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The use of InSAR (Interferometric Synthetic Aperture Radar) products has greatly increased in the last years because of the technological advances in terms of both acquisition sensors and processing algorithms. The development of multi-interferogram techniques and the availability of free SAR analysis tools has significantly increased the number of worldwide applications of satellite measurements for mapping and monitoring geohazards. InSAR techniques excel in determining ground deformation in urban areas, where the coherence of the radar images is high, and the obtainable results are particularly reliable. Thus, measuring urban subsidence has always been one of the main targets of the InSAR analysis. In this paper, we present a brief review on the applications, in the last decades, of both single and multi-interferogram techniques to monitor ground lowering in urban areas along the Italian Peninsula. Because of its geological context, Italy is prone to slow natural subsidence phenomena sometimes aggravated and accelerated, especially along the coasts and in urbanized areas, by anthropogenic factors (i.e., groundwater overexploitation, consolidation in recent urban expansion, geothermal activities). The review will show how the interferometric data allowed the scientific community to increase the knowledge of the phenomena, map their spatial distribution, and reconstruct their temporal evolution. The final goal of the review is to demonstrate the added value of InSAR data in supporting groundwater management and urban development in Italy.
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INTRODUCTION

Land subsidence is commonly referred to a gentle and graduate lowering or to a sudden sinking of the ground surface (Galloway and Burbey, 2011). Active subsidence can be due to natural and anthropogenic processes or to a combination of both (Galloway et al., 1999). It is defined as endogenic, if associated to geologically-related motions (i.e., volcanism, isostatic adjustments), or as exogenic, when an anthropogenic or natural cause leads to the removal of underground materials that trigger ground subsidence (Prokopovich, 1979). In this case, several causes can generate ground lowering, such as fluid withdrawal (water, petroleum, or gas), mining, tunneling, dissolution of carbonate rocks, organic matter oxidation processes or thawing of ground ice (Galloway et al., 1999).

These phenomena are a major threat in urban areas, where the continuous lowering over time can seriously damage linear infrastructures (bridges, roads, or railways), creating also serious problems to buildings stability when differential settlements occur. In this case, the derived economic loss is not negligible. For example, Hu et al. (2004) determined that in China 45 cities recorded severe subsidence, 11 of them reaching an accumulated lowering of more than 1 m of cumulative lowering, generating a total economic loss of around $100 million/year. In the city of Bangkok (Thailand) the cost of floods, worsen by intense land subsidence, has been estimated in $12 million/year (Phien-Wej et al., 2006). Faunt et al. (2016) reported that, between 1955 and 1972, the total cost of subsidence due to water withdrawal reached $1.3 billion only for California (United States). When catastrophic subsidence, i.e., sinkhole, is the active hazard, it may unfortunately result in human losses (Tomás et al., 2014).

Traditionally, urban subsidence has been monitored using leveling or GPS (Global Positioning System) techniques that allow precise measurements on selected benchmarks composing local or regional networks (for example Baldi et al., 2009). Although being reliable and accurate instruments, GPS-based monitoring networks lack in measurement point density and have a high cost of installation and maintenance, especially when regional networks are involved. For this reason, in the last 20 years the use of Differential Interferometric Synthetic Aperture Radar (D-InSAR) has been widely recognized as a valuable tool to monitor, with a relative low cost, urban deformation, sometimes integrating into preexistent leveling networks (Teatini et al., 2005).

The D-InSAR (Differential Synthetic Aperture Interferometry) technique, whose first application is dated back to late 1980’s (Gabriel et al., 1989), allows obtaining the cumulated deformation occurred between two acquisitions of a satellite SAR (Synthetic Aperture Radar) platform thanks to the phase changes registered by the radar images. This approach, known as radar interferometry, has rapidly growth and became a well-established Earth observation technique (Zhou et al., 2009). Single interferogram (D-InSAR) and multi-interferogram (A-DinSAR, Advanced D-InSAR) approaches become increasingly exploited for detecting and mapping different types of geohazards, such as subsidence, landslides, volcanic, and tectonic activities (Tomás and Li, 2017).

This paper reviews single and multi-interferogram data exploitation for subsidence monitoring along the Italian Peninsula. An overview of the applications proposed by several authors in the last 20 years will be presented, focusing on how the monitoring and mapping techniques of subsidence evolved with the advancements of the InSAR techniques.

A BRIEF OVERVIEW ON RADAR INTERFEROMETRY

Synthetic Aperture Radar (SAR) systems measure distance variations between ground targets and the antenna of the sensor by repeatedly emitting a radar pulse along the orbit of the satellite and by measuring the echoes received from each emitted signal (Zhou et al., 2009). The return echoes received by the sensor contain two quantities: phase and amplitude. The first, fundamental for estimating ground motions, records the travel of the signal from its emission to its return and it is measured as a 2π function (Zhou et al., 2009). Amplitude represents the backscattering capability of ground surface, i.e., how much of the emitted signal can be returned to the sensing antenna. The higher the backscatter, the larger the amplitude value in the SAR image, resulting in a “bright” pixel.

