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Premessa 

The "Spectroradiometric surveys of Antarctic natura1 surfaces 
for an integrated study with remote sensing data" project, 
within the framework of the Italian National Research 
Programme in Antarctica (PNRA), has recently terminated its 
activity. The main goal of this project was the analysis of 
spectral features of snowiice and rock surfaces of the 
Antarctic territory by means of field measurements and satel- 
lite images. The papers included in this issue of the Italian 
Remote Sensing Journal illustrate and discuss the results 
obtained from severa1 experirnents performed by the research 
groups participating in the project.. 
These activities concerned studies on the spectroradiometric 
properties of snowpack, glacial v f a c e s  and rock outcrops in 
the visible, infrared and microwave wavelength intervals; 
SAR techniques were also applied to Antarctic glacier studies. 
Particularly relevant in this project is the work carried out 
during field surveys that allowed simultaneous acqujsition of 
snowiice and enviromental data along with spectroradiome- 
tric measurements. Field data were then organised into two 
thematic archives, referred to as snowiice and rock surfaces 
respectively. Spectroradiometric data allowed detailed analy- 
sis of snowlice spectral variations as a function of their struc- 
tura1 features and the improvement of field data acquisition 
methods. These techniques, in particular, evolved during the 
project, as initially they focused on reflectance measurements 
obtained by nadir pointing of the field instrument over the 
surface target. Further experiments allowed analysis of bi- 
directional reflectance data of different surface targets. Field 
surveys were also conducted on selected sites in the Alps, to 
test both new instruments and methodologies under environ- 
menta1 conditions more favourable than those in Antarctica. 
The activity presented herein is an important contribution to 
the research of the Italian scientific cornmunity. It has pro- 
duced a huge amount of data, rendered the data accessible via 
WEB and given rise to the systematic study of the spectrora- 
diometric properties of snow surfaces sampled in different 
glacial environments. 
Al1 these issues contribute to a better use of Remote Sensing 
data to monitor glacial environrnents, which are the most sen- 
sitive to global scale climatic changes. 

This project was performed thanks to PNRA and al1 the 
Institutions that supported this research activity. Special 
thanks go to the Italian Remote Sensing Society that allowed 
publication of the results and to Dr. Lucio Rossi, coordinator 
of the Thematic Area of PNRA "Remote Sensing GIS and 
Hydrography", for the constant support provided to this 
project. 

Ruggero Casacchia 
Chief Scientific Supervisor 
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Nell'ambito delle attività di Telerilevamento del Programma 
Nazionale di Ricerche in Antartiuk (PNRA) è stato di recente 
concluso il progetto di ricerca "Rilievi spettroradiometrìci di 
superjìci naturali antartiche per uno studio integrato con dati 
telerilwati ': llpmgetto èsbato ideato e realizzato @ne di unal& 
il comportamento v e t t d e  di supqiùz nivo/glaciali e rocciose in 
Antartide, tramite misure di campagna e dati ripmi dasatellite, ed 
è stato attuato nell'ambito del programma esecutivo 1996-98. 
Questo numero della Rivista Italiana di Telerilevamento ospita gli 
articoli che espongono i risultati ottenuti dalle unità operative che 
hanno partecipato a questa attività di ricerca. 
Gli esperimenti realizzati comprendono studi sulle proprietà 
spettroradiometriche del manto nevoso, delle coperture glaciali e 
degli affioramenti rocciosi alle lunghezze d'onda del visibile, 
dell'infrarosso e delle microonde e applicazione delle tecniche 

allo studio dei ghiacci antartici. Di particolare importanza 
nell'ambito di questo progeito è stata l'acquisizione di dati 
nivologici ed ambientali, simultanei alle misure radiometriche. 
I dati di campagna sono stati organizzati in due archivi temutici 
rferiti rispettivamente alle supe@ci nivo/glaciali e a quelle 
rocciose. I dati spettroradiometrici hanno permesso di analizzare 
in dettaglio le variazioni di risposta spettmle in Junzwne delle 
camtteristiche struiiumli delle coperture nivo/glaciali e di afinare 
le tecniche di acquisizione in campagna. Queste ultime hanno 
subito una necessaria evoluzione nel corso del progetto: da 
acquisizioni nadirali di nflettam ad acquisizioni finalizzate allo 
studio della nflettam bidirezionale delle superfii. In alcuni cari 
le campagne di misura sono state condotte su siti alpini, per 
sperimentare nuove strumentazioni o nuovi approcci metodologici 
in condizioni logistiche più favorevoli di quelle antarfiche. 
Il lavoro realizzato nell'ambito di questo progetto costituisce 
un'importante novità per le attività di ricerca condotte dalla 
comunità sciena>ca italkna per la considerevole mole di dati 
prodotti, per l'aver reso questi dati consultabili via rete e per 
avere dato inizio ad uno studio sistematico delle proprietà 
spettmradiometriche della neve campionata in ambienti glaciali 
diversi. Tutto questo contrr'buisce ad un migliore utilizzo dei dati 
telerilevati per il monitoraggio di ambienti glaciali, 
estremamente sensibili ai cambiamenti climatici a scala 
planetaria. 

Si desidera infine ringraziare il PNRA e gli Enti che hanno 
conìribuito alla realizzazione di questi studi e l'Associazione 
Italiana di Telerilevamento che ne ospita i risultati. 
Un ringraziamento particolare è rivolto al Dott. Lucio Rossi, 
Coordinatore dell'Area Tematica Telerilevamento, GIS e 
Idropf1~1 del PNRA, per il costante supporto fornito al proget- 
to nel corso di tutto il periodo della sua attuazione. 

Ruggero Casacchia 
Responsabile Scient@co 



Snow in Antarctica 

Anselmo Cagnati ('I, Ruggero Ca~acchia(~', Rosamaria Salvatori and Mauro Valt 0) 

Abstract 
During the 12& and 14* Italian scientific expeditions to Terra Nova Bay, Antarctica, research was conducted on the shucture and 
spectroradiometric characteristics of the snowpack to identifi and define the different types of ice and snow. This paper illustrates 
the survey methods used, the data collected and examples of the results obtained from field data processing. 

Riassunto 
Nel corso delle spedizioni XII e XIV in Antartide, nella regione di Baia Tma Nova, sono stati efet2uati rilievi di campo sulla struttura 
e sulle caratteristiche spettmradiornetriche di superfìci nivo-glaciali, per identijìcare e deJnire i diversi tipi di neve e ghiaccio. Questo 
lavoro illustra i metodi di acquisizione dei dati in campo, i dati acquisiti ed alcuni esempi dei risultati ottenuti dalla loro elabomzione. 

Introduction 
The physical properties of snow in polar environments play an 
important role for the surface energy balance. Regional chan- 
ges in the thermodynamic properties of the snow may reflect 
processes in climate change and even enable their prediction. 
These changes can be monitored by remote sensing data that 
must be interpreted and validated with accurate gmund-huth 
information. In this study, results of experiment performed in 
fiamework of the PNRA (Italian Program of Research in 
Antarctica) "Spectrometric surveys of Antarctic natura1 surfa- 
ces for an integrated study with remote sensing data" project 
are reported. Physicai data for snow were collected together 
with spectroradiometric measurements in selected sites in the 
Terra Nova Bay region, Northern Victoria Land, Antarctica. 
Field surveys were conducted in the austral spring, in 1996 
(31110-04/12) and 1998 (1411 1-04/12). 
The collection of a large data set of snowlice shuctural data and 
profiles, simultaneously acquired with reflectance data, is one 
of the major achievements of this project and proved to be a 
fundamental methodologicai approach to better understand 
snow reflectance data to support satellite image interpretation 
and global change models. 

Study area 
Research was conducted in an area of about 70 kmz in Northern 
Victoria Land, where the Italian scientific station is located. 

(l) ARPAV - Centro Valanghe di Arabba, Via Campolongo 122 - 
32020 Arabba (BI) - Italy 
CNR - Istituto suU'Inquinamento Atmosferico, qale Marx 15 - 
00137 Rome - Italy 
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This area lies at the margin of the East Antarctic cap in the 
Ross Sea region and is characterised by mountain ranges 
including, from south to north: the Prince Albert Mountains, 
Deep Freeze Range, Southern Cross Range and Mountaineer 
Range. The highest peak in the area is Mount Murchison 
(3,501 m), while the main relieves next to the station are 
Mount Melbourne (2,732 m) and Mount Nansen (2,737 m), 
dominating the platform known as the Nansen Ice sheet (Fig. 1). 
Besides a few srnall deglaciated areas along the coast, the gla- 
cial cover during the austral sumrner extends over 90% of the 
surface area [Baroni and Orombelli, 19871 and is characterised 
by névé, large snow tablelands acting as accumulation zones, 
local glaciers on the northern side, and by outlet glaciers which 
drain part of the eastern cap to the southern side. Coastal areas 
are also characterised by floating ice shelves (tabular glaciers 
with flat surfaces, attached to the shore but extending across 
the sea on which they float) and floating ice tongues. 

Snowpack surveys 
Data on snow shucture were acquired according to mditional 
methods (penetration test and stratigraphic analysis) and the 
following parameters were measured: layer thickness, grain 
size and shape, snow hardness, snow density and temperature. 
Hardness was measured both by using a Swiss percussion 
probe (cone angle: 60°, cone base diameter: 40 mm, tube wei- 
ght: 10 Nlm, harnmer weight 10 N) and the hand test. An 8x 
magnifiing glass equipped with a one-tenth of millimetre gra- 
ting was used to analyse grain size and shape. Density was 
measured every 0.1 metre of depth by using a coring tube of 
lo4 m' volume and a duly calibrated steelyard. Snow tempera- 
ture values were measured using a digital contact thermometer 
(measuring range -50°C/+500C). Attempts of m e a s u ~ g  liquid 
water content were also made, but this pararneter is negligible 
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F l p t  1 - Landsat 5 TM irnage (channel4) of the study area acquued on Jan. 17, 1990. 
White do& show slweyed sites. 

in Antarctica due to the extreme dry weather conditions. 
Snow field data were classified according to "The International 
Classification for Seasonal Snow on the Ground" [Colbeck et 
al., 19931 of the International Commission on Snow and Ice. 
In the two expeditions, 32 snowpack profiles were compiled at 
several altitudes along the coast and in some névés in the con- 
tinental inland (Tab.1): following the snow grain types that 
mainly characterise the snow surfaces, this study describes. 
Stellar dendrites (Id): grains occurring afier a snowfall either 
with weak or no wind. Snow is dry or humid (< 3% liquid water 
content) and its temperature is I 0°C. 
Decomposed precipitation particles (2a): grains formed afìer a 
snowfall with a weak wind or when the recently deposited snow 
particles begin to round, with a low thermal gradient (< 
10°C m-l). This process is fast (a few hours) at temperatures 
around 0°C but slower at temperatures under 0°C. Snow is dry 
or hurnid (< 3% liquid water content) and its temperature is I 
0°C. These particles can persist for long periods on the snow 
cover if the wind is calm, the surface temperature low and the 
thermal gradient below the critical vaiue of 10°C m-'. 

Rounded particles, small (3a) and large (3b): 
these grains are mainly due to breaking caused 
by wind transport (drifìed snow). Grain rounding 
also occurs when the thermal gradient on the sur- 
face is low (< 10°C m-[). This process is not usual 
in the surface layers of polar s n w s  and requires the 
absence of win4 low thermai gradient within the 
surface layer (< O.lO°C m-l) and the initial 
presence of particles 2a and 2b. Rounding process 
rate depends on the snow temperature: it is 
rapid when temperatures are around O°C, but 
slower at lower temperatures. The two above 
mentioned processes (wind action and therrnal 
gradient) cannot be distinguished by simple 
observation of grain shape, but can be inferred if 
the weather conditions on the days or hours 
before observation are known. However, rounded 
grains provide information about the origin of 
the snow deposit: small grains (< 0.2 m )  
characterise drifted snow (3a grains); grains 
between 0.3-0.5 mm occur with both processes (3a 
grains) and grains larger than 0.5 mm (3b particles) 
&e typical of snow cover with a low or-medi- 
thermal gradient, lower than the critical value nec- 
essary for "kinetic growth forms" (10°C m-'). 
In polar environrnents, the presence of grains 3a in 
the snow surface layers usually characterises drift- 
ed snow and its origin is related to the strength and 
persistente of the wind. The presence of 3a grains 
turning into 3b can also give an indication of the - - 
duration of the original layer. 
Solid faceted particles (4a): can be found in the 
surface layer if snow remains in the same place 
for several days and if the thermal gradient is 

above the critical value required for the kinetic grain growth 
(10°C m-l). Average grain size varies between 0.6 mm and 3-4 
mm or more, and depends on the gradient value and exposure. 
Snow is dry and its temperature is < 0°C. These particles are 
typical of the inner layers of snow cover, but in polar environ- 
ments they can also occur on the surface. Their presence reveals 
that either the surface layer has been eroded by strong winds, or 
the rounded grains are gradually turning to faceted grains 
during fair weather and weak wind conditions. 
Surface hoar (74: generally occurs together with other grain 
shapes. With grain sizes over 3-5 m ,  hoar can prevent direct 
observation of the underlying layer. The weather conditions 
required for surface hoar to form are: high relative humidity of 
the air above the snow, high snow-air therrnal gradient, deposi- 
tional surface temperature below O°C, no wind to cause air 
mixing that would prevent the humid air from freezing. Grain 
size depends on the hurnidity content of the air, snow tempera- 
ture and on how long the process lasts. The presence of surface 
hoar indicates persisting clear sky and the absence of wind; this 
applies both to Polar and Alpine environments. 
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Table 1 - Characteristics of the investigated sites in Antarctica. 

Results 
Penetration tests revealed that hardness usually increases with 
depth but, as Meneghel and Smiraglia [l9911 and Cagnati 
[l9971 observed in previous expeditions, frequent trend rever- 
sals occur when reaching layers formed of facets or mixed 
forms. In some cases, it was not possible to carry out the pene- 
tration test because the snowpack was too compact. 
Stratigraphic analysis of snow cover was carried out at a depths 
of 1 metre or as far as the underlying ice surface (Fig. 2). In the 
first 25 cm below the snow surface, the prevailing grain forms 
were srnall rounded particles (3a), due to wind action; below this 
layer, forms created by grain kinetic growth dominated (4a-4b-4~). 
Faceted crystals (4a), whose presence was first detected at a 
depth of 5-25 cm in association with rounded grains, become 
predominant in most profiles at a depth of 25-35 cm. At lower 
depths, layers consist of faceted crystals deriving from a decrea- 
se in temperature gradient within the snowpack, usually referred 
to as "rnixed forms" (4c). Yet, in severa1 profiles at depths of 55- 
65 cm and/or 75-85 cm, we still found a prevailing number of 
small faceted particles (4a). Rounded grains (3a-b-C) and face- 
ted crystals (4a-b-C) represent the most frequent grain forms in 

the snowpack: the former were found in 106 layers (34%) and 
the latter in 83 layers (25%). 
During snow surface investigations, new snow crystals (preci- 
pitation particles, grain form 1) and decomposing and h g -  
mented particles (grain form 2) were only observed twice, after 
two snawfalls in 1996. In the profiles carried out at Rennick 
Glacier, Evans Névé, Campbell in 1996 and McCarthy Ridge 
(1996 and 1998), decomposing and hgmented particles 
(forms 2b) were observed at depths of 5-15 cm or 15-25 cm. 
Probably, these layers were deposited at the beginning of a 
snowfall under calm wind conditions and were then quickly 
covered by wind-blown snow. The presence of surface hoar 
with crystals usually between 1 rnm and 1.5 rnm was also 
detected; at McCarthy Ridge (1998)' surface hoar crystals rea- 
ched 5 mm in size. 
Melt freeze crusts, mainly due to re-freezing of wet grains (6a), 
were most frequent in coastal areas. However, these surfaces 
were also found in the snowpack at Priestley Névé and 
Hercules Névé, far from the coast and over 1,800 m above sea 
level. The low thickness of these crusts (observed only in the 
1998 survey), suggests that they formed due to temporary rnild 

Sun 
elevation 

30"-33" 

32" 

34" 

32' 

31" 

34" 

32"-33" 

33" 

3 1" 

34" 

32" 

Site 

Hells Gate 

Nansen Ice Sheet 

Adelie Cove 

Campbell Glacier 

Tethys Bay 

Terra Nova Bay 

Enigma lake 

Hercules Névé 

Tourmaline Plateau 

Styx Glacier 

Pnestly Névé 
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Mean air 
T°C 

-4.7 

-5.9 

-2.4 

-1.9 

-4.0 

-6.4 

-7.4 

-22.1 

-21.8 

-16.0 

-25.5 

Latitude 
Longitude 

74" 52' 80" S 
163" 46' 00" E 
74" 46' 38" S 
163" 31' 45" E 
74" 46' 40" S 
163" 57' 10" E 
74" 38'86" S 

164" 35' 29" E 
74" 42' 07" S 
164" 02' 25" E 
74" 39' 65" S 
164" 07' 12" E 
74" 43' 0 8  S 
164" 02' 00" E 
73" 06' 38" S 
165" 27' 7 8  E 
74" 08' 55" S 
163" 27' 03" E 

73" 53' 96" S 
163" 39' 97" E 
74" 38' 18" S 
160" 38' 32" E 

Date 
Time 

1 1/17/98 
1O:OO-12:OO 

11/18/98 
1 1:00 

11/20/98 
11:45 

11/17/98 
15:OO 

11/24/98 
10:15 

1 1/24/98 
11:15 

11/23/98 
14:30-15:45 

1 1/26/98 
1O:OO 

11/23/98 
9 5 0  

1/15/98 
12:40 

11/25/98 
1o:oo 



SNOW COVER PROFILE Obs. VALT MAURO Profile Type Full No. 307 
Centro Valanghe Arabba Date 98-1 1-19 Su- Roughness - 
XIV Smdizione Antartide Time 1 l:W Penetration Fod 10 Ski 

IHS 100 HSW 280 P 281 R 4924 N 1 Wind Calm 1 

Location Mc Carthy R i e  

climatic conditions with air temperatures above freezing. 
Melt freeze crusts can thus be a good indicator of annua1 snow 
accumuiation as they form during the summer season, thus 
separating the annuai snow deposits. 
Layers of deep hoar crystals are frequent in the alpine envison- 
ment, but are quite rare in Antarctica, and were actually identi- 
fied only at McCarthy Ridge in 1996 and Styx Glacier in 1998. 
Compared with the observations by Cagnati [l 9971, the data in 
this paper reveal a wider distribution of grain-size classes. 
Furthermore, larger 4b-type particles and flat faceted particles 
(4a) even smaller in size were also found. This is probably 

Air Temperature - 7.4 

Figure 2 - Snow pack profile at Mc Carthy 
Ridge on Nov. 19,1998. At depth of 17-22 
cm a snow layer made of fragmented 
(E= 2.0 mm) and rounded particles occurs. 

H.A.S.L. 650 m W r d s  743338.1625636 I SkvCondltion 0 Clear 

because more sites were surveyed in 1998 and the atmosphenc 
weather conditions in the months preceding the observations 
were different. 
Snow temperatures both on the surface and at several depths, 
were also measured at 10 cm intervals. As expected, tempera- 
tures were lowest towards the continental inland (Tab. 2). 
Surface temperatures varied fiom values of -10°C close to the 
coast, to -lO°C/-20°C at over 1,000 m a.s.l., to -20°C/-30°C 
measured at over 2,000 m a.s.1. and towards the continental 
inland (Evans Névé, Hercules Névé). Unlike the values 
measured in alpine snow covers, in Antarctica the "wmest" 

Table 2 - Snow pack temperatures ('C) measured during the 1998 Antarctic campaign. 
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Depth 

Surface 

10 cm 

30 cm 

50 cm 
P- 

Drygalski Ice 
Tongue 

70 m as.1. 
-11.9 

-14.1 

-14.8 

-17.3 

McCarthy 
Ridge 

650 m %S.I. 
-13.4 

-17.4 

-20.0 

-23.6 
- p 

Styx Glacier 

1660 m as.1. 
-13.4 

-17.4 

Priestley Névé 

1983 m a.s.1. 
-28.6 

-31.0 

Evans Ndvé 

2380 m &al. 
-24.0 

-30.9 

-3 1.4 

-33.9 

Hercules Ndvd 

2960 m as.1. 
-32.2 

-34.5 

-32.2 

-32.2 

-32.9 

-35.1 

-35.7 

-37.1 



temperatures occurred at the surface (during the surnmer sea- 
son) as they are affected by the relatively mild temperatures of 
the Antarctic surnmer. At a depth of 40-50 cm, the temperature 
stabilises at values that can be assumed to be close to the ave- 
rage winter air temperatures in the surveyed area, although 
accurate research in this field still has to be carried out. 
The rapid temperature decrease occurring in the first 20-30 cm 
of snow accounts for the high surface temperature gradient 
values. In the first 10 cm, temperature gmhent values exceeding 
15"CIm in 74% of the profiles were observed, while temperatures 
exceeding 25"CIm were measured in 52% of the profiles. 
Between 10 cm and 20 cm depth, gradient values exceeding 
15"CIm were found in 53% of al1 the sampled sites, and between 
5°C and 15"CIm in 36% of al1 observations. These conditions 
favour kinetic crystal growth which is, however, hindered by 
the compactness of surface layers and by constant wind erosion 
and accumulation. In fact, as illustrated above, crystallographic 
analyses showed not only the preponderance of rounded forms 
(3a-b-C) due to the wind, but also the presence of faceted forms 
(4a-4b) reaching their highest number at a depth of 25-35 cm, 
where erosion is weaker and snow grains persist long enough 
to render kinetic growth possible and observable. In areas 
where wind action is less effective, surface small faceted 
crystals, originated by high temperature gradient, can be 
observed (Tourmaline Plateau and Priestley Névé, 1998). 
In the majority of the investigated sites, at depths of over higher 
than 30 cm, temperature gradient values stabilised from 5" to 
15"CIm. An interesting decrease was observed between 65 and 
75 cm depth (0-5"CIm) during both expeditions; deeper down, 
temperature gradients returned to values ranging from 5" to 15" 
C. Between 25 and 45 cm of depth, 4a forms predominate as a 
consequence of high gradient values. At lower depths, however, 
there was a predominance of faceted particles which remained 
in low-gradient environments and can be classified as 4c mixed 
forms. 

