campaign carried out at 
the end of September 2003 and then repeated on July 2004 by the Department of  Electron-
ics and Telecommunications of the University of Florence, with the collaboration of CESI 
(formerly ENEL.HYDRO company) who collected some GPS benchmarks data, and  the 
Valle d’Aosta authority. Citrin valley is located in the Gran San Bernardo mountains in the 
Alps of Valle d’Aosta, Italy. In recent years, the southern part of this valley has suffered 
from the effects of landslides. In particular, as a consequence of some heavy precipitation 
events in October 2000, new large landslides occurred. Table 1 summarizes the radar meas-

Table 1 - Radar parameters used during Citrin 
experimental campaign.

Measurement parameters
Polarisation VV
Target distance 500-3000 m
Transmitted Power 33 dBm
Band 15 MHz
Central frequency 5.9925 GHz
Frequency number 801
Linear scansion length 1.8 m
Linear scansion point number 201
Antenna gain 15 dB
Measurement time 36 min

urement parameters used during this data 
collection.  Radar images of the slope to be 
monitored were collected at different dates; 
an example of the obtained experimental 
results in represented by Figure 5a. Here an 
RCS (relative to its maximum value) image 
of the monitored area is shown in arbitrary 
units, while in Figure 5b the  correspond-
ing dispersion index D

A
 distribution, only 

for those image pixels resulting as PSs ac-
cording to criterion, is shown. On both the 
images the white circles indicate the points 
taken as references for the correction proce-
dures used to remove atmospheric artefacts: 
usually edges of large rock slabs out of the 
sliding plane. This procedure was made for 

both the campaigns. In order to analyse the data relative to the second campaign separately 
from the first campaign, a new PSs’ selection and analysis was carried out on this sequence: 
the loss of image quality implied a reduction in the number of PSs on the scene. 
The final displacement map corresponding to a time interval of 10 months is shown in Fig-
ure 6. The data reported in Figure 6 are corrected with the PS procedure introduced in the 
previous section and described in details in Noferini et al. [2005]. A different colour (grey) 
is assigned to the points where there is no information (not PSs points). Gray levels refer to 
displacement scale in millimetre; negative values correspond to displacements away from 
the radar. 
The measured displacements along the radar line of sight for each GPS point are reported 
in the rows of Table 2 for comparison. It can be seen that the moving pixels are essentially 
located on the sloping plane where the GPS network was installed and where the landslide 
actually flowed. The observed displacements in that area range from a few of millimetres 
to about 20 mm, the latter measured in the upper part of the slope. GPS data globally point 
out that only slight movements (only a few centimeters) occurred on the examined area 
and that they are concentrated on the upper side of the examined area. 
Unfortunately there are no PSs coincident with GPS benchmarks but, considering the 
neighbourhood of the GPS points, only GPS data relative to point 2 seem to disagree with 
the interferometric results.
 



Luzi et al.  Use of C band ground based interferometric radar to monitor unstable slopes

72

Figure 6 - Citrin campaign: comparison between the two data collections; corrected 
displacement closer to the radar relative to the PSs pixels. The points labelled by 
1, ....8 are those monitored by the GPS network according Table 2. Gray levels bar 
refers to displacements in mm.

Figure 5 - a) RCS SAR image in arbitrary units of the Citrin slope, b) dispersion index  for the same  
area. The white circles indicate two reference areas. Radar is in (0,0).

a) b)
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The Macugnaga experimental campaign
An example of a case where atmospheric effects are negligible 
and data analysis can be simplified are the results obtained in 
one of the  campaign carried out in summer 2004 in Macugnaga 
(VB), at 2200 m altitude. This town is located on the oriental 
slopes of Monte Rosa in the Italian side of the Alps. The lobe 
of the glacier Belvedere, one of the largest glaciers of the Alps 
chain, is just close to the town. In the last years the surrounding 
area suffered  from geological instabilities generating a continu-
ous and anomalous amount of debris mixed with ice that greatly 
feeds the lobe down to the plain. 
Now attention is paid to some landslides from the middle of the 
oriental slope of Monte Rosa that increased the silt on the large 
glacier at the basis of the mountain slope. 
The measurement campaign, started on 26 of August 2004 and 
lasted about a week, was organized by the Department of Elec-
tronics of the University of Firenze together with CESI (former-

Table 2 - The labels of the 
points monitored by GPS 
network and their meas-
ured displacements along 
the radar line of sight. The 
minus sign means that the 
points moved closer to the 
radar.

Point Δ(mm)
1 -27
2 -31
3 -11
4 -2
5 -13
6 -11
7 0
8 0

Table 3 - Radar parameters used during Macug-
naga experimental campaign.

Measurement parameters
Polarisation VV
Target distance 1000-2000 m
Transmitted Power 20 dBm
Band 30 MHz
Central frequency 5.85 GHz
Frequency number 801
Linear scansion length 1.8 m
Linear scansion point number 161
Antenna gain 15 dB
Measurement time 60 min

ly ENEL.HYDRO) company and Regione Piemonte, in order to investigate this landslide. 
In Table 3 the measurement parameters used for the radar configuration are listed. 
In Figure 7a we show a power image obtained by focusing the data normalized by the 
instrumental internal calibration, on an available DEM: for comparison, the photo, Figure 
7b, of the observed scene roughly taken from the same viewing position is shown below. 
Because of the reduced atmospheric contribution, in comparison with the entity of the ob-
served displacement, apart from phase unwrapping, no other correction procedures were 
applied. On the other side the landslides moves so fast that phase wrapping occurs when 
two subsequent images are compared even if only 36 minutes elapsed. Dealing with fast 
phenomena, the moving areas of the observed scene change so rapidly that atmospheric 
artifacts appear negligible in comparison. 

The main flow of debris mixed with ice over the glacier surface is so evident in the inter-
ferogram, rendered on the DEM of the observed area and depicted in Figure 8. Red area 
indicates displacements up to 200 mm. 
Three are the moving zones pointed out in the upper part of the mountain visible which are 
located in the not accessible and dangerous zone of the glacier. The opportunity to obtain 
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Figure 7 - a) RCS SAR image in arbitrary units of the area monitored near Macugnaga; 
b) photographic view of the same area.

information in these areas, through a remote monitoring, confirms the great advantages 
earned from the proposed technique. Through DInSAR observation is therefore possible 
to follow the temporal evolution of this phenomena with adequate time sampling and to 
quantify the rate of phenomena. 
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Conclusions
Critical aspects of the making use of a ground based interferometric radar realized to es-
timate the displacement of unstable slope have been introduced. The data collected in dif-
ferent experimental campaigns demonstrated the system was not exempt from some decor-
relation sources, including atmospheric artefacts. Some hardware and software solutions 
have been proposed obtaining an improvement of the performances in term of accuracy of 
the ground based system. Examples of displacement maps coming from two experimental 
campaigns aimed at the monitoring of a landslide and a glacier slope are finally shown.
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Abstract
The results obtained by analyzing the data of experimental campaigns carried out in an 
agricultural area in Italy during ENVISAT/ASAR overpasses are described in this paper. 
These campaigns aimed to verify the possibility of estimating soil parameters by means of 
SAR images at C-band. First of all, a classification of the area obtained by combining HH 
and HV polarized images collected in November 2003 has been performed, leading to the 
identification of five surface types. Then, a preliminary investigation on the sensitivity of 
backscattering coefficients, both in HH and in HV polarization, to the ground measurements 
of soil moisture has been carried out. In order to study the influence of vegetation growth 
on the radar backscattering, a multitemporal analysis of radar returns from different crops 
has been also performed. Finally, an inversion algorithm has been tested for the retrieval of 
soil moisture based on the Bayes theory of parameter estimation. Fairly good comparison 
between measured and retrieved values of soil moisture has been obtained by aggregating 
pixels within five moisture classes. 

Riassunto
In questo articolo sono descritti i risultati ottenuti analizzando i dati delle campagne spe-
rimentali condotte su un’area agricola italiana durante i passaggi del satellite ENVISAT/
ASAR. Queste campagne avevano lo scopo di verificare la possibilità di stimare i parametri 
del terreno con dati SAR in banda C. Prima di tutto è stata effettuata una classificazione 
dell’area combinando due immagini in polarizzazione HH e HV raccolte a Novembre del 
2003. Questa classificazione ha portato all’identificazione di cinque tipi di superficie. Suc-
cessivamente è stata effettuata un’analisi preliminare sulla sensibilità del coefficiente di 
backscattering, in polarizzazione HH e HV, all’umidità del terreno misurata a terra. Per 
studiare l’influenza della crescita della vegetazione sul segnale radar è stata effettuata 
inoltre un’analisi multitemporale per diverse colture. In ultimo è stato provato un algoritmo 
per la stima dell’umidità del terreno basato sulla teoria Bayesiana della stima di parametri. 
Aggregando i pixels in cinque classi di umidità si è ottenuto un buon confronto fra valori di 
umidità del terreno misurati e stimati. 

Introduction 
The opportunity of measuring soil moisture (SMC), on both local and regional scales from 
satellite sensors, which provide complete and frequent coverage of the Earth’s surface, is 
extremely attractive. Soil moisture indeed is a key-parameter influencing the redistribution 
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of the radiant energy and the runoff generation and percolation of water in the soil, which 
play a critical role in the surface energy balance at the soil-atmosphere interface. Local 
SMC measurements are strongly affected by spatial variability, besides being time-consum-
ing and expensive. On the other hand, SMC forecasted by hydrological models over large 
areas strongly depends on the homogeneity of the selected areas and on the information 
available on them (soil properties, i.e. hydraulic characteristics, and permeability, meteoro-
logical and climatological data, etc.). 
The sensitivity to soil moisture of the backscattering coefficient (σ°) measured at low micro-
wave frequencies (especially from P- to L-band) has been already demonstrated by several 
investigations [Dubois et al., 1995; Benallegue et al., 1995; Macelloni et al., 1999]. The most 
accurate estimates can be obtained by combining different frequencies, polarizations, and in-
cidence angles. Since, after the past JERS mission, L-band is not present on current satellite 
sensors, the research efforts for estimating soil moisture have been focused on the analysis of 
the C-band potentials, by using data collected by the ENVISAT satellite. C-band backscat-
tering is still sensitive to SMC, but it is significantly influenced by vegetation and surface 
roughness. As a consequence, the assessment of moisture with the accuracy requested in 
most applications is still rather problematic, and needs the use of proper procedures. 
In this study we have preliminarily performed an analysis on the sensitivity of the ASAR 
(Advanced Synthetic Aperture Radar onboard ENVISAT satellite) data to SMC in compari-
son to sensitivity predicted by models. 
A semi-empirical model (SEM) and a statistical algorithm, based on the Bayes theory of 
parameter estimation, have been tested for retrieving SMC from ENVISAT/ASAR images. 
The former may represent a useful tool to simulate radar data besides more complicated  the-
oretical models, such as the Integral Equation Model (IEM); the latter has been recognized 
as an accurate and flexible retrieval technique in addition to other well-know techniques, 
such as neural networks. The comparison of experimental data with SEM has revealed that 
simulations and measurements agree fairly well in HH polarization, whilst discrepancies 
have been found in HV. Some specific conditions in which the model may fail (i.e., unex-
pected vegetation cover) have been also pointed out. A multi-temporal analysis has revealed 
a different behaviour for various cover types. In this work, the generation of backscattering 
values needed by the Bayes algorithm has been performed by simulating radar backscatter-
ing as function of soil characteristics through the IEM [Fung, 1994]. The obtained estimates 
of SMC have been compared with ground data. The procedures have been tested on the 
agricultural area of Alessandria using a single ENVISAT dual-polarized image. Fairly good 
comparison between measured and retrieved values of soil moisture has been achieved by 
aggregating pixels within five moisture classes.

Description of the experimental campaigns
An agricultural area in Northern Italy close to Alessandria was selected for performing the 
experiments. Three ground campaigns were carried out associated to ENVISAT passes: 
on 7 November 2003, 30 April 2004, and 4 June 2004. Ground truth measurements were 
carried out in two areas along the Scrivia River: Castelnuovo Scrivia, at the confluence be-
tween the Scrivia and the Po rivers, and the Borbera sub-basin, a small affluent of Scrivia. 
Ground measurements were gathered on some fields (about 20-25), selected for their homo-
geneity and dimensions (not smaller than 3-4 ha). Measurements have included: soil mois-
ture content (SMC), by means of a Time Domain Reflectometer (TDR) probe and some 
gravimetric samples carried out as a calibration of TDR; the TDR probe senses an average 
soil layer of about 10-15 cm; in some cases, the probe was inserted horizontally into the 
soil, in order to retrieve a SMC profile. Approximately 3-4 samples per field were carried 
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out. Soil bulk density was also measured to convert gravimetric soil moisture in volumetric 
one. Soil surface roughness was measured  by means of a needle profilometer 1.2 m long; 
at least two profiles were collected per each bare field, both parallel and perpendicular to 
row direction. Crops present in the areas were: wheat, fodder crops, alfalfa, corn, sugar 
beet. Vegetation parameters included: plant height and density, leaf number, fresh biomass. 
Some photos of the fields were also taken. The ENVISAT/ASAR images acquired on these 
areas are resumed in Table 1. All the images have been acquired in IS2 swath mode with a 
100x100 km coverage and nominal incidence angle of 23 degrees.
In order to give an overview of the data set, Figure 1 shows a color composite of ENVISAT 
images collected in November on the Alessandria area in HH/HV polarizations. HH polar-
ized image is associated with Red color, HV with Green, and Blue is set to zero. 

Table 1 - List of the ENVISAT/ASAR images collected on the Italian 
test area. For each image, the type of product, the incidence angle and 
the polarization was specified. IMG: Image Mode Geocoded, IMP: 
Image Mode Precision (high resolution), APP: Alternating Polariza-
tion Precision.

Dates Product Inc.Angle Pol.

December 8, 2002 IMG 23° VV
July 6, 2003 IMP 23° VV

August 29, 2003 APP 23° HH/HV

November 7, 2003 APP 23° HH/HV

March 26, 2004 APP 23° HH/HV

April, 30 2004 APP 23° HH/HV

June, 4 2004 APP 23° HH/HV

Figure 1 - ENVISAT composite RGB image in APP (HH, HV polarization) of the Alessandria area. 
Red = HH pol., Green = HV pol., and Blue = 0. Colors roughly correspond to different surface types: 
yellow = urban areas; black = water bodies; red = rough bare soils; brown = smooth bare soils; green 
= dense vegetation, forests.
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From the figure, a preliminary discrimination of land cover appears feasible: black color 
denotes the presence of water (rivers, lakes), light yellow indicates pixels corresponding to 
urban areas, green represents forests or dense vegetation (mainly present, in fact, along the 
rivers), brown is associated to smooth bare soil, whilst red denotes rough bare soil.
A multi-temporal analysis of the ASAR data has also been carried out in order to investi-
gate the seasonal effects of the vegetation growth, which is recognized as a factor limiting 
the capacity of C-band to estimate SMC. To this aim the problem of radar calibration had 
to be faced. Actually, we have noticed few problems in the ASAR data, which have been 
addressed also by other investigators. In particular, the dataset of April 2004 showed too 
low values of the backscattering coefficient. Unfortunately, calibration devices were not 
deployed in the investigated area, so that different and less reliable correction methods had 
to be used. In particular, we have compared returns at different times from targets expected 
to exhibit a fairly stable radar response (urban areas, water basins). Moreover, we have used 
the portion of the image observing the sea (Gulf of Genoa) and the C-MOD5 empirical 
model (with the wind field derived from the Seawind sensor on board of QuickSCAT satel-
lite) to find out the bias affecting the image in April. The different correction techniques 
coherently indicated that an increasing of about 4 dB was necessary for the backscattering 
coefficient measured in HH polarization. 
An overview of the multi-temporal sequence is provided by Figure 2, which shows a color 
composite representation of the four consecutive multi-polarization acquisitions from No-
vember 2003 to June 2004. The HH data have been associated to the red color, the HV to 
the green and the normalized difference HH-HV/HH+HV to the blue color. 
Contrast stretching of the images is the same, so that image intensity and color changes 
can be directly associated to radar backscattering changes. The dominance of the blue 
component on April and June images is related either to a greater attenuation of the HH 
polarization due to the growth of vegetation in tilled fields, or to the substantial decrease 
after November 2003 of the HV return of bare soil fields, probably due to their progressive 
drying and flattening. The slight increase of the HV return from March to June due to the 
vegetation growing cannot be appreciated from the false-color images.

Soil moisture analysis and retrieval
In Figure 3 the behavior of the σ° of specific fields in the same period is reported as func-
tion of the time. Four types of land covers have been selected: wheat, peas, sugar beet and 
bare soil. The high values of the HH coefficients on April are probably due to very wet 
conditions caused by heavy rainfall. Disregarding the April dataset affected by this mete-
orological condition, it is possible to observe a decreasing trend of the HH data, confirming 
the vegetation growth and the dryness and flattening of the bare soils. It is also visible the 
increasing trend of the HV σ° during the crop growing phase, caused by the increasing 
biomass effect. This is particularly evident for the sugar beet, whose large leaves strongly 
increase the cross-polarized radar return.
A direct correlation between the σ° in HH polarization and the SMC, concerning the Ales-
sandria overpass in November 2003, has been carried out. Radar backscattering coefficients 
as well as ground measurements have been averaged within each surveyed agricultural 
field. The spread of data obtained by this direct comparison is significant, and the correla-
tion coefficient (r) is lower than 0.65. This can be partially due to the difference in surface 
roughness of soils: in fact, part of them was arrowed, whilst others were ploughed. The 
result is comparable to those obtained in the past with similar data sets [e.g. Macelloni et 
al., 1999; Macelloni et al., 2002]. Another factor, which causes the scarce correlation be-
tween the backscattering coefficient and the SMC, can be the different sampling of TDR 
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Figure 2 - A color composite representation (RGB) of four consecutive multi-polari-
zation ASAR images from November 2003 (upper left) to June 2004 (bottom right). 
Red= HH polarization, Green= HV polarization, and Blue=HH-HV/HH+HV.
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and radar. In fact, TDR integrates over a soil layer of several centimeters, whereas the radar 
is supposed to be sensitive only to the first few centimeters of soil. Moreover, in November 
the soil surface was dryer than the underlying layers, due to the evaporation caused by field 
working practices.

Semi-empirical model (SEM)
In order to better investigate the correlation discussed in the previous analysis, a compari-
son between the ASAR data and the semi-empirical model (SEM) for radar backscatter-
ing from bare soil proposed by Oh et al. [2002] has been performed. The backscattering 
coefficient derived from the model is function of the incidence angle, the soil volumetric 
moisture content m

v
 and the parameters ks and kl, where k equals the wave number and s 

and l are the root mean square (rms) height and correlation length of the surface roughness, 
respectively. The expressions of the σ° for HH and HV polarizations are:

                 
where:

                 

m is the ratio between s and l, related to the slope of the surface, θ is the incidence angle in 
degrees and the other quantities (i.e., a, b, c, d, e, ...) are empirical constants evaluated by 
Oh et al. [2002]. starting from a very large experimental set.