The Differential Interferometric Synthetic Aperture Radar (D-InSAR) technique exploits the phase difference, computed as an interferogram, between two coregistered SAR images acquired above the same area at different times (Massonnet and Feigl, 1998). Ideally, each interferogram should contain only the phase difference due to ground displacement. Actually, phase differences can be generated by external factors not related to ground motion. Thus, phase is a complex signal that must be cleaned up from not-deformation-related components. Usually, phase is expressed as the sum of five main components (Hanssen, 2001): flat earth component (range distance difference due to surface displacement assuming a flat surface), topographic phase, displacement phase (phase difference due to ground motion), atmospheric phase, and noise component. The final goal of an interferometric approach is to correctly estimate the displacement phase by totally removing or limiting as much as possible the other components. Moreover, considering the wrapped nature of the phase signal (2π function), an unwrapping procedure must be applied to correctly reconstruct ground deformation. Considering this, the major limitations for D-InSAR are: temporal and geometrical decorrelation that enhance the noise component (Hanssen, 2001), phase unwrapping errors (Ghiglia and Pritt, 1998) and incorrect atmospheric phase estimation (Zebker et al., 1997).

To overcome these limitations, MTInSAR (Multi Temporal InSAR)techniques have been developed to systematically process stacks of differential interferograms with a common master image (Zhou et al., 2009). These techniques, by using a stack of redundant interferograms, allow a proper estimation of all the noise components, so better deriving the real displacement component. A MTInSAR analysis of a SAR data stack produces a certain number of measurement points, characterized by estimated deformation velocity values and by time series of deformation, the latter extremely useful to highlight acceleration or slowdown of ground motion.

In the last decade, many different interferometric algorithms have been developed, starting from the PSInSAR (Permanent Scatterers Interferometry) approach designed by a spin-off company of the Politecnico of Milano (Ferretti et al., 2001). In the following years, several different MTInSAR techniques were then proposed, such as the Small Baseline Subset (SBAS – Berardino et al., 2002), the Coherent Pixel Technique (CPT – Mora et al., 2003) or the Interferometric Point Target Analysis (IPTA – Werner et al., 2003). In the light of these examples, many other research groups focused their efforts for realizing new specific PSI techniques. For a wider review on PSI algorithms we refer to (Crosetto et al., 2016).

PSI products guarantee both wide area coverage, for example a single Sentinel-1 frame is 250 by 250 km, and high measurement points density suitable for detail/building scale analyses. Depending on the working scale, a PSI technique can produce thousands to millions measurement points with millimeter precision on the estimation of the single ground deformation measurement and on the average displacement rates (Ferretti et al., 2011b). At present PSI product can reconstruct the “history” of a moving point back to June 1992 (first acquisition of ERS-1 sensor), providing a unique opportunity for back-monitoring phenomena (Casagli et al., 2017; Del Soldato et al., 2018). Another important feature of PSI products is the capability of providing useful information for environmental, security and civil protection authorities regarding the presence of moving areas on which to focus ground-based observations and logistic operations, reducing costs, and personnel time (Solari et al., 2018).

SUBSIDENCE IN ITALY

Italy is affected by different geohazards, such as landslides, subsidence, earthquakes, and volcanic activities. Of these, subsidence usually does not directly produce casualties but triggers long-term economic losses and water resources depletion. It is a well-known phenomenon in coastal and agricultural areas, where a combination of ground water overexploitation, natural consolidation of sediments and rapid urbanization cause ground lowering at different scales. Below we present a brief overview on the main subsidence areas along the Italian peninsula will be presented, focusing on those of particular interest for their impact on people, economy and environment.

The Po Delta and the Po Plain are the most studied subsidence areas in Italy because of the presence of large cities (with important cultural heritages), industrial activities, and intensive farming. The Po Plain hosts a sedimentary Quaternary sequence with maximum thickness of 2,000 m, composed of normal-consolidated sand and clay layers (Dondi et al., 1985). As reported by Carminati and Martinelli (2002) the maximum subsidence occurs where long-term geological phenomena and intense water withdrawal are found. On the other hand, low subsidence rates coincide with the top of buried active anticlines, where the thickness of the sedimentary succession is lower. The natural subsidence of the Po Plain, estimated in few mm/yr (Baldi et al., 2009), is related to tectonic and sediment loading, sediment compaction, and post-glacial rebound (Carminati and Martinelli, 2002). The anthropogenic subsidence of the Po Delta Plain, especially along the Adriatic coast, began after the Second World War reconstruction, during the economic boom of Italy, when the multi-aquifer system of the Plain began to be extensively exploited for agricultural, and industrial use (Teatini et al., 2006). A second and subordinate anthropic cause is the onshore and offshore gas production (Gambolati et al., 1991).

The Venice lagoon, North-East of the Po Delta, is another example of long-term natural subsidence accelerated by anthropogenic factors. The city of Venice, at the center of the lagoon, is the emblem of how long-term subsidence interacts with an urban area. Although the magnitude of the motion, in the last 20 years, is extremely low (less than 2 mm/yr as reported by Tosi et al., 2002), the effect of this long-term deformation is irrecoverable and compromised the safety of the city in relation to the sea level rise (Bonardi et al., 1999). The human activity accelerated the natural evolution of subsidence in the area, especially during the industrial boom of the fifties and the sixties (Tosi et al., 2002).