Snow surface morphology 
Wind is the main meteorological element in the Antarctic 
climate and strongly erodes and modifies the snowpack sur- 
face. Erosion and transport are constant and days of calm wind 
are rare. Katabatic wind is even more typical in the coastal 
area, and in a few hours it can erode severa1 inches of snow and 
uncwer the underlying ice in areas where snow layers are not 
thick. Surface forms differ considerably both regards area1 
distribution and erosion depth (sastrugi). We found perfectly 
smooth surfaces (deposits of wind-drikd snow), irregular 
forrns with low roughness (1-2 cm) and sastrugi-type irregular 
forms. Concave surfaces due to snow layer sublimation were 
particularly Erequent in coastal areas. 

Spectroradiometric measurements 
The dependence of snow reflectance on its structural and phy- 
sical characteristics is well known [Wiscombe and Warren, 
1980; Warren, 19821, as is the use of multispectral satellite 

images to study glacial environments [Bourdelles and Fily, 
1993; Dozier, 1989; Hall et al., 1990; Winther, 19931. 
This section briefly illustrates the main spectral features of the 
snow cover and discusses selected spectroradiometric data 
acquired during the above mentioned Antarctic expeditions. 
The relationship between snow structure and spectral properties 
based on field acquisitions is further discussed in Casacchia et 
al. [2001]. 
Snow spectral property investigation is usually based on the 
analysis of reflectance, defined as the ratio between the arnount 
of radiant energy reflected by a surface and the total energy 
incident on it. Snow reflectance is high in the visible region of 
the spectrum, whereas it quickly decreases at wavelengths over 
700 m. An increase in grain size causes a decrease in reflec- 
tance throughout the 350-2500 nm spectral interval and it is 
particularly significant in the infrared zone varren, 1982; 
Warren et al. 1986; Wiscombe and Warren 19801. The reflec- 
tance of both wet and refrozen snow is usually lower than that 
of dry snow due to the high absorption coefficient of water and 
ice, especially at infrared wavelengths (700-2500 m ) .  
During 1996 and 1998 surveys, field reflectance in the 350- 
2500 nm spectral range was measured using a FieldSpecB FR 
portable spectroradiometer, and taken as the ratio between the 
radiation reflected by the measured surface and the radiation 
reflected by a white SpectralonB panel, assumed as a 
Larnbertian reflector. In the field, the reflectance factor is 
actually acquired, whereas absolute reflectance can be calcula- 
ted by multiplying the reflectance factor by the panel calibra- 
tion curve, obtained in the laboratory. Details on spectroradio- 
metric field data acquisition techniques and interpretation in 
polar regions can be found in Casacchia et al. [2000 and 20011. 
The different radiometric curves as well as ali related snow data 
were included in a database known as "SISpec - Snow & Tce 
Spectra Archive" [Ghergo et al., 20001. Based on the SISpec 
data structure, exarnples of field reflectance curves were selec- 
ted for discussion in this paper. The chosen data illustrate some 
of the most meaningful metamorphic variations within drified 
snow surfaces sampled in the inner plateau and in coastal areas. 
Reflectance data acquired 'in the inner continental regions 
exhibit different features from those taken in coastal regions. 
The reflectance curves of Figure 3 were acquired at Hercules 
Névé (m, Priestiy Névé 0, Tourmaline Plateau (TP) and 
Styx Glacier (SG); at these sites, snow surfaces were all smooth, 
with snow temperature always below -24°C (tab. 3). In al1 cases 
snow grains included smail rounded particles (about 0.2 mm in 
size) and solid faceted particles (from 0.2 mm to 0.8 mm in 
size). Al1 curves progressively decreased in the f i t  part of the 
spectrum, while data collected under less severe climatic con- 
ditions usually reveal a more arcuate trend. Moreover, reflec- 
tances appear higher at any wavelength, particularly in the 
SWIR region. Differences between the curves in Figure 3 are 
related to the prevailing size particles, aithough data for the 
Tourmaline Plateau at Il3 wavelengths do not seem to satisfj 
this condition. 
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Figure 3 - Reflectance curves acquired at Hercules Névé (HN), Priestley Névé (PN) Tourmaline Plateau (TP) and S'qx Glacier (SG). 

o 
300 700 1100 1500 1900 2300 

wavelength (nm) 

Figure 4 - Reflectance curves acquired at Nansen Ice Sheet (N13 and Ni4) and Campbell Glacier (CG). 
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Table 3 - Physical characteristics of some of the investigated targets. Sy = symbol used in Figures 3 and 4; T = snow temperature ("C). 

Figure 4 shows three reflectance curves referring to drifted 
snow surfaces formed of rounded particles sampled in coastal 
regions, at Nansen Ice Sheet (Ni3 and NI4) and at Campbell 
Glacier (CG). N14 and CG curves exhibit almost the same 
reflectance while N13 reflectance is lower in the 350-800 nm 

Site 

Nansen Ice Sheet 

Campbell Glacier 

Hercules Névé 

Priestly Névé 

Tourmaline Plateau 

Styx Glacier 

range; at longer wavelengths, reflectance measured at N13 is 
remarkably higher than that of the other two curves. NX3 also 
shows the smallest particle size (0.2 mrn) and includes morai- 
nic dust on its surface. The inversion of N13 trend observed at 

Surface type 

drifted snow 

drifted snow 

drifted snow 

dnfted snow 

drifted snow 
and kinetic 

growth forms 

drifted snow 
and kinetic 

growth forms 

equilibriurn 
forxns 

800 nm reveals how the reflectance of snow depends on its phy- 
sical structure in the visible and NIR spectral regions (where 
the effects of impurities prevail over that of grain size) while, in 
the i n h e d ,  higher reflectance corresponds to smaller grain 
size, 

Sy 

~ 1 4  

~3 

CG 

HN 

PN 

TP 

SG 

Concluding remarks 
Field data collected in the Antarctic surveys demonstrate the 
extreme variability of snow and ice spectral behaviour as a con- 
sequence of changes in surface structure, driven by environ- 
menta1 conditions. The data presented and discussed in this 
paper reveal that a better knowledge of snow structure in polar 
regions can provide useful information as a support in different 
applications. The snowpack vertical profiles substantially con- 
tribute to the study of climatic variation in recent times, while 
the integrated analysis of snowlice surface structure and its 
reflectance in the 350-2500 nrn wavelength range are important 

in monitoring these surfaces by remote sensing data. In fact, 
when field reflectance data are used to interpret satellite ima- 
ges, they must be representative of the spectral response resul- 
ting fiom al1 the surfaces that constitute the target area. For this 
reason it is necessary to thoroughly examine the relation 
between snow reflectance and its metamorphic state, also to 
provide realistic data for reflectance snow modelling. This can 
be achieved if snow physical data are acquired together with 
spectroradiomeiric data; a correct interpretation of snow spec- 
tra1 response would be extremely difficult without this infor- 
mation. Moreover, a larger number of study cases concerning 
snowlice surfaces based on field surveys would help to impro- 
ve the analysis of spectrafresponse and the characterisation of 
typical snowlice surfaces encountered in glacial environments. 
In this context, a large data set of field acquisitions, properly 
structured into a data base, is an important t001 for deriving the 
spectral signature of specific snowlice targets. 

T ( O C )  

- 15.1 

-15.1 

-7.7 

-31.1 

-28.6 

-23.9 

-26.6 
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Snow Crystals 

small rounded particles (3a 0.4 mm 20%) and 
large rounded particles (3b 0.6 mrn 80%) 

smail rounded particles (3a 0.2 mm) with 
impurities 

small(3a 0.2 rnm) and large rounded particles (3b 
0.6 mn) 

small rounded particles (3a 0.2 mm) and solid 
faceted particles (4a 0.6 mm) 

2 cm: small rounded particles (3a 0.2 mm) and 
solid faceted particles (4a 0.2 mm). 

10 cm: small rounded particles (3a 0.2 m )  and 
solid faceted particles (4a 0.2 m )  

small rounded particles (3a 0.2 mm) and solid 
faceied particles (4a 0.2 mm) 

2 cm: small rounded particles (3a 0.2 mm) 

8 cm: solid faceted particles (4a 0.8 inm) 
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Anisotropic snow reflectance measurements 

Claudia Giardino"), Pietro Alessandro Brivio") and Eugenio Zilioli(') 

Abstract 
This paper illustrates the anisotropy of the reflected radiation field over a snow surface, using close-range directional acquisi- 
tions of ground based radiance. Measurements were carried out on the Alpe di Bobbio snowfield in the Italian alpine region. 
On the basis of multiangular measurements, the Bidirectional Reflectance Distribution Function (BRDF) was derived for 
bright snow targets at a solar zenith angle 8 = 54". The Bidirectional Reflectance Factors (BRFs) between 350 and 2500 nm 
were converted into the band equivalent reflectance for the Landsat-5 Thematic Mapper (TM) bands. The in-band BRDFs 
showed nadir darkening and maximum bnghtening near the fonvard limb. Measurements in the solar principle plane, which 
are unique to the BRDF, illustrate that BRFs for extreme viewing zenith angles (Le. O'= k60°) may differ from nadir obser- 
vations by 5% for backward scattering and by 15% for fonvard scattering. 

Riassunto 
L o  scopo di questo lavoro è valutare, attraverso l'acquisizione in campo di osservazioni multidirezionali e iperspettrali, 
l'entità dell'anisotropia del campo della radiazione rzjlessa dalle superfici coperte da neve. Le misure sperimentali di campo 
sono state condotte in località Alpe di Bobbio della regione alpina italiana. Sulla base delle osservazioni multiangolari è stata 
determinata la Funzione di Distribuzione della Rzjlettanza Bidirezionale (BRDF) della superficie, con un angolo zenitale del 
sole 8 = 54". Successivamente i Fattori di Rlflettanza Bidirezionale (BRF) ottenuti tra 350 e 2500 nm sono stati trasformati 
negli equivalenti valori di rzjlettanza in corrispondenza delle bande spettrali del sensore Thematic Mapper del Landsat-5. 
Questi valori presentano un minimo per la direzione d'osservazione nadirale mentre sono più alti attorno alla direzione della 
rzjlessione speculare forward scatterina). Le misure eseguite nel piano solare principale, che caratterizzano la BRDF delle 
superfici, mostrano che, per estreme condizione d'osservazione cioè per angoli zenitali d'ossewazione 8' = h604 i fattori BRF 
possono differire dai valori ottenuti con misure nadirali di circa il 15% nella direzione della rzjlessione speculare forward 
scattering) e di circa il 5% nella direzione opposta (backward scatterina). 

Introduction 
Variations in sola radiation absorbed and reflected by the Earth 
are key factors in understanding climate change; in this context 
there is no need to emphasise the role of snow-cover because it 
is one of the most reflective naturally occurring reflective 
materials [Choudhury and Chang, 19811. Even where relation- 
ships between glacier behaviour and climate change remain 
quite complex, glaciers and glacial environrnents are sensitive 
indicators of climate fluctuation; mass balance detennination 
yields results that may be related to anomalous meteorological 
conditions [Kuhn et al., 19991. Schwitter and Rayrnond [l9931 
and Oerlemans [l 9941 observed that glacier retreat in the Alps 
during the twentieth century is consistent with a 0.6 - 1.0 'C 
warrning in alpine regions. 

(l) CNR-IREA, Via Bassini 15 - 20133 Milano - Italy 

Received 2W02/2001- Accepted 29/05/2001 

Due to considerable and continuous variations in the aerial 
extent of snow and ice, many studies have used satellite 
observations to derive, 0n.a over large spatial and temporal 
scale, snow-related geophysical parameters used in masdenergy 
balance modelling of glaciers. Moreover, an understanding of 
visible and near-infiared solar snow reflectance is necessary 
not only for estimating the solar energy reflected by the Earth 
(i.e. albedo), but also for mapping snow-covered areas via 
remote sensing methods [Swamy and Brivio, 19961. 
The retrieval of surface albedo fi-om satellite data, in particular, 
presents uncertainties related to the following four factors: 
(I) calibration of the satellite sensors, (11) correction for 
atmospheric effects, (III) calculation of the spectrally integrated 
albedo from values measured in sensor spectral bands, and 
(IV) correction of anisotropic reflection at the surface [Greuell 
and Ruyter de Wildt, 19991. 
Thus narrow-band reflectance data and spectral albedos 
obtained h m  in situ measurements are extremely important 
reference values to validate satellite-inferred obsewations. 
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Moreover, ground bidirectional reflectance measurements are 
the subject of an increasing number of investigations [Knap and 
Reijmer, 1998; Warren et al., 1998; Jin and Simpson, 1999a; Jin 
and Simpson, 1999b; Mishchenko et al., 1999; Jin and 
Simpson, 20011, because the varying geometries of remote 
m r s ,  caused by (I) different viewing angles in a multidirectional 
data set (e.g., the Multiangle Imaging Spectroradiometer 
(MISR), and the Moderate Resolution Spectroradiometer 
(MODIS) onboard of Terra); (11) large field of view optical 
sensors (e.g., NOAA-AVHHR and SPOT-VEGETATION); and 
(111) rugged terrain topography (e.g. Thematic Mapper (TM) 
imagery taken over mountainous areas). 
To summarise, directional observations of reflectance are an 
important t001 [Sandmeier, 20001 to: 

- validate currently available Bidirectional Reflectance 
Distribution Function (BRDF) models; 

- support the development of new, more accurate BRDF models; 
- investigate the physical mechanisms of BRDF effects; 
- study the relationships between geophysical parameters and 

BRDF effects; 
- validate satellite derived geophysical parameters, including 

the topographic correction. 

Materia1 and methods 
In nature, very few surfaces act like a Lambertian reflector to 
incident radiation, scattering energy equally well in al1 
directions irrespective of the solar illumination angle. 
Therefore, measurements of reflectance factors, from space or 
ground leve1 display angular changes related to the geometries 
of the sensor-target and Sun-target, generating a double depen- 
dency also known as bidirectional. 
Understanding the impact that Sun angle illumination and 
sensor viewing geometry can have on the spectral response of 
natural surfaces is imperative for accurately interpretating 
remotely sensed images. BRDFs seem to be one of the most 
diagnostic measurements for thoroughly understanding the 
spectral reflectance characteristics of investigated surfaces 
[Jensen and Schill, 20001. 
The complex reflectivity processes of a medium such as snow 
depend on surface and subsurface radiative scattering and 
absorption characteristics. The surface roughness, absorption 
coefficient of snow and correspondingly the multiple-scattering 
survlval probability of photons (i.e. albedo), the sizelshape of 
snow grains and their single-scattering phase function, in 
addition to the solar zenith angle, are al1 factors affecting the 
bidirectional reflectance of snow w r e n  et al., 19981. 
Because of this inherent anisotropy, the radiance for a common 
snow target may differ considekibly when observed from a 
satellite, thus the radiation fluxes derived from space measure- 
ments may not represent the true values if the anisotropic 
reflectance is neglected. 
To better understand the need for correcting anisotropic 
reflectance in albedo-related studies. it is sufficient to realise that 
satellite instniments measure radiance, whereas surface albedo is 

the ratio between the reflected and incoming irradiante. It 
emerges that it is necessary to know how the outgoing flux is 
related to the radiance in the direction of the satellite or, in other 
words, how the albedo is related to the bidirectional reflectance 
(i.e. the reflectance in a specific direction). This can be achieved 
by measuring or modelling BRDFs. 

Acquisition of BRDF in the Jield 
Measurements of bidirectional reflectance values of snow are 
affected by several factors, related both to the instruments and 
environrnent, that must be considered for accurate ground data 
interpretation [Sandrneier, 20001. 
Spectroradiometer calibrations and the geometrica1 accuracy of 
goniometers (or tripod), used to support the optics, are important 
quality features that define the repeatability and stability of the 
measurement geometry and reflectance values. 
BRDFs characteristics of reflectance-reference panels should 
be carefully determined before they are used as an adequate 
reflectance reference: Sandrneier et al. [l9981 for a ~ ~ e c t r a l o n ~  
at A = 450 nrn and the source at nadir, observed deviations from 
a perfect Lambertian surface of 6% and 8% at IO0 and 70" view 
zenith angle, respectively. The influence of atmospheric condi- 
tions must also be considered and field measurements should 
be taken under stable (low or high) aerosol conditions on a 
cloudless day to limit any effects a change in illumination 
conditions may have on the acquired observations. 
The main influence from the natural environment is the wind, 
which may alter the stnicture of the snow field. Air temperature 
and relative humidity are further parameters that may alter the 
snow BRDF and should therefore also be monitored. A major 
impact on data acquisition can be introduced when the 
measurement team or surrounding objects (e.g. trees, 
mountainous slopes) either block portions of the sky or reflect 
additional radiation to the measurement target. In these cases it 
is not uncommon to obtain reflectivity values greater than unity 
[e.g., Zilioli and Cagnati, 19951. 

BRDF modelling 
Ground based measurements can further be used to model 
andlor validate BRDF models. BRDF snow models include the 
simplest purely trigonometric model (i.e. BRDFs are functions 
of viewing zenith angle 8: illumination zenith angle 8, viewing 
azimuth angle fand illumination azimuth angle t$), as well as 
more complex physically-based models (Le. BRDFs are 
analyticai solutions of radiative transfer equations). 
Currently, work is in progress to study the Algorithm for 
MODIS Bidirectional Reflectance Anisotropies of the Land 
Surface (AMBRALS) [Wanner et al., 1995; Lucht et al., 20001, 
that simulates the reflectance of a surface as the sum of three 
kernels representing basic scattering types: isotropic scattering, 
volumetric scattering and geometric-optical surface scattering. 
This model will permit to parameterisation of several snow 
targets, depending on their characteristics (e.g. grain size, 
density, topography) and correction of the anisotropy of the 
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reflected radiation field, thus f i i l y  allowing an accurate 
retrieval of geophysical parameters and related topics (e.g. 
energy balance). 
Like al1 the other linear semiempirical models F u  et al., 1997; 
Knap and Reijmer, 1998; Greuell and Ruyter de Wildt, 1999; 
Jin and Simpson, 20011 AMBRALS needs accurate 
parameterisations via matrix inversion of measured BRFs. 
In each waveband, a set of model parameters is determined 
through minimisation of an error function, that could be the 
following: 

where, N is the number of observations, np is the number of 
model parameters, R O ~ S  and Rmodel are observed and modelled 
reflectances, and 5 is a weighting factor. 
To achieve a good pararneterisation of the model, measure- 
ments must be collected fiom several viewing angles and 
within a short time interval, so as to avoid any change 
environmental conditions. 

Experiment Description 
On March 6", 2000, several directional reflectance data sets 
for a consolidated-snow target were acquired during a field 
experiment in the southem Alpine environment (Alpe di 
Bobbio), using the FieldSpec-FR spectroradiometer mounted 
on a tripod in combination with an inclinometer. The Sun zenith 
Band the Sun azimuth @ angles were 54" and 145" respectively, 
while the aerosol optical depth at A = 550 nm was 0.026, 
corresponding to a visibility of overlarger than 300 krn 
[Vermote et al., 19971. 
In order to simulate atmospherically corrected Landsat-5 
satellite data, spectroradiometnc BRFs were converted into the 

band equivalent reflectance for the TM bands [Trigg and 
Flasse, 20001, according to the following relationship: 

where, BRFTMi is the band equivalent bidirectional 
reflectance factor for the band i, Li, is the starting wavelength 
for the of band i filter function, L, is the end wavelength of 
band i filter function, rj is the relative response (fkom filter 
function, Figure 1) for the band i at wavelength j, BRq is the 
bidirectional reflectance measured by spectroradiometer at 
wavelength j. 
Figure 2 gives the anisotropy of the reflected radiation of the 
sampled snow target with three-dimensional diagrams based on 
the polar coordinate system. Measured BRDFs exhibit almost 
the sarne pattern, with a minimurn in the bidirectional 
reflectance for the nadir direction. 
Measurements in the solar principal plane, defined as the plane 
containing the sensor and the Sun with a relative azimuth angle 
of is @" = O", were used to compute [Duguay and LeDrew, 
19921 the broad-band bidirectional reflectance factors, BbBRF, 
labelled broadband albedo where the surface is assumed 
isotropic: 

where, BRFTM# is the bi-onal reflectane factor in the direeTh4 
bands 2 (525-605 nm), 4 (750-900 m) and 7 (2090-2350 m ) .  

VVavelength (nm) 

Fiwt 1 - Performanw of the Landsat-5 spectral response functions, in the reflective bands. The spectral bandwidths are debmined by the 
wmbiied q n s e  of a l l  optiai path minws (Le. primary, secon-, scan line wrrector, scanning), the spectral fdtem, and the individua1 detectors. 
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Figure 2 - BRDFs measured with the FieldSpec-FR spectroradiometer over compacted snow, in TM bands 2,4 and 7. The Sun zenith angle 
O is 54O. In the plots the radia1 direction represent the view zenith angle O'(maximum 60°), and the azimuth direction the relative azimuth 
4"angle (i.e. Sun azimuth @ minus view azimuth 4'). 

Results are given in Figure 3. As Greuell and Ruyter de Wildt 
[l9991 already observed, bidirectional reflectance is most 
pronounced for the forward direction, while the brightening is 
weakest for the backward direction. Differences of broad-band 
bidirectional reflectance factors BbSRF between nadir observa- 
tions and extreme conditions of view zenith angle Vreached 
15% in the forward direction (O'= -60°), and 5% in the back- 
ward direction (O'= +60°). 

Conclusions and perspectives 
BRDF measurements of compacted snow acquired under con- 
stant Sun zenith angle O = 54" in the Alpine environment are 

Sun zenith = 54 
Relative azimuih angle = 0' 

85 

given. An 8" lens of the ASD-FR spectroradiometer was used 
for directional sampling of reflectivity, mounted on a tripod 
combined with an inclinometer. Polar diagrams revealed 
BRFs variations in agreement with the literature, with a 
minirnum value nadir-viewing. Atmospherically corrected 
TM bands were simulated to analyse variations of broad-band 
bidirectional reflectance factors Bb introduced by viewing 
and illumination geometry. The Foad-band bidirectional 
reflectance factors ~ b ~ ~ ~ ,  referred to the solar principal plane, 
were signficantly depending on the viewing directions, and 
brightening was greater in the forward direction than in the 
backward. 

