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Abstract 

417 

In the Interferometric Point Target Analysis (IPTA) point-like targets that remain phase coherent over time 
are identified in a sequence of satellite Synthetic Aperture Radar (SAR) images and used to estimate the 
progressive deformation ofthe terrain with millimetric accuracy. Building upon conventional interferometric 
SAR techniques, IPT A overcomes atrnospheric delay anomalies and tempora! and geometrie decorrelation by 
exploring the tempora! and spatial characteristics of radar interferometric signatures collected from point 
targets widely available over urban areas but that can be also found scattered outside cities and villages. In 
this contribution the application of IPT A to the monitoring of land' subsidence in the urban and littoral 
environments of the Venice Lagoon is described. The results achieved using ali the available ERS SAR 
images acquired between 1992 and 2000 are very significant due to the achieved target spatial and tempora! 
coverage. 
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1. INTRODUCTION 

The existence ofthe city ofVenice and its surrounding lagoon, which represent a unique environment, was 

threatened by land subsidence during the past decades. After the almost complete shutdown of groundwater 

withdrawals for industriai use in the early 1970s, the anthropogenic subsidence ofVenice ceased (Carbognin 

et al., 1977). Presently, the city and the centrai part ofthe lagoon appear quite stable, with subsidence rates of 

less than 0.5 mm/year (Tosi et al., 2002). In contrast, land subsidence is stili active at the lagoon extremities 

with rates up to an order of magnitude larger due to a greater natural consolidation, renewal of groundwater 

extractions, and the oxidation ofreclaimed peaty lowlands bounding the lagoon (Tosi et al., 2000; Carbognin 

et al., 2004). Monitoring land displacement in the Venice Lagoon remains therefore imperative, also in 
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considerati on of a number of solutions partly implemented, already approved, or stili under investigation to 

reduce the effects of the land subsidence that occurred in the past, such as littoral strip reinforcement, raising 
ofsidewalks and channel banks, realization ofthe mobile gates at the lagoon inlets (Bras et al., 2002), and the 

proposal to inject seawater or C02 beneath the lagoon in a 600 to 800,m deep brackish acquifer confined by a 

thick impervious cap-rock (Comerlati et al., 2004). 

Repeat-pass Interferometric Synthetic Aperture Radar (InSAR) is a powerful technique for mapping land 

surface deformation at fine spatial resolution over large areas (Bamler and Hartl, 1998; Rosen et al., 2000; 

Strozzi et al., 2001). During the last few years InSAR was employed to complement the leveling and GPS 

surveys in the Venice Lagoon. In these previous analyses, subsidence rates between 1993 and 2000 were 

determined for Venice (Tosi et al., 2002) and the surrounding urban area s (Strozzi et al., 2002) using a 
reduced number ofSAR images ofthe European Remote Sensing Satellites ERS-1 and ERS-2. Tempora! 

sampling and spatial coverage were limited to a mean subsidence rate over the whole observation period and 

relatively large built-up areas, respectively, because the application of InSAR is limited due to tempora! and 

geometrie decorrelation and inhomogeneities in the tropospheric path delay. 

More recently, techniques to achieve a more complete use of the available archive of ERS SAR 

acquisitions have been proposed (Ferretti et al., 2001; Costantini et al., 2001; Berardino et al., 2002; 

Wegmiiller et al., 2003; Mora et al., 2003; Usai, 2003; Lanari et al., 2004). These techniques permit to 

improve the spatial coverage, to compute a tempora! evoluti on of displacement, and to increase the accuracy. 

One possibility to obtain these goals is to consider only targets that exhibit a point-like scattering behaviour 
(Wemer et al., 2003). 

Building upon conventional InSAR, Interferometric Point Target Analysis (IPTA) overcomes atrnospheric 

delay anomalies and tempora! and geometrie decorrelation by exploring the tempora! and spatial 

characteristics of multi-tempora! radar interferometric signatures collected from point targets that remain 

phase-coherent over time. In the IPTA concept these targets, widely available over urban areas with 

numerous man-made structures but that can be also found in areas where single persistent structures (e.g. 

electrical transmission towers, threshing-floors, and farmsteads) scattered outside cities and villages are 
present, are used to estimate the progressive deformation ofthe terrain with millimetric accuracy. 