Tuscany is another Italian region affected by subsidence along coastal areas and inland plains. Subsidence in Tuscany is mainly related to human activities, being water overexploitation, geothermal production and recent urban development (Rosi et al., 2016). Three areas are well-known for ground lowering problems: the Lower (LV) and Medium Valdarno (MV) plains and the Larderello geothermal district. The LV is an alluvial plain composed of alluvial and marine deposits, sometimes with the presence of highly compressible organic layers (Zanchetta et al., 1998). The MV plain is a lacustrine basin formed by a succession of alluvial and lacustrine sand, clay and silt with a maximum thickness reaching up to 100 m (Briganti et al., 2003). Both areas host important cities from the industrial and cultural point of view (Florence, Pisa, Prato and Pistoia). Dating back to 1905, the Larderello geothermal activity district is the first worldwide example of geothermal fluids extraction for electricity production. Thirty-four power plants are operating in the area, producing a high environmental impact and triggering subsidence phenomena (Manzella et al., 2018).

In the Campania Region subsidence phenomena, mainly related to water overexploitation and to volcanic/hydrothermal activity, are found (Vilardo et al., 2009). The Campi Flegrei caldera is a unique example of volcanic-related subsidence with unrest cycles characterized by intense ground uplift (D’Auria et al., 2015). The dynamics of the caldera system are a challenging issue not only by a scientific point of view but also for the potential risk induced by the ground motions in a densely populated area (Walter et al., 2014). One of the last episodes of major ground uplift, between 1982 and 1984, was accompanied by more than 16000 earthquakes and led to the evacuation of around 40000 people during the emergency (Barberi et al., 1984). The Sele and Volturno coastal plains are affected by severe subsidence due to water overexploitation for agricultural use that induce coastal inundation and thus a future increase of marine and fluvial flooding (Pappone et al., 2012; Aucelli et al., 2017). Another well-known subsidence area is the city of Sarno where the intense water pumping since the forties triggered ground lowering that seriously damaged several buildings (Cascini et al., 2006).

Rome (Lazio Region) registers several localized subsidence phenomena related to the long-term urban variations of the city that rises on the Tiber riverbanks. The original hydrographic network connected to the Tiber has been obliterated along the centuries with entire districts placed on top of buried lateral valleys filled by extremely heterogeneous deposits made by alluvial sediments and anthropogenic debris (Campolunghi et al., 2007). As a result of this chaotic stratigraphical assets, entire building block built after the fifties, along these tributaries valleys, register tilting, and differential settlements quantified in several millimeters (Arangio et al., 2014). Along the coast, in the Tiber Delta area, severe subsidence has been recorded in correspondence of two reclaimed coastal ponds (“Maccarese” and “Ostia”). In these areas ground lowering results as the combination between long-term consolidation of thick peat and organic clay layers and urbanization in the last 40 years (Del Ventisette et al., 2015).

For the whole Italian territory, a database, developed and managed by ISPRA (Istituto Superiore per la Protezione e la Ricerca Ambientale – Institute for Enviromental Protection and Research), reporting all the municipalities affected by land subsidence is available online1. This database, dated back to 2016, has been built up starting from information provided by regional authorities, provinces and municipalities, environmental agencies and other research centers. The results of the investigation made by ISPRA are shown in Figure 1.
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FIGURE 1. Municipalities affected by land subsidence in Italy derived from the ISPRA database. The acronyms in the map are referred to the Italian Regions and to geographical references used in the text. AB, Abruzzo; BA, Basilicata; CA, Campania; CB, Calabria; CF, Campi Flegrei; ER, Emilia Romagna; FVG, Friuli Venezia Giulia; LA, Lazio; LGD, Larderello geothermal district; LI, Liguria; LO, Lombardia; LV, Lower Valdarno; MO, Molise; MV, Medium Valdarno; PD, Po Delta; PI, Piemonte; PP, Po Plain; PU, Puglia; SA, Sardegna; SI, Sicilia; TAA, Trentino Alto Adige; TD, Tiber Delta; TO, Toscana; UM, Umbria; VdA, Valle d’Aosta; VL, Venice lagoon. The subsidence layer is overlaid on a Bing Aerial digital orthophoto.



The regions with the highest number of municipalities affected by subsidence are Veneto (52% of the total), Emilia Romagna (50% of the total), and Tuscany (28% of the total). On the other hand, Valle d’Aosta, Molise and Basilicata recorded no municipalities affected by subsidence. Less than 5% of the municipalities of 6 regions (Abruzzo, Marche, Umbria, Liguria, Sardegna, and Trentino Alto Adige) reported ground lowering problems. These numbers are estimates dependent on the quality and number of information collected and reported by the entities involved. Considering the total surface of the municipalities affected by subsidence, the 19% of the Italian territory is characterized by ground lowering phenomena; the 9% considering only Emilia Romagna and Veneto regions. This information is strongly qualitative; surface affected by subsidence is, in reality, significantly smaller. The percentage showed here are in fact referred to the total surface covered by the municipalities with subsidence and not to the real development of the phenomena that, without local and detailed analysis, cannot be derived.

InSAR ANALYSES FOR SUBSIDENCE MONITORING IN ITALY

A total of 109 scientific papers have been analyzed for this review (Figure 2). Three selection criteria were adopted: (i) the manuscript must be written in English and published in national or international peer-reviewed journal or in international conference proceedings; (ii) InSAR data have to be the core of the methodologies and results presented; (iii) all the D-InSAR and A-DInSAR methodologies and all the SAR satellite were considered.
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FIGURE 2. (A) Number of published scientific papers regarding interferometric techniques for subsidence monitoring since 1999. (B) Satellite exploited for subsidence monitoring in Italy. Multiple satellites can be used in the same scientific paper. The dates below satellite names are referred to their operational time-span.