View Zenith Angle Farward 4 2--------..-.---.--.-u...-----....,. .. -..-.. ..-.---..-. ..-.....-..-.----- .* Backward 
scattering scattering 

Figure 3 - Variation of broad-band bidirectional reflectance factors BbBRF of snow surface as a function of view zenith angle O', observed 
in the solar principal plane and at Sun zenith angle O= 54'. Negative values of view zenith angles refer to fonvard scattering (with the Sun 
in front), while positive values refer to backward scattering (with the Sun behind). 
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The described results should be generalised by directional 
measurements of other snow targets, in order to describe albe- 
do patterns for different Sun zenith angles O, snow features 
and wavelengths. 
Moreover, for selected snow surfaces, accurate parameterisa- 
tion of selected BRDF models should be accomplished to 
simulate albedo change associated with illumination/viewing 
geometry. BRDF modelling should also will aiiow the correc- 
tion for anisotropic reflectance measured by Earth observa- 
tion systems. The latter is not a trivial matter: Greuell and 
Ruyter de Wildt [l9991 computed corrections due to non- 
Lambertian properties of snow with values ranging 0.10-0.12 in 
TM band 2, and 0.1 1-0.12 in TM band 4, whereas whilst Knap 
and Reijmer [l9981 observed errors of 6% - 7% in the absorbed 
flux if isotropic reflectance of snow is assumed. 
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Microwave emission features of snow covers in alpine regions 

Giovanni Macelloni (l), Simonetta Paloscia (l), Paolo Pampaloni o), Roberto Ruisi (l), Marco Tedesco('), 
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Abstract 
Field measurements of microwave emission from snow covered soil were performed in 1996, 1997 and 1999 on the Italian Alps and 
Apennines using a three frequency dual polarized microwave system. In the sarne time nivological measurements were carried out 
using standard methods and an electromagnetic contact probe. This paper presents a surnmary of the obtained results, which have 
pointed out the sensitivity of microwave emission to snow water equivalent and wetness. Also a comparison of experimental data with 
physical models of dry and wet snow has been carried out. 

Riassunto 
Misure radiometriche a microonde effettuate a tre frequenze su vari "test sites" delle Dolomiti e degli Appennini hanno 
dimostrato la sensibilità dell'emissione a microonde all' equivalente in acqua e al contenuto di acqua liquida. Simulazioni 
modellistiche effettuate con la teoria dei mezzi densi per la neve secca e con il trasporto radiativo convenzionale per la neve 
umida hanno mostrato un buon accordo con i dati sperimentali. 

Introduction 
The capability of passive microwave sensors to monitor 
seasonal variation of snow cover has been the subject of 
several experiments carried out with ground based and 
satellite systems [Hofer and Matzler, 1980; Stiles and 
Ulaby, 1980; Ulaby and Stiles, 1980; Matzler et al., 1982; 
Rott and Sturm, 19911. Moreover, the dielectric character- 
istics of several snow types have been investigated by 
means of experiments and theoretical models: data are 
available at frequencies up to 90 GHz [Hallikainen et al., 
19871. Measurements carried out between 3 GHz and 90 
GHz have pointed out the sensitivity of microwave emis- 
sion to snow type and water equivalent. 
At the lower frequencies, the microwave band emission 
from a layer of dry snow is mostly influenced by the soil 
conditions below the snow pack and by snow layering, 
while at the higher frequencies the role played by volume 
scattering increases and emissivity appears sensitive to 
snow water equivalent [Hofer and Matzler, 1980; Rott and 
Sturm, 19911. 
When snow melts, the presence of liquid water in the sur- 
face layer determines an increase of high frequency emis- 
sivity, so that brightness temperature increases as a func- 
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tion of liquid water content (W). The average spectra of 
brightness temperature Tb obtained by Schanda et al. 
[l9831 show that Tb of dry and refrozen snow decreases 
with frequency whereas Tb of wet spring snow increases. 
In some cases the spectral behavior of wet snow shows a 
slight increase with frequency due to the increasing effect 
of surface roughness [Schanda et al., 19831. 
Field measurements were carried out in March 1996 and 
February 1997 on the Dolomite Alps (Italy) and in March 
1999 on the Tuscan Emilian Apennines. 
Severa1 test sites at different elevations were used, to give 
varying snow cover conditions including dry snow at high 
density with rounded polycrystals, low density freshidry 
snow, and finally a typical spring situation of wet snow 
with rounded particles, high surface density and very low 
consistency. 

The experiments 
The test sites and the "in situ" measurements 
The measurements were carried out on seven test sites on 
the Dolomites (Arabba and Falcade) and on the Apennines 
(Lizzano in Belvedere) offering different snow conditions. 
The test sites were selected in order to have a flat surface 
with sufficient extension, homogeneity and horizon free to 
guarantee the same conditions for the antenna footprints at 
al1 the observation angles. 
The snow structure at each test site was analysed by the 
Experimental Centre for Avalanche of Arabba on the 
Dolomites and by Corpo Forestale dello Stato of Lizzano 
in Belvedere on the Apennines according to the standards 
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of the International Commission on Snow and Ice face to 380 Kglm3 at the bottom. The surface layer of dry 
[Colbeck et al., 19931. Conventional measurements includ- fresh snow was composed by hoar crystals and rounded 
ed the penetration test and the stratigraphic analysis. small particles (1.0 mm), the air temperature during the 
The different snow layers were identified and the following measurements (10:30 a.m. -1:30 p.m.) was -l l°C. 
parameters considered for each: grain shape and dimen- Falcade - 17-24 February 1997: The measurements were 
sions, density, liquid water content, temperature and hard- carried out on four sites selected for the different charac- 
ness. Additional measurements of snow wetness were car- teristics of snow cover. 
ried out with a dielectric probe. The physical properties of Forno di Canale "Piana" (1.140 m a.s.1.): Snow cover was 
snow at various sites can be summarised as follows: 43 cm deep with an irregular crust on the surface and 
Arabba - 10-17 March 1996: The measurements were car- considerable processes of fusion and re-freezing. 
ried out on three sites at different altitude in order to test Observations were carried out between 10:OO am and 7:00 
diverse snow conditions. pm to study the daily wet snow cycle. During the day, 
Ru de Mont (1.470 m a.s.1.): The snowcover, 50 cm deep, moderate fusion only occurred in the first 10 cm, whilst 
was typical of spring snow with meltedlrefrozen grains, the surface began to re-freeze at around 4:30 pm. During 
high density (350 Kg/m3 in the morning and 400 Kglm3 in the day, surface temperature ranged from -9°C in the 
the afternoon), a uniform temperature profile close to 0°C morning to 0°C in the early afternoon. 
and liquid water content changing during the day from less Forno di Canale "La Fiota" (1.140 m a.s.1.): The snow 
than 3% in the morning to 8-15% in the afternoon. During cover was 43 cm deep, and the surface layer was composed 
the day the stratigraphic analysis pointed out a decrease in of big crystals of hoar. The wetness, very low in the morn- 
the hardness due to the fusion process. ing, increased to 4-7% in the afternoon. In order to study 
Campolongo (1.790 m a.s.1.): The snowpack, 67 cm deep, the effect of surface hoar. the measurements were worked 
was characterized by a first layer (4 cm) of high hardness out on the undisturbed snow and after removing the first 
and high density (350 Kglm3) followed by low hardness layer. The surface temperature ranged from -7°C to 0°C. 
intermediate layers composed by rounded polycrystals (2.0 Zingari Alti (2.150 m a.s.1.): The dry snow cover, 116 cm 
mm), with small hoar crystal. The temperature profile deep, was composed mainly by angular grains or grains 
reached a minimum (-7°C) at 40 cm depth and was - 1°C at rounded due to the decrease of temperature gradient. The 
the surface. Surface presented hollow furrows (3 mm). The basal layer was iced. The temperature profile had a minimurn 
measurements were carried out between 10:30 am and 1 :30 (-8.5"C) at 100 cm and the value at the surface was -7OC. 
Pm. Valles (2.170 m a.s.1.): The snow pack ( l  l 9  cm deep) was 
Cherz (2.030 m a.s.1.): The snow was 78 cm deep with low mainly composed by angular grains with an iced basal 
hardness and density ranging from 130 Kg/m3 at the sur- layer. 

Table 1 - Sumrnary of site and snow characteristics. 
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Lizzano In Belvedere - 24 March 1999 
Corno alle Scale (1.590 m a.s.1.): The snow cover was 200 
cm deep with a surface layer (30 cm) of fresh snow. 
Observation were carried out between 10:30 arn and 6:00 
pm to study the melting cycle of snow. During the day the 
wetness increased from less than 1% to more than 7%. 
Sky was clear with some clouds in the afternoon. 
Table 1 summarises the physical properties observed at the 
surface of the samples considered and expressed according 
to the IAHS classification [Colbeck et al., 19931. 

The remote sensing equipment 
Remote sensing data were simultaneously collected, by 
means of a Radiometer set (IROE) measuring thermal 
emission at three different microwave frequencies: 37, 10 
and 6.8 GHz (corresponding to 0.8, 3.7 and 4.7 cm wave- 
length, respectively) and in the thermal infrared (8-14 pm) 
band, was employed to simultaneously collect sensing 
data. 
The microwave sensors measured the horizontal and verti- 
cal polarization components of brightness temperature 
with an accuracy of hlK, at incidence angles between 30 
and 70 degrees. 
The instruments were portable, self-calibrated systems 
with a dual polarization horn antenna for each frequency 
channel and an interna1 calibration based on two loads at 
different temperatures (250 K h0.2 K and 370 K k 0.2 K). 
The calibrated output digital signals were recorded on a 
lap-top computer together with temperatures of calibrating 
loads. Calibration checks in the range 30 K - 300 K were 
carried out during the field experiments by means of 
absorbing panels of known emissivity and temperature 

(Eccosorb AN74 and VHPS), under a clear sky with a cali- 
brated noise source cou~led to the antenna. 
Background emission was periodically measured by means of 
a reflecting plate placed above the target, then subtracted 
from the total emission. 
The achieved measurement accuracy (repeatability) was 
better than h1 .O K, with an integration time of 1 sec. 
The beamwidth of the corrugated conica1 horns was 20' at 
-3 dB and 56' at -20 dB for both fiequencies and both 
polarizations. 
The sensors were installed on a metal frame placed directly 
on the snow or on a snowcat (Fig. 1). The observation 
geometry (distance between antenna and target) was arranged 
to meet the conditions of far field operation at an observation 
angle 8 = 30" from a rninimum height of 140 cm. The FOV 
ranged from 0.6x0.6 m2 at 8 = 30" incidence angle to 2x2 m2 
at 8 = 70". 
The infrared sensor, a commercia1 type hand-held radiome- 
ter with an accuracy (repeatability) of * 0.5 K, was placed 
on the same boresight as the microwave radiometers. 
Microwave emissivity was approximated by normalizing the 
brightness temperature to the thermometric temperature at 
10 cm depth. 

The probe for snow permittivity measurements 
A probe for "in situ" measurements of snow wetness and 
density was realized following the suggestion of Kendra et 
al. [1994]. The probe was essentially an open quarter 
wavelength coaxial type resonator driven by a sweep oscil- 
lator. 
The snow probe measured the rea1 and imaginary part of the 
relative dielectric constant of snow from which the liquid 

water content and snow density were 
calculated through the use of empiri- 
cal or semi-empirical relations. 

Experimental results 
Snow type identifcation 
Examples of microwave spectra of the 
basic types of observed surfaces (wet 
snow, dry snow) are represented in 
Figure 2. 
We see that the microwave spectrum 
shows an increase of normalized 
temperature Tn (ratio between the 
brightness temperature and the 
thermometric temperature at a depth 
of 10 cm) from 6.8 to 10 GHz for al1 
snow types, whereas the difference 
Tn (37) - Tn (1 0) is negative on dry 

Figura 1 - The experimental equipment 
on the snowcat. 
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snow but changes to positive on wet snow, increasing with 
an increase in wetness. 
In the considered microwave range the more suitable 
indexes for characterizing snow covers was found to be: the 
microwave spectral index MSI = [Tb (37) -Tb (lo)] / [Tb 
(37) + Tb (lo)] and the polarization index P1 = (Tbv - Tbh) 
1 Tbv + Tbh) measured at 37 GHz and 9= 40". We see that 
multifrequency microwave data appear efficient in separat- 
ing wet from dry snow on the basis of the spectral index. 
However, for low wetness (<2%) the spectrum is very close 
to that of dry snow. In this case discrimination can be bet- 
ter accomplished using the 37 GHz polarization index, 
which is much higher for dry snow (Fig. 3). 

Sensitivig to dry snow and water equivalent 
The characteristics of dry snow were investigated at 
Campolongo Pass and at Mount Cherz. As already seen the 
microwave spectrum of dry snow has a negative slope (Fig. 2). 
The emissivity trend versus incidence angle was rather flat at 
al1 frequencies and, at 37 GHz, was similar for the 
Carnpolongo and Cherz sites. The polarization difference was 
maximurn at 10 GHz. 
To investigate the sensitivity to snow depth and water 
equivalent, measurements were carried out, step by step, 
after sequentially removing five snow layers. Using these 
data the normalized temperature Tn has been represented as 
a function of the snow water equivalent (SWE) in Figure 4. 
We see that, as expected, the dry snow is almost transparent 
at 6.8 and 10 GHz and the highest sensitivity to SWE occurs 
at the highest frequency. Moreover, the relationship 
between Tn and SWE is not a continuous function due to 
the changes in snow density in the various layers. 
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Sensitivity to snow wetness 
Wet snow was observed in Arabba (Ru de Mont), Falcade 
(Piana and Fioita) and Lizzano in Belvedere (Corno alle 
Scale). Observations at Ru de Mont were carried out in 
1996 between 11:OO am and 4:00 pm local time. 
During this time lapse, air and snow surface temperatures 
were close to +2.5OC and O°C respectively, and had only 
small variations (Fig. 5a). Wetness increased from less than 
2% to about 8% displaying a Gaussian trend and reaching 
a maximum at 2:30 pm with a width equa1 to l h and 20m. 
Microwave data were continuously collected at incidence 
angle 0 = 40°, with a few short breaks to perform angular 
scans. As expected, microwave emission showed a high 
sensitivity to daily melting cycle of wet snow (Fig. 5b). 
In the afternoon, the generation of liquid water in the sur- 
face caused an increase of the absorption in the upper 
snow-pack layer of and a consequent strong increase of 37 
GHz emission. 
The increase was much smaller at lower frequencies where 
penetration was higher and volurnetric effects were significant. 
Emission reached a maximurn at around 1:00 pm, after this 
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time, and until 2:30 pm, snow melting increased at a high- 
er rate and extended to deeper layers, brightness tempera- 
ture decreased, which was srnall at 37 GHz and more pro- 
nounced at lower frequencies (6.8 GHz and 10 GHz). 
In the same time interval there was a significant increase of 
Polarization index until 2:30 followed by a slight decrease 
(Fig. 5c), and also the difference between the brightness 
temperatures at 37 GHz and 6.8 GHz increased with a 
maximum at 2:30 pm. 
After 2:30 pm and until 4:00 pm, brightness temperature 
remained almost constant at 37 GHz and slightly increased 
at 10 and 6.8 GHz. On the contrary, polarization and fre- 
quency indexes decreased. It should be noted that, between 
30 and 60 degrees, the variation of brightness temperature 
with the incidence angle was rather 1ow at al1 frequencies 
regardless of wetness. 
In the measurements carried out in Falcade in 1997, the 
snow wetness was measured in situ using the electromag- 
netic probe. In this case the maximum value of wetness, 
measured 5 cm below the surface, was much lower than at 
Arabba and only briefly reached 3% for a short time only. 
The results obtained were consistent with the measure- 

Figure 5 - Measurement for wet snow at 37 GHz as a function 
of local time (min) (Corno alle Scale). a) Snow temperature 
measured with the Infrared sensor (Tsup) and with a ther- 
mometer at 10 cm below the surfa~e(T-,~ ,,); b) Brightness 
temperature (8 = 40°); C) Snow wetness. 

ments in Arabba, the excursion of brightness temperature 
at 37 GHz due to melting cycle, was of the order of 70 K, 
but its absolute value always remained below the one at 10 
GHz . 
Further measurements aiming at studying emission at 37 
GHz from melting snow were camed out at Corno alle Scale 
in 1999, from 10:30 am to 5:30 pm. 
During this time span, snow wetness, measured 5 cm below 
the surface, changed from 1% to 7% and correspondingly 
the brightness temperature at V p01 increased from 210 K to 
270 K. The physical temperature of snow, measured with an 
infrared radiometer and with a thermometer placed 10 cm 
below the surface remained practically constant over the 
observation time. Variation in brightness temperature as a 
function of snow wetness showed that Tb rapidly increased 
during the first part of melting cycle and reaching saturation 
at a W of 4% (Fig. 6) .  

Detection of surface hoar 
The detection of snow surface hoar is of significant inter- 
est for the research on avalanche forecast. 
Indeed, if the hoar crystals are buned by a subsequent 
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Figure 6 - The relationship between brightness temperature Tb 
at 37 GHz, measured at O= 40°, and snow wetness W(%) mea- 
sured at Corno alle Scale (O= measured vertical polarization, 
O= horizontal polarization, continuous and dotted lies repre- 
sent best fittings with equations: 

267.6 253.8 
GY = and L= ,,-OY95 respectively). 

l + e  l + e  O 6  

snowfall, they may form a sliding layer for a slab avalanche 
release. 
Surface hoar is typically formed by the deposition of water 
vapour on the snow surface during a clear night. The effect 
of surface hoar was studied in 1997 on the test site Falcade 
Fioita. 
On this site the surface layer was composed of big crystals 
of hoar. Microwave emission was first measured on the 
undisturbed natura1 snow cover and then after removing the 
top layer containing the hoar crystals. 
The difference between the two snow conditions was well 
pointed out by the Polarization Index (Fig. 7). 

Data analysis and modelling 
This section gives a comparison between experimental data 
and theory. It should be noted that, for a dense mediurn such 
as snow where particles occupy an appreciable fractional 
volume (more than 10% of the total volume), the assumption 
of independent scattering used in the Conventional 
Radiative Transfer (CRT) is not valid. 
In the case of dry snow, where ice particles are much smaller 
than wavelength, the brightness temperature can be comput- 
ed by means of the Dense Mediurn Radiative Transfer 
Theory DMRT [Jin, 1993; West et al., 19931. This approach 
takes into account the coherence of random scatterers and 
satisfies energy conservation. 
For wet snow, the previous condition is no more satisfied 
and the application of DMRT theory is much more compli- 
cated. However, in this case, the presence of liquid water 
strongly increases the absorption with respect to scattering. 
Thus we have modeled the snow layer as a simple absorbing 
medium characterized by a small single scattering albedo. 

1 A 

Dry snow 
The mathematical form and, consequently, the numerica1 
solutions of DMRT are the same as those for CRT, provided 
three important quantities: effective propagation constant, 
extinction coefficient and albedo are introduced [Jin, 19931. 
The latter quantities are computed from the permittivity of 
background medium and from particle permittivity and size 
distributions [Tsang and Kong, 1983; Jin, 19931. 
First of al1 it should be noted that a major problem in using 
the DMRT is the discrepancy between the rea1 and modeled 
shapes of ice particles. 
Indeed, the latter, which are of irregular shape, are 
approximated in the theory by spheres of radius much smaller 
than the wavelength. 
In this work, mode1 simulations were performed by using 
as input parameters (fractional volume, snow depth, tem- 
perature and wetness) ground data collected simultaneous- 
ly with remote sensing measurements, except for the radius 
of ice particles a, which was first estimated from the aver- 
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Figure 7 - The Polarization Index as a function of incidence angle on wet snow with surface hoar compared with the same quan- measured 
on the snow after removing the top layer (left - 10 GHz; nght - 37 GHz). 



age volume the particles occupied and then selected as best 
fit value to experimental data at the highest frequency. 
Indeed, the irregular shape of the particles rendered it diffi- 
cult to establish the radius of equivalent spheres. 
However, the values obtained were consistent with the esti- 
rnated quantities and satisfactorily fitted experimental data 
at al1 frequencies and polarizations. The snow parameters 
used as inputs to the model are summarized in Table 2. 

Table 2 - Snow parameters used as inputs to the model. 

Zingari Alti INPUT 
PARAMETERS 

Snow 

An example of the comparison between simulated and mea- 
sured data is given in Figure 8, which represents brightness 
temperatures at 6,8 GHz, 10 GHz, and 37 GHz versus the 
incidence angle for the test site of Zingari Alti. It should be 
noted that, in this case, the 2 mm facet-rounded particles 
have been approximated by spheres that are 0.64 mm in 
diameter. 
Figure 9 gives the relationship between the brightness tem- 
perature (measured and simulated) and snow water equiva- 
lent (SWE) for data collected at Campolongo at 10 and 37 
GHz for an incidence angle 8=40°. 
For this computation the snow water equivalent defined as 
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was computed by discretising the integral, i.e.: 

266 Temperature [K] 

where the snow density pI of the stratified snow pack was 
measured in ten significant layers of thickness AZ,. 
Shce the snow density, in the vertical profile, changed from 
280 to 350 Kg/m3, we adopted the same weighted average 
value in the model used in the simulations of angular trends 
of Tb. The model confirms that the brightness temperature 
at 37 GHz is sensitive to SWE, whereas this sensitivity is 
weak at 10 GHz. 
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Figure 8 - Brightness temperature of dry snow versus inci- 
dente angle. Comparison between model simulations (solid 
line) and experimental data at 6.8 GHz, 10 GHz and 37 GHz 
for the test site located in Zingari Alti. 
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Figure 11 - The brightness temperature at 37 GHz of a layer of wet snow with wetness equa1 to 2% (a) and to 8% (b) as a function 
of incidence angle (continuous line = model V pol., dotted line = model H pol., = experimental data V pol., A = experimental data 
H pol.). 

almost constant (0.08) at 10 GHz whereas, at 37 GHz, T 
decreased from 0.28 to 0.04. 