Figure 3 - Temporal trend of backscattering of selected fields.

[1] [2]
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The backscattering coefficients averaged within the sampled fields, both for HH and HV 
polarizations, are reported as a function of the measured SMC in Figure 4 and superim-
posed to the model results. 
The simulations have been performed by selecting two couples of rms heights (s) and cor-
relation lengths (l) : s = 1.6 cm, l = 5.2 cm for smooth and slightly-rough soils, s = 3.5 cm, 
l =11 cm for medium and very-rough soils. Such values have been selected in a qualitative 
way and none point-to-point comparisons between measurements and simulations were 
feasible because, at present, no roughness parameters have been still extracted from the soil 
surface profiles. Nevertheless, it can be observed that the HH polarization measurements 
match quite well with the model outputs, whilst the behavior of the HV backscattering coef-
ficient is worse. Most of the larger discrepancies between measurements and model can be 
explained in terms of soil peculiarity or presence of vegetation, as shown in Figure 4.

Figure 4 - Comparison between ASAR backscattering and SEM model.

Bayes approach
A Bayesian approach has been attempted to retrieve the soil parameters from backscatter-
ing coefficients at C band provided by ASAR. The method performs the retrieval of both 
the real and imaginary parts of the dielectric constant ε of the soil, and then it derives the 
moisture content m

v
 by means of the Dobson et al. model [1985]. A brief overview of the 

algorithm is depicted hereafter. 
The conditional probability density function (p.d.f.) p (ε, s, l |σo

VVmeas
, σo

HHmeas
) represents 

the probability of a triplet of ground parameters (ε, s, l) once the two backscattering coef-
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ficients (σ°
VVmeas

, σ°
HHmeas

) are measured. By applying the Bayes theorem it can be expressed 
as in the following:

 [3]
            

where p
prior

(ε, s, l) is the joint p.d.f. of the soil parameters that includes all the ‘a priori’ in-
formation, such as measurements furnished by other instruments. In case no other estimates 
or prior information are available, it is possible to apply the ‘principle of indifference’, 
associating to each of these parameters a uniform density function in the range of physi-
cally meaningful values. The p.d.f. p

post
(σ°

VVmeas
, σ°

HHmeas
|ε, s, l) can be expressed in a more 

convenient form considering that the radar measurements fluctuate according to a multipli-
cative noise. This can be modeled by means of two random variables, R

1
 and R

2
, with mean 

value equal to one and statistically independent from the soil parameters ε, s and l:

σ°
VVmeas

 = R
1
σ°

VV
[4]

σ°
HHmeas

 = R
2
σ°

HH

where σ°
VV

 and σ°
HH

 indicate the target backscattering coefficients, which are defined in 
terms of expected value (ensemble average). They are associated to the ε, s, l triplet and to 
radar observation parameters (i.e., incidence angle and wavelength) trough the physics of 
the scattering phenomenon, which can be emulated by an electromagnetic forward model. 
With this assumption,  can be expressed as: 

          [5]

Once derived the p.d.f. of the multiplicative noise p(R
1
,R

2
), the “optimal estimator” for the 

dielectric constant of the soil can be derived from the measured σ° using different criteria 
[Pierdicca et al., 2002]. By adopting a Minimum Mean Square Estimator (MMSE) [Haddad 
et al., 1996; Pierdicca et al., 1998; Notarnicola and Posa, 2001; Notarnicola and Posa, 2002; 
Pierdicca et al., 2002] the estimated dielectric constant is given by:   

                 [6]

An assessment of the algorithm was carried out by using a consistent dataset collected 
over the Montespertoli agricultural test area in Tuscany, during the MAC’91 and SIR-C/X-
SAR missions, in 1991 and 1994, respectively [Baronti et al., 1995; Ferrazzoli et al., 1997; 
Macelloni et al., 1999]. In order to use the algorithm for ENVISAT/ASAR sensor, only 
backscattering coefficients at C band in HH and VV polarization and at low incidence angle 
(23°) were considered. Since the test of the Bayes algorithm requires much more data than 
the available ones, in order to provide the target backscattering to be used in [6], further 
backscattering data were simulated by using the IEM model developed by Fung [1994], 
which is able to simulate backscattering coefficients for a wide range of natural soil surface 
conditions.
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The inputs to the model are SMC and surface roughness parameters (both s and l), together 
with additional information, such as incidence angle and frequency. 
A sub-dataset of 40 pixels has been extracted from the images in order to derive the p.d.f. 
of the multiplicative noise p(R

1
,R

2
). Corresponding ground measurements have been in-

serted into the IEM, to obtain target backscattering values. Then, Equation [4] has been 
used to calculate samples of the multiplicative noise. The p.d.f. of R

1
,R

2
 has been assumed 

Gaussian and its mean and variance have been estimated from the 40 samples. Once char-
acterized the statistical distribution of R

1
 and R

2
, the other “a priori” information required 

by the method is the p.d.f. of the soil parameters ε, s, and l. According to the values of the 
sub-dataset, p

prior 
(ε,s,l) has been assumed uniform over the range 4<ε< 20, 0.5 cm < s < 1.2 

cm, and 2 cm < l < 8 cm.
Due to the complexity of Equation [6], which includes a triple integration, the computa-
tional time is about 1 second for each pixel, making this release of the algorithm impractical 
for real-time processing of large SAR images. Therefore, a simplification of the algorithm 
has been carried out, by assuming a unique value of l (which corresponds to a Dirac p.d.f.). 
Some preliminary tests pointed out that l is a key factor for the convergence of the method 
and that wrong estimates of l strongly affect the retrieval. Best results have been obtained 
by imposing l = 4 cm, a value close to the mean of measured l over the whole sub-dataset.
In order to obtain a statistically significant dataset to test the retrieval algorithm, a Monte 
Carlo simulation has been carried out. Basically, the Montespertoli data have been in-
creased by adding 3000 simulated values of σ°, corresponding to the observed triplets of 
soil parameters and with statistical characteristics comparable to the measurements. 
In other words, simulated values of measured backscattering coefficients have been pro-
duced by applying the multiplicative noise mentioned above to the IEM outputs. 
These simulated values have been added to the data and used as input for testing the Baye-
sian algorithm. Figure 5 shows the scatterplot of retrieved SMC values as function of the 
measured ones. Although the spread of points is large, due to the multiplicative speckle 
noise, the retrieved values follow the same trend of the ground measurements. The determi-

Figure 5 - Comparison between the soil moisture values estimat-
ed with the Bayesian algorithm and the soil moisture measured 
on ground.
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nation coefficient (R2) is equal to 0.42, and the standard error (SE) to 7.31. In order to better 
point out this trend, all the available SMC measurements have been grouped in 5 classes, 
each of them containing approximately the same number of pixels. For each class measured 
SMC values have been averaged and compared with the corresponding estimated values 
[Santi, 2004]. The result is shown in Figure 6. It can be noted that the method slightly 
overestimates the lower values of SMC (<10%) and underestimates the higher ones. The 
average rms error is lower than 2.5%. 

Conclusions
The analysis of SAR data collected on the Alessandria area, in Italy, has confirmed a rather 
good sensitivity of C-band backscattering coefficient both to the surface coverage and to 
soil moisture content. The HH polarization compares quite well with the SEM model, 
whilst the behavior of the HV backscattering coefficient is worse. Some specific conditions 
in which the model may fail (i.e., unexpected vegetation cover) have been also pointed out. 
A multi-temporal analysis has revealed different behaviour of various cover types.
The use of a Bayesian algorithm for estimating the soil moisture has led to the conclusion 
that, in spite of a large spread when comparing pixel-to-pixel estimates, the values of com-
puted SMC follow the same trend of ground measurements. A reasonably acceptable result 
can be obtained by aggregating the data. For instance, by assuming 5 classes of SMC to be 
retrieved, the average rms error is less than 2.5%.
Better results are expected when the exploitation of additional frequency bands will be-
come possible. This is planned in the next future, with the launch of new satellites carrying 
onboard polarimetric SAR, especially at L-band. 
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Abstract
Snow cover is a key element in the global hydrological cycle. Satellite data are one of the 
most suitable tools for monitoring time and spatial variations of snow covered areas. At 
present, our knowledge of the microwave emission from the ice sheet at lower frequen-
cies is limited by our lack of collocated satellite and in-situ data and by current  knowledge 
of the physical effects governing emission. In addition to the interests related to climatic 
changes and to glaciological and hydrological applications, there is a growing interest in the 
Antarctic area on the part of the microwave remote sensing community. This is because the 
size, structure, spatial homogeneity and temporal thermal stability of this area makes it a 
good candidate for the external calibration and data validation of satellite-borne microwave 
radiometers. With a view to the launching of new low-frequency space-borne sensors, an 
experimental activity was carried out at Dome-C Antarctica. In this paper the preparations 
relative to the campaign, in particular the design and calibration of the instruments and the 
development of an electromagnetic model for the description of the emission of the Antarc-
tic firn, are presented.

Riassunto
L’osservazione da satellite costituisce uno dei metodi più efficaci per il monitoraggio spa-
ziale e temporale delle aree innevate il cui studio è di grande importanza per comprendere 
il funzionamento del ciclo idrologico a scala globale. Per quanto riguarda i satelliti a mi-
croonde c’è tuttavia da sottolineare come le attuali conoscenze sull’emissione a bassa fre-
quenza siano limitate sia dalla mancanza di satelliti operanti a queste frequenze e di misure  
a terra, che dalla comprensione dei fenomeni  fisici che governano l’emissione della neve. 
Inoltre, aldilà dell’interesse legato agli studi climatici e alle applicazioni glaciologiche e 
idrologiche, vi è un interesse crescente all’area dell’Antartide, da parte della comunità 
scientifica che si occupa di telerilevamento. Questo perché a causa della sua estensione, 
struttura, omogeneità spaziale e stabilità temporale, questa area si presta come candidato 
ideale per la calibrazione esterna, e validazione dati, di un radiometro spaziale a microonde 
a bassa frequenza. In previsione del prossimo lancio di nuovi radiometri da satellite, una 
prima campagna sperimentale, che ha compreso l’esecuzione di misure radiometriche da 
terra, è stata effettuata presso la base Italo-Francese di Concordia a Dome-C Antartide. Nel 
presente lavoro vengono presentate  alcune attività preparatorie alla campagna. In partico-
lare viene descritta l’attività  di progettazione e calibrazione degli strumenti e lo sviluppo di 
un modello elettromagnetico che descrive l’emissione a microonde della calotta Antartica. 
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Introduction
Antarctica is one of the most interesting and challenging natural laboratories on Earth, and 
plays a fundamental role in hydrological and meteorological cycles. Because of its high 
albedo, high thermal emissivity, and low thermal conductivity, snow strongly influences the 
overlying atmosphere and, thus, the polar and global climate. Satellite data are one of the 
most suitable tools for monitoring the time and spatial variations of extensive snow-cov-
ered areas. Moreover, the quality of these data is a key issue that can be dealt only with the 
pre-launch calibration of the instruments, together with a comprehensive follow-up of post-
launch calibration and validation experiments that can be performed with extremely stable 
natural targets. Compared to many other natural scenarios, the Antarctic environment, and 
the test site of Dome-C (75° South 123° East, height of 3200 m a.s.l) in particular, appears 
to be particularly suited to this purpose thanks to its size, structure, spatial homogeneity, 
and temporal thermal stability. The average air temperature throughout the year is -50.8° C 
(-30° C in summer and -60° C in winter). The annual (solid) precipitation is of the order of 
30-40 mm (snow water equivalent) which, for a typical sublimation of 10/20%, leads to an 
annual accumulation of about 25-35 mm (snow water equivalent). 
Passive microwave data of this region at frequencies ranging from 6.8 GHz up to about 
90 GHz have been and are still being collected by the SMMR, SSM/I and AMSR-E satel-
lite sensors. However, a significant lack of information exists regarding lower frequencies, 
which are the most interesting for investigating deeper layers of ice.  
For this reason, and in view of the launch of the L-band space-borne radiometers (i.e. 
SMOS, Aquarious), an experiment (DOMEX) for measuring emission at C and L bands 
was planned for the 2004/2005Austral summer. The experiment, which was supported by 
ESA within the framework of the SMOS programme and by the Italian National Project 
in Antarctica, planned radiometric measurements from a tower at different incidence and 
azimuth angles and snow measurements,  using conventional methods.  Data were collected 
for 20 consecutive days 24 hours/day, at different incidence angles within the SMOS range 
(30°-70°) and within the 0o -120° azimuth range.
In order to interpret the brightness temperature values, an electromagnetic model capable of 
simulating the Dome-C emission was developed. This is a multi-layer model that is based 
on the strong fluctuation theory and wave approach. Model inputs, such as temperature, 
density and vertical profiles of mean grain sizes, were obtained by means of semi-empirical 
formulas deduced by examining ice cores obtained at Dome C. While waiting for L-band 
data to be available, results from the model were compared with data taken at higher fre-
quencies by SMMR and SMM/I. The purpose of this paper is to describe the preparation 
activities that preceded the experiment. The paper is divided into two sections: in the first 
one, the design and calibration of the microwave radiometers are described; the second sec-
tion is devoted to a description of the electromagnetic model. 

The instrument setup
The instrument package was composed of  two C and L band, two polarization (V and H) 
microwave radiometers and an infrared sensor operating in the 8-14 micron band. The mi-
crowave radiometers, which were designed and developed at the IFAC laboratories and used 
in recent years for studies on agricultural and mountainous areas [Macelloni et al. 2001 a,b; 
Macelloni et al 2002 ; Macelloni et al. 2005], were adapted to the extreme conditions of the 
Antarctic environment by placing them in a thermal controlled box (Fig. 1).  In addition, the 
need to provide a reference measurement for future space missions required a significant 
improvement in the performance of the instruments as regards sensitivity, accuracy and 
stability.
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The L and C band radiometers were total power, frequent calibration systems with an 
internal calibrator based on two loads at different temperatures (cold 250 ± 0.2 K and hot 
370 ± 0.2 K). A simplified block diagram is represented in Figure 2. The antenna system 
consisted of  a simple dual polarized pyramidal horn at L band and a corrugated conical 
horn followed by a horto-mode transducer  at C-band. Direct amplification receivers with 
a square law detector and an analog/digital converter were employed. Gain and offset 
variations in the receiver were auto-compensated by alternating the antenna and calibrator 
measurements. Moreover, a few sensors were placed on the antennas and connecting lines 
to monitor their temperatures and make possible a further correction for  temperature 
variations in these components that were not compensated by the two load system. 
Additional temperature sensors were placed in the critical subsystems of the receivers to 
monitor their  performances.  
The temperature, T

m
, measured by the system is related to the antenna temperature Ta at the 

input of the  switch by the following equation: 

 T
m
 = L Ta - (1-L) t

0
                                                  [1]

Where L is the  loss due to the antenna RF lines and t
o
 is the thermometric temperature of 

the antenna and connecting line.

Figure 2 - Radiometer simplified block diagram.

Figure 1 - The instrument setup.
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To minimize the risk of failure in the electronic devices, the instruments were designed in 
a simple configuration. The main characteristics are summarized in Table 1. The infrared 
sensor was a commercial device with an accuracy of  ± 0.5K and a sensitivity of 0.1K.
The front panel of the box was a low loss sheet of polystyrene, the attenuation of which 
as a function of temperature and frequency had been measured and taken into account in 
the brightness temperature budget. The same box contained the gears for changing the azi-
muth and incidence angles, as well as the data acquisition system. The latter made use of 
a professional notebook, which also drove the gears for making angular scans. The whole 
system could be driven by a remote station through a LAN cable. The operating internal 
temperature was close to 0oC.

L-Band C-Band
Central Frequency 1.413 GHz 6.8 GHz

Bandwidth 22 MHz 500 MHz
Noise Figure 2.5 dB 3 dB
Antenna Type Pyramidal Conical Corrugated
Polarization H and V H and V

HPBW 22 degs 16 degs

Table 1 - Microwave radiometers: main characteristics.

The radiometer calibration 
Calibration of the radiometers was a key point of the experiment. Although no L-Band 
measurements had been collected at Dome-C before this experiment, a seasonal variability 
of less than 0.5 K was expected from model simulations and extrapolation of experimental 
data taken at higher frequencies from a satellite. Thus, the instrument accuracy and stability 
had to be better than this value. 
The calibration was performed in two phases: 

- laboratory calibration of the radiometer excluding the antenna system
- calibration of the whole system including the antenna and connecting lines with external 

reference targets. 

Laboratory calibration
Calibration of the two radiometers (L and C bands) was performed by using an external 
thermo-controlled load connected to the receiver input. The load temperature could be 
decreased or increased by 40 K with respect to the ambient temperature. Measurements 
were carried out in the 240-340 K temperature range. The total accuracy of the load system 
(i.e. measurement of the load temperature) was 0.2 K. Stability of the radiometer was tested 
by maintaining the load temperature at a stable value (with a standard deviation better than 
0.01 K) and measuring the radiometer output  for short (1 minute), medium (10 minutes) 
and long (100 minutes) time intervals, using an integration time τ = 1 sec. An example is 
provided in Table 2.
The mean value of the measured brightness temperature remained constant in time for both 
short and long term variations, with the standard deviation increasing from 0.17 K (short 
term) to 0.25 K (long term). 
The sensitivity of the radiometers was measured for different integration times, τ, with a 
matched load at 270 K (± 0.01 K) connected to the input. At L band the value ranged from 
0.28 K for τ = 0.5 sec to 0.15 K for τ = 2 sec, while at C band the sensitivity was 0.2 K for 
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τ = 0.5 sec and 0.1 K for τ = 2 sec. Since the expected sensitivity of SMOS ranges from 0.8 
to 2.2 K, these values were assumed to be adequate for fitting the goal of  DOMEX. At the 
end of these tests, a calibration curve was computed for both radiometers; the linearity was 
well confirmed in the range of temperature investigated (240 - 340 K).

Calibration of the whole system 
The calibration of the radiometers, including the antenna and the connecting circuits, was 
carried out by observing stable extended targets with known characteristics that were suf-
ficiently stable in brightness temperature and large enough with respect to the antenna 
HPBW. Three types of targets were selected: 

- hot target: the anechoic chamber of the EMSL (European Microwave Signature Labo-
ratory) at the Joint Research Center (Ispra),

- cold target: clear sky,
- medium temperature target: calm water.