The first applications of interferometric data for subsidence detection in urban areas go back to 1999 when, for the first time, the potentialities of InSAR data were assessed. In particular, Wegmuller et al. (1999) produced three long-time interferograms (period 1992–1996) using ERS data in the city of Bologna (Emilia Romagna region), showing the agreement between InSAR-derived information and leveling surveys. The obtained results were confirmed by Costantini et al. (2000) who applied an unwrapping approach based on sparse data networks. Avallone et al. (1999) presented the first InSAR result for the Campi Flegrei deformation during an inflation sequence, displaying the relationship between InSAR results, leveling and source modeling. Lundgren et al. (2001) confirmed the outcomes of Avallone et al. (1999) by using shorter time spans interferograms, combined into time series of deformation. Tosi et al. (2002) exploited D-InSAR data to verify and demonstrate the stability of the Venice historical city center. This study compared tide gage, leveling, and D-InSAR measurements to point out that the city of Venice, after the huge subsidence acceleration due to industrial exploitation of ground water in the sixties and seventies, registers extremely low deformation rates (below 2 mm/yr) related only to the natural evolution of the lagoon.

These few examples already shown the capability of InSAR techniques to create multi-temporal maps of deformation over wide areas with precision that can be compared to leveling data. Figure 3 presents a map showing the mean velocity values for all the cities and subsidence areas in Italy. This information has been derived from the analysis of all the scientific papers selected for the aims of this review.
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FIGURE 3. Subsidence areas in Italy monitored by means of D-InSAR or PSI techniques in the last 20 years. Local or building-scale velocity outliers are not considered. The velocity map is overlaid on a Bing Aerial digital orthophoto.



The technological evolution of the interferometric approach that led to the development of PSI techniques granted the opening of new scenarios for subsidence satellite monitoring. In fact, the availability of point-like data, connected to time series of displacement, allowed researchers to derive not only ground velocity maps above large areas but also to reconstruct the behavior of single buildings. An effect of the arrival of these new techniques can be seen in the number of scientific papers related to satellite subsidence monitoring in the last 6 years (Figure 2A). This is mainly due to (i) scientific acknowledgment of the InSAR data as reliable monitoring tools, (ii) increase in the number of research groups that work with InSAR-derived products, (iii) release of non-commercial software tools (e.g., StaMPS/MTI – Hooper, 2008) or web platforms (Geohazard Exploitation Platform, GEP – Galve et al., 2017) for PSI processing. Figure 2B shows the distribution of different satellite data within the stack of reviewed papers. The highest number of authors exploited ERS 1/2 or Envisat data (Figure 2B). On one side, this is due to a simple temporal matter; on the other side, some researchers exploited these satellite data thanks to the PST-A Project (Special Plan of Remote Sensing of the Environment) that allowed everyone to have access to already processed PSI product for the whole Italian territory (Costantini et al., 2017).

Applications of PSI approaches for subsidence monitoring in Italy date back to 2003. Colombo et al. (2003) presented the first application of the PSInSAR (Permanent Scatterers Interferometry) algorithm for urban subsidence monitoring in the Medium Valdarno (Firenze-Prato-Pistoia basin). Strozzi et al. (2003) analyzed ground deformation in the Venice Lagoon by means of the IPTA (Interferometric Point Target Analysis) algorithm, integrating the results obtained with a preexistent GPS network.

In the following sections, the main outcomes obtained by the research community using PSI data for subsidence monitoring will be presented. The sections are subdivided depending on the specific use of the PSI datasets and on subsidence driving force. For some selected and representative example, PSI data, derived from the PST-A project (Costantini et al., 2017) will be presented. These open data are used to better present to the reader the subsidence areas; so are not intended as a comparison with the results obtained by the different authors.

Subsidence Due to Consolidation Processes

PSI data, being able to extract reliable information from urbanized areas, are ideally suited for monitoring land subsidence due to the natural consolidation of sedimentary sequences, processes sometimes accelerated by anthropogenic factors, such as load imposition or land reclamation. This Section will illustrate Italian case studies affected by these type of phenomena, not considering subsidence due to water overexploitation that will be presented separately in “Subsidence Due to Groundwater Extraction”.

Rome, due to a subsurface heterogeneity generated by its millenary history, is strongly affected by local subsidence phenomena related to soil consolidation, producing differential settlements, and tilting that damage buildings and infrastructures. Manunta et al. (2008), using the SBAS approach, and Stramondo et al. (2008), exploiting the IPTA algorithm, performed similar and consistent interferometric analysis over the city center of Rome. Both authors verified the presence of subsidence trends over 10 mm/yr along the tributaries valleys of the Tiber river, nowadays filled by heterogeneous materials. Stramondo et al. (2008) compared the time series of deformation obtained in some areas of the city with the classical consolidation curve theorized by Terzaghi and Peck (1967). They concluded that high subsidence rates (above 15 mm/yr) are recorded in recent urbanization (not older than 15 years); these motions are related to primary consolidation that quickly slow-down in few years. If highly compressible or organic layers are present, this process can last longer, up to 50 years (as shown by the authors for the Grotta Perfetta case study). The results obtained were confirmed by a recent work presented by Scifoni et al. (2016), who also locally estimated differential settlement, comparing PSI results with geotechnical and hydrogeological information, for selected buildings of considerable cultural value (Palazzo Braschi, Palazzo Altieri and Palazzo Doria-Pamphili).