Conclusions 
Experimental data for microwave emission from snow 
pack under different conditions, collected simultaneously 
to standard nivological measurements, have shown the 
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Antarctica and synthetic aperture radar: 
the Terra Nova Bay case study 

Paolo Berardino 'I', Maurizio Migliaccio "', Massimo Marrazzo '" and Riccardo Lanari 'lì 

Abstract 
This paper examines the application of microwave active remote sensing techniques over Antarctica. In particular Synthetic Aperture 
Radar (SAR) and Interferometric SAR (IFSAR) use over the Terra Nova Bay area is explored. A large set of experiments are presented 
and discusse4 illustrating the capability of these techniques to greatly improve our knowledge of the Antarctic ecosystem. 

Riassunto 
In questo articolo è presentata e discussa un 'applicazione det telerilevamento a microonde all'Antartide. In particolare, si considera 
l'impiego del Radar ad Apertura Sintetica (SAR) nonché dell'Interferometria SAR (IFSAR) per lo studio della zona di Baia Terra Nova. 
Un gran numero di esperimenti sono presentati e discussi alfine di mostrare le notevoli potenzialità del telerilevamento ambientale a 
microonde. 

Introduction 
Antarctica plays an important role in the Earth's climate 
system. Its monitoring with in situ techniques is by no means 
easy, due to the extreme environmental conditions. 
Nevertheless, direct obse~ations, e.g. of ice sheets, have clearly 
shown the changes occurring in Antarctica. The main drawback 
of such in situ observations is the limited spatial and temporal 
extent. To m& the needs of global monitoring, satellite remote 
sensing techniques are of paramount importance. Within this 
framework, the microwave active remote sensing sensors are of 
special relevance, since they are able to work practically inde- 
pendently of solar illumination and cloud cover [Ulaby et al., 
1986; Elachi, 19871; this capability is particularly relevant in 
the case of Antarctica. 
A series of different active remote sensing sensors can be 
employed, see for exarnple [Ridley et al., 1993; Bingham and 
Drinkwater, 2000; Drinkwater and Liu, 20001; in this papa we 
shall concentrate on Synthetic Aperture Radar (SAR). SAR is a 
coherent microwave sensor which, by collecting a proper set of 
echoes fiom the scene and applying digital raw data processing, 
can generate high-resolution maps of the monitored scenes. The 
generated map is actually a complex image whose squared 
magnitude is usually simply called a SAR irnage or reflectivity 
m q .  Whenever two appropriately tailored complex images of 
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the same scene are at disposal, we can apply the interferometric 
SAR (IFSAR) principle [Franceschetti and Lanari, 19991. 
Our paper addresses the study of the Terra Nova bay area, using 
SAR and IFSAR techniques. The paper is therefore structured 
as follows. Section I1 summarises the fundamentals and key 
points of SAR raw data processing and IFSAR data 
processing. Section lll sketches a background on the scattering 
of Antarctic ices. Section IV examines the case study 
developed by means of ERS iandem data pertaining to the 
SAR raw data set relevant to frame 5607 and track 425 for 13th 
February, 1996 (ERS-l orbit #23960), 14th February, 1996 
(JZRS-2 orbit #4287), 23rd April, 1996 (ERS-1 orbit #24962) 
and 24th April, 1996 (ERS-2 orbit #5289). Section V reports 
some of our conclusions. 

SAR imaging and interferonetry rationale 
This section is dedicated to summarising the basic rationale of 
the SAR imaging system'and IFSAR techniques. 
The interested reader is referred to texts on SAR such as 
plachi, 1987; Curlander and McDonough, 199 1 ; Franceschetti 
and Lanari, 19991 and, as far as TFSAR techniques are con- 
cerned, to the review papers parnler and Hartl, 1998; Rosen et 
al., 20001. 
The SAR geometry, relative to a system operating in the 
stripmap mode such as the one used by the ERS-l and ERS-2 
sensors and most spaceborne SAR systems, is given in Figure 1. 
Table 1 lists some of the sensor pararneters. In the stripmap 
mode, the radar antenna is pointed along a fixed direction with 
respect to the flight path and, as the platfom flies and the radar 
operates, the antenna footprint "covers" a strip on the illurni- 
nated surface. 
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Figure 1 - Relevant to the SAR geometry. 

Note also that in Figure 1 a cylindrical co-ordinate system is 
considered: the (x, r, 8) co-ordinates are referred to as azimuth, 
range (often referred to as slant range) and effective look angle, 
respectively. The azimuth axis x is coincident with the platform 
trajectory (assumed here to be a straight line), while r repre- 
sents the closest distance between sensor and target (closest 
approach range) and 8 is the polar angle in the plane orthogonal 
to x and containing the r axis. 
By coherently combining the received echoes backscattered by 
each target in the illuminated area (SAR data processing 
operatiori), it is possible to produce a SAR image of the 
illuminated zone that gives an estimate, in the microwave band, 
of its reflectivity [Ulaby et al., 1986; Elachi, 19871. 
We explicitly underline that the results obtained are practically 
independent of sunlight, as the SAR sensor has its own 
transmitting system (active operating mode); moreover, 
operating the radar in the microwave region of the 
electromagnetic s p e c t m  drastically reduces the impact of fog, 
clouds and rain on the acquired images wlaby et al., 1986; 
Elachi, 19871. Consequently, SAR allows day-and-night and 
all-weather imaging and is therefore fundamental in 
continuous and global monitoring applications [Ulaby et 
al., 1986; Elachi, 19871. 
Despite the powerful characteristics of this imaging sensor, it 
must be stressed that generating a SAR image is by no means a 
trivial task [Curlander and McDonough, 199 1 ; Franceschetti 
and Lanari, 19991. 
As a consequence of this processing step, ofìen referred to as 
focusing, a two-dimensional complex microwave image is 
produced in the azimuth-slant range plane. Key pararneters are 
the azimuth and geometric range resolutions, say Ax and AI-, 
respectively, representing the minimum spanning (in the two 

Table I - Relevant to the main ERS-1 and ERS-2 satellite and 
SAR parameters. 

ERS-1 - ERS-2 SAR systems parameters 

Launch date 711991 - 411995 
Wavelength (cm) 5.3 (C-band) 
Polarization W 
Flight altitude (krn) 780 
Orbit inclination(deg) 98.5 
Look angle (deg) 23" 
Swath extension (km) 1 O0 
Antenna dimensions (rn~rn) 1Ox 1 
Transmitted pulse duration (rns) 37.1 
Transmitted pulse band (MHz) 15.5 
Pulse repetition fì-equency (Hz) 1640-1 720 
Transmitted peak power (kW) 4.8 

directions) required to detect two point targets. Nowadays 
spatial resolutions in the order of a few tens of meters are com- 
mon for spacebome systems. We wish to further point out that 
high range resolutions are typicaliy achieved by transmitting 
high bandwidth frequency modulated pulses followed by a 
pulse compression step. 
Moreover, the desired resolution in the azimuth direction is 
obtained by synthesising a long aperture (synthetic aperture) 
via the coherent combination of the received backscattered 
pulses, requiring cornpensation of the sensor-target distance 
variation during data acquisition ~ c e s c h e t t i  and Lanari, 19991. 
A simplified but effective representation of a complex SAR 
image i(.) is as follows: 

;(x', r') = y(x' ,  r') = 

wherein yI.) and ?(e) are the illuminated area reflectivities and 
their estirnate, respectively; x' and r' are the azimuth and range 
acquisition variables and Ax and Ar the azimuth and range 
resolutions given by: 

Ax= LI2 and Ar = cl2B 

Note that the resolution Ax depends solely on the effective 
azimuth radar antenna extension L, and is thus independent on 
the sensor-target distance; moreover, the parameter B in Ar 
represents the bandwidth of the transmitted pulse and c the light 
velocity. 
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We would also underline that, due to the SAR system opera- 
tional characteristics, no resolving capability is achieved in the 
6 direction, thus inhibiting reconstruction of the topographic 
characteristics of the illuminated zone. 
One way to wercome this limitation is the IFSAR technique. 
This approach ailows information for an area of interest to be 
extracted by exploiting the phase difference (phase interferogram 
or fringes) of two SAR images relative to the zone, obtained by 
processing the data acquired by two antennas "observing" the 
area under investigation. In principle at least, we may distin- 
guish two main IFSAR configurations referred to as single- 
pass and multi-pass modes, respectively. 
In the former, the SAR images are obtained from the data 
acquired by two antenna simultaneously available on-board 
the SAR platform and separate4 in the across flight track 
direction, by a distance usually referred to as the baseline. In 
this IFSAR configuration, only one of the two radar antennas 
transmits but both receive, so that the signals backscattered by 
the illuminated surface are acquired. 
In this case it can be shown that the interferometric phase is 
related to the topography of the illuminated area and can there- 
fore be used for its reconstruction. To best clarie this point, let 
us refer to the single-pass IFSAR geometry in Figure 2, repre- 
sented in the plane orthogonal to the platform flight path, 
wherein SI and Sa represent the SAR antenna phase centre 
locations during acquisition, 1 is the baseline length and is the 
baseline tilt angle; moreover, r and r, represent the distances of 
the generic point P located in the i l l h a t e d  zone and the two 
antenna positions, while z represents the height of the target 
and 6 the look angle measured with respect to the S acquisition 
track of height H. 
Following a focusing operation canied out on each of the two 
data se& from the two antennas, a SAR image data pair is 
produced; however, because of the angular diversity in the two 
"observations", the SAR images do not exactly overlap. 
Accordingly, before producing the required interferograrn, an 
image registration operation must be performed [Franceschetti 
and Lanari, 19991; after this operation we can finally compute 
the phase difference for each element of the SAR image pairl, 
thus obtaining [Bamler and Hartl, 1998; Rosen et al., 20001: 

This quantity is evidently related to the closest sensor-target 
approach range difference; moreover the validity of eq. [3] is 
based on the hypothesis that the scattering contribution is 
identical at each point of both images. 
By applying the Carnot theorem, we rnay then compute 6 as 
follows: 

and finally we can evaluate the target elevation: 

It is useful to determine the phase changes in terms of height 
profile [Franceschetti and Lanari, 19991: 

A r sinb &=- 
4x 1 cos (t3 - a) A 9  

Eq. [6] can also be employed to determine the effect of phase 
errors [Zebker and Villasenor, 19921 in terrns of height errors 
and therefore to assess the achievable height accuracy2. 
As a matter of fact, nowadays spaceborne IFSAR data can 
provide DEM with an accuracy height of just a few meters. 
Note also that the height accuracy in eq. [6] cannot be 
unlimitedly improved by increasing the perpendicular 
component of the baseline with respect to the line of sight 
direction, i.e. l1 = l cos (&a); iis limiting value, referred to as 
the critica1 baseline, is derived in [Bamler and Hartl, 1998; 
Rosen et al., 20001. 
It should also be noted that to characterise the degree of simi- 
larity between two SAR images used to produce an 
interferograrn (therefore characterising the phase purity of the 
interferograrn), the modulus of the normalised correlation 
coefficient between the image data pair can be used, expressed 

wherein 1 and 2 refer to the two SAR images, E[.] represents 
the ensemble average operation and C E (O,]). 
Let us now move from the single-pass to the multi-pass IFSAR 
configuration; in this case a systern equipped with a single 
radar antenna is used and different SAR data sets are acquired 
by illuminating the area of interest during subsequent flighis of 
the sarne radar system; the interferometric phase may not only 
depend on the topography of the area, depending on the spatial 
separation between the tracks, but also on possible temporal 
changes of the investigated zone between the two surveys. 
Differential SAR interferometry (DIFSAR) is a multi-pass 
IFSAR based technique [Gabriel et al., 19891 aimed at 
estimating Earth surface deformations (the displacement field 
being measured in the radar line of sight) by removing the 

Actually the phase difference can be only cornputed modulo-2n and 
accordingly, a further operation is required in order to evaluate the 
original p-, this operation is referred t0 as phase unwrapping. 

Note also that additional limitations to the height reconstmction are 
represented by phase unwrapping errors and possible unwrkinties 
in the baseline lmowledge. 
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Figure 2 - Relevant to the IFSAR geometry. Single-pass case. 

topographic phase contribution computed fiom an available 
DEM, from the produced multi-pass interferograms. 
This last techmque has already proved itself highiy potential in 
detecting, with centimetric (in some cases millimetric) 
accuracy, Earth surface deformations caused by different natu- 
ral [Masso~et  et al., 1993; Goldstein et al., 1993; Borgia et al., 
20001 and anthropic [Fielding et al., 1998; Galloway et al., 
1998; Tesauro et al., 20001 phenomena. 
In this case the relevant acquisition geometry is shown in 
Figure 3, where SI and S2 now represent the SAR antenna 
phase centre locations during the two acquisitions, while the 
other symbols remain the same as in Figure 2. Let us now 
assume that, between the two system surveys, a displacement of 
P occurs in the direction identified by a and whose arnount is 
ld; accordingly, the distance between P and S2 is now 
represented by rd The phase difference (phase interferograrn), 
between the two SAR images, say again Aq, is still proportional 
to the sensor-target (slant) range variation between the 
acquisitions3 [Gabriel et al., 19891: 

Eq. [8] can be rewritten as follows: 

i91 
wherein two contributions have been highiighted: 6rn which is 
related to the height of P in absence of deformation and the 
deformation factor that, under the usual valid assumption 
ld « r, is very well approximated by the projection of the 
deformation along the radar line of sight. 

3 Note however, the presence of the factor 4R/h in eq.[8] instead of 2i6h 
in eq.[3]. This is due to take into account the different round trip path 
of the transmitted pulse in the multi-pass acquisition case with respect 
to the single-pass one. 

Figure 3 - Relevant to the IFSAR geometry. Multi-pass case in 
presence of surface temporal changes. 

Because the DIFSAR goal is represented by the estimation of 
the Earth surface deformation contribution h, the topographic 
phase component in q. [9] must be compensateci; to do this the 
so called interferogram flattening operation is performed, 
which requires knowing the sensor flight trajectory and a DEM 
of the investigated area. As a consequence of this step we 
obtain: 

This d t  aliows us t0 easdy underline the capability of the 
DIFSAR approach in evaluating small scale deformation 
phenomena; in fact, foiiowing the flattening operation, it is evident 
fiom q. [3] that a residua1 phase variation of AQ - A& = 2n 
corresponds to a line of sight displacement of Ai2. ~ k c e  h is 
typically of the order of a few centimetres and a phase 
difference contribution of the order of a fraction of 2n can be 
resolved from pixel to pixel, the capability of the DIFSAR 
approach to detect centimetric deformations occurring in the 
observed surface is clear. 
Finally, a few rernarks on the key iimitations of the DIFSAR 
approach are in order; they are obviously related to the error 
introduced in the generation of the differential phase caused by 
an imprecise interferograrn flattening operation, by noise that 
may affect the phase interferograrn and possible changes in 
atrnospheric conditions between acquisitions. For the sake of 
brevity, we have ornitted a detailed analysis of these effects, as 
well possible solutions for mitigating their impact, but the inter- 
ested reader is referred to the papers by [Barnler and Hartl, 
1998; Rosen et al., 20001. 

A scattering background 
In this section we shall provide some scattering background to 
better illustrate the experimental results shown in Section n! 
The physical reason why SAR collects a radar echo at the 
receiver is the characteristic of the monitored surfaces to 
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backscatter an electromagnetic field to the radar. This is due to 
the roughness of natural surfaces at the wavelength scale. 
Actually, the backscabred field is not only dependent on the 
small-scale roughness but also on the large-scale geometrica1 
characteristics, i.e. at the resolution scale, and on the electro- 
magnetic characteristics of the monitored surface. Whenever 
scattering is of a volumetric type, scattering behaviour becomes 
more involved. 
A wider discussion on this matter is available in literature 
where some effettive surface scattering models as well as 
volumetric ones are presented and tested versus actual 
measurements, e.g. [Fung, 1994; Ulaby et al., 1986). 
The backscattered field from the monitored area is usually 
expressed in terms of the normalised radar cross section 
(NRCS) which is a function of the mean backscattered power 
[Ulaby et al., 19861. 
As already pointed out, a key factor affecting the NRCS is 
surface roughness. In other words, the NRCS measurement, at 
least in principle, can estimate the roughness of sea ice. It 
should be noted that such a geophysical parameter is very 
important in climate studies since it determines the air drag at 
the air-sea ice boundary and thereby the magnitude of the 
turbulent fluxes of sensitive and latent heat [Adolphs, 19991. 
From a different viewpoint, roughness is also important because 
it permits chamcterisation of different ice types pushuyev et al., 
19741. With reference to Antarctica sea ices, this is evident in 
some recent in situ studies [Adolphs, 19991. In particular, a 
study regarding the relationship between the sea ice type and its 
mughness is detaiied for the case of the Ross Sea in [Adolphs, 19991. 
In terms of the NRCS, an increase in small-scale roughness 
emphasises the electromagnetic return at off-nadir angles, i.e. 
out of the specular regime [Kong, 19901. Since the ERS-IL2 
SAR illuminates the scene at a mean look angle of about 23', 
there is an increase in backscattering return as soon as rough- 
ness increases. 
Unfortunately, such a relationship is not always straightforward 
for many reasons. The first regards large-scale roughness that 
may tilt the surface in a manner that changes the local incidence 
angle, i.e. local illumination conditions, so increasing return 
even though the surface does not present sufficient smaii-scale 
roughness. This problem is encountered on mountainous reliefs 
where the geometric distortion problem is also present plaby 
et al., 1986; Elachi, 19871. Obviously this is much less critica1 
in flat regions. 
Actually, there is another physical characteristic that affects the 
backscattered return: the electromagnetic characteristics of the 
observed surface. As a matter of fact, dielectric surface 
behaviour determines the NRCS. This, for example, is the case 
of varying sea ice, salinity which directly affects the NRCS 
Vaby  et al., 19861. Such a relationship can be employed to 
estimate ice age, i.e. to discriminate among first-year ices and 
multi-year ices m a b y  et al., 19861. 
For more details, the reader is referred to some fundamental 
studies on the microwave di-electric characteristics of snow and 

sea ice, e.g. [Hallikainen et al., 1986; Matzler, 1987; Matzler 
and Wegrnuller, 1987; Stogryn and Desargent, 1985; Vant et al., 
1978; Ulaby et al., 19861. 
The surface scattering approach can generally be successfully 
applied to sea scattering plaby et al., 1986; Elachi, 19871. 
With reference to surface scattering and ERS-112 SAR, the 
usual Small Perturbation Model (SPM) [Ulaby et al, 19861 can 
also be applied, as well as the Integra1 Equation Model (IEM) 
[Fung, 19941. Some nove1 approaches based on a more natural 
description of surface roughness in terms of the fractal mode1 
have also been published [Franceschetti et al., 19991. 
If, however, the surface in question is no longer homogeneous 
on a large scale, we may have to consider a volumetric 
scattering approach. In this case we must consider the size, 
shape and orientation, as well as the density of any inclusions, 
e.g. brine, in the host material as key elements. 
Furthermore, it may be necessary to consider a layered medium 
in which the electromagnetic characteristics change from layer 
to layer. Indeed, the electromagnetic penetration depth defines 
the actual medium to be considered. In the case of volume 
scattering, we may consider a multi-layered medium with rough 
boundaries. 
The usual approach when modelling such scattering behaviour 
is by means of the radiative transfer equation, in a manner 
directly affected by the occurrence of multiple scattering in the 
single layer [Fung, 1994; Ishimaru, 1997; Ulaby et al, 19861. 
Snow cover in fact affects the NRCS. Studies regarding in situ 
measurements of snow cover thickness profiles over the Ross 
Sea are of interest [Adolphs, 19991 and could be greatly 
enhanced by an active remote sensing sensor. 
It is important to point out that Antarctica sea-ice is by no 
means identica1 to the well-known Arctic ones, indeed the 
Antartctica sea and continental ices require in-depth studies. 
In future, we shall exploit SAR and IFSAR microwave remote 
sensing techniques to demonstrate the capability of monitoring 
sea-ice melt, changes in continental ice, as weil as the creation 
and motion of icebergs. Other relevant results will also be 
addressed. 

Results: presentation and discussion 
In this section we present and discuss the processing of 
available SAR raw data and their geophysical significante. 
The test site is located in the Antarctic Region of Ross Sea - 
Terra Nova Bay, where the Italian Base PNRA (Progetto 
Nazionale Ricerche in Antartide) is located. 
This study exarnines a geographical frame lirnited by the 
following vertexes: NW vertex (long. 163'40' E, lat. 74O03' S), 
SW vertex (long.161°25' E, lat. 74'42' S), NE vertex 
(long. 166'39' E, lat. 74'39' S), SE vertex (long. 163'58' E, lat. 
75'19' S). In the ERS tandem mission, this geographical frame 
matched the acquisition for frame 5607 and track 425. Four 
SAR raw data takes were at disposal for 13th and 14th February 
1996 and, 23rd and 24th Apri1 1996. 
The first step in the study demanded SAR raw data focusing in 
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Figure 4 - SARlenectiviy m q  obtakd by processing bK 13, Febniary 19% ERS SAR m data. the well-knom geo&trical distortion 
d e c t  plachi, 1983 (Fig. 5). a Consequently, a simple and automatic geophysical interpreta- 

tion of the SAR reflectbky rnaps is not at al1 - 
Let us now take an excerpt of the sub-image in Figure 4 rele- 
vant to the area between Cape Washington and the Campbeli 
glacier tongue (Fig. 6). We can recognise a particular type of 
young sea ice in formation, well-known as pancake ice. This 
formation is further praven by the fact that the process begins 
in the late Antartctic summer and in areas wherethe sea is shal- 
low, such as along the coast and in sheltered bays. The Terra 
Nwa bay is well-knm for these phenomena [Adolphs, 19991. 
If we mwe fiom 13th February 1996 (Fig. 6 lefi) to 23th Apri1 
1996 (Fig. 6 right), we can see that the paneake ice has grown 
outwards in the direction of the open sea Finally, it is evident 
that the backscattered pancake field is lower than that for the 
continental ices, e.g. the Carnpbell glacier tongue (Fig. 61, but 

Figure 5 - SAR reflectivity map showing the distortion effect. &terrelated ifthe physical mechanisms go~e&g backscattaing 
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SAR reflectivitv maps relevant to some icebergs of 13 February 1996 (left) and 14 February 1996 (right). 

crevasses. Reflectivity rnap relevant to the SAR raw data 
vu ~LGLC,, WUGIGUUY UV IGIGYQUL LU LLIG L Q I L U ~ ~  acquisitions of Febniary (right). 