The measurements at EMSL were carried from October 5 to 7, 2004. The instruments were 
installed in the middle of the chamber with the antennas directed towards the absorbing 
walls. The temperature of the chamber could not be set at a prefixed value, but was carefully 
monitored during the experiments by means of a calibrated infrared camera that observed 
the same area of the antenna footprint. The absolute accuracy in the temperature measured 
by a spot infrared radiometer and by a thermal infrared camera was ± 0.1 K. Chamber tem-
peratures measured during the tests for the entire period ranged from 291.5 to 294.5.
The temperature of the room walls was homogeneous in space and stable in the short time 
term. For example, measurements carried out in thermal equilibrium for 140 minutes ex-
hibited a mean value of  the chamber temperature of 291.9 K with a standard deviation in 
space of 0.11 K and of 0.07 K in time (Fig. 3). The eccosorb panels used at JRC were VHP 
18 Emerson and Cuming model (pyramidal panels); the value of the reflectivity ranged, 
depending on incidence angles, from  -40 dB to -25 dB at L-band and from -50 dB to -30 
dB at C band, the corresponding minimum values of emissivity were, respectively, 0.997 
and 0.999. This corresponded to an error of less than 0.1% in the computation of the the 
brightness temperature. The corresponding outputs of the radiometers indicated the need 
for a correction equal to -4.7 K at L band and to +0.2 K at C band  with  standard deviations 
(for τ = 1 sec)  of respectively 0.26 K and 0.16 K.
Clear sky and calm water measurements were performed at a lake close to Firenze, Italy. 
Instruments were placed on a platform positioned on a cherry picker; the truck was located 
near to the shore, and the crane was extended 10 m away from the shoreline at an height 
of 2 meters above the surface. Measurements were carried out at from 30o to 140o with 
respect to the nadir in  steps of 5°. The dimensions of the lake were wide enough to avoid 
contamination from the shore, except for observations carried out near the horizon from 80 
to 100 degrees of incidence angles. 

Table 2 - Long, medium and short term receiver (Tb) and load (Tload) stability. Integration time 
= 1 second.

Long  (100 min) Medium (10 min) Short (1 min)
TB (K) Tload (K) TB (K) Tload (K) TB (K) Tload (K)

Mean 299.47 296.38 299.45 296.38 299.58 296.38
Max 300.48 296.39 300.03 296.39 299.84 296.39
Min 298.49 296.37 298.65 296.37 299.25 296.37

St. dev. 0.26 0.004 0.24 0.004 0.17 0.004
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The theoretical sky-brightness temperature value was computed assuming a plan parallel 
“standard” atmosphere in isothermal conditions and in accordance with a method described 
in a recent study [Delahye et al. 2002].   For a radiometer observing clear sky in the celestial 
northern direction at medium northern latitude, the theoretical value of brightness at 1.4 
GHz was found to be 3.7 K. At C band the value  ranges from 6 K at zenith view to around 
30 K when the radiometer looking the horizon.  
The emissivity of calm water was computed by means of the Fresnel equations [Ulaby et 
al., 1982], and by measuring the permittivity of a sample of  water with an open coaxial 
probe. The results of these measurements showed good agreement between the data and 
the classical Debye model. The model value was used for the 6.8 GHz computations. The 
measured and estimated brightness temperature of calm water at both L and C band as a 
function of incidence angle are shown in Figure 4. It should be noted that due to the rela-
tively large pattern of the L-band antenna, a deconvolution process was applied to the ob-
served brightness temperature as a function of the incidence angle (the deconvoluted values 
are shown in Figure 4).The algorithm implemented was based on a semi-empirical iterative 
approach, which made used of the Matlab Image Processing toolbox in order  to retrieve a 
first guess of the “true profile”. This profile was then modified and convolved again with 
the antenna lobe until   the difference between the measured and convolved profiles was 
minimized. The calibration curves obtained from the measurements collected on extended 
targets are represented in Figure 5 for L and C band H polarization (these curves were 
computed for t

0 
= 20°C). The results for V polarization were similar. The plots confirmed 

the linearity of both receivers over the entire range of Tb (10-300K). As expected, while the 
discrepancies between measured and expected values for the C-band were small (i.e. the 
receiver is almost self-calibrated), the losses introduced by the antenna and by the cables at 
L-band involved a rather high value for the correction factor. 

Figure 3 - The infrared temperature of the EMSL chamber measured by the 
AGEMA camera.
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The latter was a function of temperature, and needed to be compensated in order to compute 
the “true” brightness temperature according to Equation [1]. 
At the end of the calibration phase, we concluded that the linearity of the receiver in the 10-
300 K range was fully acceptable, the minimum detectable temperature variation of the radi-
ometer (sensitivity) was 0.3 K with τ = 1 sec, and the accuracy (repeatability) was better than 
0.5 K over a period of 30 days. During DOMEX  clear sky measurements were periodically 
performed in order to control the calibration process. At the end of the DOMEX campaign, 
other receiver and absolute calibration tests were carried out. The measurements confirmed 
the results obtained  prior to the experiment. Indeed, the measured brightness temperature of 
free water and clear sky was found to have the same value, with an uncertainty < ± 0.3 K. 

The electromagnetic model
As well as being an important tool for interpreting experimental data, modelling represents 
an attractive approach to inferring the radiometric properties of ice in those regions where 
the extreme environmental conditions make it difficult to perform local measurements over 

Figure 4 - Measured and theoretical Tb at V (continuous line) and H (dashed line)  polarization of 
calm water at C (left) and L (right) band.

Figure 5 - Calibration curves for the C (left)  and L (right) band radiometer, H polarization.
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a long time period. A coherent electromagnetic multi-layer model, based on the strong fluc-
tuation theory (SFT) and wave approach (WA), was implemented and employed in order 
to simulate the brightness temperature of snow pack in DOME C. The model computed the 
effective permittivity of each single layer by means of the Strong Fluctuation Theory and 
the brightness temperature of the whole medium, by computing the amplitudes of the fields 
and employing the fluctuation dissipation theorem. In the model, the reflection and trans-
mission wave amplitudes were computed for a layered medium using the wave approach 
[Kong, 1990]. The brightness temperature observed at angle θ was expressed by using the 
result of the fluctuation dissipation theorem, and was obtained by means of  the following 
steps: the number of layers and the thickness of the single layers in which the medium had 
been divided were given as inputs along with the frequency, surface temperature, observa-
tion angle and correlation length (as related to the ice particle size in the snow-pack). The 
fractional volume, temperature, and correlation length at different depths were computed by 
employing the formulas obtained from the glaciological model [Tedesco et al., 2003]. The 
permittivity of ice as a function of the frequency and temperature was computed in each 
single layer by employing the formula proposed by Hufford [1991]. The effective permittiv-
ity for each single layer was then computed by using the Strong Fluctuation Theory. Lastly, 
brightness temperatures were computed by using the fluctuation dissipation theorem.
A critical aspect for modeling the radiometric response of the DOME C snow was the defini-
tion of the parameters used as inputs for the electromagnetic model. Stratigraphic profiles, 
temperature, density, and mean grain size were modelled by means of semi-empirical formu-
las obtained by examining ice cores from DOME C and from modelling relationships of the 
polar ice (Epica Project http://www.pangaea.de/Projects/EPICA/edc1data.html).

Simulation results
In order to test the validity of the model, simulated brightness temperatures at 37 and 10 
GHz were compared  with those acquired over DOME C by SMMR from 1979 to 1987 and 
by SSMI from 1988 to 2000 (Fig. 6). The input parameters employed to run simulations 

Figure 6 - Brightness temperature at 37 and 10 GHz (V polarization) as a 
function of the day of the year: dots represent data  from SMMR and SSMI; 
lines represent simulations.
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were those of the surface temperature and correlation length, the number of layers and the 
thickness of each single layer. A comparison of the annual average trends of measured and 
simulated brightness temperatures showed good agreement. In the case of V polarization, 
the agreement was better than for the H polarization. One reason for this discrepancy may 
be the assumption of spherical ice particles, which is in contrast with the real shape of the 
measured particle, as the latter is flattened along the horizontal plane [Gay et al., 1991; 
Barnes 2002], with the flattening increasing with the depth.
The L and C-band simulated brightness temperature is represented in Figure 7 as a function 
of the observation angle, while Figure 8 shows the annual trend of the Tb at L band. 
As expected, the variations throughout the year of the L-band brightness temperature were 
very small, thus confirming the hypothesis of high stability of the DOME C snow-pack. 

Figure 7 - Simulated Tb of Dome-C area as a function of incidence 
angle at L and C band.
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Conclusions
Within the framework of the ESA SMOS programme an experimental campaign, was carried 
out in Antarctica at Dome-C during Austral summer 2004-2005. Several activities were 
involved in the preparations for the field campaign. Microwave radiometers were designed 
for the critical weather conditions at Dome-C. In addition, the instruments were revised in 
order to obtain appropriate sensitivity and accuracy values. Calibration tests, which were 
carried out with great care confirmed the good performance of the instruments. Simulations 
of microwave emission from the Antarctic firn were carried out using a multi-layer coherent 
electromagnetic model, coupled with a glaciological model and validated with satellite 
data. The simulations showed very small variations (< 0.1K) in L-band emission during the 
yearly cycle, and confirmed that  low-frequency microwave emission came mostly from the 
deeper layers of ice, where temporal changes in temperature and permittivity are very small. 
These results suggested the possibility of using this area as an extended calibrator for future 
space-borne radiometer missions. Analysis of data the acquired during the experimental 
campaign will provide significant information as confirmation of  this hypothesis.  
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Abstract 
The large coverage of satellite-based scatterometer SeaWinds offers a unique opportunity 
to derive mesoscale wind vector over the ocean surface with short revisitation time. In this 
paper it is presented a simulation based study to retrieve the wind field by Ku-band pencil- 
beam SeaWinds scatterometer data. The retrieval is made by means of a new inversion pro- 
cedure, developed at the Laboratorio di Telerilevamento Ambientale, Università di Napoli 
Parthenope. Experiments show the effectiveness of the inversion. 

Riassunto 
Grazie alla larga copertura spaziale lo scatterometro SeaWinds offre l'opportunità di valu- 
tare il campo di vento sull'intera superficie marina ogni ventiquatttro ore circa. In quest'ar- 
ticolo è presentato uno studio, basato su dati simulati, per recuperare il campo di vento da 
dati acquisiti, in banda Ku, con lo scatterometro SeaWinds mediante un'originale procedura 
d'inversione sviluppata presso il Laboratorio di Telerilevamento Ambientale dell'univen- 
sità di Napoli Parthenope. Gli esperimenti riportati mostrano l'efficacia dell'inversione. 

Physical background 
Radar backscatter over the ocean is largely the result of Bragg scattering Grom centimetre 
scale surface roughness, i.e. short waves directly related to the local wind [Donelan and 
Pierson, 19871. Experiments show that the normalized radar cross section (NRCS) o" de- 
pends on local wind speed Uand wind direction q. The dependence on U follows a power- 
law function. The dependence on local wind direction is actually related to the relative 
azimuth angle x : 

x=L+'p [l1 

where is the ce11 azimuth [QuikSCAT Science Data Product, 20011. The dependence of 
o" with x approximately follows a cos(2~), function [Wentz et al., 19841. In addition, o" 
also depends on radar wavelength and polarization [Donelan and Pierson, 19871. Electro- 
magnetic scattering modelling and high-quality ad hoc measurement campaigns allows 
the definition of the operational semi-empirical relationship between o" and U, X ,  i.e. the 
geophysical model function (GMF), thus [Wentz et al., 19841: 

where 8 is the incident angle and a, b, C, dare model parameters. The maximum of o" for 
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a given wind speed and incident angle, occurs when the wind is blowing toward the radar 
(upwind condition); the minimum of o" occurs for winds orthogonal to the radar look direc- 
tion (crosswind condition) (Fig. 1). By making use of a GMF and multiple measurements 
within a resolution cell at different azimuth angles, with high radiometric accuracy and 
proper spatial resolution [Migliaccio and Reppucci, 20051 is possible to infer the wind field 
[Long and Mendel, 19911. In particular, for SeaWinds standard spatial resolution is equal 
to 25 km x 25 km. 
However it must be noted that an appropriately tailored resolution enhancement technique, 
which exploits the spatial correlation of the measurements, can be applied to ameliorate the 
spatial resolution [Long et al., 19931. With respect to the radiometric accuracy, the absolute 
accuracy is of 0.9 dB, but more important is the relative accuracy, that is equal to 0.2 dB 
and the temporal stability that is within 0.05 dB [Yoho and Long, 2003al. 

SeaWinds scatterometer 
Scatterometers are radar properly designed to measure accurately the sea NRCS at different 
azimuth angles. Two scatterometer configurations are currently used: the fan-beam and the 
pencil-beam. In the fan-beam configuration the antenna pointing angles are fixed with re- 
spect to the h-ack line. This is the case of the Wind Scatterometers (WSC) mounted on board 
of the ERS-112 satellites, the NSCAT operated on board of the ADEOS-I satellite and of the 

F i r e  1 - Geophysicil Mode1 Fonction QSCAT-1 for various wind speed; Polarization W. 
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next Advanced Scatterometer (ASCAT) to be operated on board of the METOP constella- 
tion. In the case of pencil-beam configuration, adopted in the latest NASA scatterometers, 
the antenna mechanically steers the swath and therefore the pointing angles changes during 
flight time. As results in both cases we have that the azimuth angle is different from meas- 

- urement to measurement [Migliaccio, 20021. 
The SeaWinds scatterometer was first launched in June 1999 aboard the QuikSCAT satel- 
lite. The instrument is a Ku-band radar with a rotating parabolical antenna appropriately 
designed to measure, the normalized radar cross section over the oceans [QuikSCAT Sci- 
ence Data Product, 20011 (Fig. 2). The antenna, with two offset feeds, is mechanically spun 
about the nadir axis to generate a conica1 scan. The inner beam, horizontally polarized, has 
a constant incident angle of 46 degrees and cover a 700 km wide swath; the outer beam, 
vertically polarized, has an incident angle of 54 degrees and cover a 1800 krn wide swath 
[Tsai et al., 20001. Each point in the inner swath is viewed at four different azimuth angles, 
twice by the inner beam, looking forward and aftenvard, and twice by the outer beam in the 
same way; the points in the swath included between cross-track distance of 700 and 900 
km is viewed only two times by the outer beam. The antenna spin rate of 18 rpm combined 
with the nomina1 pulse repetition frequency of 187.5 Hz ensures a regular pattern of meas- 
urements on the surface [Long et al., 19971. The beam footprint is an ellipse approximately 
25 km in azimuth by 37 km in range direction; signal processing provides variable range 
resolution of 2 to 10 km. Measurements are grouped on a grid with a ce11 size of 25 km x 
25 km, along and cross-track [QuikSCAT Science Data Product, 20011. 
Note that, unlike fan-beam systems, the azimuth angle of the NRCS measurements is not 
constant, but varies from nadir out to the edge of the swath. Near nadir the forward and 
afterward measurements are approximately 180" apart, while at the extreme edge of the 
swath the difference approaches to O". Thus the wind retrieval performance of SeaWinds 
varies as a function of the distance from nadir track [Stiles et al., 20021. 
The ground paper of [Oliphant and Long, 19991 estimates the Cramér-Rao error bounds 
which are the largest at nadir and decay moving off nadir up to a minimum and then in- 
crease at the extreme edge of the swath. These extreme two critica1 areas are large about 
1 O0 km. 

Figure 2 - SeaWinds measurement geometry (excerpted by Tsai 
et al., 2000). 



The simulation procedure 
A simple simulation procedure is used in this study. It is simple because does not take into 
account correlation among scatterometer cells [Yoho and Long, 20041. This simplifies the 
simulation code and make more challenging the wind vector retrieval. The measurements 
noise is a key factor to be simulated and is considered in accordance to the reference 
NASNJPL model [Spencer et al., 20001. In order to elucidate this point, let us note that a 
commonly used metric used to express the variability of the o" measurements is Kp, defined 
as follows: 

The variance VAR(o") can be expressed as follows: 

where a is related to signal variations, y is related to noise variations and P is a cross-cor- 
relation term [Yoho and Long, 20031. These coefficients depend on the instrument design 
and measurement SNR [Long et al., 19971.1s important to note that VAR(o") and Kpcannot 
be computed from o" measurements because they are fùnctions of the true o" S. 
In the simulation runs of this study the a, P, y coefficients are extracted from the L2A 
(Surface Flagged SigrnaOs and Attenuation in 25 km Swath Grid) data [QuikSCAT Science 
Data Product, 20011, but they can be also obtained by analytical modeling once scatterom- 
eter electronic parameters are set [Yoho and Long, 20031. 
In summary, the simulation procedure makes the following actions: 

1. An input physical wind field, consistent to the scatterometer data set to be simulated, 
is provided, for example by making use of physical oceanographic numerica1 models 
or scatterometer L2B data. As matter of fact, standard set of 30 x 72 cells along-trackl 
across-track is considered. 

2. For each ce11 of the data set the true o" is evaluated by making use of QSCAT-I GMF 
[QuikSCAT Science Data Product, 20011. 

3. Noise measurement model is exploited to generate a proper Gaussian variable. 
4. Noisy scatterometer measurements z are obtained by means of: 

where v is a zero mean unit variance Gaussian random variable. 
Note that, in the case in question, the simulation is such that for each row, i.e. across-track 
line, we have 72 cells, that we number from lefi to right looking in the flight direction. From 
ce11 1 to 8 and 65 to 72 two measurements are simulated since these cells belong to the outer 
beam, while in the remaining ones four measurements are simulated. 

Wind vector retrieval 
Estimation of wind field from scatterometer measurements requires significant processing 
[Long and Mendel, 199 l]. The inversion procedure used in this study was first developed to 
retrieve wind vector from ERS 112 C-band scatterometers data [Migliaccio et al., 20011. 
In order to dea1 with the SeaWinds case a new GMF has been implemented in the procedure: 
the QSCAT-1. Further the inversion procedure has been adapted to dea1 with the particular 
SeaWinds acquisition geometry. 
The inversion problem in question can be solved using a two phase procedure. 
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The first phase involves the search of the set of al1 possible solutions, and the second phase 
provides a solution sorting (Fig. 3). 
Given a scatterometer data set made of N x M cells labelled by two index, say ij, the fina1 
goal of the procedure is to minimize in each ij-th ce11 a cost function that measures the dif- 
ferente between the scatterometer measurements and the GMF; thus: 

where K is the number of available measurements, are the measurements in the ij-th 
cell, M(-) is the relevant GMF, Uv is the wind speed and xij,, equa1 to cUk+<pu, is the relative 
azimuth in the ij-th ce11 and for the k-th measurement. Detailed description of the inversion 
procedure are provided in ~ i g l i a c c i o  et al., 2001,20031. 
Before proceeding further it is appropriate to remark some key theoretical aspects of the 
retrieval. Due to the nature (non-linear) of the GMF the objective function has multiple 
local minima. The wind vectors relevant to these local minima are known as aliases or 
ambiguities. The solution sorting is known as ambiguity removal and relies on information 
not present in the scatterometer measurements. It is important to underline that the math- 
ematical problem associated to the first phase of the inversion is system identifiable, i.e. the 
inversion is capable to yield a unique and consistent estimate of the true wind [Long and 
Mendel, 19911. The second phase is based on the physical hypothesis of flow continuity 
[Long and Mendel, 1991; Migliaccio et al., 200 l]. 