Comerci et al. (2015), Del Ventisette et al. (2015), and Raspini et al. (2016) measured ground deformation in the Tiber River Delta, 30 km western than Rome. The authors detected high deformation rates (up to 25 mm/yr) along the runways of the Leonardo Da Vinci International Airport and in the inland of the city of Ostia, located along the coast at the Tiber river mouth. These subsiding areas coincide with the perimeter of two reclaimed ponds in which highly compressible organic clay layers are found. Del Ventisette et al. (2015) exploited the PSI data as a proxy for mapping the spatial distribution of the organic clay layers and correlated the registered velocities with the thickness of the compressible sequence.

PSI data allowed scientists to obtain new information about the potential instability of Venice, the Venice Lagoon and the general evolution of this sector of the Adriatic coast. (Tosi et al., 2010) presented a review about the results obtained by combining satellite and GPS data for subsidence monitoring along the Adriatic coast, between the Po Delta and the Tagliamento river mouth (100 km northeastern than Venice). Tosi et al., 2009 proposed an interesting explanation for the subsidence rates recorded within the Venice Lagoon and outside of it, between the cities of Rovigo (80 km southwestern than Venice) and Treviso (40 km northeastern than Venice). Three main components of the motion, measured by means of PSI analysis, where defined: (i) deep component related to neotectonics fault systems, responsible for land uplift (around 2 mm/yr) in the plain between the Euganean Hills and the lagoon; (ii) medium depth component related to residual consolidation processes in the lagoon or to water overexploitation; (iii) shallow component that trigger the highest subsidence rates (up to 10 mm/yr) and that is related to peat oxidation and salinization processes in marshy and reclamation areas or to recent urbanization. One important outcome of these work is the definition of the city of Venice as “stable”, considering the extremely low deformation rates registered (lower than 2 mm/yr). Teatini et al. (2011) measured subsidence rated of the whole Po Delta by means of IPTA interferometry, discovering that the “recent compressible low-permeable deposits in the Po Delta is far from complete”. They estimated that, considering the current deformation rates in the youngest portion of the delta (last three centuries), high subsidence rates will continue to be observed. This is an extremely important information for land use planning and management, considering also that some sectors of the delta are already few meters below the sea level.

Recently, Tosi et al. (2016) and Da Lio et al. (2018) focused their attention on the estimation of subsidence rates not only in urban areas but also in the salt marsh that characterize this lagoonal environment. Tosi et al. (2016) combined the capabilities offered by high resolution X-band data (COSMO-SkyMed) with L-band ALOS-2 images that maximize the density of measurement points in vegetated areas. On the other hand, Da Lio et al. (2018) jointed high resolution TerraSAR-X data with a network of corner reflectors that helped in estimating subsidence rates in marshy areas. Da Lio and Tosi (2018) derived similar conclusion and deformation patterns for the Grado-Marano Lagoon, highlighting also a strong NE-SW regional subsidence gradient related to the depth of the bedrock and thus of the Holocene compressible sequence.

Another example of land subsidence due to soil consolidation, accelerated by recent urbanization, can be found in the Tuscany Region. (Solari et al., 2016a,b, 2017) characterized the temporal evolution of ground lowering in the urban area of Pisa at building-scale. The authors collected PSI results from 1992 to 2014, creating a 20 years-long time series of deformation for selected sectors of the city that registered average subsidence rates higher than 5 mm/yr, with maximum values of 35 mm/yr. The authors performed an integrated analysis between subsurface geotechnical data and PSI velocity to estimate the role of urbanization in determining the high deformation rates measured. They discovered that, excepting the historical city center that is almost stable, the outer sector of the city had a natural subsidence due to consolidation with rates between 2.5 and 5 mm/yr. All the velocity outliers were related to the urban evolution of the city, using an approach similar to the one presented by Stramondo et al. (2008) for the city of Rome.

The availability of Envisat PSI products (2003–2010) is shown in Figure 4 for the three aforementioned areas: Rome and the Tiber Delta (Figure 4A), Pisa (Figure 4B) and the Venice Lagoon (Figure 4C).
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FIGURE 4. Examples of land subsidence due to soil consolidation along the Italian Peninsula. (A) Rome and the Tiber Delta; (B) Pisa; (C) the Venice Lagoon. The Envisat PSI dataset are part of the PST-A project (Costantini et al., 2017). The deformation maps are overlaid on a Bing Aerial digital orthophoto.



Subsidence Due to Groundwater Extraction

Ground lowering related to water overexploitation is quite common in Italy, especially along the coast and in agricultural/industrial areas. Thus, PSI data have been widely used to investigate the temporal evolution of ground subsidence triggered by intense water extraction. Several areas along the Italian peninsula have been characterized using PSI data cross-compared with groundwater level information.