-- 

i . : ,  . ,.t. 
\.L- --..L. 

Figure 10 - Coherence map (left) and fringes (right) obtained by processing the tandem acquisitions of February. 
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Figure 12 - Relevant to the Mount Melbourne. Fringes of the February (left) tandem acquisitions and of the Apri1 ones (right). 
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Figure 13 - Relevant to the sea tides. (a) reflectivity map of 13 
February 1996, (b) coherence map and (C) fringes of the tandem 
acquisitions of February. 

In conclusion, it is interesting to consider a region whose 
topography is considered as limited or uniform and therefore 
the measured fringes cm be associated with temporal surface 
changes. 
This is the case iilusirated in Figure 13, which corresponds to a 
region where tidal phenomena are well-known. Figure 13 shows 
the reflectivity map for 13th February 1996 (a), the coherence 
map for February (b) and the fkinges for February (C). It can be 

seen that both reflectivity and coherency are smali, but a certain 
number of &ges are detectable in (C). This further supports the 
capability of SAR in monitoring sea tides. 
Other examples, not shown here to save space, further 
demonstrate the ability of detecting important geophysical 
phenomena in Antarctica. This possibility can be improved as 
richer SAR data sets become available and ground-truth mea- 
surements are furnished. 
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Conclusions 
A study on the Terra Nova bay, Antarctica, based on SAR and 
TFSAR products, has revealed the possibility of detecting 
many important geophysical phenomena and structures. 
The corresponding quantitative study showed the unique 
relevance of microwave satellite remote sensing in 
monitoring the global changes in Antarctica. A richer data set, 
both in terms of radar data and ground-truth, would certainly 
enhance the accomplishment of this mission. 
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Detection of rock features by satellite data 

Ruggero Casacchia (l), Francesco Mazzarini (", Rosamaria Salvatori (l) and Francesco Salvini 

Abstract 
Lithologic studies were performed in the Ross Sea region, Antarctica, based on satellite processed images and on field data. Study 
areas are located in North Victoria Land, and include mountainous ranges characterised by alpine morphology, a large plateau and 
valley glaciers. Rock units are mainly made up of a metamorphic complex, granitoids and supraglacial morains. Field observa- 
tion and analysis were used to verify the ability of satellite irnages in discriminating between the main rock units. The satellite 
irnage processing techniques were Principal Component transformation (to enhance spectral information) and high-pass filtering, 
which allowed accurate detection of morphologic features. A supervised classification was also carried out on images obtained 
by merging multisensor data. 

Riassunto 
Studi litologici sono stati realizzati nella regione del Mare di Ross, Antartide, sulla base di immagini satellitari e dati di 
campagna. Le aree di studio sono localizzate nella Terra Vittoria Settentrionale e comprendono catene montuose con morfologia 
alpina, plateau e valli glaciali. Le unità rocciose sono principalmente costituite da un complesso metamorfico, da granitoidi e da 
depositi morenici. L'analisi dei dati di campagna ha permesso di verzjkare la capacità dei dati satellitari nel riconoscere le 
diverse unità litologiche. Come tecniche di elaborazione delle immagini sono state utilizzate la trasformazione in Componenti 
Principali, per migliorare l'informazione spettrale, efiltri passa-alto, per migliorare quella spaziale. Una classzjicazione di tipo 
supervised è stata eseguita su immagini ottenute dall'integrazione di dati multisensore. 

Introduction 
The Italian National Research Programme in Antarctica 
(PNRA) has devoted much of its resources to Earth Sciences 
investigation, including field recognition of rock units and 
geologic map release. 
The Remote Sensing project contributed to these studies by 
setting up a methodology based on Landsat 5 Thematic 
Mapper (TM) and SPOT-XS (Systeme Probatoire pour 
l'observation de la Terre) image processing that allowed 
discrimination of the main lithologic units according to their 
spectral variations and textural pattern. 
Geologic maps provided the necessary ground truth; for some 
study areas it was also possible to test satellite data interpre- 
tation by observations in the field. 
This paper summarises the research work carried out to 
extract lithologic information from multispectral satellite 
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images of Antarctica, performed in the framework of the 
PNRA Remote Sensing project. 
The suitability of multispectral satellite data in mapping the 
Antarctic territory has been discussed by Lucchitta et al. 
119891; many authors have also analysed Landsat data for 
tectonic studies [Mazzarini and Salvini, 1994; Salvini and 
Storti, 19941, as well as for lithologic [Casacchia et al., 1992; 
1995; 19991 and morphologic investigations [Biasini et al., 
19971. 
When satellite multispectral images are used to investigate 
rock outcrops in polar environments, the high correlation 
between TM spectral channels must be taken into account. 
Correlation between spectral bands means a sirnilar digital 
number (DN) distribution, usually resulting in a sirnilar 
spectral response of the different surface units at each chan- 
nel. This implies that when TM or SPOT multispectral ima- 
ges of the territory are combined into RGB (Red-Green- 
Blue) displays, little spectral variation can be observed 
between the different lithologies, thus limiting visual data 
interpretation. 
An important features of this glacial environment is the wide 
occurrence of rnixed pixels representing snow and rock mate- 
rial [Salvini et al., 19941 and rock surfaces that mostly differ 
in texture pattern, as they are formed by supraglacial deposits 
[Baroni and Orombelli, 19891. 
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Due to the data available and to the peculiar characteristics of 
the Antarctic territory, where large extensions of continuous 
rock material are rarely encountered and the rock is often 
intermingled with ice, image processing techniques were 
chosen to merge the information into a large multispectral 
data set, in order to interpret data from both their spectral and 
spatial characteristics. 

The study area 
The study area is in Terra Nova Bay (for location map see 
Figure 1 in the paper by Cagnati et al., this issue), from Tarn 
Flat (South) to Campbell Glacier (North) and from the Deep 
Freeze range (West) to Northeyn Foothill (East). 
The main surface units of this region are Mt. Melbourne, a 
large shield Volcano about 3300 m high, the Priestley and 
Carnpbell Glaciers, Nansen'Ice Sheet and the Deep Freeze 
Range mountain complex. 
The whole region is located in North Victoria Land (NVL), 
part of the Transantarctic Mountains, and consists of a 
?Proterozoic-early Paleozoic crystalline basement, uncon- 
formably covered by a Permian-Mesozoic volcanic sedimen- 
tary sequence followed by Cenozoic alkaline volcanics. 
The ?Proterozoic-early Paleozoic basement of NVL is made 
up of low to medium-high grade metamorphic and igneous 
rocks [Carmignani et al., 1989; Ghezzo et al., 19891. 
In this area, the basement consists of the Wilson Terrane, 
which is formed of ?Proterozoic-Cambrian low to high 
grade metamorphic rocks intruded by the late Cambrian- 
early Ordovician Granite Harbour Intrusives [GANOVEX, 
19871. 
Metamorphic rocks mainly occur on the southern and nor- 
thern slopes of the O'Kane Canyon. The O'Kane Glacier 
flows SE for about 25 krn between the Nash Ridge (north) 
and Simpson Crags (south). 
These two ranges, characterized by alpine morphology, rea- 
ching elevations of 2600 m and 1860 m respectively. Rocky 
outcrops cover about 10% of the total surface area and 
mainly constist of the the Wilson Terrane metamorphic com- 
plex (low grade metasediments), the Granite Harbour 
Intrusives, the post-orogenic Ferrar Dolente complex toge- 
ther with severa1 morainic units. 
Most of the outcrops are represented by granitoid rocks 
covered locally with loose material. Flat areas next to the 
main glaciers are supraglacial morains. 
At about 80 km from the Italian station, Tarn Flat is located 
a small plateau of about 14 km across. It is between 200 m 
and 600 m in elevation and Mt. Gerlache is the highest peak 
(980 m). This area is almost ice free and most of its surface 
is strongly affected by periglacial processes producing 
blockfields, blocksheets and debris [Baroni and Orombelli, 
19891. Glacial processes also gave rise to glacial drifts, 
moraines and raised beaches. 
At the resolution of satellite data, the rock units that can be 
best analysed are glacial drifts, granitoid rocks and mafites. 

Satellite data processing results 
In such an environment, image processing aimed at lythologic 
mapping must be able to: 
- enhance spectral contrast between various lithologies; 
- accurately detect boundaries between snow and rock areas; 
- improve the detection of textural patterns. 
In glacial environrnents characterised by bimodal brightness 
distribution due to the presence of snow and rock surfaces, the 
Principal Component Transform (PCT) can be successfully 
applied for mapping purposes [Casacchia et ai., 19991. 
The principal component transform (PCT) is a widely applied 
method for image data compression, image enhancement 
prior to visual interpretation of the data, or as a processing 
procedure prior to automated classification of data [Lillesand 
and Kieffer, 19871. 
This method consists of a mathematical transformation 
which, given a certain number of variables or spectral bands, 
allows generation of a corresponding number of new images 
(principal components) by rotating and translating the origi- 
nal coordinate system. 
One results of applying the PC transformation to a set of 
multispectral images is that the largest amount of total 
variance is mapped into the first PC, while a decreasing 
amount of data variance is mapped into successive PCs. 
For this reason, the first transformed picture gives the greatest 
contrast between terrain units and is actually an albedo pictu- 
re, which depicts the average brightness of the scene [Chavez 
and Kwarteng, 19891. 
Furthermore, when this processing technique is applied to 
correlated spectral bands affected by striping or banding 
(such as those of TM), the radiometric noise can be confined 
to the higher PC images, thus it is less pronounced in the first 
PC image. 
In this study selective PCT [Chavez and Kwarteng, 19891 was 
performed on two sets of TM channels: TM2 through TM7, in 
order to merge the information from visible to infrared wave- 
lengths, and TM5 and TM7 to produce an image with a high 
spectral contrast between rock and ice. 
Al1 the images used in the RGB colour composite were high- 
pass filtered by a 3x3 Laplacian kernel to better delineate 
rock boundaries and their geometric patterns [Casacchia et 
al., 19951. PCT was computed by the covariance matrix and 
the correlation matrix respectively [Davis, 19861. 
Differences in the result can be estimated by analysing the 
eigen-value (Tab. 1). Using the correlation matrix, it emerged 
that PC 1 contains about 64 % of the total variance and that its 
information content is mainly determined by the contribution 
of infrared bands TM5 and TM7. These two channels also 
contribute to positive values in PC2 (brighter tones or higher 
spectral response), characterised by about 33 % of eigen 
value. PCl computed with the covariance matrix contains 
about the 93 % of the total variance, but it mainly shows the 
information contained in the visible bands and in TM4. 
For liihologic mapping, the TM images were processed by 
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Table 1 - Comparison between statistica] data as obtained from two methods of PC transformation. 

Q,' 
h-. 

Covariance 
matrix 

PC 1 
I PC2 ' PC3 

PC4 
1 PC5 

Figure 1 - False color irnage resulting 
from Landsat 5 TM data processing, 
showing rock outcrops at the southern 
edge of Priestley Glacier. Surface area 
is about 15x18 km; North is at the top. 
Red is PC1 from TM5 and TM7, Green 
is PC1 from TM2 through TM7 and 
Blue is TM4. 
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Eigen 
value 
93.44 
3.84 
2.3 
0.32 
O. 10 

Eigen vector 
TM2 
0.5604 

-0.0765 
0.4 176 

-0.7109 
0.0 159 

TM3 
0.5945 

-0.2734 
-0.7541 
0.0549 

-0.008 1 

TM5 
0.0521 
0.7838 

-0.2522 
-0.2033 
-0.5272 

TM4 
0.5738 
0.2671 
0.4036 
0.6607 
0.0060 

TM7 
0.0235 
0.4834 

-0.1744 
-0.1 169 
0.8495 



F'igure 2 - False color image resulting fmm Landsat 5 TM data processing, showing rock outcrops at O'Kane Canyon. Surface area is 
about 21x18 km; North is at the top. Red is PC1 from TM5 and TM7, Green is PC1 from TM2 through TM7 and Blue is TM4. 

emplaying the correlation rnatrix. Exantples of d t s  o W e d  
with the PCT technique are given in Figures 1 and 2. Rocky out- 
crops are mapped in dinerent brown tona whiist icy surfaces are 
dark blue, Morainic deposits are well discernable h m  the in situ 
materia1 as they are ahays a darker colour than other rock mate- 
rials, e.g. in the F'riestley Glacier area vi. 1). Intrusives and rneta- 
morphic unnplexes are globally brighter than the rnorainic mate- 
riai and appear light brown and almost yeliow mpedvety. 
In the O'Kane Canyon area (Fig. 2) the occurrence of these two 
rock units agrees particularly well with geologic field 
observatiom. 

Classification 
A supervised classification was canied out on images of Tarn 
Flat, where supraglacial debris is the main unit. Training areas 

were selected on the basis of image+ed geometric patterns, 
lithologic field observatiom and spectral measurements. 
To better emphasize texturai patterns, irnage spatial resolution 
was increased by merging TM and SPOT images. 
This was achieved by RGB-IHS transformation that dows 
data fkom different sensors to be combined into a single hybrid 
data set [Carper et al., 1990; Gritsso, 19931. 
Before RGB-MS transformation was applied, the satellite ima- 
ges were co-registered with SPOT as the master and TM as the 
slave irnage. Al1 im.age data were also high-pass filtered with a 
3x3 Lapiacian kernel. 
In the forward transformation (RGB=>IHS) input channeis 
were PC 1 from TM5 and TM7 (Red), PC 1 Erom TM2, through 
TM7 (Green) and TM4 (Blue). In ihe reverse transformation 
(MS=>RGB) the intensi9 component was replaced with PC1 
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from SPOT bands [Casacchia et al., 19991. 
Field spectroradiometric data were acquired at Tarn Flat during 
the 1995 Antarctic expedition and included reflectance measu- 
rements taken by an EXOTECH 100 AX radiometer, GPS data 
and information of the textural and compositional characteri- 
stics of the rock targets. 
These data support the lithologic classification based on ima- 
ges processed by PCT and RGB-IHS techniques. Details on 
field data acquisition techniques and stmctural characteristics 
of the surveyed targets are given in Casacchia et al. [1999]. 
The training areas sampled in the classification also included 
ice surfaces, seen the presene, at satellite resolution, of seve- 
ral mixed pixels. 
A number of pixels fiom about 1000 to 2400 was selected for 
each class that included severa1 training areas. A minimum dis- 
tante classifier was adopted and the overall classification accu- 
racy was computed fiom the error matrix. 
This t m e d  out to be about 78% if the i e  classes are included 
and reached about 92% when only rock outcrops were consi- 
dered. In the classified image, the classes that show the best 
separability are mafites boulder-bearing glacial drift and coar- 
se grained glacial drift [Casacchia et al., 19991. 

Concluding remarks 
Principal component transform has proved to be a reliable 
technique for revealing information cornmon to different 
spectral bands within a set of correlated multispectral data as 
well as for separating information unique to the different ter- 
rain units. 
Furthermore, this method, applied to an antaretic image cha- 
ractenzed by strong contrast variations, is highly scene 
dependent and best results are obtained if the selected target 
area shows a high statistica1 variablity. 
High-pass convolution filtering has substantially increased 
the boundary delineation of each surface units, thus contribu- 
ting to the accurate selection of the training areas to be used 
in classification. 
However, due to the spatial resolution of TM data and the 
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occurrence of a relevant number of mixed pixels, not al1 the 
areas characterized by outcropping rock material could be 
properly classified. This is the case of metarnorphic rocks 
whose surface contains a larger amount of ice than the grani- 
toid units. 
The occurrence of ice within the rock surfaces also determi- 
nes a similar spectral response between metamorhpic units 
and some of the supraglacial morains: these two units can be 
discriminated by their surface geometric patterns. 
Glacial deposits can always be easily detected fiom hard rock, 
both in texture and in spectral signatures, as well as granites 
fiom metamorphics (host rock) as observed in the Black 
Ridge and the O'Kane Canyon areas. 
At Mt. Melbourne test site, volcanics (lava flows and pyro- 
clastics) also appear with a distinctive spectral signature, thus 
allowing precise mapping of these units. 
At Tarn Flat, where the mapped deposits are mainly grani- 
toids or glacial drifts, discrimination of rock units was based 
on textural and morphological differences. To this purpose 
TM and SPOT data merging and high-pass convolution filte- 
ring have proved to be valuable techniques. 
In particular, glacial drifts characterised by coarse (blocks up 
to 50 cm) and fine grain size do not overlap to other rock 
units. 
This demonstrates that the method discussed in this paper 
allows estimation of the surface extension of glacial drift with 
respect to in siiu rock material. This is particularly relevant in 
the Antarctic environment, where mapping of glacial deposits 
permit a better understanding of the most widespread surface 
rock units and substantially contributes to our laiowledge of 
the geologic history of this region. 
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Spectral Reflectance measurements of geological materials in Northern 
Victoria Land, Antarctica 

Stefano Salvi 'l), Francesco Mazzarini (l), Fawzi Doumaz "), Valerio Lombardo (l) and Cristiano Tolomei (I) 

Abstract 
Spectral reflectance measurements of geological materials were taken in situ during three separate surveys in Northem Victoria 
Land, Antarctica. We describe the results of the campaigns, measurement methodology for spectral reflectance over geological 
surfaces, preliminary data analysis and the structure of the LILIAN spectral library, containing the validated spectra. Al1 the data 
held in LILIAN are public domain and can be accessed freely via Intemet. They will mainly serve to accelerate the analysis and 
geological interpretation of remote sensing data in the 0.4-2.5 pm wavelength range. 

Riassunto 
In questo lavoro sono presentati i risultati di tre diverse campagne di misure spettrali eseguite nella Terra Vittoria Settentrionale, 
Antartide. Numerosi spettri di rijlettanza sono stati acquisiti su diversi tipi di superjìci rocciose, con una risoluzione di I nm 
nell'intewallo spettrale 0.4-2.5 m. Sono anche descritte la metodologia di misura sul campo e le procedure di analisi preliminare 
e validazione dei dati. Gli spettri sono organizzati in una Libreria Spettrale (LILIAN) che contiene anche tutti i dati ancillari 
necessari alla loro validazione. E'inoltre descritta l'organizzazione dei dati nella libreria LILIAN e le modalità di accesso alla 
stessa via WEB. 

Introduction 
Lithologic recognition and mapping is one of the prirnary tasks 
of geologically oriented remote sensing. Remote sensing appli- 
cations are especially usefid when extreme environmental con- 
ditions inhibit direct survey such as in Antarctica. 
Lithologic mapping from remote sensing data implies a typical 
methodology, comprising different levels of analysis: image 
calibration, correction for atmospheric effects, irnage analysis 
(statistica1 andJor deterministic), field verification and fina1 
interpretation. 
A lmowledge of the mechanisms of interaction between elec- 
tromagnetic radiation and the surface materials is instrumental 
in fuifilling al1 these steps. In particular, in the optical range, 
the most relevant surface property for geologic remote sensing 
is the reflectance. 
The spectral intensity of sola radiation reflected by any natura1 
surface is infiuenced by the physical and chemical properties of 
the material. Various electronic and molecular processes arise 
from the interaction between incident light and rock minerals. 
in the 0.4-2.5 pm range the spectral features in reflectance 
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spectra of rocks are due to high energy electronic processes at 
short wavelengths and to atomic and molecular vibration pro- 
cesses at longer wavelengths [Hunt and Salisbwy, 1970; Hunt 
et al., 1973; Hunt, 19801. 
in the VNIR range, spectral features of the most cornmon 
rock-forming minerals are stable and cm be used to identifj 
the mineral phases. Because rocks are formed of minerals, the 
relative abundance of their mineral constituents will be the 
main factor controlling their spectral signature. Other impor- 
tant factors are structure, texture and the state of alteration of 
the rock surface. 
The collection of reflectance spectra of different materials is 
finalised in the production of a spectral library. Generally, the 
main pirrpose of a spectral library is to feed a remote sensing 
data analysis system with the ground truth needed to perform 
image calibration and reliable geologic interpretation. 
Although many spectral libraries have been published, they 
have a lirnited use in Lithologic mapping, especially with low 
spectral resolution data, since they are usually composed of 
laboratory measurements of mineral samples (usually pulveri- 
sed). A more practical approach consists of collecting rock 
spectra in the field over the actual reflecting surfaces [Salvi et 
al., 19971. Such spectra yield a very accurate ground truth for 
the application of both statistic and deterministic techniques of 
irnage analysis. In the most favourable cases, a few well cho- 
sen rock spectra will provide al1 the analysis needed for litho- 
logic mapping of a large area. 

n' 23 - settembre 2001 AITLl/om - Rivista Italiana dl TELERILEVAMENTO 

45 



This note describes the activities and results obtained within the 
framework of the 3d.l 'Spectrometric surveys of Antarctic 
natura1 surfaces for an integrated study with remote sensing 
data' project of the PNRA (Italian Program of Research in 
Antarctica). 
The project aimed at two main tasks: the acquisition of spectral 
measurement of geologica1 surfaces (rocks, regoliths), and of 
glaciated surfaces in Northem Victoria Land, Antarctica. 
in this paper we describe the procedures for the acquisition and 
anaiysis of in situ reflectance spectra of the main lithologies of 
the area, performed during three field surveys in the austral 
summers of 199411995,199511996, 199711998 . 
Severa1 spectra were m e a s ~ d  and the rock surfaces described 
in terms of their strutture, morphology and composition. The 
entire database was organised in a spectral library (LILIAN) 
freely accessible via Intertiet. 