In this contribution we report on the application of IPTA for land subsidence monitoring in the Venice 

Lagoon. First, the IPTA concept is introduced. Then the appljcation of IPTA to the monitoring of land 

displacement in the urban and littoral environments ofthe Venice Lagoon is described. 

2. INTERFEROMETRIC POINT TARGET ANALYSIS 

In SAR interferometry, a pair of SAR images acquired from slightly different orbit configurations and at 

different times is combined to exploit the phase difference ofthe signals (Bamler and Hartl, 1998; Rosen et 

al., 2000). The interferometric phase is sensitive to both surface topography and coherent displacement along 

the look vector occurring between the acquisitions of the interferometric image pair, with inhomogeneous 
propagation delay (so-called atmospheric artifacts) and phase noise introducing the main error sources. The 

basic idea of SAR interferometry for land surface displacement mapping is to subtract the topography related 
phase from the interferogram and to moderate the effects of the error sources. The use of an extemal Digitai 

Elevation Model (DEM) to simulate and subtract the topography related phase is the routine approach for 

areas ofmoderate topography. 

One of the major limitations of SAR interferometry is decorrelation (Zebker and Villasenor, 1992). 

Tempora! decorrelation occurs from changes in time ofthe scatterer characteristics within the resolution celi. 
Vegetation, for example, causes significant decorrelation that often completely prevents from interpretation 

of interferometric phases of ERS pairs with acquisiti on time differences of more than one month. Spatial 

decorrelation precludes interpretation of interferometric phases for extended targets in pairs with long 
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baselines. Often, in SAR interferometry only interferograms with short baselines ( e.g. less than I 00 m for the 

ERS satellites) are considered, but typical SAR acquisitions have large baseline tubes (e.g. about ±1,000 m 

ERS). 
In areas of sufficient coherence and after spatial filtering to reduce phase noise, the main error source in 

SAR interferometry is the heterogeneity in the atmospheric path delay that can seriously compromise 

accurate deformation monitoring. However, when the atmospheric artifacts can be neglected or important 

displacements occur in the time interval between the two acquisitions, InSAR has become an attractive 

method for observing land deformation because it provides a two-dimensional spatial coverage as compared 

to point-wise leveling ancl/or GPS measurements and a temporally rich data set since currently operational 

satellite-bora radar systems are characterized by an orbit recurrent period of about onemonth (Massonetetal., 

1993; Carnee and Fabriol, 1999; Strozzi et al., 2001). In the case of slow, continuous motion, techniques for 
reducing atmospheric errors by stacking multiple independent observations have been also presented and 

have achieved validated accuracies in the mm/a range (Fruneau et al., 1998; Strozzi et al., 2001). Ofcourse, 

this method does not provide a tempora! sampling of displacement values. 

Approaches to study the tempora! evolution of the displacement using series of interferograms with short 

baselines have been proposed (Costantini et al., 2001; Berardino et al., 2002; Mora et al., 2003; Usai, 2003; 

Lanari et al., 2004). Short baseline interferograms are considered in order to reduce the effect of spatial 

decorrelation and the number of data acquisitions used for the analysis is increased by properly linking 

multiple independent short baseline series, searching for the solution with the minimum kinetic energy 

based on the single value decomposition. The availability of both spatial and tempora! information is 

used to identify and filter out atmospheric artifacts. Spatially dense information maps on urban areas and 

deformation time-series for each pixel with sufficient coherence are produced. 

A key processing step in the SAR interferometric analysis is the identification of pixels where reliable 

phase information can be retrieved. For short baseline interferograms those pixels are determined by use of 
spatial correlati on. Pixels that retain a coherence value larger than a specified threshold in ali (or most of) the 

interferometric pairs are considered for phase interpretation and therefore land displacement monitoring. 