L J 

Figure 3 - Flow chart of the retrieval procedure (adapted from Brown, 1998). 

Results 
The physical wind field put at the input of the simulation procedure have been excerpted 
by L2B scatterometer retrieved data. In particular the data QS-S2B08965 Rows 450-479, 
QS-S2B08965 Rows 110-139 and QS-S2B18738 Rows 110-139 have been used. 
Note that such data set to be more suitable to the data simulation based on physical fields 
should be processed, i.e. filtered, to limit abnipt changes from ce11 to ce11 which may arise by 
inaccurate wind retrieval [QuikSCAT Science Data Product, 20011. Since such inaccuracies 
are limited and the high variability of the wind field does not facilitate the tests no filtering 
has been accomplished over these data. 
Let us consider the first simulation, (Fig. 4). The wind field is quantitatively characterized 
by means of the speed and direction histograms, (Fig. 4a). It is unirnodal wind field with 
prevailing wind speeds in the range 9-11 rnlsec and wind directions in the range 240"-260". 
Associated to the wind field, the SeaWinds scatterometer measurements have been simu- 
lated in accordance to the simulation procedure illustrated previously. 
Aftenvards, the inversion procedure is operated over scatterometer measurements data set. 
The reconstruction results are shown in Figure 4b and also reported in Table 1. Qualitative 
analysis of the retrieval clearly shows the capability of the inversion procedure. Quantita- 
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Point-Wise 
Estimation , 
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Input Field 
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Hist speed (ms-l) Hist direction (deg) 

Figure 4a - Relevant to test case 1. The input wind field used for scatterometer data simulation is 
shown in the upper figure. The input field is also characterized by its speed histogram in the lower 
left corner and by its direction histogram in the lower right corner. 

Table 1 - Relevant to reconstruction results of test case 1. 

success 

@ 
overall 

99.86% 
99.86% 

215712160 

215712160 
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Reconstructed Field 1 

I Hist error speed (ms-l) Hist error direction (deg) 1 
Figure 4b - Relevant to test case 1. The reconstructed wind field is shown in the upper figure. The 
reconstruction accuracy is characterized by the error speed histogram in the lower left corner and 
by the error direction histogram in the lower right corner. 

tive analysis is accomplished by making use of the NASA retrieval standards, i.e. an error 
of * 2 ms-' in speed and k 20" in direction, in Table 1 and by means of speed and direction 
error histograms in Figure 4b. We note that the overall reconstruction is, as expected, con- 
ditioned by the wind direction estimation capability and that high accuracy leve1 is reached. 
In detail, if we see the error histograms we learn that wind speed errors are generally within 
0.3 dsec ,  while wind direction errors are generally within 5". In short, retrieval is excel- 
lent. 
Let us now consider the second simulation and the corresponding reconstruction results, 
(Fig. 5a, 5b) (Tab. 2). We have that wind field used is quasi bimodal with prevailing wind 
speeds in the range 11-13 mlsec and wind directions in the ranges 50"-60" and 120"-130". 
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Figure 5a - Relevant to test case 2. The input wind field used for scatterometer data simulation is 
sbown in the upper figure. The input field is also characterized by its speed histogram in the lower 
left corner and by its direction histogram in the lower right corner. 

Table 2 - Relevant to reconstruction results of test case 2. 
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Figure 5b - Relevant to test case 2. The reconstructed wind field is shown in the upper figure. The 
reconstruction accuracy i s  characterized by the error speed histogram in the lower left corner and 
by the error direction histogram in the lower right corner. 

Reconstructed Field 
1 l I 

15P.v 144%' laow 128%' 

The reconstruction results are shown in the same format used before in Figure 5b and Table 
2. Although the wind field considered is more complex the procedure exhibits remarkable 
results. In detail wind speed errors are generally within 0.5 mlsec, while wind direction er- 
rors are generally within 8'. In short even in this case of complex wind fields high-quality 
retrieval is obtained. 
In the third simulation a wind field with a cyclonic strutture with wind speed and direc- 
tions varying on a large range has been considered, (Fig. 6a). The retrieval results showed 
in Table 3 exhibit a lower percentage of success respect to the previous simulation. This is 
due to the extreme complexity of the wind field and presence of regions (see top left area 
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Figure 6a - Relevant to test case 3. The input wind field used for scatterometer data simulation is 
shown in the upper figure. The input field is also characterized by its speed histogram in the lower 
left corner and by its direction histogram in the lower right corner. 

Table 3 - Relevant to reconstruction results of test case 3. 

90.78% 196112160 
overall 90.78% 196112160 
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Hist error speed (ms-') Hist error direction (deg) 

Figure 6b - Relevant to test case 3. The reconstructed wind field is shown in the upper figure. The 
reconstruction accuracy is characterized by the error speed histogram in the lower left corner and 
by the error direction histogram in tbe lower right corner. 

in Figure 6a) with low wind regimes. It is in fact well-known that cyclonic wind retrieval 
stmcture is a challenging test. On a quantitative basis we have that even in this case the 
wind speed error are generally within 0.5 mlsec, while wind direction errors are generally 
within 8". Again we can state that high-quality retrieval is obtained. 

Conclusions 
A retrieval study based on simulated SeaWinds scatterometer data set has been accom- 
plished. Retrieval results are remarkable even when complex bimodal and cyclonic wind 
field are in question. 
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Abstract
At IMAA-CNR (Istituto di Metodologie per l’Analisi Ambientale - Consiglio Nazionale delle 
Ricerche), a multichannel microwave radiometer, a water vapour Raman LIDAR (LIght 
Detection And Ranging) and a radiosounding system are operational. The analysis of the 
radiometer zenith sky brightness temperatures for the period February-September 2004 
shows a large increase of the IPWV (Integrated Precipitable Water Vapour) in the summer 
months, whereas ILW (Integrated Liquid Water) does not show any thermal dependence. A 
good agreement has been found between IPWV radiosonde, radiometer and LIDAR estima-
tions. We show that microwave radiometer can be used as reference instrument for Raman 
LIDAR calibration and that the synergy between these instruments is an effective mean for 
atmospheric water vapour monitoring. 

Riassunto
All’IMAA (Istituto di Metodologie per l’Analisi Ambientale - Consiglio Nazionale delle Ri-
cerche) sono operativi un radiometro a microonde multicanale, un LIDAR Raman per misure 
di vapor d’acqua e un sistema di radiosondaggio. L’analisi delle temperature di brillanza 
zenitali misurate dal radiometro nel periodo febbraio-settembre 2004 mostra un incremento 
del contenuto colonnare del vapor d’acqua nei mesi estivi, mentre l’acqua liquida non appa-
re correlata alla temperatura atmosferica. E’ stato trovato un buon accordo tra radiometro, 
radiosonda e LIDAR in termini di contenuto colonnare di vapor d’acqua. Mostriamo inoltre 
che il radiometro a microonde può essere utilizzato come strumento di riferimento per la 
calibrazione del LIDAR Raman e che la sinergia fra questi strumenti è un mezzo efficace per 
il monitoraggio del vapor d’acqua atmosferico.

Introduction
The atmospheric water vapour content is a fundamental variable for the comprehension of 
many weather and climatological events. It is a very effective greenhouse gas [IPCC, 2001] 
and a key indicator in climate monitoring and for the detection of climate change. In fact, 
water vapour strongly affects the Earth’s radiative balance both at the surface and at the top 
of the atmosphere, playing a fundamental role in energy transport by absorbing the incom-
ing visible solar and the outgoing infrared planetary radiation and affecting cloud formation 
processes [Houghton, 1986; Peixoto and Oort, 1992]. The distribution of water vapour in 
the atmosphere is highly variable both on a vertical scale, with a decrease of several orders 
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of magnitude from the surface to the tropopause, and on a temporal scale, with water vapour 
content variations of about one order of magnitude in less than one hour [Holton, 1992]. 
Many techniques are used to obtain information on atmospheric water vapour content, but 
it is very difficult to perform accurate water vapour measurements because of the high vari-
ability of this atmospheric component. The integration of measurements carried out with 
different sensors seems to be the best way to overcome these difficulties and to obtain a 
complete characterization of atmospheric water vapour content. Radiosoundings are still 
considered the best device in the profiling of atmospheric water vapour and are used as 
reference instrument for other devices, though the used humidity sensors are affected by a 
dry-bias widely studied and reported in literature [Ferrare et al., 1995; Nash and Schmidlin, 
1987; Schmidlin, 1999]. The accuracies of the new generation sensors have been improved 
and, in particular, Vaisala RS92 sondes are considered as reliable by Commission for Instru-
ments and Methods of Observation (CIMO) [Nakamura et al., 2004; Ishihara et al., 2004]. 
In spite of this, the radiosondes are very expensive and give only a sparse temporal sam-
pling and this has lead the scientific community to develop remote sensing techniques for 
the continuous monitoring of the atmosphere: one of these is the microwave radiometry.
Over the last three decades, passive microwave remote sensing has made considerable 
progresses and has achieved significant results in the study of the Earth’s surface and at-
mosphere [Pampaloni and Paloscia, 1999]. Ground-based microwave radiometry represents 
a fundamental link in the framework of satellite validation plans and the best all-weather 
ground-based profiling technique. A ground-based microwave radiometer can provide tem-
perature, water vapour and limited resolution liquid water profiles, working in unattended 
mode [Solheim et al., 1998]. In ground-based measurements, temperature profiles are typi-
cally obtained by measuring 60 GHz oxygen brightness spectrum, while water vapour pro-
files are obtained by observing the intensity and the shape of pressure broadened 22 GHz 
water vapour absorption line, because the emission intensity is proportional to water vapour 
molecular density. Cloud liquid profiles, instead, are obtained by measuring the contribution 
of liquid water to atmospheric spectral features of different opacity, along with a cloud base 
height measurement. Moreover, microwave radiometers usually give an estimation of IPWV 
(Integrated Precipitable Water Vapour) and a correspondent estimation of ILW (Integrated 
Liquid Water), the latter usually not available in radiosounding data, allowing to have a com-
plete information about atmospheric total water content. About the water vapour profiling, 
the main limit of a microwave radiometer is the limited vertical resolution, both for ground-
based instruments and for instruments operational on a satellite platform. The last ones are 
able to overrun the horizontal spatial resolution problem, but the vertical resolution remains 
limited. A better vertical resolution can be obtained using active remote sensing techniques, 
such as LIDAR techniques.
LIDAR (LIght Detection And Ranging) is one of the most widely diffuse techniques for 
atmospheric vertical sounding. This success is mainly due to its capability to perform meas-
urements of atmospheric parameters with high resolution, both in time and space. Basically, 
a LIDAR system is constituted of a coherent radiation source (laser) and of a receiver, 
typically a telescope, to collect the radiation backscattered by the atmospheric mixture. By 
exploiting the different atmospheric scattering processes of the laser radiation, it is possible 
to investigate many atmospheric components (aerosol, water, ozone, etc.) and parameters 
(pressure, temperature, wind). In particular, Raman LIDAR technique is a high level profil-
ing technique for the study of atmospheric water vapour distribution allowing to follow, both 
in time and space, the typical large variability of water vapour [Measures, 1984; Whiteman 
et al., 1992]. This technique is based on the anelastic Raman scattering effect produced by 
atmospheric gases. In LIDAR measurements of the atmospheric water vapour, the Raman 
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radiation backscattered by water vapour and nitrogen molecules in the atmosphere is simul-
taneously detected in order to retrieve the profile of the water vapour mixing ratio defined, in 
a system of moist air, as the ratio of the mass of water vapour to the mass of dry air [Ferrare 
et al., 1992]. The Raman LIDAR technique allows performing water vapour mixing ratio 
measurements in the free troposphere up to the lower stratosphere [Keckhut et al., 2003] 
with very high space and time resolution [Goldsmith et al., 1998]. During night time, it is 
possible to obtain wider range profiles, because the absence of the solar background radiation 
allows obtaining signal-to-noise ratios higher than during daytime. The water vapour mixing 
ratio profiles are obtained using the proportionality of the water vapour mixing ratio to the 
ratio between the water vapour and nitrogen Raman backscattered signals. Water vapour Ra-
man LIDAR systems need a calibration procedure in order to determine the proportionality 
constant which depends on instrumental parameters. This calibration procedure constitutes a 
crucial issue in the Raman LIDAR water vapour measurements and it is typically performed 
comparing the water vapour Raman LIDAR measurements with those obtained by using a 
reference instrument. 
In this paper, we present the results obtained from the analysis of radiometer, LIDAR 
and radiosounding data collected at the Earth observation ground-based facility of IMAA 
(Istituto di Metodologie per l’Analisi Ambientale - Consiglio Nazionale delle Ricerche) 
located in Tito Scalo (40.60° N, 15.72° E, 760 m a.s.l.). In the next section, we give a brief 
description of the experimental setup. Afterwards, we analyze the 22.235 GHz and 30.000 
GHz daily averages of zenith sky brightness temperature and the cumulative and frequency 
distributions of zenith sky brightness temperatures at the same frequencies measured by 
the IMAA microwave profiler. Finally, we focus on the comparisons between radiosonde, 
radiometer and LIDAR IPWV measurements obtained during an intensive measurement 
campaign performed in September 2004 at IMAA in the framework of the “European AQUA 
Thermodynamic Experiment” (EAQUATE), an international measurement campaign for the 
validation of AQUA and AURA satellites [Smith et al., 2005]. Then, we compare radiometer 
and LIDAR water vapour mixing ratio profiles and we discuss the possible synergy between 
LIDAR and microwave radiometer water vapour measurements.

Instruments
The Earth observation ground-based facility operational at IMAA-CNR is able to perform 
ground-based measurements for the study of atmospheric constituents, such as aerosol, wa-
ter vapour, ozone, pollution, trace gases, and for satellite validation campaigns. IMAA Earth 
observation ground-based facility is equipped, in particular, with a water vapour Raman 
LIDAR, that, since July 2002, performs systematic measurements twice a week, and with 
a collocated radiosounding station. On February 2004, the experimental setup has been im-
proved through the introduction of a multichannel microwave radiometer, that is operational 
24h per day, 7 days a week. The integration of radiosonde, radiometer and Raman LIDAR 
measurements represents an effective way to characterize atmospheric water vapour dynam-
ics and climatologic cycles. In the following we will introduce the IMAA microwave profiler 
and the IMAA Raman LIDAR for water vapour measurements.

Microwave radiometer
The ground-based multichannels radiometric profiler, installed at IMAA on February 2004, 
is manufactured by the Radiometrics Corporation [Ware et al., 2003; Ware et al., 2004]. 
It measures sky brightness temperature at 12 channels: 5 channels are in the K-band and are 
distributed from the centre onto the wing of the 22 GHz water vapour resonance absorption 
line, while the rest are in the V-band, distributed on one shoulder of the 60 GHz oxygen 
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Table 1 - IMAA TP-WVP 3000 radiometer technical specifications.

Measurement channels
K band 
V band

22.2, 23.0, 23.8, 26.2, 30 GHz
51.3, 52.3, 53.9, 54.9, 56.7, 57.3, 58.8 GHz

Size 50x28x76 cm

Weight 32 kg

Min. sampling time 12 s

Accuracy 0.5 K 

Resolution 0.25 K

Vertical resolution 100 m up to 1 km, 250 m above

Range 0÷700 K

Operating range -20÷50 °C 

Angle measurements all sky coverage

Pointing slew rate 3° per second, azimuth; >90° per second, elevation

Cycle time selectable (typically 10 min)

Beam width
6.3° at 22.2 GHz, 4.9° at 30 GHz, 2.5° at 51.3 GHz and 2.4° at 58.8 GHz 
(full width half power)

resonance absorption line. The radiometer is equipped with an infrared thermometer (IRT), 
installed on the top of radiometer cabinet, able to measure zenith sky brightness temperature 
(Tb) within the spectral range of 9.6 to 11.5 µm, and with surface meteorological sensors, 
used to improve the profiling. Moreover, radiometer is able to operate a 3D scanning of the 
atmosphere, by measuring sky brightness temperature at all zenithal and azimuthal angles. 
Radiometer main specifications are reported in Table 1. The IMAA microwave profiler is 
also equipped with a rain effect mitigation method able to minimize error resulting from the 
accumulation of liquid water and ice on the microwave radiometer radome, which degrades 
the accuracy of sky brightness temperature measurements by as much as 100 K generating 
a large uncertainty in the radiometric profiling [Ware et al., 2004].
The inversion of the radiometric sky brightness temperatures provides temperature, water 
vapour and liquid water profiles from the ground up to 10 km of height, with a vertical resolu-
tion of 100 m from the ground up to 1 km and of 250 m above. The sky brightness tempera-
tures are inverted using a commercial algorithm provided by the Radiometrics Corporation, 
based on a standard back propagation (BP) neural network [Solheim et al., 1998]. In order to 
improve retrieval accuracy and vertical resolution beyond the level suggested by the eigen-
value analysis of microwave observations alone, the BP neural network has been trained on 
about 10000 historical radiosondes representative of the measuring station [Solheim et al., 
1996]. Useful constraints, such as cloud base (CB) temperature and height, are also used to 
improve the retrieval of water vapour and liquid water profiles [Han and Westwater, 1995]. In 
the IMAA microwave profiler, the CB temperature is measured by the IRT, while CB height 
is retrieved combining the CB temperature with the temperature profile obtained by the BP 
neural network algorithm. IPWV and ILW estimations are also yielded by the microwave 
radiometer, applying to Tb measurements a linear regression method, using the following 
equation system:
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where  represent the IPWV and the ILW, T
s
, p

s
  and RH

s
 are the surface values of 

temperature, pressure and relative humidity and Tir is the cloud base temperature measured 
by the infrared thermometer. a

i
 and b

i
 are the coefficients representative of the measurement 

station statistically determined by the historical radiosoundings, while τ1and τ2 defined as

              [2]

are the atmospheric opacities for two selected channels corresponding to different atmos-
pheric water vapour and liquid water absorptions: the former being strongly affected by 
water vapour absorption, the other by liquid water [Barbaliscia et al., 1998; Pacione et al., 
2002]. τ

1
 and τ

2
 depend on the atmospheric mean radiating temperature T

mr
 and the cosmic 

background emission T
C 

. The symbol ν
i
 indicates the frequency dependence. The calibra-

tion of radiometer channels is automatically performed in the K-band for tipping [Han and 
Westwater, 2000], for the V-band instead a patented cryogenic blackbody target is used.