Geographic and Geologic Outline of the Northern 
Victoria Land 
The Transantarctic Mountains (TAM) is a chain running across 
Antarctica from the Pacific to the Atlantic sides of the conti- 
nent. 
The highest percentage of exposed rocks and soils in the conti- 
nent occurs along this mountain belt, especially its Pacific bor- 
der: Northem Victoria Land (NVL) where over 5% of the emer- 
ged land is ice-free. 
The main regional morphological features are outlet glaciers, 
neveé and ice sheets. In such an environment, most ice-free 
areas are strongly affected by periglacial processes producing 
block-field, block-sheet, and debris; other important deposits 
are the result of glaciai processes, e.g. glacial drift, moraines, 
and raised beaches. There are also extensive areas constituted 
by supraglacial deposits, e.g. supra glacial moraines [Baroni 
1989; Cannignani et ai., 1989a, b]. 
The geology of the study area is characterised by the occurren- 
ce of a Proterozoic - Paleozoic crystalline basement unconfor- 
mably covered by continental deposits (Beacon Supergroup, 
Pennian - Triassic) and volcanic sequences (Ferrar Supergroup, 
Jurassic - Early Cretaceous); the Cenozoic - Quatemary alkali- 
ne volcanics (McMurdo Volcanics) close the sequence 
[GANOVEX Team, 1987; Carrnignani et al., 1989a, b]. 
The above described sequence consist of low to mediurn high 
grade metamorphic rocks (slate, schist, gneiss, calcsilicate, and 
arnphibolite); intrusive rocks (granites, mafites and dykes); 
volcanic rocks (dolerite, basalt and pyroclastics); sedimentary 
rocks (sandstone, siltite) and glacial and periglacial deposits. 
The intrusives are widespread over al1 NVL their ages ranging 
from the early Paleomic (Late Cambrian - Early Ordovician) to 
Cainozoic (Eocene - Oligocene). 
Difference in age is also reflected in the different composition 
of the magmatic sequences: the oldest rocks belong to the 
crystalline basement and constitute the Early Ordovician 
Granite Harbour Intrusives (GHI) of calcalkaline to subalcaline 
a f f i t y  [Ghezzo et al., 19891; the youngest, the Meander 

Intrusive (MI), are related to the alkaline Cenozoic magmatism 
affecting both the Ross Sea area and NVL facing the coastal 
area [Muller et al., 19911. The GHI consist of granite, mono- 
granite, granodiorite and tonalite rocks, coupled with mafic 
products such as diorite and gabbro, whereas the Mi are made 
up of akali granite and syenogranite. The Cainozoic McMurdo 
Volcanics [Kyle, 19901 consists of mildly alkaiine to alkaline 
volcanic products, ranging from alkali basait to trachyte and 
from basanite and nephelinite to phonolite. The Mount 
Melbourne Volcano is an expression of this volcanism. Al1 of 
these rocks are often covered with aeolic and glacial deposits. 

Geologica1 spectral surveys in Northern Victoria 
Land 
This section briefly describes the instrument employed, the type 
of rocks measured and the main results of the campaign for 
each field party. 

Austral summer 1994/1995 f~ld suwey 
In this survey, we had planned to perform measurements 
using a GER IRIS spectroradiometer with 5 nrn of spectral 
resolution in the 0.4-2.5 ym range. Unfortunately the severe 
Antarctic conditions caused this instrument to break down 
early in the survey. Field work was then performed using a 
spare EXOTEC 100 AX radiometer (property of CNR-IRSS 
Milano) operating in the 0.4-1.1 ym wavelength range. The 
EXOTEC allows calculation of reflectance values in four 
channels relative to the spectral windows of the Landsat-MSS 
or TM satellites, depending on the filters used. Zibordi and 
Meloni [l9911 used the same instruments to make bihemi- 
spherical reflectance measurements of some Antarctic 
surfaces. 
During the field survey, MSS Landsat satellite filters were 
employed, using optics with a 15' field of view (FOV); m e m -  
rement methodology has been discussed by Casacchia et al. 
[l 9991. 
Field data consisted of spectrai measurements, GPS data and 
field description of the textural and compositional characteri- 
stics of the rock targets acquired at 52 different sites [Cagnati 
and Mazzarini, 1995; Bogliolo et al., 1996; Casacchia et al., 
19991. During this period, reflectance values of granitoid surfa- 
ces and their glacial and aeolic deposits were measured. 
A preliminary spectral lithologic classification was carried out 
by analysing the collected data, relative to a deglaciated area 
south of the Italian Terra Nova base [Casacchia et al., 19991; 
four classes were identified: a) granites (granodiorite to mon- 
zogranite); b) mafic intrusives (gabbro, diorite and tonalite); C) 
glacial drift; d) glacial and aeolic deposits related to granites 
(feldspatic sand). 

Austral summer 1995/1996fieid survey 
During the second campaign, the EXOTEC radiometer was 
only used at five sites; most of the reflectance spectra were 
acquired with a new Field Spec FR spectroradiometer. 
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This instrument measures the radiance reflected by a surface, 
or the solar irradiante, in 2151 contiguous spectral bands 
(bandwidth 1 nrn) between 350 and 2500 nm. Various optics 
can be attached to the instrument via an optic fibre and the 
system is calibrated in the laboratory with a standard illumina- 
tion source to obtain absolute radiance measurements. 
The reflectance spectra are calculated from the ratio of the 
radiance spectrum of the target surface to the radiance spec- 
trum of a standard reference panel measured under the same 
illurnination geometry. 
The instrument was delivered just before the campaign began, 
therefore the spectroradiometer had to be tested directly during 
the Antarctic expedition [Bogliolo et al., 19961. Several reflec- 
tance spectra of the main geologica1 formations were measured 
for each of the 14 different sites [Salvi, 19961. 
The instrument performed quite well under almost al1 condi- 
tions but the quality of the spectral measurements suffered 
from a low S/N in the short wave i n k e d  range and from a 
damaged optic fibre cable. 
Several ty-pes of rocks were spectrally sampled during this 
expedition: in particular granites (monzogranites, granodiorites 
and tonalites), high grade metamorphic rocks (schists, gneisses 
and amphibolites), metasedimentary rocks (meta-sandstones, 
meta-siltsones, meta-lirnestones), mafic intrusive rocks (gab- 
bros and diorites), pyroclastic rocks and basaltic and doleritic 
lavas, glacial deposits (moraines), regolithic covers and GPS 
coordinates. The textural and compositional characteristics of 
the measured rock surfaces were described in the field. 

Austral summer 1997/1998jìeld s u w q  
To increase the number of spectral measurements and improve 
the quality of the spectra collected in the previous campaign, a 
new survey was carried out in November/December 1997. 
The Field Spec FR spectroradiometer was re-calibrated and a 
new optic fibre mounted to improve the overall S/N. 
Rock surfaces were spectrally sampled at 17 sites. 
Since instrument performance had improved, some of the mea- 
surements taken during the previous campaign were repeated 
and better quality spectra were acquired. At 10 sites, spectral 
measurements were also taken from a helicopter to improve the 
surface characterisation at the same pixel scale as remote sen- 
sing images. 
During this campaign, reflectance spectra of granites (mono- 
granites and granodiorites), high grade metamorphic rocks 
(schists, gneisses and amphibolites), regolites from aikaline 
lavas, pyroclastic rocks, basaltic and doleritic lavas and 
Quaternary-Holocene beach deposits were acquired [Salvi, 
19981. Geologica1 samples were collected from al1 the measu- 
red surfaces for subsequent analysis and to yield the necessary 
information for the ancillary data files (see library description). 
A firther objective of the campaign was to identiQ a few sites 
to be used for the calibration and atrnospheric correction of 
remote sensing images and measure their spectral reflectance. 
For this purpose the site had to meet the following require- 

ments: high spectral homogeneity over a minimum area of 
60x60 m, very small local relief, gentle slope (0-10 degrees) 
and easy identification on remote sensing images. 
Ground sites with a wide reflectance range and possibly at 
different elevations to take into account the differente in atrno- 
spheric paths, were also required. The few measured localities 
with these characteristics were noted as possible calibration 
sites. 

Measurement methodology 
Most of the surfaces measured with the 4-bands EXOTEC 
radiometer during the 94/95 and 95/96 campaigns were subse- 
quently re-measured with the FieldSpec spectroradiometer. 
We verified that the different measurements matched (see 
Figure 5 later in the text), and so will only describe in the sequel 
methodology and results for the FieldSpec campaigns. 
Typical measurement procedure in the field consisted of using 
a tripod to hold the optic fibre perpendicular to the surface at a 
distance generally between 0.3 and 0.6 meters; a FOV of 25" 
was used, thereby sampling the surface over a circular area of 
between 13 and 24 cm in diameter. Some stop-and-go measu- 
rements were also taken (i.e. holding the optic by hand and 
moving over the surface after each measurement) to obtain the 
mean spectral response over heterogeneous materials, for 
instance poligenic regoliths and glacial drifts. 
To minimise the effects of variable solar zenith angle on the 
reference panel response (see later) a particular measurement 
setting was also used (coded TI in LILIAN, see next chapter). 
In this setting the reference panel was placed perpendicular to 
the direction of solar illumination (solar zenith angle = 0) and 
the optic was also aligned in this direction (view angle = solar 
zenith angle). As far as possible, the target surface had the same 
geometry. 
During the 199511996 campaign some test measurements were 
executed from a helicopter at an altitude of 50 to 100 m, in 
order to sample areas at the same pixel dimensions as satellite 
irnages (20-40 m) and obtain mean spectral contributions for 
non uniform surfaces. The spectra for the 1995 campaign aerial 
tests did not compare weil with the ground measurement spec- 
tra, mainly because about 2-3 minutes were required to obtain 
a reasonable signal and it was dificult to maintain stable illu- 
rnination geometry and keep the same surface area within the 
instniment FOV 
These problems were partially solved during the 1997/1998 
campaign, as the higher S/N of the improved instrument allo- 
wed faster measurements. 
Moreover for most sites the measurement distance was reduced 
to 10-15 m, corresponding to a 5-7 m-wide circular area, thus 
ensuring better target uniformity. With this measurement set- 
ting, ground and air measurements corresponded well (Fig. 1). 
An additional requirement for the execution of good measure- 
ments was that cloud cover had to be close to zero; a minima1 
cover was tolerated if far from the sun disc and in any case was 
reported in the ancillary data file. 
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Wavelength, nm 

Figure 1 - Comparison between reflectance spectra of the Mt. Cnimmer granodiorite measured at the ground over a 25 cm circular 
area (dashed line), and measured from the helicopter over a -10 m circular area (solid iiie). 

The instrument was most often used in radiance mode, i.e. the 
radiance reflected h m  the target surface and the reference 
panel were measured and stored as independent speciral files. 
Notwithstanding the clear sky and stable iliumination require- 
ments, the radiances reflected fiom the target and panel were 
measured in short succession to minimise any changes in illu- 
mination. For al1 measurements, a 30x30 cm Spectralon board 
was employed as the reference panel, with a certified absolute 
directionavhemisphericai reflectance factor. 
For each target surface a large number of spectra (up to several 
tens for the less homogeneous materials) was measured and 
averaged to increase the S/N and account for the compositional 
variability. 
For each spectrai channel the absolute reflectance was then 
caiculated as: 

Where: 
- Le, is the radiance of the target, 
- is the radiance of the reference panel (measured 
under the sarne illumination conditions), 
- Qf,,, is the directionavhemispherical reflectance factor 
of the reference panel. 

An important issue to be addressed before using field-measu- 
red reflectances is the correction for the effect of the illumina- 
tion geometry of the reference panel response [Jackson et al., 
1992; Aiberotanza et al., 19931. The absolute reflectance of the 
Spectralon materia1 is determined at the factory in an integra- 
ting sphere with isotropic irradiance, thus measuring the direc- 
tionalhemispherical reflectance factor R (OO/h) (normally the 

view angle = 0°, which is also cornmon in field measurements). 
In the field, the typical measurement with naturai iiiumination 
occurs in a directionddirectional geometry (skylight contribu- 
tion is very small and can usually be neglected) where the solar 
zenith angle (8) can vary aver a range of several tens of 
degrees. For spectral measurements fiom November - January 
in Northern Victoria Land, 9 ranges from 50" to 63" (the actual 
value for each spectrurn can be calculated using the anciilary 
data Lat, Lon, Date, h a 1  time and a commercial program for 
ephemerides caiculation). Bi-directional caiibration factors for 
Spectralon panels have been obtained from laboratory experi- 
ments [Jackson et al., 1992; Alberotanza et al., 19931 and can 
be used to calculate absolute directionaVdirectional reflectance 
spectra from the uncalibrated field spectral data. 
We decided to leave the choice of calibration factors to the user, 
and did not apply any directionaYdirectiona1 reflectance cali- 
bration to the LILIAN data. Since calibration consists in 
multiplying by a number usually between 0.8 and 0.98, it would 
only change the shape of the spectrum and the depth of absorption 
features to a minor degree. The latter should therefore be 
clearly distinguishable even in the uncalibrated spectrai data. 
Moreover, we performed measurements in TI mode at several 
sites (see previous section) and found that it gives a good 
approximation of the directionaYdirectiona1 reflectance for 
smooth and quasi-lambertian targets. 

LILLAN, the refiectance spectral iibrary ofAnbmtic 
lithologies 
I-n 
The absolute reflectance spectra caiculated according to the [l] 
for al1 measured surfaces were examined for noise evaluation 
and preliminary validation. 
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Some spectra contained considerable noise or spectral arte- 
facts due to erroneous measurement settings or a change in 
illumination conditions between the target and reference 
radiance measurements, and were discarded. 
The remaining spectra form our reflectance spectral library 
LILIAN. The acronym LTLIAN means that most of its content 
regards Antarctic lithologies, although a minor number of 
non-geologic antarctic surfaces are also included. 
One fundamental step in creating a spectral library is data 
validation, i.e. the association of each spectnun to a set of 
ancillary data pertaining to: 

- the compositional characteristics of the measured surface; 
- the geographical and geological characteristics of the site; 
- the instment characteristics and al1 environrnental para- 
meters which could have infiuenced the measurement. 

While information on the site, instrument, and environmen- 
tal conditions were noted at the time of measurement, gene- 
rally the composition of the measured surface was only 
visually described in the field. Representative samples were 
collected to carry out a subsequent, more detailed petrogra- 
phical analysis. 
Different analysis techniques were used to characterise the 
mineral composition of the samples. Igneous rocks characte- 
rised by holocrystalline texture allowed for a modal analysis. 
One thin section (occasionally two when a textural anisotropy 
was evident) was cut for these rocks, trying when necessary 
to execute the section through the alteration band. 
Mineralogica1 composition was established with a polarised- 
light microscope to resolve the optical features of the diffe- 
rent crystals within the rock. The petrographic microscope 
provided also useful information on the texture and structure 
of the rocks. The fraction of each mineralogical species was 
calculated using a point-counter to retrieve the modal distri- 
bution of the paragenesis. 
This method also allows estimation of the glass content in 
hypocrystalline lavas or the fraction of vacuoles in purnices 
and scoria. 
For siltstones and claystones, qualitative mineralogica1 com- 
position was obtained through X-ray difiactometry, which 
allows discriminate of the difference among the various clay 
minerals. 
In the LILIAN digital library, the analysis data have been 
integrated where possible with pictures the thin sections and 
the measured surfaces (in a WEB-compliant format) and with 
difiactograms (as spreadsheet files). 
LILIAN spectra and accessory files can be searched, brow- 
se4 or downloaded from the following WEB address: 
www.ingv.it/labtel2/LibrerieSpettral/LILIAN.htrn. 

The LZLZAN structure andfile formats 
We used a rather simple structure for LILIAN, preferring a 
simple file organisation to data base software packages and 
complicated data formatting. 
Three main types of data files are used: spectral data files, 

wavelength data files and ancillary data files. 
Additional information can be stored in image files, 
difFractometric data files, etc. 
The spectral data file contains the absolute reflectance spec- 
trum in the following format (Fig. 3): 

Rec. 1: Narne of the spectral datafile itself. 
Rec. 2: Defltions of the numerica1 fields in the following 
records, typically: Wavelength, Name of lithology measured. 
Rec. 3 to the EOF: centra1 wavelength (in nm) of the 
spectral band, absolute reflectance value (in the range 0- 1). 

A wavelength data file exists for each instrument (or instru- 
ment configuration), containing: 

Rec. 1: Header record: definitions of the 4 numerica1 fields 
in the following records 
Rec. 2 to EOF: Band number, Centra1 wavelength, 
Minimum wavelength, Maximum wavelength (al1 in pm) 

The ancillary data file is named after the target surface and 
contains its complete description (Fig. 2); it also contains 
pointers to the other files: spectral file, wavelength file, 
image file. 
In particular the first 24 records of the ancillary datajìle con- 
tain the site and surface descnptions, record # 25 contains the 
number N of the spectral measurements available for that sur- 
face, while the following N blocks of 26 records contain the 
instrument and environrnental data relative to each of the N 
measurements. 
Each block also includes the pointer to the actual spectral data 
file, i.e. the name of the file itseif. 
The file is in ASCII format and each record gives one or more 
keywords describing the data fields. For character fields the 
no data is the slash character (l), for numeric fields it is the 
number 999. For some character fields the data are coded 
(Tables 1,2,3,4). 
A detailed description of the records of the ancillary datafile 
follows, see sample file in Figure 2. 
01 FILE-NAME : Contains the name of the ancillary data 
file itself. The file name (see Figure 2) is composed of two 
characters defining the materia1 type according to Table 1 + 
the first six letters of the lithology (or else) name + the under- 
score character + a two-figure number to distinguish between 
similar lithologies. A three-letter file extension is also 
attached to identify the project (e.g. .ant for Antarctic pro- 
gram). 
02 ROCLNAME : Name of rock, rnineral or geologic mate- 
rial (e.g. Limestone, Hematite, etc.). 
03 CLASS : Group of mineral or (only for sedimentary rocks) 
rock classification. 
04 LOCALITY : Geographical reference of measurement site 
from large to small scale. 
05 LAT-LON-EL : Latitude and longitude of measurement 
site, in decima1 degrees, elevation in metres above sea level. 
06 GEOL-FORM : Geologica1 formation of measured surfa- 
ce (if applicable). 
07 SAMP-PROVE : Sample provenance if any. 
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Table 1: Codes of the various materials of the spectral library. 

08 REFERENCES : Cartographic and bibliographic source 
materials. 
09 REFERENCES : Continuation of previous record. 
10 STRIKE-DIP : Local strike and dip of measured surface. 
1 1 ROCK-COMPO : Mineral composition of the rock ascer- 
tained by visual exarnination (not present if sample is not a 
rock or if detailed petrographical analysis is available in 
Records 15-22). 
12 MIN_FORM.UL : Standard mineral formula (for minerals). 
13 SAI@-CODE : Code of sample collected from the measu- 
red surface and name of depository institution. 
14 ANALYS-WHO : Operator andlor organisation who perfor- 
med the laboratory analysis. 
15 ANALYS-TYP : Type of laboratory analysis (coded as 
from Table 2). 

MINE- 

ROCKS 

SOILS and 
PALEOSOILS 
PLANTS 
OTHER 

Table 2: Codes for laboratory analysis. 

Elements, AUoys, W i d e s ,  Nitrides, Phosphides 
Sulphides, Selenides, TeUurides, Arsenides, 
Antimonides, Bismuthides 
Halides (Chlorides Fluorides etc.) 
Oxides 
Hyroxides 
Carbonates 
Borates, Nitrates 
Sulphates, Chromates, Molybdates, Wolframates 
Phosphates, Arsenates, Vanadates 
Nesosilicates . 
Sorosilicates 
Cyclosilicates 
inosilicates ' 

Phyllosilicates 
Tectosilicates 
inbuive 
Volcanic 
Metamorphic 
Sedimentary clastic 
Sedimentary organic 
Sedimentary chemical 

XRD 
EMP 
XRF 
PAT 
E1 
E2 

X-ray diffraction 
Electronic microscope 
X-ray fluorescence 
Petrographic analysis on thin section 
Major elements analysis 
Minor elements analysis 

O1 ,FILE-NAME :,"21 GRANiT-O1 .ANT" 
02,ROCK-WE :,"Granite" 
03,CLASS :,"P' 
04,LOCALiTY :,"Campo Oasi, Terranova Bay, Northern Victoria 

Land, Antarctlca" 
05,LAT-LON-EL:,"-74.693,164.101,5on 
06,GEOL-FORM:,"GranIte Harbour Intrushres" 
07,SAMP-PROVE:,"XIII Italian Antarctic Expedition" 
08,REFERENCES :,'T1 
OS,REFERENCEs:,Y' 
lO,STRII<E_DIP :,"999,99 
i i ROCK-COMPO : ,M~cogni i te  m centimewsized I feldcpars" 
12,MIN-FORMUL :,"P' 
13,SAMP-CODE :,"/,P 
14,ANALYS-WHO :,"/,P 
15,ANALYS-TYP :,'T' 
16,ANALYS-RES :,"P' 
17,ANALYS-RES :,"P' 
18,ANALYS-RES :,"P' 
19,ANALYS-RES :,"i" 
20,ANALYS-RES :,'T' 
21 ,ANALYS-OUT :,"P1 
22,ANALYS-OUT :,'T1 
23,RESERVED :,'T' 
24,RESERVED :,'T1 
25,NUM-MEAS :,"l " 
26,DATA-TYPE :,"Reflectance, Absolute" 
27,MEAS-WHO :,"S. SaM, Geodesy and Remote Censing Lab. 