Alternative approaches to select pixels where reliable phase information can be extracted based on long 

time series of SAR data were also proposed. As shown by Usai and Klees (1999) for SAR interferometry 

on a very long time scale there are single features, often man-made_structures, that do not decorrelate. In 

particular, also outside cities and villages phase analysis is feasible on single structures, e.g. electrical 

transmission towers, threshing-floors, farmsteads, thus improving the spatial coverage. Ferretti et al. (2001) 
demonstrated for build-up areas that large numbers of such persistent reflectors can be identified in stacks 

of SAR data. If the dimension of these points is smaller than the resolution celi, spatial decorrelation is 

significantly reduced, permitting interpretation of the interferometric phase of pairs with long baselines. 

Consequently, more observations are available allowing reduction of errors resulting from the atmospheric 

path delay and leading to better tempora! coverage and higher accuracy. 

lnterferometric Point Target Analysis (IPTA, Wegmiiller et al., 2003; Wemer et al., 2003) has been 
developed to achieve a more complete use of the available observations by applying differential 

interferometric analysis only on selected pixels that do exhibit a point-like scatter behavior and are persistent 
over the observation time interval. The phase model used for IPT A is the same as exploited in conventional 

interferometry. Therefore, various approaches to isolate the phase signal related to displacement from those 

related to topography, atmosphere and noise are supported. 

In the algorithms applied for this study, a stack of 59 ERS SAR images from 1992 to 2000 is considered. 

The ERS SAR data are processed to Single Look Complex (SLC) images and co-registered to a common 
geometry. Pixels that exhibit point-target behavior are selected based on statistica! approaches. Point targets 

do not show the speckle behavior associated with distributed targets because, by definition, only a single 

coherent scatterer contributes to the echo and the intensity and phase are directly dependent on the point 
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target radar cross section and position. Consequently, a selection ofpoint targets is performed based on low 

tempora! variability ofthe backscatter intensities, high backscatter intensity, and low spectral phase diversity 

within each SLC. 

IPTA has been initially applied to investigate land displacement iq the overall Venice region, from the 

Alpine foothill to the Adriatic coastline (Strozzi et al., 2003; Carbognin et al., 2005). For this regional land 

subsidence map the statistica! approaches to select point targets from the SLC's were relatively strict in order 

to reduce the size of data files and the computational borders. The regional land subsidence map from IPTA 

has been integrated together with spirit leveling, Continuous Global Positioning System (CGPS), Differential 

GPS (DGPS) and short baseline SAR interferometry to provide an accurate figure of the present land 

subsidence in the region around the Venice Lagoon by overcoming the limits characterizing each monitoring 

method. The integrated subsidence monitoring system confirmed that the centrai lagoon, including the city of 

Venice, shows a generai stability while the northem and southem lagoon extremities and their related 

catchment sectors sink with serious rates averaging 3 to 5 mm/a. In addition, the sinking rate increases up to 

10 mm/a in the coastland south ofthe lagoon. 

In a second phase, detailed IPT A processing is performed on areas of particular interest pointed up by 

the integrated subsidence monitoring system. For these locai investigations more relaxed thresholds are 

considered for the identification of point targets. In addition, precise co-registration of sub-images is 

repeated, because on the regional scale problems with the co-registration ofthe SLC's at the borders ofthe 

Lagoon, where there are large parts of sea, were encountered. Differential interferometric processing on the 

selected point targets was performed as described in Wegmiiller et al. (2003) and Wemer et al. (2003). The 

large number of ERS SAR acquisitions available for almost 1 O years to observe slow deformati on processes 

permitted to efficiently filter atrnospheric and noise errors and achieve therefore a high accuracy on the order 

on 1-2 mm/a. 

The IPTA final results consist for each selected point target of the height, linear deformation rate, 

non-linear deformation history, atmospheric phase, and quality information. Since the IPTA approach 

coheres an entire stack of interferometric phase histories using a reference point, the measurments are 

relative to that specific point or region~ -For visualization and presentation, the coordinates of the point 

targets are computed in the Italian cartographic system Gauss-Boaga, zone 2, datum Roma 1940 and 

aerophotographs, where available, are considered as intensi!)' background. The DEM of the Italian 

Geologica! Service, characterized by a regular grid of 10" in latitude and 7" in longitude and a vertical 

resolution of 1 m, has been used as a topographic reference. 