Water vapour Raman LIDAR
The IMAA Raman LIDAR system for water vapour measurements [Cuomo et al., 2003; 
Cornacchia et al., 2004] is based on a Nd:YAG laser source providing about 170 mJ per 
pulse at 355 nm with a repetition rate up to 100 Hz (tipically operational at 50 Hz). The 
radiation at 355 nm is transmitted into the atmosphere in a coaxial mode. The radiation back-
scattered from the atmosphere is collected by a F/10 Cassegrain telescope. The collected 
radiation is split into three channels by means of dichroic mirrors and interferential filters 
are used to select the elastic backscattered radiation at 355 nm, the N

2
 Raman shifted signal 

at 386.6 nm and the water vapour Raman shifted signal at 407.5 nm. In order to optimize 
the LIDAR signal over all the sounding altitudes, the radiation collected at each wavelength 
is further split into 2 different channels with different attenuation of the radiation obtained 
by means of neutral density filters. Highly attenuated signal provides information from low 
altitudes, where the intense backscattered radiation could produce photomultiplier and elec-
tronic chain saturation, while the less attenuated signal is used to measure the weaker radia-
tion backscattered from high altitudes. The merging of the low range and high range signals 
provides a signal with a very wide dynamic range for each wavelength. Photomultiplier 
tubes are used to detect the backscattered radiation and the acquisition is performed in pho-
ton-counting mode by using a multichannel scaler (MCS). Main specifications of the IMAA 
Raman LIDAR system are reported in Table 2. This LIDAR system is part of Network for 
the Detection of Stratospheric Change (NDSC) [Keckhut et al., 2004] and since July 2002 
it is used two times per week to perform systematic measurements of water vapour mixing 
ratio profiles up to UTLS (Upper Troposphere/Lower Stratosphere) with a minimum vertical 
resolution of 15 m and a minimum temporal resolution of 60 s. The water vapour mixing 
ratio profiles w(z) are retrieved from the ratio of the 407 nm water vapour Raman backscat-
tered signal to 386 nm nitrogen Raman backscattered signal, as follows [Ansmann et al., 
1992; Whiteman, 1999; Turner and Goldsmith, 1999; Whiteman et al., 2001]:

                                                  [3]

where P
H2O

(z) and P
N2

(z) are the water vapour and nitrogen Raman collected powers back-
scattered from the atmosphere, ∆T

w
(z) is the atmospheric differential transmission at 407.5 

nm and 386.6 nm and K is the “calibration constant”. K depends on the quantum and opti-
cal efficiency of the Raman water vapour and nitrogen acquisition channels [Sherlock et 
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al., 1999] and, in principle, if the experimental setup of a Raman LIDAR system does not 
undergo modifications, the value of K should not change with the time. The IMAA water 
vapour Raman LIDAR was calibrated during an intensive LIDAR and radiosonde measure-
ment campaign performed at IMAA in the period May-June 2002. About 150 co-located 
radiosoundings performed during the period from July 2002 to September 2004 have been 
used to monitor the fluctuation of the calibration constant, that results lower than 5 %. The 
stability of the IMAA Raman LIDAR calibration constant allows us performing LIDAR wa-
ter vapour measurements with a good accuracy, apart from the presence of radiosoundings.

Measurements
Radiometric measurements
Radiometric data, acquired in the period February-September 2004, have been analyzed 
to test the instrument performances and to find out possible trends in the water vapour 
variability. In Figure 1, we report the behaviour of the 22.235 and 30.000 GHz Tb daily 
average. We choose this couple of frequencies because the 22.235 GHz channel is strongly 
affected by water vapour absorption, while the 30.000 GHz channel shows a low water 
vapour absorption with a significant liquid water absorption contribution. This is meant to 
distinguish the absorption contributions due to water vapour and liquid water. The part of 
the figure where no radiometric measurements are available is relative to a period during 
which the radiometer has been employed in a measurement campaign in Northern Italy. 
Figure 1 shows a different behaviour for the water vapour and liquid water average contri-
butions to the 22.235 GHz and the 30.000 GHz Tb: while the 30.000 GHz Tb is on average 

LASER: Nd:YAG laser (Coherent - Infinity)

Max. Pulse Energy 170mJ @ 355nm

Max. repetition rate 100Hz

Beam divergence (full angle) <0.35 mrad

Pulse duration 3 ÷ 4 ns

RECEIVING SYSTEM: Cassegrain telescope

Primary mirror diameter 0.5 m

Combined focal length 5 m

Night-time field of view (full angle) 1 mrad

Daytime field of view (full angle) 0.6 mrad

Detectors photomultipliers, working in photon-counting mode

SPECTRAL SELECTION: interferential filters

Wavelengths (nm) 355, 386, 407

Day-time bandwidth (nm) 0.5

Night-time bandwidth (nm) 1.0

ACQUISITION: photon counting mode

Min. dwell time 100 ns

Bandwidth (BW) 150 MHz

Phillips Scient. fast discriminator BW 300 MHz

Table 2 - The IMAA water vapour Raman LIDAR system technical specifications.
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constant in time during the considered period, the 22.235 GHz Tb shows an average value 
higher during warm months (April-September) with respect to the value measured during 
the cold months (February-March). This result suggests that the liquid water contribution 
is not sensitive to air temperature monthly variations or that these variations are not appre-
ciable by using the microwave radiometer data. On the contrary the water vapour column 
content increases during the warm months indicating a thermal response of the atmospheric 
water vapour. Figure 2 shows the cumulative distribution of zenith sky brightness tempera-
ture at 22.235 GHz and at 30.000 GHz for all the data acquired in the considered period. It 
is possible to check out a change of the slope of the distribution curve around 185 K (2%) 
for the 22.235 GHz channel and around 80 K (7%) for the 30.000 GHz channel. These 
thresholds can be representative of a limit between clear and cloudy sky conditions, for the 
two frequencies. Two regions can be identified above and below the cross of the distribu-
tions. This cross separates the tiny fraction of the examined sample corresponding to the 
presence of heavy rain-bearing clouds, in which prevails the water liquid phase, from the 
remaining part of the data above the cross of the curves where clear or stratified sky con-
ditions dominate. Further analysis on the 22.235 GHz zenith sky brightness temperatures 
(Fig. 3) has revealed a clear difference between the frequency distributions respectively 
calculated on the available measurement cold months (February and March) and on the 
warm months (April-September). The two histograms, shown in Figure 3, have a different 
dispersion around the median Tb values calculated during the February-March and April-
September periods respectively of 52.5 K and 97.5 K. The higher probability to measure 
large Tb values during the warm period respect to the cold one confirms a thermal response 
of the atmospheric water vapour content. A similar investigation for the 30.000 GHz chan-
nel is reported in Figure 4. The difference in the dispersion of the frequency distributions 
relative to the two examined period does not allow to distinguish a clear seasonal trend in 
the atmospheric liquid water content. Therefore, these results reveal the probable prevail-
ing role in the IPWV seasonal cycles of the atmospheric water vapour contribution due to 

Figure 1 - 22.235 and 30.000 GHz daily averages of zenith sky bright-
ness temperature measured by IMAA radiometer.
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Figure 2 - Cumulative distributions of zenith sky brightness temperature 
at 22.235 and 30.000 GHz (February-September 2004).

Figure 3 - Frequency distributions of the 22.235 GHz zenith sky brightness 
temperature relative to the period February-March and to the period April-
September.
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the intensive convective dynamics in warm months with respect to the cloud contributions, 
while the ILW seems to be more correlated to rain formation than to the air temperature. 
However, the observation period is too short to be climatologically representative of our 
site, and, in the future, this preliminary analysis will be integrated through the investiga-
tion of a wide radiometric measurement database, obtained by 24 hours per day, 7 days a 
week, IMAA microwave radiometer measurements. Such a monitoring supports statistical 
investigation of the yearly and monthly cycles of IPWV and ILW.
As previously observed, in order to retrieve temperature, water vapour and liquid water 
profiles, the radiometric Tb inversion has been performed using an algorithm based on a 
standard back propagation (BP) neural network provided by the Radiometrics Corporation. 
In Figure 5, it is shown an example of the profiles retrieved by the IMAA radiometer: these 
profiles, obtained on the 6th of September during the EAQUATE campaign, have a vertical 
resolution of 100 m up to 1 km from ground and 250 m above. The examination of these wa-
ter vapour mixing ratio profiles reveals that the radiometer is able to detect the atmospheric 
water vapour trend and that radiometric profiles can be really used for a real time quick look 
and for short term forecast. As we will see in the following section, Raman LIDAR is more 
reliable than microwave radiometer in profiling atmospheric water vapour structures.

Comparisons 
The intensive measurement campaign performed in the period 6-10 September 2004 at 
IMAA, in the framework of the EAQUATE measurement campaign, has been the best op-
portunity to test the radiometer measurement reliability and to perform the integration of 
different sensor data. The campaign has been carried out within an international collabo-
ration between NASA Langley Research Center, University of Wisconsin, CNR-IMAA, 

Figure 4 - Frequency distributions of the 30.000 GHz zenith sky bright-
ness temperature relative to the period February-March and to the period 
April-September.
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Figure 5 - Temperature, water vapour mixing ratio, relative humidity and cloud liquid 
water profiles retrieved by the inversion of the TP-WVP 3000 measurements at IMAA 
site on the 6th of September 2004.
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Mediterranean Agency for Remote Sensing (MARS), University of Basilicata, University 
of Naples and University of Bologna and its main aim has been the AQUA and AURA 
satellite platform validation. During the campaign, radiosoundings have been performed 
3-4 times per day using RS90 and RS92 Vaisala radiosondes and this quite large number 
of launches has enabled an interesting comparison between sonde, radiometer and LIDAR 
IPWV estimations. In Figure 6, the comparison between radiometer and sonde IPWV es-
timations is shown and the corresponding values are reported in Table 3, where are also 
reported the IPWV estimations retrieved by Raman LIDAR measurements calibrated on 
the radiosounding profiles [Sherlock et al., 1999]. As above mentioned, IPWV also depends 
on T

mr
 and T

C
. Radiometric IPWV estimations and their relative errors, reported in Table 

3, have been calculated using the climatological values of the atmospheric mean radiating 
temperatures and their standard deviations at the frequencies selected for the retrieval of 
IPWV. Cosmic background temperature error is negligible and therefore radiometric IPWV 
errors depend only on those of the atmospheric mean radiating temperature [Westwater et 
al., 2001]. Radiometer IPWV estimations show an average difference of -0.004 cm with 
respect to the radiosondes and a standard deviation 0.055 cm, while for IPWV LIDAR-ra-
diosonde estimations we obtain an average deviation of -0.003 cm and a standard deviation 
of 0.052 cm. Two soundings ended below 8 km (indicated in Table 3 with the symbol *) 
have been excluded in these calculations. These comparisons show the compatibility of the 
IPWV estimations carried out with these different techniques and also clearly indicate the 
good quality of LIDAR water vapour mixing ratio profiles and the stability of the LIDAR 
system. It is therefore possible to use the IPWV radiometric estimations as reference values 

Figure 6 - Comparison between IPWV measured using the radiometer and 
the radiosondes during EAQUATE the measurements campaign performed 
at IMAA in the period 06-10 September 2004. In correspondece of each 
IPWV value, the radiosounding start time is reported.
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in Raman LIDAR calibration, thus overcoming temporal sampling difficulties typical for 
radiosoundings [Sherlock et al., 1999]. An example of calibrated Raman LIDAR mixing 
ratio profiles is reported in Figure 7, where LIDAR profiles have a vertical resolution of 15 
m and a temporal resolution of 60 s. The white stripe in Figure 7 is relative to a temporal 
window during which no LIDAR measurements are available. This figure shows LIDAR 
performances in describing atmospheric water vapour structure during night time measure-
ments: LIDAR is able to detect atmospheric water vapour dynamics in great detail, as de-
scribed in the following. Comparisons between LIDAR water vapour mixing ratio profiles 
calibrated on radiosonde and on radiometric measurements show a water vapour content 
deviation lower than 10-2 cm below 2 km, lower than 10-3 cm in the range 2-4 km and lower 
than 10-2 cm above 4 km. These values correspond to an average deviation between the 
calibration constants calculated using the two different methods lower than 1 %. The aver-
age deviation of LIDAR water vapour mixing ratio profiles calibrated on radiometer IPWV 
estimation to those calibrated on the radiosounding mixing ratio profiles is lower than the 
uncertainty on the IPWV estimations retrieved by the Raman LIDAR. 
These results allow us defining as reliable IPWV radiometric estimations and to claim that 
the Raman LIDAR system calibration can be performed also using radiometer IPWV as 
reference estimation. The use of microwave radiometer as reference instrument in Raman 
LIDAR calibration procedure overruns all the aforesaid problems connected to radiosound-
ing limits and allows to operate a continuous monitoring of the fluctuations of the LIDAR 
calibration constant. Therefore, a microwave radiometer represents a continuous reliable 
reference source for Raman LIDAR calibration.
Water vapour mixing ratio profiles retrieved by radiometer and IMAA water vapour Raman 

Table 3 - Comparisons between radiometer, radiosonde and LIDAR IPWV measurements for the 
period 6-10/09/2004. IPWV LIDAR estimations are retrieved from LIDAR mixing ratio profiles 
calibrated using the radiosoundings. The symbol (*) is referred to sonde IPWV estimations relative 
to radiosoundings terminated below 8 km.

Day Time (UT) Radiometer (cm) Sonde (cm) LIDAR (cm)

6 September 11:58 2.53±0.08 2.57±0.01 -

17:13 2.30±0.07 2.22±0.01 -

18:36 1.94±0.06 2.009±0.005 1.87±0.05

20:32 1.74±0.06 1.68±0.01 1.75±0.05

7 September 12:38 1.62±0.06 1.61±0.01* -

16:58 1.96±0.06 1.91±0.01 -

21:29 1.52±0.06 1.47±0.01 1.47±0.02

8 September 01:59 1.34±0.05 1.35±0.01 1.38±0.01

12:30 1.42±0.05 1.460±0.004 -

15:52 1.12±0.05 1.060±0.001 -

18:02 0.56±0.04 0.570±0.004 0.53±0.01

20:54 0.48±0.04 0.39±0.01 0.417±0.006

9 September 12:06 1.98±0.06 2.02±0.004 -

18:17 1.13±0.05 1.162±0.004 1.15±0.02

22:00 0.87±0.04 0.886±0.004 0.91±0.01

 10 September 00:35 0.97±0.05 1.058±0.004 1.045±0.006
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LIDAR have also been compared. In Figure 8, we report the water vapour mixing ratio 
profiles obtained by the radiometer measurements corresponding to the same hours of the 
LIDAR measurements reported in Figure 7. The vertical resolution of the radiometer data 
is of 100 m from ground up to 1 km of height and 250 m above and the temporal resolution 
is 10 minutes. By comparing Figure 7 and 8, it can be seen that the radiometer is able to 
reveal the presence of water vapour in the atmospheric vertical range from ground up to 
about 5 km but not to describe the main atmospheric water vapour structures that, instead, 
are clearly identified by the Raman LIDAR. In particular, the water vapour mixing ratio 
profiles retrieved by the Raman LIDAR measurements show the PBL (Planetary Boundary 
Layer) structures of 6-9 g/kg below about 2 km and a dry region between 2 and 3 km, sepa-
rated by a thin residual layer of 3-4 g/kg and, finally, a wet region of 1-2 g/kg around 4-5 
km. Further tests performed during the EAQUATE campaign, confirm that the resolution 
of the water vapour mixing ratio profiles retrieved by the microwave radiometer is not suf-
ficient to provide a complete characterization of the atmospheric water vapour variability 
whereas Raman LIDAR technique is highly reliable in the profiling of atmospheric water 
vapour. 
Future developments are relative to the implementation of a new Tb inversion algorithm 
for the retrieval of temperature and water vapour mixing ratio profiles from the radiometric 
measurements, based on a physical-statistical approach instead of the neural one. A further 
algorithm improvement is the use of CB height estimation provided by a laser ceilometer, 
operational at IMAA since August 2004, able to directly measure this parameter. 

Figure 7 – Temporal evolution of the water vapour mixing ratio profiles retrieved by IMAA 
water vapour Raman LIDAR measurements on the 9th of September 2004, in the framework of 
EAQUATE measurement campaign. 
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Besides these improvements, the use of water vapour Raman LIDAR mixing ratio profiles 
calibrated using IPWV radiometric estimations seems to be the best method to describe 
atmospheric water vapour dynamics with high temporal and vertical resolution.

Summary
In this paper, we have presented a part of the IMAA-CNR Earth observation ground-based facil-
ity, introducing the different devices used in the atmospheric water vapour measurements. The 
investigation of cumulative statistics of the radiometric zenith sky brightness temperatures shows 
some preliminary findings relative to a seasonal thermal dependence of IPWV and ILW. Compar-
isons between radiosonde and radiometer IPWV estimations reveal a good agreement and there-
fore it is possible to use microwave radiometer as reference instrument in the calibration of water 
vapour mixing ratio profiles retrieved by the Raman LIDAR, instead of using radiosondes. 
The microwave radiometer also allows overruning all radiosondes difficulties, mainly due to 
the sparse temporal sampling, logistical difficulties and high costs, giving the real possibility 
of continuously monitoring the value of the Raman LIDAR calibration constant. Further com-
parisons between water vapour mixing ratio profiles measured by the radiometer and Raman 
LIDAR show how Raman LIDAR technique is more reliable than microwave radiometry in 
the vertical sounding of atmospheric water vapour. In the next future, the implementation of 
the radiometer retrieval of temperature and water vapour mixing ratio profiles with a new Tb 
inversion algorithm will be the first step to improve the atmospheric radiometric profiling re-
liability. Besides, the investigation of a wide database of h24 radiometric measurements will 
allow to statistically characterize the yearly and monthly cycles of the IPWV and ILW.

Figure 8 - Temporal evolution of the water vapour mixing ratio profiles retrieved by TP-WVP 3000 
on the 9th of September 2004 during the same temporal range of LIDAR measurements of Figure 7. 
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Abstract
One of the most recent and promising atmospheric remote sensing technique is the GPS 
radio occultation. The inversion of phase measurements collected by a GPS receiver placed 
on a Low Earth Orbit when it is rising or setting with respect to the transmitter, allows the 
retrieval of accurate and high vertical resolution atmospheric profiles. One of the main prob-
lems affecting the tracking of occulted GPS signals is the premature phase lock loss, due in 
particular to anomalous propagation phenomena (i.e., multipath, defocusing, tropospheric 
scintillations, etc.) occurring through the lower troposphere. Such effects may cause the 
refractivity close to Earth’s surface to be un-retrieved or negatively biased (when compared 
with the meteorological analysis). One of the possible solutions to mitigate the signal fading 
through the lower atmosphere is the adoption of open-loop tracking channels in the hardware 
design of the receivers. This is the strategy implemented in the new GPS radio occultation 
receiver (ROSA) developed by the Italian Space Agency. Some insight about the prediction 
model for the incoming frequency needed for open-loop purposes and its validation with real 
occultation data are given. Moreover, a measurement campaign with the ROSA bread-board 
is planned for the next 2006 year on the top of a mountain, in order to test and to validate the 
receiver. The measurement scheme is discussed.