In the Tuscany Region, Canuti et al. (2005) applied the PSInSAR algorithm to ERS radar images for detecting ground lowering in the Firenze-Prato-Pistoia plain. The recorded subsidence rates (up to 30 mm/yr) were in accordance with the exploitation of the water resources for industrial, agricultural and forestry plantation (mainly in the city of Prato and Pistoia). Lu et al. (2010) updated the results obtained by Canuti et al. (2005) using a new method named as PSI-HSR (PSI Hue–Saturation Representation) that represented PSI-derived velocity values with a different color (Hue-Saturation-Intensity, HSI, scheme) depending on the displacement rate and on the moving direction recorded. The authors highlighted that, in the monitored period (2003–2006), subsidence in Prato strongly decelerated, even registering ground uplift in some sectors of the city. This fact was related to a gradual termination of water extraction activities in early 2000, thus not registered with the ERS 1/2-derived results presented by Canuti et al. (2005).

Stramondo et al. (2007) performed a PSI analysis over an ERS image stack to retrieve ground deformation in the city of Bologna in a 9 years-long time period (1992–1999). Subsidence in this part of the Emilia Romagna Region is well known and mainly related to a long-term natural effect (tectonics, sedimentary loading and post glacial rebound) strongly accelerated by water overexploitation since the fifties. The authors presented one of the first application of the SBAS algorithm for urban monitoring; the results obtained were compared with leveling data and included in the geological and hydrogeological setting of this portion of the Po Plain.

In the Campania Region, Cascini et al. (2006, 2007) investigated subsidence-related building damage with SBAS interferometric data, correlating piezometric level decrease, ground lowering, and spatial distribution of fractures in the urban area of Sarno. In the same region, Aucelli et al. (2017) and Matano et al. (2018) assessed subsidence rates (up to 25 mm/yr) in the Volturno coastal plain, characterized by strong farming activities that cover the 80% of the territory. In addition, Aucelli et al. (2017) predicted long-term effects of the present subsidence by forecasting the future topography (on the basis of the current vertical deformation rates). This prediction has been compared with sea level rise models, using the data to build up multi-temporal coastal inundation hazard maps. This interesting approach has been applied by Di Paola et al. (2017) in the case of the Sele coastal plain.

Another example comes from the Calabria Region, where Righini et al. (2011) and Raspini et al. (2012) exploited ERS and Envisat archives to investigate the temporal and spatial evolution of pumping-induced subsidence in the Gioia Tauro plain. Since the seventies, several industrial activities and intensive farming (3% of the Mediterranean production of citrus) developed, leading to intense water withdrawal that triggered the current land subsidence (maximum subsidence rates of 23 mm/yr). In the same region, Bianchini and Moretti (2015) and Cianflone et al. (2015) presented similar results for the Sibari plain, where subsidence triggered by both natural (Holocene tectonic, only accounted by Cianflone et al. (2015), and consolidation processes) and anthropogenic factors (ground water extraction and urbanization) is present.

Canova et al. (2012) detected land subsidence along the Ionian coast of the Sicily Region, specifically in the city of Augusta and Siracusa. In this area, a confined aquifer is strongly depleted (maximum difference with the original static level of 100 m) for urban use and industrial supply (average pumping of 13000 m3/day), triggering ground lowering phenomena (up to 18 mm/yr as measured by means of PSI analysis). The authors reported that, where Holocene deposits with poor geotechnical characteristics are present, recent urbanization (after the eighties) has to be taken into account to explain the subsidence rates recorded.

In the Lazio Region, Bozzano et al. (2015) combined geological and hydrogeological modeling with PSI processing to evaluate the effects of ground water exploitation in the Acque Albule plain, in the hinterland of Rome. In this area, because of travertine quarrying activities, intense water pumping take place with an estimated flow rate of 1 m3/s in the seventies, producing a maximum decrease of the piezometric level up to 30 m. By comparing PSI-derived subsidence rates, that reached 15–20 mm/yr, with subsurface reconstructions the authors were able to assess that the groundwater level variations drive the timing of subsidence and the geological conditions the magnitude of ground lowering.

Bonì et al. (2016) detected and characterized land subsidence in the Oltrepò Pavese area (Piemonte Region), where groundwater extraction accelerated a natural consolidation process due to swelling/shrinkage of clayey soils, reported for the first time by Meisina et al. (2006). Moreover, the authors proposed a novel methodology to post-process PSI data by analyzing the principal components of the time series of deformation to derive over time the deformation pattern and kinematic model for each radar target.

Figure 5 shows four example of deformation maps extracted from Envisat radar images in areas affected by land subsidence induced by ground water extraction.
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FIGURE 5. Examples of water overexploitation effects monitoring in Italy. (A) Firenze-Prato-Pistoia plain; (B) city of Bologna; (C) Volturno plain; (D) Gioia Tauro plain. The Envisat PSI dataset are part of the PST-A project (Costantini et al., 2017). The deformation maps are overlaid on a Bing Aerial digital orthophoto.



Campi Flegrei Deformation

Because of its peculiar characteristics and triggering cause, the subsidence/uplift of the Campi Flegrei caldera deserves a section alone to be debated.

The location of the Campi Flegrei caldera, within a densely populated urban area, offers an ideally suited scenario for PSI analyses that allowed several scientists to study the temporal evolution of this volcanic system.