3. RESULTS FOR THE VENICE LAGOON 

In this section we report on investigations performed with IPT A in the Venice Lagoon. IPT A was found 

particularly useful to study the subsidence rates of areas inside the lagoon not covered by other traditional 

monitoring techniques like geometrie leveling and GPS. As visible in Figure 1 for the area between Venice, 

Litorale di Lido, Litorale del Cavallino and the Marco Polo Airport, the islands of S. Michele, Murano, Le 

Vignole, S. Erasmo, Burano and Torcello showed during the time period 1992-2000 a generai land stability. 

Detailed IPTA investigations at locai scale were performed for the urban areas of Chioggia, Venice 

and Mestre. For these locai analyses the problem of selecting the reference point was solved by putting in 

agreement the locai IPTA displacement maps with the initial regional solution which considered the area 

around Treviso close to the Alpine foothill as stable (Strozzi et al., 2003). 

The island of Chioggia is characterized by generai land stability (Fig.2). Also leveling surveys performed 

in 1993 and 2000 demonstrated the stability of this area, with displacement rates of +0.4 mm/a for 

benchmark 1, of +0.1 mm/a for benchmark 2, and of -0.4 mm/a for benchmark 3. Along the lagoon edge in 

Sottomarina, on the other hand, a localized area with subsidence rates of about -3 mm/a was identified. 
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Fig.1 IPTA derived average subsidence rate over the time period 1992-2000 for the area between Venice, Litorale di 

Lido, Litorale del Cavallino and the Marco Polo Airport, including the islands of S. Michele, Murano, Le Vignole, S. 

Erasmo, Burano and Torcello. Leveling benchmarks and lines are superimposed in red. Background is an average SAR 

backscattering intensity image. Image size is 8 km 

Fig.2 Land subsidence map for the city ofChioggia over the time period 1992-2000 from IPTA. Leveling benchmarks 

are labeled from 1 to 3. Background is an aerophotograph. Image width is 2.25 km 

The displacement profile of one of these points presented in Fig.3 indicates that the time period of major 

settlement was between 1995 and 1998. 

In generai, we found that the interpretation of IPT A results is not always straightforward and needs a deep 

understanding of the geodynamic and geomorphology of the study area in order to differentiate between 
structure instability and local/regional land subsidence. The area ofthe maritime station in Venice (Fig.4 and 

5) is a good example for the spatial and tempora! variability of the displacement signals from ITPA 
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that can-not be directly interpreted as land subsidence. 
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Fig.3 Displacement history for the point target labeled in Fig.2 and located along 

the lagoon edge in Sottomarina over the time period 1992-2000 from IPTA. Time 

"zero" coincides with March 19, 1997 

Fig.4 Land subsidence map for the maritime station in Venice over the time period 1992-2000 

from IPTA. Background is an aerophotograph. Image width is about 1.3 km 
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Fig.5 Displacement history for one point in the maritime station in Venice (labeled in 

Fig.4) over the time period 1992-2000 from IPTA. Time "zero" coincides with March 19, 

1997 

4. CONCLUSIONS AND OUTLOOK 
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In this contribution, the concept of Interferometric Point Target Analysis (IPTA) is introduced and its 

application to the monitoring of land subsidence in the urban and littoral areas of the Venice Lagoon with 

ERS SAR data ofthe time period 1992-2000 described. The regional land subsidence map from IPTA is 

combined with leveling, differential GPS, continuous GPS and InSAR surveys in an integrated monitoring 

system (Strozzi et al., 2003; Carbognin et. al., 2005). This overall database and information system provides 

the best knowledge ofthe subsidence process to the regional administrative and water authorities that manage 

the area. 

Detailed IPT A investigations at locai scale are presented for Chioggia-Sottomarina and the maritime 

station in Venice. Extended interpretation ofthese analyses for the whole city ofVenice, the urban and 

industriai area ofMestre and the littoral and rural zones to the east ofChioggia is ongoing. In near future it is 

planned to continue IPTA survey ofland subsidence in the Venice Lagoon using ENVISAT ASAR data. At 

present, 17 ASAR images were regularly acquired in interferometric mode over Venice between Aprii 2003 

and Aprii 2005. 
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