Riassunto
Una delle più recenti e promettenti tecniche per il telerilevamento atmosferico è quella 
chiamata GPS - Radio Occultazione. L’inversione delle misure di fase effettuate da un 
ricevitore GPS montato a bordo di un satellite in orbita bassa quando sorge o tramonta 
rispetto al trasmettitore, permette il retrieval accurato di profili atmosferici ad alta 
risoluzione verticale. Ma uno dei maggiori problemi legati al tracking del segnale GPS 
in queste condizioni consiste nella perdita dell’aggancio di fase da parte del ricevitore, a 
causa soprattutto di fenomeni di propagazione anomala negli strati bassi dell’atmosfera 
(cammini multipli, defocalizzazione, scintillazioni troposferiche, ecc.). È questo oltre a 
portare al mancato retrieval dei valori caratterizzanti i primi strati della troposfera, causa 
un bias negativo nei valori di rifrattività (nei confronti dei valori ottenibili da analisi me-
teorologiche). Un rimedio possibile dal punto di vista dell’hardware del ricevitore consiste 
nell’utilizzo della tecnica di ricezione ad anello aperto di quei segnali provenienti dalla 
troposfera. Questa è la strategia implementata nel nuovo ricevitore GPS per la Radio Oc-
cultazione (ROSA) sviluppato dall’Agenzia Spaziale Italiana. In questo contributo verrà 
fornita una breve descrizione della tecnica della Radio Occultazione nonché alcuni det-
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tagli relativi al modello di predizione dello scostamento Doppler (ed alla sua validazione 
condotta utilizzando osservazioni reali) adottato e implementato nel software di bordo del 
ricevitore ROSA e necessario per l’acquisizione ad anello aperto del segnale. Inoltre per la 
prossima stagione estiva 2005 è pianificata una campagna di misura con il ricevitore dalla 
cima di una montagna, campagna questa necessaria per la validazione del suo funziona-
mento. I dettagli di questa campagna verranno discussi al termine del contributo.

Introduction 
The importance of the radio occultation technique applied to GPS measurements (hereafter 
GPS RO) for the remote sensing of the Earth’s atmosphere has been increased during the 
last decade, since the first related mission (the GPS/MET proof of concept mission, [Kurs-
inski et al., 1996; Ware et al., 1996]) highlighted its possibilities. On the base of the good 
results obtained, several other satellites carrying on-board a GPS receiver for the radio oc-
cultation sounding of the atmosphere were planned and launched (for example the Oersted 
satellite developed by the Danmarks Meteorological Institute and the South African SUN-
SAT, developed by the University of Stellenbosch). Actually, at least two missions opera-
tively provide to the scientific users atmospheric profiles retrieved with such a technique: 
the German CHAMP mission, and the Argentinian SAC-C. 
The GPS RO technique is based on the inversion of excess-phase measurements collected 
by a GPS receiver placed on a Low Earth Orbit (hereafter LEO), when it is setting or it is 
rising with respect a transmitter. The result of the inversion is a high vertical resolution 
(up to about 100 m [see Mortensen et al., 1999; Hajj et al., 2002]) atmospheric refractivity 
profile, from which the correspondent temperature and humidity profiles can be extracted. 
In principle, one single GPS LEO receiver could observe up to 500 uniformly distributed 
occultation events per day (using the GPS signal alone). But, due to the presence of water 
vapour in the troposphere, defocusing, multipath and other anomalous propagation phe-
nomena are quite common. For PLL-based GPS tracking devices (closed loop tracking) the 
main consequence in reception can be the early loss of the phase lock and the following 
tracking failure. In this case it is not possible to extract the carrier phase information needed 
for the excess phase measurement. As a consequence, most of the retrieved atmospheric 
profiles are characterized by a lack of data in the lower atmospheric layers. Moreover a 
negative refractivity bias is often observed, in particular for the tropical retrieved atmos-
pheres [Ao et al., 2003; Beyerle et al., 2004, 2005].
The correct tracking of the signal from and up to the terrestrial surface (for rising and 
setting events, respectively) and the compensation of this negative bias are the most 
promising challenges for the new occultation missions (the German GRACE twin satellite 
configuration gave first measurements in summer 2004 [Wickert et al., 2005a], while the 
future European GRAS mission and the U.S./Taiwan COSMIC constellation will be prob-
ably launched at the end of 2005). In Italy, starting from 1998, the Italian Space Agency 
(hereafter ASI) supported a research group (ASTRO, i.e. Atmospheric Sounding Through 
Radio Occultation) in order to understand if occultation data would be able to increase the 
informations for a better understanding of the climate processes above the Mediterranean 
area. ASTRO is composed by five university partners (Politecnico di Torino, Università “La 
Sapienza” di Roma, Università di Camerino, Istituto di Scienza dell’Atmosfera e del Clima 
di Bologna, Istituto di Fisica Applicata “Carrara” di Firenze) and an industrial one (Alenia 
Spazio - LABEN). 
At the end of its work, a satellite constellation carrying on board a new generation of more 
sophisticated GPS receiver was suggested in order to obtain both a horizontal resolution 
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satisfying the dynamics of the climate variations in the Mediterranean area and to obtain 
profiles starting from the planetary boundary layer [Sutera et al., 2003]. The main result ob-
tained by the ASTRO group has been the development of a new space-based GPS receiver 
for occultation purposes (the ROSA receiver).
First of all this receiver will be able to manage both “rising” and “setting” occultation 
events, since it has the possibility to collect data from two occultation antennas (looking in 
the “aft” and in the “forward” direction). Moreover, when the signal is received from the 
stratosphere, it will be tracked in closed-loop following the same technique used for all the 
traditional GPS occultation receivers. When, on the contrary, it is received from the lower 
troposphere, the receiver will switch on the open-loop tracking. But, in this case, the track-
ing loops will quickly search and follow the received frequency only if they are aided by an 
atmospheric-based model of the incoming frequency. 
This model should be able to predict in advance the excess-Doppler experienced by the 
GPS carrier (the Doppler shift in excess with respect that observed in vacuum, hereafter 
ExD). It can be used to down-convert the signal which, in turn, is low-pass filtered. It’s 
in-phase (I) and in quadra-phase (Q) components are sampled at 100 Hz as suggested by 
Sokolovskiy [2001, 2003], in order to allow for the full spectral reconstruction of the “re-
sidual” excess-phase, without aliasing of harmonics. The real excess-phase will then be 
reconstructed (in post-processing) from the sampled I and Q components, using also the in-
formations given by the model adopted for the real down-conversion. In this case the signal 
could be analyzed for a longer time and a better characterization of the lower atmospheric 
layers could become possible.
In this paper we will give an overview of the occultation technique and on its potential. 
We will describe the ExD prediction technique adopted for the ROSA on-board occultation 
software and its optimization, which is necessary for its quasi real-time applicability; then 
we will give some insights about the results of the validation of this technique obtained 
comparing real CHAMP measurements with predicted ExD data. Finally, in the last section 
we will describe the ground measurement campaign, which is planned for the next 2006 in 
order to test a bread-board of the ROSA receiver.

The radio occultation principle
As it has been introduced in the previous section, the GPS RO technique on its simplest 
form is based on the inversion of the ExD trend measured on the GPS signal received on-
board a LEO satellite when it is occulted with respect to the transmitter. When the signals 
cross the atmosphere they are delayed and their path is curved: therefore the overall effect is 
the signal reception also below the terrestrial limb (when the satellites are not yet in view). 
This is the radio occultation (RO) concept. The time derivative of the signal phase delay 
measurable under such conditions is defined as the ExD. Measuring both the phase delay 
(which varies from 0 km up to 1 km at the end of a setting occultation event, if measured in 
equivalent optical length) and the amplitude of the received signal, and applying Geometric 
Optics (GO) algorithms based on spherical simmetry [Melbourne et al., 1994] or Wave Op-
tics algorithm and Fourier operators [Gorbunov, 2002; Jensen et al., 2003], it is possible to 
derive the time-changes of two important parameters identifying each trajectory followed 
by the signal: the total bending α and the impact parameter a, i.e. the distance from the 
Earth’s mass center of the trajectories asymptotes (Figure 1 depicts a sketch of the GPS RO 
geometry and of the main geometric parameters). 
From the other side, assuming that the terrestrial atmosphere is locally spherical distributed 
(i.e., all its parameters depend only on the radius from the local center of refractivity), the 
bending angle α and the impact parameter a are related to the atmospheric refraction index 
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n(h) with the following integral formulation [Melbourne et al., 1994, Ware et al., 1996]:

                               [1]

where a = h
a
 + R

t
 and r = h + R

t
 (R

t
 is the Earth’s radius and h

a
 is the so-called impact 

height).
This formulation identifies an Abel integral that can be inverted in a closed form, given thus 
the possibility to retrieve the refractive index profile n(h) from the knowledge of the α(a) 
time-changes observed during the entire occultation event. Informations about the tem-
perature T(h), pressure P(h) and humidity q(h) profiles can be extracted from this refractive 
index profile using the Smith and Weintraub formula [Smith and Weintraub, 1953] for the 
refractivity, the hydrostatic approximation and independent observations (for the water va-
pour or temperature) collected by other instruments [Kursinski et al., 1996]. 
The GPS/MET proof-of-concept mission has confirmed the effectiveness of the occultation 
principle applied to the GPS signal. The CHAMP mission (CHAllenging Minisatellite Pay-
load) has carried, up to now, the most important operative instrument (the BlackJack GPS 
receiver, developed by Jet Propulsion Laboratory) for RO purposes. Since its first measure-
ment (occurred during the 11th of February, 2001 [Wickert et al., 2001]), more then 270,000 
occultations have been observed. About 170,000 of these have passed the quality check con-
trols: this means that, up to now, CHAMP has been able to distribute to the community about 
200 atmospheric profiles of pressure, temperature and humidity per day, nearly uniformly 
distributed around the globe (Figure 2 and Figure 3 show some details of the status of the 
CHAMP occultations, updated at the 18th of August, 2004. More informations can be found 
at the website: http: //www.gfz-potsdam.de/pb1/op/champ and in [Reigber et al., 2005]). 
The BlackJack receiver is able to process setting occultations only, since it acquires the 
“occulted” GPS signal from an antenna that is placed on the “aft” direction of the satellite. 
Moreover this receiver tracks the signal using Phase Lock Loops (PLLs): when the signals 
emerge from the troposphere, the effects of water vapour, defocusing, multipath, etc. may 
easily cause the loss of the phase lock. However it is able to quickly search the GPS signal 
and to establish a new link, thanks to the extrapolation of the last phase samples correctly 
processed (this modality is called fly-wheeling [Marquardt et al., 2003]). For a great number 
of occultations, useful signals are in fact locked and tracked also after the end of the Geo-
metric Optics prediction identified by the technique we are going to describe. This is prob-
ably due to multipath phenomena induced by the sharp refractivity gradients often occurring 
in troposphere. The proper tracking of these signals allows to infer important informations 

Figure 1 - Radio occultation geometry.
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about these “perturbed” atmospheric layers, if the new inversion algorithms proposed in 
literature are used (Canonical Transform [Gorbunov, 2002] or Full Spectrum Inversion 
[Jensen et al., 2003]). In fact, it has been demonstred that the application of the Full Spec-
trum Inversion to CHAMP data reduces the negative bias on the refractivity respect to those 
observed adopting the classic GO retrieval scheme [Wickert et al., 2004]. Figure 4 shows 
the results of the analysis of this bias, carried on comparing about 160,000 refractivity 
profiles derived from CHAMP measurements with the correspondent profiles obtained by 
ECMWF analysis [Wickert et al., 2005b]. Anyway, the overall comparison between about 
21,000 temperature profiles evaluated from CHAMP observations with the “nearest” radio-
sonde data (less then 3 hours in time and 300 km in space) depicted in Figure 5 [Schmidt et 
al., 2004], summarizes the performances of the GPS RO technique. 

Figure 2 - Occultations observed by CHAMP till 18th of August, 2004. Up to 200 
quality checked daily profiles are provided via CHAMP data base.

Figure 3 - Distribution in latitude and in longitude of the events observed 
till 18th of August, 2004 [after Schmidt et al., 2004].
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The main differences between the BlackJack and the new ROSA receiver proposed by ASI 
are related to the hardware aspects only. As it has been previously introduced, ROSA will be 
able to manage both “rising” and “setting” occultation events, since it has the possibility to 
collect data from two occultation antennas (in the “aft” and in the “fore” direction). Moreo-
ver, when the signal is received from the stratosphere it will be tracked in PLL while, when 
it is received from the troposphere, an open-loop strategy will be applied. This approach will 
probably give the chance to properly track the signal also in case of perturbed atmospheres.  

The optimized ExD prediction technique
A model which predicts in advance (and in a quasi real-time) the frequency of the incoming 
GPS signal has to be implemented in the receiver software in order to enable the receiver to 
quickly track the phase of the incoming signals in open loop mode. In particular this model 
should be able to predict the ExD observable with an accuracy of ~ ± 50 Hz (the bandwidth 
allocated for the open-loop tracking) on the basis of some atmospheric model. 
Given the atmospheric model approximating the propagation media, using Equation [1] it is 
possible to calculate in advance the trajectories bendings α characterizing the overall event 
in function of the impact parameters a and of the position in the atmosphere (i.e. the lati-
tude) of the geometrical tangent points (TP

G
 in Figure 1) [Sokolovskiy, 2001]. This compu-

tation can be carried out in advance with respect to the occultation event, since Equation [1] 
does not depend on the event itself (i.e.: on its orbital parameters). The results can then be 
stored on a database, which can be properly loaded by the occultation managing software. 
The size and the complexity of this database depend obviously on the atmospheric model 
adopted to approximate the atmosphere. For this purpose, we chose the CIRA86aQ_UoG 

Figure 4 - Refractivity bias observed comparing ~ 160,000 refractivity profiles inferred by 
CHAMP observations with the correspondent profiles obtained through ECMWF analysis 
[Wickert et al., 2005b].
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model developed at the University of Graz [Kirchengast et al., 1999]. This model is defined 
by 12 monthly zonal-mean vertical profiles of temperature T(h), water vapour partial pres-
sure e(h) and dry pressure p

D
(h), distributed on a grid of 10° step in latitudes from 90°N to 

90°S. These atmospheric profiles are defined from the surface up to 120 km altitude, with a 
vertical step of 1 km until about the tropopause (15 km altitude) and of 5 km above it. The 
conversion into refractivity profiles N(h) (using the Smith and Weintraub formula) allows 
the definition of the refractivity models from which the α(a) database can be derived. 
For each month and for each latitude, the entire α(a) profile is evaluated through Equation 
[1] and it is stored on the database as a column vector. Assuming that GPS and LEO posi-
tions ( ) and velocities ( ) can be accurately known in advance with 
respect to the occultation event, the value of the TP

G
 latitude can be computed for each time 

instant. This information can be used to extract the correct overall α(a) time-change from 
the database and to predict the instantaneous value of the Excess-Doppler characterizing a 
signal which propagates inside the model atmosphere. This prediction can be done in two 
step. The first allows the calculation of the instantaneous angles β

LEO
(t) and β

GPS
(t) between 

real trajectories and satellites vector positions, knowing the satellites positions and using 
the extracted α(a) evolution; it can be done solving the following system derived from the 
geometry shown in Figure 1:

                              [2]

These angles are then used to evaluate the ExD value applying its vectorial definition and 
using the instantaneous velocity values of both the satellites. For each time instant for 
which the satellites positions and velocities are available, the procedure has to be repeated, 
starting from the computation of the TP

G
 followed by the extraction of a proper α(a) time-

change from the database.
To predict a 50 Hz sample rate ExD time-changes related to an entire occultation event 
(which lasts ~ 60 s), a mean computational time of ~ 600 s has been observed if the simula-
tion is carried on a Matlab environment, using a Pentium III - 1.1 GHz processor. Since the 

Figure 5 - Temperature profiles analysis carried on between ~ 21000 CHAMP-derived pro-
files and radiosonde observations, collected in time (less then 3 hours) and space (less then 
300 km) with the correspondent occultation observations [after Schmidt et al., 2004].
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main request is the quasi real-time applicability of this prediction just prior the event’s start 
(the details of the Doppler prediction will be given in the next section), some optimizations 
have been implemented in order to decrease the computational time. Since the atmosphere 
mainly influences the signal propagation at the lower altitudes, the most significant α(a) 
time-change for a given occultation event is that relative to the latitude of the geometrical 
tangent point (TP

G
) on the Earth surface. Considering only this α(a) profile for the overall 

occultation event means only one interrogation and extraction from the database, and the 
mean computational time decreases to ~ 50 s using the same processor. Another important 
improvement is obtained by reducing the sampling rate in output. Considering a 1 Hz sam-
pling rate (instead of the previous 50 Hz), the observed mean computational time decreases 
to about 6.3 s. The application of these two optimization steps causes a maximum discrep-
ancy of ~ 0.5 Hz with respect to the ExD time-change evaluated using the non-optimized 
version. Adopting a compiled instead of an interpreted programming code (like Matlab) 
more than two orders of magnitude of reduction can be expected. However, a more detailed 
analysis of the CPU load, carried on a ROSA receiver DSP simulator, will be addressed on 
a future work. 

Validation using real occultation data
In order to validate the Excess-Doppler prediction technique described in the previous sec-
tion, we used the Excess-Doppler observations collected by the Black Jack GPS receiver 
placed on board the CHAMP satellite as truth (details on the user data available can be 
found in the CHAMP-ISDC web site: http://isdc.gfz-potsdam.de/champ. We performed the 
analysis on a set of about 200 settings occultation events observed from December 2002 
until March 2003 above Europe (between 10° W and  26° E and between 30° N and 58° N, 
see Figure 6). For each occultation event the “real” ExD time-change is computed through 
the derivative of the L

1
 phase delay. Moreover a corresponding ExD evolution is predicted 

with a 50 Hz sampling rate, using the same satellites positions and velocities (available in 
the data set).