Since 1985 the Campi Flegrei caldera has undergone a long deflation/subsidence period interrupted in early 2000 by a strong inflation episode related to an unrest of the volcanic system (Lanari et al., 2004). Several authors deeply characterize the dynamics of the caldera system thanks to the availability of PSI data derived from different radar sensors (i.e., Trasatti et al., 2008; Ventura et al., 2009; Vilardo et al., 2010; Samsonov et al., 2014; Walter et al., 2014; D’Auria et al., 2015).

The PSI products gave information not only on the extension of the phenomenon but, mostly important, on its temporal evolution. Samsonov et al. (2014) analyzed ERS 1/2, Envisat and Radarsat-2 radar images to evaluate the evolution of the caldera for a period of 20 years. The authors highlighted that, after a subsidence phase with maximum velocities of 30 mm/yr located in the center of the caldera, the area registered a slow uplift rate until 2005 when a strong positive acceleration of the ground motion took place. At the end of their monitoring period (2011–2013), Samsonov et al. (2014) estimated uplift rates of about 50 mm/yr. The same temporal evolution of the PSI data over the caldera area has been verified by Walter et al. (2014) using ERS 1/2 and Envisat images, spanning between 1992 and 2008. An example of Envisat PSI products for the Campi Flegrei caldera is shown in Figure 6.
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FIGURE 6. Deformation map for the Campi Flegrei caldera in the time span between 2003 and 2010. The Envisat PSI dataset is part of the PST-A project (Costantini et al., 2017). The deformation map is overlaid on a Bing Aerial digital orthophoto.



PSI data where used not only to derive the temporal evolution of the phenomenon but also as input data for modeling the deep source of the deformation using inversion approaches. For example, Tiampo et al. (2017) applied the Principal Component Analysis on ERS 1/2, Envisat and Radarsat-2 data, obtaining input data for inversion models. Two deformation sources were identified, the first and shallower located between 2750 and 3400 m below surface, the second at a depth between 7600 and 8000 m. D’Auria et al. (2015) presented, for the first time in the last 30 years, the evidence of a renewed magmatic activity at the Campi Flegrei Caldera. For this purpose, ground deformation measurements derived from PSI product and GPS data were integrated into a source model to demonstrate that the 2012–2013 inflation was the effect of the intrusion of magma within a sill at a depth of around 3000 m.

PSI Data for Buildings, Infrastructures and Cultural Heritages Investigations in Subsidence Areas

Interferometric data have been exploited for analyzing buildings and infrastructures affected by land subsidence, focusing on the evaluation of possible differential displacements that could compromise their stability. Nowadays, only a few comparisons between PSI products and structural damage have been published.

Two examples come from the city of Rome, where Arangio et al. (2014) and Cerchiello et al. (2017) quantitatively assessed the structural health of selected buildings in the southern part of Rome. Both authors integrated PSI results with a semi-empirical schematization of buildings (laminated beam model – Finno model, Finno et al., 2005) to evaluate the structural integrity of the analyzed edifices. The PSI data acted as input displacement values for the models, producing a damage classification for each, later compared with ground evidences.

Strozzi et al. (2009) evaluated, by means of X-band TerraSAR-X data, the possible effects triggered by the construction of mobile barriers at the three inlets of the Venice Lagoon. The authors evaluated that the construction of the barriers did not modify the deformation pattern of the lagoon, producing only high subsidence rates (up to 50 mm/yr) in correspondence of the new structures and in recently drained areas.

Pratesi et al. (2015, 2016) used a holistic approach to characterize single buildings affected by ground motions (mainly subsidence) in the city of Florence (Tuscany Region) by comparing PSI velocities, local stratigraphical asset, ground evidences and building structural features. The authors produced for each building a hazard rating calculated as a product between all the ancillary, ground and PSI information collected.

Monitoring cultural heritages in ground lowering areas by means of PSI technique is another application that challenged some authors. Cigna et al. (2014) derived an updated snapshot of the structural health of some heritages within the historic center of Rome exploiting high resolution COSMO-SkyMed radar images. The Palatine and Oppian Hills, Colosseum, Baths of Caracalla and the Aurelian Walls have been characterized in detail by means of interferometric analysis. Cigna et al. (2014) stated that satellite data highlighted the “overall stability of the main monuments and archeological sites of the historic center and the absence of clear deformation patterns at local-scale.” Tapete and Cigna (2012) and Cigna et al. (2016) performed an interferometric analysis over the archeological site of Capo Colonna in Calabria Region, located on top of a promontory affected by both rockfalls, due to marine erosion, and land subsidence, related to gas extraction in nearby wells. Cigna et al. (2016) exploited 40 artificial corner reflectors to increase the radar coherence of the area, obtaining a highest number of measurement points.

Geothermal Activity and Gas Extraction Monitoring

Geothermal resources are quite widely distributed in Italy, sometimes exploited for electricity production. The overexploitation of this renewable energy sometimes creates environmental problems and ground lowering. This is the case of the Larderello geothermal field in southern Tuscany. Rosi and Agostini (2013) and Botteghi et al. (2015) investigated the deformation measured between 1992 and 2000 in the area, relating the registered subsidence rates with the geothermal activity. Both authors, considering ERS and Envisat C-band data, registered concentric subsidence rates decreasing from a maximum of 35 mm/yr in correspondence of the deepest geothermal well (Sasso Pisano field) to a minimum of 5 mm/yr. The same dataset used by these authors is presented in Figure 7A.
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FIGURE 7. (A) Geothermal area of Larderello (Southern Tuscany). (B) Ravenna coast. The Envisat PSI dataset are part of the PST-A project Costantini et al. (2017). The deformation maps are overlaid on a Bing Aerial digital orthophoto.