1st Nat Geofisica e Vulcanologia" 
28,MEAS-WPE :,"Fleld,TP" 
29,lNSTRUMENT :,"Analytical Spectral Device,FMdspec FR 

634 2" 
30,FOV-&-DIST :,"25,0.6 
31,SPECTR-NT :,"O.%, 250,0.35,2.50 
32,SPECTFLRES :,"0.0lW 
33,SPECTKBND :,"2151n 
34,WHITE-REF :,"Spectralon" 
35,iLL-SOURCE :,"Sunn 
36,MEAS-DATE :,"l24 2li 997" 
37,LOCAL-IME :,"14:35" 
38,METEO-COND :,"l00 % CLEAR SKY" 
39,M€EO-COND :,"P' 
40,SAMP-SiATE :, 'T' 
41,GRAIN-SE :,"M, 999" 
42,SURF-DESCR :,"Fiat surface with ceritimeter-sized irregu 

larltles due to protruding feldspar crystals" 
43,SURF-DESCR :,"M specular facets, limited and sparse 

yellowish alteration" 
44,lEMP :,"7" 
&,DATA-WLY :,"Average oi 3 specba" 
46,DATA-ANALY :,'T' 
47,WVL-FILE :,"FieldSpec-FFl.wvlM 
48,SPEC-FILE :,'"l GRANIT-O1 .ant" 
49,NO-REC-lNI:,"2" 
50,RD-FORMAT :,"ASCII 2 floating numbers per record" 
51 ,MEAS-UNii :,"nmM,"DMSL" 

Figure 2 - Exarnple of Ancillary datafle (see text for explanation). 
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16 ANALYS-RES : Results of laboratory analysis. 
1 7 ANALYS-RES : Il 

18 ANALYS-ms : Il 

19 ANALYS-RES : Il 

20 ANALYS-RES : Il 

21 ANALYS-OUT : Name of files containing additional 
analysis information. 
22 ANALYS-OUT : Sarne as previous record. 
23 RESERVED : Reserved for future versions. 
24 RESERVED : Reserved for future versions. 
25 NUM-MEAS : Number of spectral measurements asso- 
ciated to this particular sample/surface. This number is equa1 
to the number of blocks of 26 records from record 26 to the 
EOF. 
26 DATA-TYPE : Type of data in the spectral file (e.g. 
radiance, reflectance, emissivity, etc.). If reflectance, its refer- 
ral is indicated (e.g. Absolute, Spectralon, etc.). 
27 MEAS-WHO : Operator (organisation) who executed the 
measurement. 
28 MEAS-TYPE : Type of measurement: FIELD, LAB, 
HELI, etc., and geometry of sensor-target configuration (e.g. 
nadiral viewing: TE', viewing with minimum phase angle: TI). 
29 INSTRUMENT : Make of instrument and model. 
30 FOV-&-DIST : Sensor Field-Of-View and distance from 
target during this measurement. 
3 1 SPECTR-INT : Effective spectral interval in microns (mi- 
max), and nominal spectral interval. The first may be narro- 
wer due to noise increase at the ends of the nominal interval. 
32 SPECTR-RES : Spectral resolution in microns. 
33 SPECTR-BND : Number of spectral channels of instru- 
ment. Used to read spectral and wavelength data files. 
34 WHITE-REF : Type of reference pane1 for reflectance 
measurements (e.g. Spectralon). 
35 ILL-SOURCE : Code of illumination source for this mea- 
surement, see Table 3. 

Table 3 

Sunlight and skylight 
Skylight only 

36 MEAS-DATE : Date of measurement ddlmmlyyyy. 
37 LOCAL-TIME : Local time of measurement. 
38METEO-COND : Description of local meteorological con- 
ditions. 
39 METEO-COND : Continuation of previous record. 
40 SAMP-STATE : Code for state of sample for laboratory 
measurements, see Table 4. 
41 GRAIN-SIZE : If previous record is POWDER, then this 
gives the min and max grain size. 
42 SURF-DESCR : For WHOLE samples and for in situ 

Table 4 

Descri~tion 

POWDER Pulverized sample 

measurements, this record gives a concise descnption of the 
measured surface (texture, roughness, alterations, lichens, 
etc.). 
43 SUREDESCR : Continuation of previous record. 
44 TEMP : Sample temperature (for spectral measurements in 
the SWIR and TIR) or air temperature (for radiancelreflec- 
tance measurements in the VNIR) in degrees Celsius . 
45 DATA-ANALY : Notes regarding the data analysis of the 
origina1 spectral data (e.g. averaging, filtering, resampling of 
data, etc.). 
46 DATA-ANALY : Continuation of previous record. 
47 WVL-FILE : Name of wavelength h t a  file (file exten- 
sion .WVL). 
48 SPEC-FILE : Name of spectral datafile. The file name is 
identica1 to the name of the ancillary data file but the file 
extension is the progressive number of the spectrum. 
49 NO-REC-IN1 : Number of initial text records of the 
spectral datafile. In genera1 2 such records are present. 
50 RRFORMAT : Format of numerica1 records in the 
spectral data file. 
5 1 MEAS-UNIT : Dimensions of quantities for each column 
of the spectral data file (e.g. pm, nm, W/m2, mW/cm2, 
Dimensionless (DMSL), etc.). 

Use of reflectance spectra from LILIAN 
LILIAN should mainly be used for interpreting optical remo- 
te sensed images of the Antarctic continent and in particular 
Northem Victoria Land. Since most of the spectra pertain to 
rock surfaces, they could hardly be used for geologic mapping 
in different petrographic provinces. Moreover, the peculiar 
surface alteration processes in Antarctica render comparison 
with spectra of similar rocklypes coming from different envi- 
ronments difficult. 
Although commercia1 satellite data available to date do not 

21 GRANIT-O1 .l 
Wavelength Granite - Campo Oasi 
0.35 0.1317 
0.351 0.1 324 
0.352 0.1333 
0.353 0.1344 
0.354 0.1 357 
0.355 0.1 367 . . . . . . . . . S.  m...... 

Figure 3 - Example of spectral datafile. 
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attain a high spectral resolution, new instruments are being 
tested which drarnatically increase the possibilities of litholo- 
gic mapping from space data. 
The Earth Observing - 1 spacecraft, launched by NASA's 
GSFC at the end of 2000, demonstrated the use of an imaging 
spectrometer with a 10 nrn spectral resolution in the VNIR- 
SWIR range and a pixel resolution of 30 m [http: 
//e0 1 .gsfc.nasa.gov~Technology/Hyperion.html] . 
Hopefully the Hyperion instniment will be chosen for future, 

more operational missions, and its high spectral resolution 
will certainly favour fu11 exploitation of deterministic litholo- 
gic mapping, fostering the use of ground-measured spectral 
libraries. The high resolution spectra in LILIAN can be used in 
conjunction with multispectral data, as the 6-band Landsat 
data, resarnpling each spectrum to the TMETM bandwidths, 
but the resolving power for lithologic discrimination will be 
limited. Figure 4 gives an example of a LILIAN spectrum for 
the sample described in Figure 2. Figure 5, on the other hand, 

XIII Italian Antarctic Expedition 
Sample 21 GRANITO1 .ANT, CAMPO C 

045 

04 

O 35 

O 3 
al 

.-4 

3 - 
O 02s 
Lo n 
4 

0 2  

011 

0.1 

O 0s 

Wavelength, pm 

Campo Oasi granite 
0,s 

B C 
Landsat MSS channel 

-- 

Figure 4 - Example of a LILiAN 
reflectance spectmm. Sample 
2 1 GRANIT-O 1 .ANT: granite sur- 
face at Campo Oasi. 

W FieldSpec FR- 
W EXOTEC AX100 1 

Figure 5 - Comparison of spectral data 
sampled by the Exotech radiometer in 
the MSS bandwidths with the 
reflectances convolved in the same 

D bands from the spectrum in Figure 4. 
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shows the same rock surface sampled by the Exotech radio- 
meter in the MSS bandwidths and compares reflectance 
values in the same bands based on the high resolution spec- 
m. 

Conclusions 
We have described three spectral measurement surveys perfor- 
med in Northern Victoria Land, Antarctica, in the framework of 
the Italian Antarctic Research Program. We have presented the 
methodology for measuring in situ spectral reflectance over 
geologica1 surfaces, preliminary data anaiysis and the strutture 
of the LILIAN spectral library which contains the validated 
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Anisotropia del Campo della Radiazione 
Riflessa suiie Superfici Naturali (Anisotropy of 
the Reflected Radiation Field over Natura1 

m 
Surfaces) I 
Tesi di Dottorato di: Claudia Giardino 
Tutore: Prof. Ing. G. Lechi 
Co-tutori: Dr. P. A. Brivio, Dr. E. Zilioli 
Coordinatore del Dottorato: Prof. Ing. L. Mussio 
Politecnico di Milano - Dottorato di Ricerca in Scienze 
Geodteriche e Topografiche - XIV Ciclo 

Lo studio presentato in questa Tesi è relativo alla misura e 
all'analisi del comportamento non-Lambertiano della radia- 
zione riflessa dalle superfici naturali. I1 comportamento ani- 
sotropo può essere spiegato dalla Funzione di Distribuzione 
della Riflettanza Bidirezionale (BRDF) che descrive la 
dipendenza della riflettività della superficie dalle geometrie 
d'illuminazione e d'osservazione. Misura dei Fattori di Riflettanza Bidirezionale di una superficie a 
Questo studio è interessante per due motivi. Innanzitutto, prato-pascolo mediante l'impiego del nuovo apparato goniometrico 
esso fornisce gli strumenti attraverso i quali si possono otte- e dello spettroradiometro ASD-FieldSpec-Fr. 
nere delle stime più accurate dell'albedo delle superfici 
terrestri. L'albedo, definendo le condizioni al contorno in 
qualsiasi problema di trasferimento radiativo nell'atmosfera, I1 modello AMBRALS è stato utilizzato per stimare gli effetti 
è di particolare interesse nella modellistica climatica e nelle bidirezionali nelle immagini acquisite da sensori con angoli 
stime di bilancio energetico. Secondo, essendo la BRDF fin- di vista (FOV) maggiori di *20 gradi che aggiungono un gra- 
zione dei parametri fisici e chimici della superficie rifletten- diente di luminosità alle variazioni intrinseche delle superfi- 
te è possibile, mediante inversione di modelli, stimare alcuni ci. Nel giugno 2001, sono state quisite due serie di strisciate 
di questi parametri. incrociate di un'area vegetata (Parco del fiume Ticino) dai 
In questo contesto, è stato progettato e costruito un apparato sensori iperspettrali DAZS e MIVZS montati su aereo. 
goniometrico da utilizzare per la misura della BRDF delle Un set multidirezionale di riflettanze atmosfericarnente è 
superfici naturali. A giudizio dell'autore, questa è la prima stato utilizzato per l'inversione del modello AMBRALS al di 
strumentazione costruita in Italia a tale scopo. I1 goniometro sopra di due superfici (un campo di Colza e una superficie 
è stato provato su diverse superfici naturali misurando, per composta da diverse specie erbacee). 
ciascuna di esse, 66 Fattori di Riflettanza Bidirezionale I risultati dell'inversione sono stati confrontati con misure 
(BRF) in condizioni ambientali stabili. goniometriche effettuate in situ durante i due sorvoli: i coef- 
Queste misure hanno permesso sia di osservare il comporta- ficienti di correlazione tra i valori d'albedo simulati e quelli 
mento anisotropo di ciascuna superficie che di calcolare misurati sono risultati maggiori di 0.9 sia per i dati MIVZS 
valori reali di albedo. sopra la copertura di Colza, sia per il DAIS sopra l'altra 
Tra le superfici osservate, la neve bianca è risultata più ani- superficie vegetata. . 
sotropa delle superfici vegetate. La differenza tra I'albedo ~~ccessivamente è stata analizzata l'entità degli effetti dire- 
reale e quella stimata sotto l'ipotesi di superficie zionali in sensori ad ampio abbracciamento utilizzando una 
Lambertiana è compresa tra il 7% per la superficie nevosa e serie multitemporale di dati SPOT-VGT con risoluzione di 1 
il 3.3% per una superficie a prato naturale in ambiente alpi- km. 
no. Inoltre si è osservato che il comportamento anisotropo Le osservazioni multiangolari sono state ricavate scegliendo 
della riflettanza persiste anche negli indici di vegetazione le misure spettrali in corrispondenza di pixel appartenenti 
(NDVI) mentre, attraverso modelli empirici e semi-empirici, alla medesima classe d'area bruciata, ipotizzando che, nel- 
si sono parametrizzate le BRDF di alcune superfici al fine di l'intervallo di tempo considerato, fossero trascurabili i cam- 
simulare i valori d'albedo al variare delle condizioni d'illu- biamenti delle caratteristiche spettrali delle superfici. Nel 
minazione. medesimo intervallo temuorale cambiava invece la posizione 
Successivamente sono state esplorate due applicazioni del sole e questo ha permesso di costruire un set di dati col 
riguardanti l'utilizzo di osservazioni multiangolari acquisite quale invertire il modello AMBRALS. 
da sensori remoti. I1 medesimo modello è stato quindi applicato in modo diret- 
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to per simulare la risposta spettrale delle aree bruciate in con- 
dizioni d'illuminazione differenti. 
I1 modello mostra che, quando il sole è alto sull'orizzonte, la 
BRDF delle aree bruciate è abbastanza indipendente dagli 
angoli d'osservazione; al contrario, quando il sole si abbassa, 
la BRDF delle aree bruciate di cambia sensibilmente (anche 
di un fattore 10) con l'angolo di visione. 
In conclusione, la ricerca presentata in questa Tesi mostra che 
la dipendenza della riflettività dalle geometrie d'illuminazione 
e di visione può migliorare l'interpretazione dei dati acquisti 

dai sistemi d'osservazione della Terra. 
In particolare, la misura e la modellistica della BRDF per- 
mettono di determinare valori accurati dell'albedo e dei para- 
metri biogeofisici delle superfici naturali. Appare quindi evi- 
dente che questo potrà essere di grande beneficio per le 
applicazioni del telerilevamento ed anticipa quello che sarà 
possibile nei prossimi mesi, quando saranno disponibili i dati 
multiangolari della nuova generazione di spettroradiometri 
ad immagine. 

AiTiqfom - Riis ia  Iiaiiina di TELERILEVAMENTO no 23 - settembre 200t 

56 



Analisi multisensore iperspettrale per il monito- 
raggio delle emergenze ambientali dei laghi: 
l'esperimento sul Lago di Garda 

Tesi di laurea di: Giordano Crema 
Relatore: Prof. Ing. G. Lecbi 
Correlatori: Ing. C. Giardino, Dott. E. Zilioli 
Politecnico di Milano, Facoltà di Ingegneria, Corso di 
Laurea in Ingegneria per l'Ambiente ed il Territorio - Anno 
Accademico 2000-200 1. 

I1 presente lavoro di tesi è stato sviluppato, nell'ambito del pro- 
getto europeo H y h  2000, presso 1'IREA (Istituto per il 
Rilevamento Elettromagnetico dellYAmbiente) del CNR di 
Milano, in stretta collaborazione con il Centro Aerospaziale 
Tedesco (DLR). La ricerca sperimentale che ne t derivata, 
denominata ROSALMA (ROSis and Dais for ALgal MApping 
in lambàne e~imment) ,  si fonda sui dati telerilevati da 3 
spettrometri aerotrasportati (ROSIS, DAIS, MIVIS) acquisiti sul 
bacino sudoientale del lago di Garda per il raggiungimento dei 
seguenti obiettivi: 
1. utilizzando un approccio semi-analitico ricavare mappe di 

concentrazione di Clorofilla-a correlando le immagini ai 
parametri di qualità delle acque; 

2. determinare la migliore procedura per la mappatura delle 
macrofite sommerse in reIazione al tipo di sensore (fuie- 
stra e risoluzione spettrale); 

3. intercalibrarei3sensOniperspet;tralipertestarequantitativa- 
mente la wmdWza e la precisione àelie radianze misurate. 

Contemporaneamente ai sorvoli degli aeromobili, effettuati in 
data 13 lu&o 2000, è stata approntata una campagna di acqui- 
sizione dati in situ, necessaria alle successive fasi di elabora- 
zione delle immagini, comprendente: 

- dati di tipo limnologico sia in continuo (transetto di fluo- 
rescenza) sia puntuali (campioni d'acqua e di macxofite 
sommerse); 
- dati di tipo radiometrico (firme spearali di superfici stan- 
dar4 acqua profonda, acqua costiera); 
- dati di tipo fotometrico (spessore ottico dell'aerosol). 

Fase di pre-processing 
Le immagini sono state calibrate radiometricamente, georiferite 
mediante l'utilizzo di CTR digitale e infme comtte atmosferi- 
camente tramite il codice di trasferimento radiativo 6S ripor- 
tando il valore di riflettanza al livello della superfkie del lago. 
Tutte le fasi di correzione sano state controbte mediante le 
procedure di validazione e intercalibrazione u t i l i i d o  i dati di 
verità in situ. 
Fase di processing 
Mappatura deUa Clorofii-u. Il transetto di fluorescenza è 
stato convertito in concentrazione di Clorofilla-a mediante 
regmsione lineare (RW.69) e successivamente rapportato a 
tutte le bande visibili delle immagini in modo da correlare spa- 
Pahente la rifletfanza ai valori di concentmione (single band 
appmach). Tra tutte le lunghezze d'onda utilizzate è stata indi- 

viduata la banda che ha determinato il miglior R2; la relativa 
relazione lineare è stata applicata alle immagini ottenendo 
mappe di concentrazione di Clorofiila-a. Un'analoga procedura 
è stata seguita utilizzando in luogo di un singolo canale il rap- 
porto di due bande (band mtio approach). La migliore finestra 
spettmle è risultata compresa nell'intervallo 440 - 520 nm, cor- 
rispondente alla luce blu-verde. L'errore medio di stima risulta 
pari ai 5 % con l'utilizzo di immagiui MIM;r e DAIS per 
entrambi gli approcci (il valore percentuale comsponde a circa 
0.2 pg 1-1 in un intervallo di 4.2-7.8 pg 1-1). Le immagini 
ROSIS, a causa dell'elevata risoluzione s p e d e  (4 nm per ogni 
canale), non hanno prodotto correlazioni soddisfacenti e, per- 
tanto, non si è proceduto alla fase di mappatura. 
Classificazione delle macmflte. Sono stati testati diversi algo- 
ritmi di classificazione hard, sia uwpervised che supervised 
anche sottoponendo le immagini ad una trasformazione MNF 
(Minimum Noise Fmction) per ridurne il rumore di fondo. 
I risultati migliori si sono conseguiti con gli algoritmi MLL e 
SRM con accuratezze rispettivamente superiori al 98 e 99% in 
riferimento alle immagini ROSIS. Secondariamente si è inda- 
gata la possibilità di studiare l'area con algoritmi non conven- 
zionali (sofi) basati sul concetto di appartenenza parziale dei 
singoli pixel alle varie classi tematiche (Pixel Mixture). I risul- 
tati migliori sono stati oiienuti con l'applicazione delk'algo- 
ritmo Mixwre Tiined Matched Filtering (MIUF). 
I sensori iperspettrali si sono rivelati degli ottimi strumenti di 
monitoraggio delle acque lacustri. In particolare il na?S 
risulta il miglior strumento per la defiizione di mappe di 
Clorofilla-a mentre il ROSIS, grazie alla più elevata risoluzione 
spaziale, appare il più adatto per la classificazione delle macro- 
fite nella zona costiera. 

CLOROFILLA a 

Mappatura SMGLE BAND Classìjìcatore IMLL MNF 

Fusione dei risuitati ottenuti mediante la mappatura della Clomfh-a e la 
classificazione deUe maaofite sormnerse: la zona in cui risulta p 3  bassa 
la concentrazione di clorofiIla comsponde all'area di maggior svihippo di 
m f i t e ,  poiché il fitophcton mmpete con la vegetazione sommema 
per la medesima risma, la luce. 
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Abstracts di lavori di Autori italiani 
pubblicati su riviste internazionali 

a cura di Pietro Alessandro Brivio 
e-mail: brivio.pa@irea.cnr.it 

Mission analysis and design of a bistatic 
Synthetic Aperture Radar on board a small 
satellite 

Moccia A. l, S. Vetrella l, R. Bertoni 
' Dip. Scienza e Ingegneria dello Spazio, Università di 

Napoli Federico 11, Ple Tecchio 80, 80125 Napoli, Italy 

Acta Astronautica, 47 (1 1): 819-829, 2000; Elsevier Science, 
London, UK 

This paper is aimed at a feasibility study of a new space- 
basedobservation technique: bistatic synthetic aperture radar, 
e.g. an active microwave sensor operating with separated 
transmitting and receiving antennae. Assuming ESA ENVI- 
SAT ASAR as main mission, a small satellite (BISSAT) 
equipped with a receiving-only antenna and flying in forma- 
tion with ENVISAT is studied in details. In addition to con- 
ventional ASAR irnages, echoes gathered by BISSAT form an 
additional data set. They offer an added value to ENVISAT 
scientific exploitation, as they could be used for novel map- 
ping applications, taking into account their unique pointing 
characteristics and differences in terrain scattering properties 
as a function of antennae separation. A numerica1 simulation 
is conducted to perform a mission study. The antennae sepa- 
ration along the-orbit is selected according to both applicati- 
ve and ENVISAT safety requirements. The BISSAT attitude 
and pointing requested for swath overlap is then presented. 
Finally, a preliminary design of microwave payload and plat- 
form is outlined. 

Detection and extraction of buildings from 
interferometric SAR data 

Gamba P. l, B. Houshmand ', M. Saccani ' 
I Dip. di Elettronica, Università di Pavia, Via Ferrata 1, 

27 100 Pavia, Italy 
Jet Propulsion Laboratory, Pasadena, CA 91 109, USA 

IEEE Trans. Geoscience and Remote Sensing, 38 (1): 61 1- 
6 18,2000; IEEE, Piscataway (NJ), USA 

In this paper we present a complete procedure for the extrac- 
tion and characterization of building structures starting from 

the three-dimensional (terrain elevation) data provided by 
interferometric SAR measurements. Each building is detec- 
ted and isolated from the surroundings by means of a suitably 
modified machine vision approach, originally developed for 
range image segrnentation. The procedure is based on a local 
approximation of the 3D data by means of best-fitting planes. 
In this way, a building footprint, height and position, as well 
as its description with a simple 3D model, are recovered by a 
self-consistent partitioning of the topographic surface recon- 
structed from interferometric radar data. 
The method is validated by the analysis of 10 m resolution 
data recorded over Santa Monica, Los Angeles, by the air- 
borne TOPSAR system operated by NASA-JPL. We present 
good results with respect to the detection of commercia1 buil- 
dings, and a quantitative evaluation shows that the heights of 
these structures are recovered almost with the same precision 
as the origina1 data. Larger errors are instead evidenced in 
their footprints. 