Figure 6 - Geographical distribution of the ~ 200 CHAMP observations 
used to validate the Excess-Doppler prediction technique, recorded 
above Europe (between 10° W and  26° E and between 30° N and 58° 
N) from December 2002 until March 2003.
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Figure 7 shows the qualitative comparisons for the overall data set taken into account. 
Two characteristics are quite evident. The first one is the spread of the changes, due to the 
different atmospheric sounding directions which, in turn, are due to the different orbital ge-
ometries characterizing each occultation event. The second concerns the evolutions of the 
“real” ExD, in particular when the fly-wheeling is activated. It can be shown that, for the ~ 
30 % of the observed events, there are some useful signals properly tracked before the end 
of the GO occultation (the “predicted” one). And it is very important to make their track-
ing possible, because these signals are useful to explain the negative bias observed on the 
refractivity when the classical inversion procedures are applied to the measurements. 
Anyway, Figure 8 shows the distribution of the maximum displacements between observed 
(and low pass filtered) and predicted ExD time-changes, when each event is limited to the 
time the last fly-wheeling has been activated inside the GO prediction interval. The maxi-
mum displacement is distributed between -15 Hz and +15 Hz; so we can conclude that, 
using this CIRA86aQ-model-based technique, the center frequency of the incoming signal 
can be supplied to the open-loop circuitries with an accuracy of ± 15 Hz. 
For what concerns the prediction of another very important parameter, the end of the oc-
cultation time, in Figure 9 the distribution of the differences computed for each occultation 
between the last fly-wheeling activation time (observed on the Excess-Doppler CHAMP 
data set) and the predicted GO end occultation time is depicted. We can see that, for about 
the 30% of the events, these differences are positive. This means that some useful signal has 
been correctly tracked by the CHAMP GPS receiver also after the “virtual” end of the GO 
occultation. Therefore we can conclude that the ExD has to be predicted for more than 3 s 
(the mean value computed considering the positive part of the distribution shown in Figure 
9) after the last setting GO trajectory has been evaluated by the prediction algorithm. This 
choice could ensure the possibility to the open-loops to track the signals refracted by the 

Figure 7 - Comparisons between ExD time-changes. Dark gray: CHAMP observations; 
Light gray: CHAMP observations with fly-wheeling activated. Black: prediction re-
sults. CHAMP-derived ExD time changes are low-pass filtered.
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Figure 8 - Maximum displacements distribution between predicted and “real” ExD 
time-changes.

Figure 9 - Distribution of the differences observed in the “end” occultation time 
evaluation, considering real and predicted ExD time-changes (the highlighted area 
shows the positive distribution part of these differences, which is related to ~ 30% 
of the events and is characterized by a mean value of 3.7 s and a standard deviation 
of 2.7 s).
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lower and most turbulent part of the troposphere. And this analysis is important especially 
when rising occultation events are taken into account. Indeed, it will be very difficult for a 
GPS receiver to search for and quickly lock on a signal which is suddenly emerging from 
the troposphere. From this point of view the model has to be able in predicting both the ExD 
and the “start” occultation time. But, as this last analysis has pointed out, the starting instant 
predicted using a GO approach is probably not enough. For this reason the ROSA receiver 
will search for a signal coming from a rising satellite at least 3 s before the first GO trajec-
tory has been predicted. So the ExD characterizing the center frequency of the open-loop 
bandwidth will be linearly extrapolated from the predicted trend.
 
Terrestrial test campaign for the ROSA validation 
In order to test the receiver performances and to validate the data processing chain (in par-
ticular as far as the data acquisition is concerned), a terrestrial measurement campaign with 
a bread-board of the ROSA receiver is planned for the next 2006. A quite similar approach 
applicable to space-data will be adopted by placing the receiver on the top of a mountain, in 
order to make the procedures promptly implementable and the data quickly available to the 
community, just after the start of future RO missions involving the ROSA receiver. 
For what concerns the ROSA Virtual Satellite (this is the name of the test campaign) we 
will adopt the measurement and data processing scheme shown in Figure 10, which is very 
similar to that used for the processing of CHAMP data. Raw measurements on both L

1
 and 

L
2
 GPS frequencies and telemetry data will be sent from the ROSA receiver to a ground 

control station. This station can inquiry directly the ROSA receiver and it can up-load some 
new features on the on-board software; however its main task is the distribution of the raw 
observations to the processing center. 

Figure 10 - Data processing chain for the terrestrial vali-
dation campaign of the ROSA receiver.

Here the raw data will be pre-processed for a first quality check control. Then the double 
differences will be computed using the fiducial ground network data and the precise orbital 
data in order to extract the ExD trends (both these kind of data will be collected by the 
processing center). If it will be possible, the inversion algorithms will then be applied and 
the results will be compared with radio soundings and/or numerical weather prediction 
models. Probably, given the experimental geometry, many difficulties in applying the clas-
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Figure 11 - Left: portholes for the ROSA antennas displacements of the MeteoSwiss radarmeteoro-
logical facility of M.te Lema (1620 m a.s.l.). Right: field of view of the ROSA’s radio occultation 
antenna toward the south direction (highlighted by the black arrow).

Figure 12 - North Italy map. The 
ROSA receiver will probably be in-
stalled on the top of M.te Lema and 
the occultation antenna will look at 
the south direction. The presence of 
M.te Lesima and M.te Maggiorasco 
will limit the minimum elevation 
angle from which a GPS signal 
can be “ideally” tracked. Values 
of -0.55° and -0.35° under the local 
horizon can be computed under the 
hypothesis of standard refractivity 
(K = 4/3) and super-refractivity (K 
= 2) respectively.
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sical Geometric Optics retrieval schemes will appear; however the inversion algorithms 
validation is not so important in this context (Wave Optics algorithms are not applicable for 
fixed receivers and, moreover, they are well tested in real satellite occultations). 
As far as the measurement site choice is concerned, one of the best proposal (under a costs/
benefits point of view) is the top of the M.te Lema (1620 m a.s.l.), inside the MeteoSwiss 
radarmeteorological facility. The RO antenna can be mounted on a porthole of the building 
looking at the south direction, toward the Pianura Padana (Figure 11 shows the facility 
and the field of view of the ROSA’s occultation antenna). Despite the lower altitude of the 
proposed site and the presence of some “important” orographic obstacles which will limit 
the signal propagation in some directions (looking at the map depicted in Figure 12, M.te 
Lesima and M.te Maggiorasco are the higher mountains in the antenna’s field-of-view), we 
think we can properly test the ROSA OL performances, since we can expect a quite noisy 
signal coming from the local horizon. Given the smaller size of the first Fresnel zone, a 
single measurement sample is representative of small-scale (and therefore, stronger) tur-
bulences; moreover, small scale refractivity structures are less filtered out by the smaller 
Fresnel size. 
In conclusion, the development of the software for the extraction of the GPS observables 
from raw data and the test of the open-loop performances seem to be more important at 
this stage, since the application of the classical inversion techniques is quite difficult. Con-
sidering this point of view, M.te Lema seems to be a very good choice, given its logistical 
“appealing”. It is nearby and easily accessible by the people who will have the receiver in 
charge. Furthermore, the entire ROSA Virtual Satellite (safely left inside the radarmeteoro-
logical building) can be remotely controlled.

Conclusions
This paper deals with the description of the radio occultation technique applied to GPS sig-
nals received on board a LEO satellite, for the remote sensing of the terrestrial atmosphere. 
The principles of this inversion technique have been introduced and the efforts of the inter-
national and of the Italian community to improve the results obtainable are described. In 
particular, some topics about the new GPS receiver for RO purposes developed by the Italian 
Space Agency (the ROSA receiver), are emphasized. The details about the ExD prediction 
technique implemented in the ROSA on-board software for the open-loop operations has 
been discussed. It has been validated by the comparisons with about 200 observed CHAMP 
occultation events. A bandwidth allocation of about ± 15 Hz is suggested for the open-loop 
tracking of the signal. An analysis about the prediction of the start (end) instant time for ris-
ing (setting) occultation events has been carried on. The choice of at least 3 s “extra-time” 
for the Doppler prediction seems to be necessary, in order to take into account for the not 
negligible contributions coming from multipath phenomena inside the troposphere. The 
optimizations described have significantly reduced the computation time, making this tech-
nique suitable for quasi real-time applications. Concluding, a mountain top measurement 
campaign with the ROSA bread-board receiver is planned for the 2006 year, in order to test 
the receiver and to validate the raw data processing scheme.
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Abstract
A study aimed at retrieving sea surface wind fields of semi-enclosed basins from combined 
use of SAR imagery and a high resolution mesoscale numerical atmospheric model, is 
presented. Two consecutive ERS-2 SAR frames and a set of NOAA/AVHRR and MODIS 
images acquired over the North Tyrrhenian Sea on March 30, 2000 were used for the 
analysis. SAR wind speeds and directions at 10 m above the sea surface were retrieved 
using the semi-empirical backscatter models CMOD4 and CMOD-IFREMER. Surface 
wind vectors predicted by the meteorological ETA model were exploited as guess input to 
SAR wind inversion procedure. ETA is a three-dimensional, primitive equation, grid-point 
model currently operational at the National Centers for Environmental Prediction of the 
U.S. National Weather Service. The model was adapted to run with a resolution up to about 
4.0 km. It was found that the inversion methodology was not able to resolve wind speed 
modulations due to the action of an atmospheric gravity wave, called “lee wave”, which 
occurred in the analyzed area. A simple atmospheric wave propagation model was thus used 
to account for the SAR observed surface wind speed modulation. Synergy with ETA model 
outputs was further exploited in simulations where atmospheric parameters up-wind the 
atmospheric wave were provided as input to the lee wave propagation model.

Riassunto
Si descrive un esperimento per la determinazione del campo di vento sulla superficie del mare 
mediante l’utilizzo sinergico di immagini SAR e del modello di previsione meteorologica ETA 
ad alta risoluzione. L’area test selezionata è la regione del Mar Tirreno compresa tra la Cor-
sica e le coste italiane. Per l’analisi sono state considerate due immagini ERS-2 SAR conse-
cutive ed un set di immagini NOAA/AVHRR e MODIS del 30 Marzo 2000. Tutte le immagini 
evidenziano la presenza di un’onda atmosferica di gravità, che persiste per almeno 7 ore, nel 
tratto di mare compreso tra la penisola a N della Corsica e la costa ligure. Dall’analisi delle 
condizioni atmosferiche fornite da ETA, si vede che l’onda di gravità è dovuta all’ostacolo 
orografico che la penisola a nord della Corsica oppone al flusso d’aria proveniente da O-SO 
(lee wave). La velocità e la direzione del vento a 10 m dalla superficie del mare sono state 
ricavate dall’inversione dei modelli semiempirici CMOD4 e CMOD-IFREMER mediante 
un approccio di tipo Bayesiano, che utilizza l’informazione del vettore del vento fornita da 
ETA come dato di guess, con risoluzione orizzontale di circa 4 km. Si è riscontrato che la 
metodologia di inversione non è in grado di ricostruire le modulazioni della velocità del 
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vento dovute alla manifestazione dell’onda di gravità. Per tener conto della modulazione 
della velocità del vento è stato considerato un semplice modello di propagazione di lee wa-
ves che tiene conto delle caratteristiche geometriche dell’ostacolo e della struttura verticale 
dell’atmosfera ad esso antistante. Si dimostra che l’uso dei profili verticali dei parametri 
atmosferici predetti dal modello ETA, in input al modello di lee waves, è in grado di ripro-
durre la modulazione della velocità del vento, osservata sull’immagine SAR, entro i limiti di 
accuratezza dei modelli CMOD considerati.

Introduction
In the last few years scientific efforts of the remote sensing community are being focused 
on the study of procedures able to retrieve geophysical parameters from satellite data. In 
particular, the unique capability of Synthetic Aperture Radar (SAR) imagery to provide 
high resolution (1-10 km) wind fields in the marine environment is being pursued. As the 
wind field has two components, namely speed and direction, the inversion of the single 
SAR normalized radar cross section (NRCS) is however an undetermined problem. To 
solve it, two classes of SAR inversion procedures have been envisaged, both relying upon 
external wind information. Regarding to the available inversion procedures for C-band 
operating SAR systems, the geophysical relationship between the observed NRCS and the 
corresponding wind vector is provided by semi-empirical backscatter models belonging to 
the C-band MODels (CMOD) family [Stoffelen and Anderson, 1997; Quilfen et al., 1998]. 
Originally developed on a statistical basis to associate the NRCS measured by the ERS 
scatterometers to the wind vector blowing over the imaged area, these backscatter models 
were later successfully exploited on ERS SAR imagery [Lehner et al., 1998]. The first class 
of inversion procedures is based on the a priori knowledge of the wind direction, usually 
gathered by anemometers located within the region of interest or estimated directly on the 
SAR image by means of the recognition of wind rows [Wackerman et al., 1996; Fetterer 
et al., 1998; De Carolis et al., 2004]. Given the wind direction, the wind speed is retrieved 
as the optimal value which minimize the difference between the observed NRCS and the 
simulated one. The second class is instead based on the exploitation of mesoscale atmos-
pheric model outputs [Portabella et al., 2002]. Here the forecasted wind vector is used as 
guess to initialize the inversion procedure. While the measured wind vector is usually lim-
ited to a few instrumented sites scattered within the region of interest, wind fields predicted 
by mesoscale atmospheric models are able to capture the main features of the atmospheric 
flow over a regular grid whose size settles the spatial resolution of the SAR retrieved wind 
field. In contrast, mesoscale models may fail in predicting peculiar atmospheric processes 
of the lower atmospheric boundary layer, which superimpose to the main air flow and give 
rise to an additional NRCS modulation at spatial scales often comparable to that of the 
SAR wind inversion procedure. A remarkable example is represented by the internal at-
mospheric gravity waves, called “lee waves”. Commonly occurring both over land and sea 
surface in the lee side of terrain barriers, they are supported either by stably stratified lower 
troposphere or by vertical wind shears upstream the barrier [Gossard and Hooke, 1975]. 
The dominant wave length usually ranges from less than 1 km to few tens of km and may 
extend over several wave lengths downstream the barrier [Thomson et al., 1992; Vachon et 
al., 1994; Alpers and Stilke, 1996]. In presence of stationary airflow, stationary atmospheric 
waves may develop, thereby lasting for several hours and causing the formation of spec-
tacular cloud bands aligned with the wave vector and nearly perpendicular with the surface 
wind blowing upstream the barrier. Visible and thermal satellite imagery can document 
such cloud bands both over land and ocean [Thomson et al., 1977; Gjevik and Marthinsen, 
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1978; Gjevik, 1980]. Over the sea surface, atmospheric waves modulate the horizontal 
wind speed blowing downstream the barrier, thus allowing their detection as periodic SAR 
NRCS modulation [Vachon et al., 1994; Alpers and Stilke, 1996; Chunchuzov et al., 2000]. 
The formation and evolution of atmospheric gravity waves are mainly determined by the 
vertical structure of the atmospheric boundary layer upstream the disturbing topographic 
barrier. So far, radiosonde data were extensively used to study the spatial arrangement of 
lee waves, as demonstrated for the first time by Gjevik and Marthinsen [1978]. However, it 
may only rarely happen that available radiosonde data are co-located both in space and time 
to a manifestation of atmospheric gravity wave train. In contrast, an accurate atmospheric 
model could provide the required atmospheric data at the desired space-time location to 
study the physical characteristics of the wave phenomenon.
In this paper predictions from the numerical mesoscale atmospheric model ETA at high 
horizontal and vertical spatial resolutions are considered for twofold applications: 1) to 
drive a SAR surface wind inversion procedure over a selected area in the Northern Tyrrhe-
nian Sea, which includes eastern Lygurian Sea and the northern Corsica Island; 2) to assess 
SAR observation of an internal atmospheric wave visible in the same area by using the ETA 
predicted vertical profiles of atmospheric parameters. As horizontal and vertical structures 
predicted by ETA show little evidence of atmospheric wave pattern at the used resolutions, 
a specialized lee wave model is considered to validate SAR observations of wind modula-
tion. The atmospheric wave pattern has also been compared with complementary MODIS 
and NOAA/AVHRR imagery in order to improve SAR image interpretation and to substan-
tiate lee wave model feasibility with respect to the observed wave lengths.

ETA model description
The ETA atmospheric model is a three-dimensional, primitive-equation, grid-point model. 
It uses a rotated spherical coordinate system, and a semi-staggered Arakawa E grid. The 
vertical coordinate is the so-called η coordinate, which represents a generalization of the 
usual σ coordinate. The η coordinate is defined as [Mesinger, 1984]:

                                               [1]
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 = (p
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 (0) - p

t
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t
 and p

s
 are the model top and the surface pres-

sure, respectively, z is the geometric height and  p
rf
(z) is a suitably defined reference pressure 

as a function of z. The η-coordinate surfaces are almost horizontal. However the model can 
perform run with terrain following coordinates as well. The so-called “silhouette mountains” 
are constructed from the Digital Elevation Model (DEM) dataset at 30’’ by 30’’ horizontal 
resolution. The model topography, obtained by rounding off the silhouette values, is repre-
sented by step-mountains: the ground surface heights, z

s
 are allowed to take only discrete 

values, chosen so that mountains are constructed from three-dimensional grid boxes. The ve-
locity components at the sides of mountains are set to zero. The vertical layers of the model 
atmosphere are thin near sea level, thickening as one goes higher. Prognostic variables are 
temperature, specific humidity, horizontal components of velocity, surface pressure, cloud 
water and turbulent kinetic energy. Sea surface temperature (SST), interpolated to the ETA 
model grid, is held constant at the initial value. The model is able to perform hydrostatic 
or non-hydrostatic runs. Physical parameterizations (including references for the various 
parameterizations) are presented in Cesini et al. [2004]. A version of ETA model is currently 
operational at the National Centers for Environmental Prediction (NCEP) of the U.S. Na-
tional Weather Services.
The model simulations, presented in this paper, are carried on with three nested domains 
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in order to obtain the high horizontal resolution. The technique used is a one-way nesting. 
The European Centre for Medium Range Weather Forecasts (ECMWF) initialized analyses, 
at 0.5° x 0.5° horizontal resolution, provided initial and boundary conditions for the lower 
resolution ETA model run. Initial conditions refer to 00:00 UTC 29 March 2000 and the 
simulations last 72 hours. Model outputs of the first domain are used as boundary conditions 
of the second grid run and this provides the boundary conditions for the finer grid run. Verti-
cal resolution consists of 50 layers from sea surface to 25 hPa, with higher resolution near 
the bottom of the domain. Horizontal resolution is 0.125 x 0.125 transformed degrees (about 
20 km x 20 km as approximate distance between two mass points on the semi-staggered Ar-
akawa E grid) for the coarse grid, 0.05 x 0.05 transformed degrees (about 7.5 x 7.5 km2) for 
the second grid and 0.025 x 0.025 transformed degrees (about 4 x 4 km2) for the finer grid 
[Morelli and Berni, 2003; Cesini et al., 2004]. The domain size of the coarse resolution run 
is 19° x 20° transformed degrees with central point located at 43.5°N, 9.5°E. Time step is 
36 seconds; the boundary conditions are updated every 6 hours. The second grid simulation 
is performed with a domain size of 8° x 8° transformed degrees. Time step is 15 seconds; 
the boundary conditions are updated every 3 hours. The finer grid non-hydrostatic run uses 
a domain of 4° x 4° transformed degrees. Time step is 10 seconds, updating the boundary 
conditions every hour. Model outputs for the finer grid are extracted every hour.