Digital surface models and building extraction: 
a comparison of IFSAR and LIDAR data 

Gamba P. l, B. Houshmand ' ' Dip. di Elettronica, Università di Pavia, Via Ferrata 1, 
27 100 Pavia, Italy 
Jet Propulsion Laboratory, Pasadena, CA 91 109, USA 

IEEE Trans. Geoscience and Remote Sensing, 38 (4):  
1959-1 968,2000; IEEE, Piscataway (NJ), USA 

In this paper the task to extract significant built strutture in 
Digital Surface Models is analyzed. The origina1 data are 
obtained by means of Interferometric SAR or LIDAR techni- 
ques, and have different resolution and noise characteristics. 
This work aims to make a comparison of what (and how pre- 
cisely) it is possible to detect and extract starting from these 
models, taking into account their differences, but applying to 
them the same planar approximation approach. To this aim, 
data over Los Angeles and Denver is considered and evalua- 
ted. 
The results shows that LIDAR data provide a better shape 
characterization of each building, not only because of their 
higher resolution. Indeed, less accurate results obtained star- 
ting from radar data are mainly due to shadowing/layover 
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effects, that can be only partially corrected by means of the 
segmentation procedures. However, better results than those 
already presented in literature could be achieved by using the 
IFSAR data correlation map. 

Simulating bistatic scatter from surfaces cove- 
red with vegetation 

Ferrazzoii P. l, L. Guerriero l, D. Solimini 
' Università Tor Vergata, Ingegneria, DISP, Via di Tor Vergata 

1 10,I-00 133 Roma, Italy 

Journal of Electromagnetic Waves and Applications, 14: 233- 
248,2000; . 

Many experimen&l and theoretical studies have shown that 
the use of active systems for monitoring plant biomass suffers 
from saturation problems. The possibility of overcoming this 
limit by considering a bistatic configuration is theoretically 
analysed for the case of sunflower fields. An electromagnetic 
model, already developed and validated on active and passive 
data, has been modified to yield the bistatic scattering coeffi- 
cient. To this end, coherent scattering from the soil has been 
included, which resulted to be the most relevant component of 
specular scattering. According to model simulations, the spe- 
cular scattering cross section normalized to area does not 
exhibit severe saturation effects and shows a better sensitivity 
to biomass at higher frequencies. 

Muhifiquency emission of wheat: modeling and 
applications 

Ferrazzoli P. l, J. P. Wigneron ', L. Guerriero l, A. Chanzy ' 
' Universita' Tor Vergata, Ingegneria, DISP, Via di Tor 

Vergata 1 10,I-00133 Roma, Italy 
rNRA Bioclimatologie, Agroparc, 849 14 Avignon Cedex 9, 
France 

' MRA Science du sol, Agroparc, 84914 Avignon Cedex 9, 
France 

IEEE Trans. on Geoscience and Remote Sensing, 38 (6): 
2598-2607,2000; IEEE, Piscataway (NJ), USA 

The microwave brightness temperatures of a wheat field were 
measured in 1993, during the whole growth cycle, by the 6- 
frequency PORTOS radiometer, at two polarizations and seve- 
ral angles. in this paper, the emissivities measured at L, C, X 
and K band are compared with those simulated by a discrete 
multiple scattering model, based on the radiative transfer 
theory. The agreement between experimental and simulated 
data is generaiiy good at al1 frequencies, although a unique set 
of input pararneters has been used. It is demonstrated that the 

model simulations lead to a reliable identification of the 
radiometric configurations most sensitive to ground varia- 
bles. Moreover, they aid the development of a soil moisture 
inversion algorithm which performs well even with soils 
covered by developed vegetation. 

Multispectral Satellite Image and Anciiiary 
Data Integration for Geologica1 Classification 

Ricchetti E. ' 
l Dip. Geologia e Geofisica, Università degli Studi di Bari, 

Via Orabona 4, 70 125 Bari, Italy 

Photogrammetric Engineering & Remote Sensing, 66 (4): 
429-435, 2000; ASPRS, Bethesda, MD, USA 

Digital classification of Landsat imagery for geological pur- 
poses often gives poor results. To improve classification accu- 
racy, spectral data have been combined with ancillary data. 
These data have been used in pre-classification processing to 
enhance image quality, and as additional attribute information 
during the classification process. Severa1 geological classifi- 
cations were conducted using various levels of integrated 
spectral and topographic data. A slope map was used to add 
information about the geomorphologic nature of the different 
geological units. Logica1 channel and stratification methods 
were applied and compared to a spectral classification. 
The classification results demonstrate that a significant 
increase in overall accuracy can be achieved by combining 
topographic data with spectral data. The use of stratification, 
in addition to a logica1 channel, did not give an evident impro- 
vement in overall accuracy. The use of ancillary data in image 
classification must rely on in-depth knowledge of the target 
to select the attribute that best characterises it. 

Urban Subsidence inside the city of Napoli 
(Italy) observed by satellite radar interfero- 
metry 

Tesauro M. l, P. Berardino l, R. Lanari l, E. Sansosti l,  G. 
Fornaro l, G. Franceschetti 
' CNR - IRECE, Via Diocleziano 328, 80124 Napoli, Italy 

Dip: Ingegneria Elettronica, Università Federico 11, via 
Claudio 2 1, 80 125 Napoli, Italy 

Geophysical Research Letters, 27 (1 3): 196 1 - 1964, 2000; 
AGU, Washington, DC 20009- 1277, USA 

Satellite radar interferometry reveals subsidence occurring in 
an area of about 2 km by 2 krn inside the city of Napoli, Italy. 
The observations show a maximum (vertical) displacement of 
about 5 cm between 1992193 and 1996, while the deformation 
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signal decreases between 1996 and 1998. The investigated 
area is densely populated and has been influenced, between 
1992 and 1995, by intensive construction of a new under- 
ground railway. These interferometric results demonstrate the 
high correlation between the observed deformation and the 
excavation of the tunnels for the development of the under- 
ground. 

Actively growing anticlines beneath Catania 
from the dista1 motion of Mount Etna's decolle- 
ment measured by SAR interferometry and 
GPS 

Borgia A. ', R. Lanari l, E. Sansosti ', M. Tesauro I, P. 
Berardino l, G. Fornaro ', M. Neri l, J. Murray 

CNR - IRECE, Via Diocleziano 328,80124 Napoli, Italy 

Geophysical Research Letters, 27 (20): 3409-3412, 2000; 
AGU, Washington, DC 20009-1277, USA 

We used SAR interferometry and GPS to measure the rise of 
an anticline beneath the urban area of Catania (Italy), which 
originates from outward thrusting above the basa1 decolle- 
ment of Etna volcano. The anticline grows at a rate of over 
0.015 m a-] of SE thrusting and about 0.007 m a-' of relative 
uplift. By relating this growth to the simultaneous extension 
measured at the summit of the volcano, we dernonstrate the 
occurrence of active volcanic spreading. This process may 
exert a control on emptions, earthquakes, sector collapses, 
and landslides. 

Neural networks for oil spill detection using 
ERS-SAR data 

Del Frate F. ',A. Petrocchi ', J. Lichtenegger ', G. Calabresi ' 
I Dip. di Informatica, Sistemi e Produzione, Università Tor 

Vergata, Via di Tor Vergata 1 10,OO 133 Roma, Italy 
Vitrociset c/o ESA/ESRIN Via G. Galilei, 1-00044 Roma, 
Italy 
ESAESRIN, Via G. Galilei, 1-00044 Roma, Italy 

IEEE Trans. Geoscience and Remote Sensing, 38 ( 5 ) :  
2282-2287,2000; IEEE, Piscataway (NJ), USA 

A neural network approach for semi-automatic detection of 
oil spills in European remote sensing satellite-synthetic aper- 
ture radar (ERS-SAR) imagery is presented. The network 
input is a vector containing the values of a set of features cha- 
racterising an oil spill candidate. The classification perfor- 
mance of the algorithm has been evaluated on a data set con- 
taining verified examples of oil spill and look-alike. A direct 
analysis of the information content of the calculated features 

has been also carried out through an extended pruning proce- 
dure of the net. 

Airborne Microwave Radiometer Measurements 
on Agricultural Fields 

Macelloni G. ', S. Paloscia l, P. Pampaloni P. l, R. Ruisi l, C. 
Susini ', and J. P. Wigneron 
l Remote Sensing Dept., CNR-IROE, Via Panciatichi 64, 

50 127 Firenze, Italy 
INRA Bioclimatologie, Agroparc, 84914 Avignon Cedex 9, 
France 

Microwave Radiometry of Earth 5 Sur$ace and Atmosphere 
(Pampaloni & Paloscia Eds), pp. 59-69, 2000; VSP Press, 
Utrecht, The Netherlands 

This paper presents an overview of the results obtained during 
the IROE-STAAARTE mission on May 1997 on the agricul- 
tura1 site of "Les Alpilles " (South of France), which is a test- 
site for the EC ReSeDA project. The main objective of this 
project is the monitoring of soil and vegetation processes 
using multisensor and multitemporal observation. The role of 
IROE was to evaluate the biophysical characteristics of diffe- 
rent agricultural crops (i.e. moisture, biomass) by using 
microwave radiometer, and the synergy between these sensors 
and SAR or infrared radiometer. The measurements were 
made by the French airplane ARAT (STAAARTE prograrn) 
equipped with IROE (Instniment for Radio Obsemation of 
the Earth) microwave radiometer (horizontal and vertical 
polarization) at 6.8 and 10 GHz of centra1 frequencies and two 
infrared radiometers. Two different flights, at two different 
incidence angle 20 and 40 degrees, were carried out on May 
1st and 25 to obseme the development of agricultural crops 
on severa1 test fields. To control the crop and soil properties 
an intensive ground measurement campaign was carried out 
during the plant growth cycle. The results confirm a great sen- 
sitivity of microwave emission to different crop type and 
biophysical characteristics. In particular the capability to clas- 
sifi the different crop type and the sensitivity to soil moistu- 
re and vegetation biomass was investigated. The characteri- 
stics of different crops were well pointed out by bidimensio- 
nal diagrams at two frequencies or two incidence angles. A 
classification algorithm was tailored using the results of this 
analysis and a crop classification for six vegetation classes of 
the whole area was obtained and compared with the ground 
map with a fairly good accuracy. The surface soil moisture of 
agricultural fields was estimated using the polarization index 
values at C-band, whereas the plant water content and the leaf 
area index of wheat were retrieved through the polarization 
index at X-band using a semi-empirical mode1 validated with 
ground-based measurements carried out in the past years. 
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Detection of Ice Sheet on Asphalt Roads 

Maceiloni G. l, R. Ruisi I, P. Pampaloni ' and S. Paloscia 
l Remote Sensing Dept., CNR-TROE, Via Panciatichi 64, 

50127 Firenze, Italy 

Microwave Radiomeiiy of Earth k Surface and Atmosphere 
(Pampaloni & Paloscia Eds), pp. 119-125, 2000; VSP Press, 
Utrecht, The Netherlands 

An experirnental study aimed at detecting different road con- 
ditions by means of millimiter wave radiomelry has been con- 
ducted in an open-air laboratory using a sample of asphalt as 
target and two dual-polarized radiometers at 10 and 37 GHz. 
It was found that, when a thin (3 mm) ice crust is formed on 
the dry iced material, by spraying water, there is an increase 
in the brightness'temperature of more than 15 K at 37 GHz 
horizontal polarization. When the sample becomes wet after 
de-icing, the brightness temperature steeply decreases by 
about 60 K at both frequencies and polarizations. 

Retrieval of Soil Moisture from AMSR Data 

E. Njoku l, T. Koike l, T. Jackson and S. Paloscia 
I Dept. of Civil Engineering, University of Tokyo, Tokyo, 

Japan 
Remote Sensing Dept., CNR-IROE, Via Panciatichi 64, 
50 127 Firenze, Italy 

Microwave Radiometry of Earth k Surface and Atmosphere 
(Pampaloni & Paloscia Eds), pp. 525-533, 2000; VSP Press, 
Utrecht, The Netherlands 

The Advanced Microwave Scanning Radiometer (AMSR) is a 
folìow-on to the SMMR, SSMO, and TMI spaceborne micro- 
wave radiometers. It is the first instrument since the SMMR 
to include C-band channels. Since the ability to penetrate 
vegetation, and to sense deeper in the soil, increases with 
wavelength, the AMSR is expected to have better soil moistu- 
re sensing capabilities than either the SSMO or the TMI. The 
spatial resolution of AMSR will be a factor of two better than 
the SMMR. While not optimal for soil moisture sensing, the 
AMSR should provide useful soil moisture information over 
low-vegetated areas of the globe, and will serve as a valuable 
precursor to future proposed L-band soil moisture sensors. In 
this paper we present results from models and experiments 
indicating the capabilities and problems of soil moisture sen- 
sing at the AMSR frequencies. Vegetation cover, snow cover, 
fiozen ground, topography, water bodies, and genera1 surface 
heterogeneity must be accounted for in determining the 
retrievability of soil moisture. Registration of the satellite 
sensor footprints to an Earth-fixed grid is advantageous when 
using ancillary data sets (e.g. soil texture and topography). 

Preliminary tests of soil moisture retrieval algorithms are dis- 
cussed. Experiments using surface measwements, airborne 
sensors, and current satellite data are planned for further 
development of the retrieval algorithrns, and for validation of 
the derived soil moisture products post-launch. The validation 
activities will also take advantage of measwement networks 
provided by intemational programs such as the GEWEX 
Coordinated Enhanced Observing Period (CEOP) experi- 
ments. 

Spaceborne Along-Track Synthetic Aperture 
Radar Interferometry: Performance Analysis 
and Mission Scenarios 

Moccia A. l, G. Rufino 
l Dip. Scienza e Ingegneria dello Spazio, Università di 

Napoli Federico 11, Ple Tecchio 80, 80125 Napoli, Italy 

IEEE Trans. Aerospace and Electronic Systems, 37 (1): 199- 
213,2001; IEEE, New York, USA 

This paper presents a system study of a spacebome along- 
track synthetic aperture radar interferometer. This sensor has 
been successfully experienced for detecting moving targets by 
using only airborne installations. Severa1 key issues must be 
addressed when spaceborne configurations are envisaged. To 
this en4 a quantitative evaluation of system performance and 
measurement accuracy has been conducted. First, the identi- 
fication of possible space configurations 
has been accomplished. In particular, the two antenna5 can 
operate on a single satellite or they can be carried along 
appropriate trajectories by two spacecrafts. Then, an error 
budget of radia1 velocity measurement accuracy has been per- 
formed. Finally, two possible mission scenarios are dealt in 
details, and numerica1 results are reported. Detection and 
extraction of buildings from interferometric SAR data 

Multifrequency SAR data for estimating hydro- 
logica1 parameters . 

Paloscia S. l, P. Pampaloni ', G. Macelloni 
Remote Sensing Dept., CNR-IROE, Via Panciatichi 64, 

501 27 Firenze, Italy 

Il Nuovo Cimento, 24 C ( 1 ) :  41-52, 2001 ; Società Italiana di 
Fisica, Editrice Compositori, Bologna, Italy 

The sensitivity of backscattering coefficients to some 
geophysical parameters which play a significant role in 
hydrological processes (vegetation biomass, soil moisture and 
surface roughness) is discussed. Experimental results show 
that P-band makes it possible the monitoring of forest bio- 
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mass, L-band appears to be good for wide-leaf crops, and C- 
and X-bands for small-leaf crops. Moreover, L-band back- 
scattering makes the highest contribution in estimating soil 
moisture and surface roughness. The sensitivity to spatial dis- 
tribution of soil moisture and surface roughness is rather low, 
since both quantities affect the radar signal. However, obser- 
ving data collected at different dates and averaged over seve- 
ral fields, the correlation to soil moisture is significant, since 
the effects of spatial roughness variations are smoothed. The 
retrieval of both soil moisture and surface roughness has been 
performed by means of a semi-empirical model. 

Microwave soil moisture &onitoring in the Toce 
Valley 

Paloscia S. l, G. Macelloni ', P. Pampaloni l, R. Ruisi l,  E. 
Santi 
l Remote Sensing Dept., CNR-IROE, Via Panciatichi 64, 

50 127 Firenze, Italy 

Physics and Chemistry of the Earth, Part B, 26 (5-6): 377- 
38 1, 200 1 ; Elsevier, Amsterdam, The Netherlands 

Within the framework of the MAP project, an airborne cam- 
paign was carried out using a microwave radiometric sensor 
at L, C and X bands (1.4,6 and 10 GHz). The aim of the expe- 
riment was to collect soil moisture and vegetation biomass 
information on different agricultural fields in the Toce valley, 
in order to provide reliable input to hydrological models. Due 
to the low homogeneity of the area, the most suitable platform 
for the measurements has been an helicopter, which perfor- 
med both continuous measurements along the flight tracks 
and separate hovering over some bare and vegetated soils. As 
expected, the C and X bands showed a marked sensitivity to 
the biomass of different fields and to soil moisture in bare 
soils or scarcely vegetated fields, whereas only a few data 

were collected at L band due to strong electromagnetic inter- 
ferente. Ground data of soil moisture, collected by other 
research teams involved in the experiments, have been used 
for verification. 

The relationship between the backscattering 
coefficient and the biomass of narrow and 
broad leaf crops 

Macelloni G. l, S. Paloscia l, P. Pampaloni l, F. Marliani =, 
M. Gai ' 
' Remote Sensing Dept., CNR-IROE, Via Panciatichi 64, 

50127 Firenze, Italy 
ESA-ESTEC, Ispra, Italy ' Dip. Fisica, Università di Firenze, Firenze, Italy 

IEEE Trans. Geoscience and Remote Sensing, 39 (4 ) :  873- 
884,2001; IEEE, Piscataway (NJ), USA 

The influence of the shape and dimensions of plant consti- 
tuents on the backscattering of agricultural vegetation is inve- 
stigated. Multi-frequency multi-temporal polarimetric data, 
collected at C- and L-bands by means of airborne and satelli- 
te synthetic aperture radar (SAR), showed that the relations 
between the backscattering of crops and the vegetation bio- 
mass depend on plant type, and that here are different trends 
for "narrow" and "broad" leaf crops. In the latter crops, back- 
scattering increases with an increase of biomass, especially at 
L-band. This behavior is typical of media in which scattering 
is dominant, whereas on "narrow leaf" plants, the trend is flat 
or decreasing, denoting a major contribution of absorption. 
Theoretical sirnulations obtained with a discrete element 
radiative transfer model have confirmed that a different back- 
scattering of crops with the same biomass may be due to plant 
geometry. 
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comunque riportate in wrpo minore in fondo all'dtirna pagina del- 
l'articolo con richiami numerici nel testo. Indicazioni di Progetti e 
F i i a m e n t i  verranno inserite prima deiia Biblima con gli 
eventuali Ruigraaamenti. 
Riferimenti bibliografici: nell'articolo le citazioni sono racchiuse 
fia [l  wn  il seguente farmato: werdi, 19901 o Fossi e Verdi, 19891; 
perdi et al, 19871 quaiora il numero degli Autori sia magiore di 
due. Se citato neii'ambito di una fiase il nome di un Autol-e [l9951 è 
seguito dall'anno delia pubblicazione a cui si fa nferirnento. 
Bibliografia: tutti e solo i lavori citati nel testo devono compari- 
re in Bibliogratìa. La Bibliografia deve essere in ordine alfa-beti- 
co per cognome; es: 
Bianchi A., Rossi V. e Verdi T. (1999) - Metodi di integrazione 
ji-a dati TM e dati SPOT. Riv. Ital. Telerilevamento, 19: 153-157. 
(19 è il numero del fascicolo, 153-1 57 le pagine). 
Neri A. e Rossi C. (1978) - Elementi di Telerilevamento. 
Nessuno Ed., Roma. pp.324. 
Moli K. (1 998) - Elaborazione di dati ERS-3 per 1'identijicmMone 
di alvei sepolti. Atti XXI Congr. Soc. ltal. Geomorfologia. Pisa. 
pp. 34- 76. 
Evitare di usare AA. W., anche se il numero degli Autori e elevato. 
Formato del manoscritto: stampa nitida su carta bianca, non in 
colonne e w n  le figure e le tabelle allegate tutte alla fine e con 
le didascalie su foglio separato. Alla Redazione dovranno essere 
inviate tre wpie complete del manoscritto, una delle quali con le 
figure originali. Al momento dell'accettazione verrà richiesto il 
file del testo e deiie tabelle, in formato Word (PC o Mac). 
L'eventuale spedizione del testo e delle figure per posta elettro- 
nica dovrà essere concordata con la Redazione dopo l'accettazio- 
ne dell'articolo. 
Altre informazioni: Nella preparazione degli articoli si tenga 
conto del fatto che una buona irnpaginazione necessita di un ele- 
vato rapporto testolfigure. Anche se gli Autori non devono pro- 
cedere ali'impaginazione dell'articolo, è bene che operino in 
modo tale da facilitare l'inserimento di ciascuna Figura dopo il 
rispettivo richiamo. Analogo diswmo vale per le Tabelle. 
Estratti: È prevista la stampa di 200 copie degli articoli princi- 
pali. Agli Autori non soci è richiesto un contributo di Euro 50 per 
pagina pubblicata sulla Rivista. Gli Autori sono pregati di invia- 
re, insieme alle bozze corrette, le indicazioni necessarie per l'in- 
testazione della nota di debito. I pagamenti devono essere effet- 
tuati tramite versamento su ICCP n.29688504 AIT - Firenze, 
indicandone la causale. 
I manoscritti devono essere inviati in triplice copia a: 

E m  Pranzini 
Rivista Italiana di Teledevamento 
C/O Dipartimento Scienze della Terra 
Via Jacopo Nardi, 2- 50 132 Firenze 
Tel. O55 243486 - Fax 055 241595 
E-mail: epranzini@unifi.it 
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