Atmospheric gravity waves: model description
When air flow impinges upon a terrain obstacle, the disturbance causes displacement of the 
air from equilibrium position in the lee side of the obstacle. As a result, air parcels start to 
oscillate generating internal atmospheric waves restored by gravity. 
These waves, also called “lee waves” or “mountain waves”, are usually supported by stably 
stratified layers in the lower troposphere, which act as waveguide [Gossard and Hooke, 1975]. 
The occurrence of atmospheric waves is often associated with the formation of periodic cloud 
bands whose orientation is nearly perpendicular to the surface wind direction [Worthington, 
2001]. If lee waves propagate over the ocean surface, the corresponding wind speed varia-
tion modulates the local surface roughness, which in turn is detected as NRCS modulation on 
SAR images.
Purpose of this section is to review the simple lee wave model developed by Palm and Fold-
vik [1959] which predicts the expected surface wind modulation. Air flow downstream the 
terrain barrier is modeled on the following assumptions: 1) the barrier is infinitely long and 
approximated by a bell-shaped function; 2) the wind blows parallel to the short side of the 
barrier. For the case studies herein presented, both conditions are only approximately fulfilled. 
The terrain barrier is represented by the peninsula north of Corsica, which is approximately 
stretched out into N-S direction with width/length ratio of about 1:3; besides, ETA provided a 
height-averaged wind speed components ratio V/U ≅ 0.32. We thus expected that the lee wave 
model predictions can only partially support satellite observations.
In the reference bi-dimensional Cartesian space x-z, where x is the downstream direction and 
z is the vertical direction pointing upwards from the ground placed at z = 0, the two-dimen-
sional air parcel oscillations can be described by the Scorer parameter l = l(z) defined as fol-
lows [Palm and Foldvik, 1959]:

,                                                      [2]

where S = g (dθ/dz) /θ is the atmospheric stability parameter; U = U(z), θ(z) are the horizontal 
wind speed and the potential temperature upstream the barrier; g is the acceleration due to 
gravity. The Scorer parameter in the lower atmosphere up to about 10 km can be usually 
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represented by the exponential function l(z) = l(0)exp(-cz), even if abrupt changes of l due 
to thin inversion layers may occur.
As a result, the wave-like solution of the horizontal velocity u modulating the upstream 
wind speed U can be written as [Palm and Foldvik, 1959; Foldvik, 1962]:

u
B
(x,z) = 2�HU(0)be βz/2 ·

                     
     [3]

where β is the exponent of the adiabatic atmosphere ρ(z) = ρ(0)exp(-β z). The above ex-
pression holds for a bell-shaped ridge ζ

B
(x,0) = Hb2/(b2+x2), where H is its height and b the 

half-width. The sum in [3] is performed on the resonant wavenumbers forming the lee wave 
pattern obtained as solution of the equation:

,                                                        [4]

where J denotes the Bessel function of the first kind.
For the sake of comparison with the available SAR image, we found that the barrier rel-
evant to our case study (Corsica peninsula) could also be represented by a Gaussian-shaped 
function ζ

G
(x,0) = Hexp(-a2x2). The corresponding modulating horizontal velocity u

G
(x,z) 

has the following expression:

.    [5]

SAR wind inversion procedure
Wind speed at 10 m above the mean sea level can be estimated from SAR imagery using 
semi-empirical models developed from the C band, VV polarised ERS-1/2 scatterometer 
measurements. Backscatter predictions of the CMOD4 [Stoffelen and Anderson, 1997] and 
CMOD-IFREMER [Quilfen et al., 1998] empirical models were herein considered for SAR 
inversion procedure. They are based on the following functional dependence:

                         σ
0
 = b

0
 (W,θ)[1+b

1
(W,θ) cos(φ) + b

2
 (W,θ) cos(2 φ)]n                             [6]

where σ
0 
is the SAR backscatter value, (W, φ) are the neutral 10 m wind speed and direc-

tion and θ is the incidence angle of the radar beam. The exponent n has a value 1.6 for 
CMOD4 and 1 for CMOD-IFREMER model. Parameters b

i
’s were statistically determined 

after comparison with wind data from the ECMWF atmospheric model outputs for CMOD4 
model and from operational buoy measurements for CMOD-IFREMER model.
The inversion of [6] can be accomplished only if perfect a priori knowledge of one of 
the two geophysical wind components is available. In alternative, starting from a general 
statistical approach used in meteorological analysis to solve inversion problems [Lorenc, 
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1986], [Portabella et al., 2002] proposed the minimization of the cost function [7] to obtain 
the most probable wind vector from the combined use of SAR backscatter and background 
information provided by a numerical atmospheric model. We adopted the latter approach. 
Wind vectors predicted by the ETA model over wind cells with 4 x 4 km2 horizontal resolu-
tion were made available to us in order to assess the ETA model potential to base its predic-
tions for studying complex atmospheric phenomena such as internal gravity waves propa-
gating in the atmosphere. To accomplish the task, SAR imagery was calibrated and then the 
averaged backscatter over the corresponding ETA wind cell was considered to retrieve the 
most probable wind vector. The cost function has the following expression:

                    [7]

where σ0
SAR

 is the averaged SAR NRCS corresponding to the co-located ETA wind cell 
and σ0

MODEL
 is the simulated NRCS using the C band model functions with the trial wind 

vector (U
TRIAL

, V
TRIAL

). For a particular wind cell, the trial wind components U
TRIAL

 and V
TRIAL

 
were allowed to vary over a wide range of values with step size of 0.1 ms-1 around the 
corresponding ETA wind components U

ETA
 and V

ETA
. It was assumed that the uncertainty 

associated to the ETA wind vector (U
ETA

,V
ETA

) was ΔU
ETA

=ΔV
ETA

 = 1.73 ms-1 at the used 
horizontal resolution [Portabella et al., 2002]. The error Δσ0

SAR
 represents the average 

NRCS variability and was found to obey the following relationship for the set of ERS 
images herein considered: Δσ0

SAR
 = 0.0754xσ0

SAR 
.The wind vector (U

TRIAL
, V

TRIAL
) that 

minimizes J was retained as the best wind vector estimation for a particular wind cell.
Wind maps retrieved from the ERS SAR images used in this study will be discussed in the 
next section.

The experiment
A pair of ERS-2 SAR Precision Images of the Northern Tyrrhenian Sea acquired on March 
30, 2000 at 10:08 UTC (orbit: 25842, frames: 2727, 2745) and relevant to an area that ex-
tends from 42.2 N to 44.0 N and 8.8 E to 10.5 E was considered. Geographical boundaries 
include the northern peninsula of Corsica and the eastern part of the Lygurian coast. 
The western edge of the Elba Island is also imaged. On 10:40 UTC the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) on board the EOS Terra satellite acquired an 
image including the SAR imaged area at 250 m resolution. Both SAR and MODIS images 
are shown in Figure 1. Visual inspection of SAR images reveals that sea surface NRCS is 
modulated by a periodic pattern approximately aligned with the 10 m wind vector blow-
ing from W-SW, as predicted by ETA model. The pattern can be interpreted as sea surface 
manifestation of atmospheric wind rolls, which form in the planetary boundary layer as a 
consequence of the helicoid motion of the air flow [Alpers and Brummer, 1994]. 
MODIS image shows a clear periodic cloud band pattern that extends eastward from the 
Corsica peninsula, crosses the expanse of sea north of Elba Island and continues over the 
Italian inland. Co-located with the cloud pattern, a similar NRCS pattern can be seen on SAR 
image. Figure 1 shows SAR and MODIS insets of the common area along with the averaged 
azimuth profile. The periodic SAR backscatter modulation can be associated to a convective 
motion of air parcels generating the cloud band pattern to which corresponds a periodic, 
horizontal surface air flow [Thomson et al., 1992; Vachon et al., 1994]. Later in the paper it 
will be shown that cloud pattern is originated by the propagation of an internal atmospheric 
wave resulting from the westerly air flow coming up against the Corsica peninsula.
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Figure 1 - Composite of ERS-2 SAR images (left) and MODIS image (right) acquired on March 30, 
2000 at 10:08 and 10:40 UTC, respectively. Insets show periodic modulation of SAR NRCS and a 
corresponding cloud band on MODIS image, both originating from the occurrence of an atmospheric 
gravity wave. The bottom plot shows averaged SAR and MODIS lines. The cloud pattern is out of 
phase with NRCS modulation.

Figure 2 shows a synoptic view of the SAR retrieved wind speed and direction for each 
cell using CMOD4 with superimposed the corresponding ETA predictions; besides, scatter 
diagrams of Figure 3 report the horizontal components (U,V) of the retrieved wind vector 
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(panels 1 and 2), wind speed (panel 3) and wind direction (panel 4) vs the corresponding 
ETA components for quantitative comparison. As similar inversion results were obtained 
using CMOD-IFREMER, we will refer hereafter to CMOD4 only.
In general, the SAR inversion procedure corrected ETA wind speeds toward higher values. 
Specifically, an overall bias of about +5 ms-1 resulted for wind cells whose residual value 
of the cost function was J >10 (grey arrows in Figure 2 and black points in the panels of 
Figure 3). They mainly correspond to SAR imaged areas located on the lee side of Corsica 
peninsula, where an atmospheric gravity wave is active, and, as expected, to areas close to 
the Ligurian coast [Lehner et al., 1998]. For wind cells with residual J<10 (white arrows 
in Figure 2 and gray points in panels of Figure 3), the retrieved SAR wind speeds resulted 
in average about 1.5-2.0 ms-1 higher than ETA wind speeds. Assuming ETA wind vec-

Figure 2 - Retrieved wind 
map after SAR inversion 
with CMOD4 semi-em-
pirical backscatter model. 
Spatial resolution of SAR 
wind cells is about 4 km. 
ETA wind field is drawn 
with  black arrows. White 
arrows represent retrieved 
wind vectors with low value 
(<10) of residual cost func-
tion J; grey arrows repre-
sent retrieved wind vectors 
relevant to wind cells with 
high value (>10) of residual 
cost function J.
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tors reasonably representative of the real wind vector, the corrective bias compares with 
the expected average rms uncertainty assigned to CMODs performances [Wackerman et 
al., 1996; Fetterer et al., 1998]. In contrast, the retrieved wind directions resulted not sig-
nificantly different to ETA directions, regardless the residual J value. This result may be 
twofold interpreted: 1) the main contribution of CMOD4 is relevant to wind speed since 
wind directions predicted by ETA model are within the CMOD4 direction accuracy of 
±20°, according to the geophysical specification of the ERS-1/2 scatterometers [Vass and 
Battrick, 1992]; or 2) the SAR inversion procedure is not able to correct the input wind di-

Figure 3 - Scatter diagrams representing the performances of the SAR inversion pro-
cedure using CMOD4 model.
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rection, although the retrieved U and V components are individually modified. Although this 
aspect of the SAR inversion procedure deserves further investigation, for the purpose of the 
present paper it can be concluded that SAR detected complex atmospheric phenomena, such 
as atmospheric gravity waves, that superimpose to the main air flow predicted by mesoscale 
atmospheric modeling, should be properly handled. Another aspect of the SAR inversion 
procedure performance is the introduction of slight biases in the predicted CMOD4 NRCS, 
as drawn in the panel 5 of Figure 3. It can be seen that for wind cells with J < 10 (grey points 
in Figure 3), the average NRCS bias between SAR and CMOD4 is about 0.32 ± 0.19 dB for 
σ0

SAR
 ≥ 0.45 (~ -3.45 dB), i.e. for wind speeds not lower than about 11 ms-1; the bias increases 

to 1.19 ± 0.51 dB for wind cells with residual cost function J > 10. The backscatter bias can 
be readily explained by considering that the couple (U,V) for which J assumes the minimum 
value does not necessarily minimize each term of the cost function. So, the backscatter bias 
is not surprising: the closer are the ETA wind components predictions to the true values, the 
lower the backscatter bias will result.
Figure 4 shows the temporal sequence of four near-infrared/visible images relevant to the 
area under study gathered on March 30, 2000 since 03:17 UTC. They include the evolution 
of a periodic cloud pattern associated to a stationary atmospheric lee wave. The last image 
was acquired by MODIS at 10:40. Images gathered before 03:17 and after 10:40 do not 

Figure 4 - Temporal sequence of satellite images showing evolution of the cloud band generated 
by quasi-stationary atmospheric lee wave. The lower panel shows the Scorer profile computed us-
ing ETA atmospheric parameters up-stream the terrain barrier (peninsula of Corsica) extracted 
at minute 00 of the closest hour to image acquisition. For NOAA/AVHRR acquisition at 07:39 and 
MODIS acquisition at 10:40, the Scorer parameters at minutes 00 of the hours before and after im-
age acquisition are shown. The exponential fit is superimposed for each Scorer profile.
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show any cloud band structures, so we can assume the phenomenon lasted approximately 
seven hours. From visual inspection of the cloud pattern sequence, the maximum devel-
opment occurred around 05:48; after then, a progressive attenuation of the cloud band is 
observed. SAR image was acquired at 10:08 when wave phenomenon was still active. 
Figure 4 also shows the Scorer parameters l(z) computed from atmospheric parameters 
predicted by ETA model and the corresponding parametric exponential fit. In order to avoid 
the friction layer contribution resulting from direct interaction with sea surface, the fit was 
performed from about 1 km above the sea level [Palm and Foldvik, 1959]. ETA data are 
relevant to a geographic location placed about 25 km upstream the Corsica peninsula at 
outputs times closest to image acquisitions. As ETA outputs are available every hour at 
minute 00, the maximum temporal delay is about 20 minutes. Literature concerned with the 
analysis of atmospheric conditions supporting the generation of atmospheric gravity waves 
considered radiosonde soundings as reference upstream atmospheric data [Vachon et al., 
1994; Vachon et al., 1995; Chunchuzov et al., 2000]. In our case, the closest radiosonde sta-
tion is located at Ajaccio, about 100 km SW of Corsica peninsula, where soundings twice 
a day at 00:00 and 12:00 UTC are routinely collected. Therefore, we choose to use ETA 
predictions to analyze satellite observations. To assess the feasibility of ETA predictions 
on a statistical basis, we compared ETA outputs with co-located radio soundings gathered 
at Ajaccio station on March 29 and 30, 2000. A good agreement was found with little or 
negligible statistical differences [Trini Castelli et al., 2004]. Furthermore, some differences 
between ETA profiles extracted upstream Corsica peninsula and Ajaccio soundings at times 
closest to image acquisitions were found. These differences were assigned to the different 
atmospheric conditions over the faraway areas, thus stressing the choice to base quantita-
tive interpretation of image observations on ETA outputs.
A SAR wind analysis of the NRCS modulation downwind the Corsica peninsula was carried 
out assuming the dominant surface wind direction aligned with the upstream wind direction 
(φ ≅ 45° from antenna upwind). Both CMOD4 and CMOD-IFREMER predicted a total wind 
speed modulation of about 7.0 ms-1 in the range between 10.0 ms-1 to 17.0 ms-1. The Scorer 
parameter l(z) profile at 10:00 UTC (lower right panel in Figure 4) is a decreasing function 
of the height up to an altitude approximately corresponding to the maximum wind speed 
[Palm and Foldvik, 1959]. The following values of parameters were obtained: l(0) = 0.760 ± 
0.095 km-1 and c = 0.080 ± 0.018 km-1. In order to compare wind speed modulation with the 
predictions of the lee wave model, the corresponding cross-barrier wind speed component U 
was computed. Figure 5 includes wind speed modulations predicted by the lee wave model 
for both bell and Gaussian shaped barrier. Maximum and minimum wind speeds with their 
respective uncertainty were computed considering the errors associated to the parameters 
l(0) and c. The maximum wind speed was underestimated by about 1 ms-1 for bell-shaped 
barrier and about 1.5 ms-1 for Gaussian-shaped barrier, while the minimum wind speed 
value is in agreement with CMOD4 results regardless the modeled barrier shape. Similar 
results were obtained using SAR wind retrievals from CMOD-IFREMER model. It can be 
concluded that comparison shows an overall agreement with a slight better performance of 
the lee wave model assuming Gaussian shape of the Corsica peninsula. Furthermore, it is 
worth noting that although the selected lee wave model only approximately matched the 
real atmospheric conditions and barrier shape, it was nonetheless able to capture the main 
features of the SAR observed wind speed modulation.
Finally, the expected dominant wavenumber of lee wave can be computed from expression 
[4] and then compared with corresponding observations based on satellite imagery shown 
in Figure 4. Figure 6 shows the result after conversion of wavenumbers in wave length. In 
particular, wave length estimation on SAR and MODIS images yield respectively 15.25 ± 
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Figure 5 - Comparison of U wind speed component modulation 
between lee wave model prediction and SAR wind speed retrievals 
using CMOD4.

Figure 6 -  Predicted wave lengths computed from ETA atmospheric 
parameters vs estimated wave lengths on satellite imagery. Straight 
line is the expected 1:1 behavior.
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0.25 km and 14.25 ± 0.75 km; the lee wave model coupled to ETA predictions at 10:00 and 
11:00 UTC yield a wave length equal to 14.17 ± 0.74 km. A better agreement between the 
theoretical value and MODIS observation arose because the noisy SAR lee wave visibility 
led to a less robust wave length estimation.

Conclusions
Synergy between SAR imagery of the sea surface and predictions from a numerical mesos-
cale meteorological model can be utilized to correctly explain atmospheric phenomena oc-
curring in the boundary planetary layer. In this paper high resolution atmospheric parameters 
predicted by the meteorological model ETA has been successfully exploited to capture the 
major atmospheric features detected by ERS-2 SAR imagery in an area of the North-West 
Mediterranean Sea.
First, ETA model was used to assess the SAR observed 10 m wind vector at 4.0 km horizontal 
spatial resolution. SAR wind vector was estimated using an inversion procedure based on 
NRCS predictions of the semi-empirical backscatter models CMOD4 and CMOD-IFRE-
MER, respectively.
A periodic modulation of SAR NRCS associated to a cloud pattern observed on a MODIS 
image acquired about 30 minute after the SAR passage was detected. Both observations were 
explained as the effects of a quasi-stationary atmospheric gravity wave generated by the dis-
turbing effect of the northern Corsica peninsula on the westerly air flow. Periodic cloud band 
formation frequently occurs as a result of the spatially periodic updraughts imposed by an 
atmospheric wave, which conveys humid air forming the cloud. In addition, the atmospheric 
wave affects the spatial distribution of the surface wind speed in the lee side of the terrain dis-
turbance, thereby allowing its detection on SAR image. The temporal evolution of the cloud 
pattern from the very beginning was monitored by complementary NOAA/AVHRR imagery 
revealing that the atmospheric phenomenon lasted for at least 7 hours. SAR and MODIS im-
agery documented its last stage.
ETA predictions did not show any atmospheric wave phenomena in that area at the used reso-
lutions, but were able to accurately forecast atmospheric conditions upstream Corsica penin-
sula that resulted suitable for generation of an atmospheric gravity wave. A simple lee wave 
propagation model was indeed used as theoretical support to satellite observations. Although 
the formulation of the lee wave model did not exhaustively account for the real atmospheric 
conditions, the main features of the observed SAR wind speed modulation were nevertheless 
reproduced. As no surface wind information can be retrieved from near-infrared and visible 
satellite images, only estimates of cloud band wavelengths were carried out and successfully 
compared with lee wave model predictions. These results were accomplished using as input 
to lee wave model the atmospheric ETA parameters extracted at the closest time of every 
satellite acquisition.
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