Along the Adriatic coast, in the Ravenna area, offshore and onshore gas fields for methane extraction are present. Because of the high productivity of the fields and their proximity to the coastline, the gas exploitation produces reservoir compaction with maximum influence range of 6.5 km from the center of the gas field (Gambolati and Teatini, 1998). Fiaschi et al. (2017) reconstructed the last 25 years deformation scenario of the area, exploiting ERS, Envisat, TerraSAR-X and Sentinel-1 radar images. Maximum subsidence rates up to 35 mm/yr, registered in all the datasets, affect the coastline of Ravenna. The authors stated that the main driving force of the subsidence is the gas extraction from the offshore and inshore gas fields and considered that there is no evident relationship between detected velocities and water extraction. An example of Envisat PSI products for the Ravenna coast is shown in Figure 7B.

Regional/Wide Scale Applications

More recently, several authors have presented regional applications for subsidence mapping, exploiting the wide are coverage potential and great cost/benefits ratio of the PSI products.

Meisina et al. (2008) proposed a methodology to interpret PSI results at regional scale (Piemonte Region), considering different types of geohazards including subsidence. This approach is based on the definition of clusters of active motion PS automatically derived in a GIS environment. The authors provided also a list of guidelines to be followed for correctly interpreting the PSI results. The output of this work showed that the 14% of the moving areas (from a total of 2288) in the Piemonte Region could be related to land subsidence.

In the Campania Region, Vilardo et al. (2009) mapped the main moving areas in the region (considering hydrogeological, tectonic, and anthropic processes) exploiting ERS 1/2 data projected into the vertical and east-west planes. Cascini et al. (2013) developed a medium scale regional approach over the Campania plain (northern portion of the Campania Region) aimed at detecting facilities exposed to subsidence phenomena. This methodology relies on the use of PSI data in double geometry that are converted into a 100 by 100 m cell grid. Every cell has its own mean velocity value, weighted on the coherence values of the PS. Thus, a grid of moving and not moving cells is created. For all the moving cells the LOS velocities of the two orbits are converted into vertical/horizontal components. The final result is thus superimposed over a map of urbanized areas of the Campania plain, obtaining an evaluation of all the municipalities affected or potentially affected by ground subsidence. Peduto et al. (2015) presented an evolution, specifically designed to operate at different scales, of this approach. Considering the work flow proposed by Peduto et al. (2015), at regional scale only moving areas and vertical components maps are derivable; on the other hand, at detailed scale it is possible to derive building damage classification and multi-temporal displacement components profiles for single buildings.

Rosi et al. (2014) presented a procedure to map subsidence phenomena at regional scale, applying it to the Tuscany Region. The methodology is based on the calculation of the real displacement vector of the ground motion derived from the combination of the E-W and vertical components of the PSI velocities. Rosi et al. (2016) showed the results obtainable with this methodology. Within the Tuscany Region, the highest subsidence rates were detected in three areas: the Lower and Middle Valdarno and the Larderello geothermal district. The first two areas are related to water overexploitation or soil consolidation processes (see “Subsidence Due to Consolidation Processes” and “Subsidence Due to Groundwater Extraction”), whereas the third area registered ground lowering as an effect of geothermal activity (see “Geothermal Activity and Gas Extraction Monitoring”).

Bitelli et al. (2015) used Radarsat-2 data to map subsidence bowls in the Emilia Romagna Region, specifically along the Po plain. For this aim, SqueeSAR (Ferretti et al., 2011a) data have been calibrated and validated with GPS time series in order to create a vertical motion map for the period 2006–2011. The highest deformation rates were recorded in correspondence of the city of Bologna and along the Ravenna coast.

Raspini et al. (2018) designed an innovative monitoring system based on Sentinel-1 images for ground deformation monitoring at regional scale (Tuscany Region). The radar data are continuously analyzed (at every new acquisition of the sensor) with the combination of SqueeSAR and time series data mining algorithms. The authors presented the results obtained during 1 year of the activity of the system, showing how land subsidence in the city of Pistoia accelerated during the monitored period.

FINAL REMARKS

Italy is one of the first European nations in which PSI data have been widely used for monitoring, mapping and potentially forecasting hydrogeological events. It is also the first worldwide example of a nation in which a systematic coverage of PSI products has been proposed (Costantini et al., 2017) and in which, for an entire region, a near real time monitoring service based on satellite interferometric data has been implemented and currently working (Raspini et al., 2018). Starting from early 2000, several authors exploited interferometric data for subsidence characterization along the Italian peninsula, producing more than 100 scientific papers.

The applications presented in this review illustrated the potential of PSI data for subsidence monitoring and mapping in urban and peri-urban areas. Firstly, the multi-scale capabilities of interferometric products allow working at different scales, from national or regional scale to single building. A representative example is the Tuscany region where Rosi et al. (2014) and Raspini et al. (2018) proposed small scale mapping and monitoring approaches for subsidence detection. Canuti et al. (2005) and Lu et al. (2010) characterized ground lowering at basin scale along the Firenze-Prato-Pistoia plain. Solari et al. (2016b, 2017) presented building scale analysis in the city of Pisa. Secondly, the multi-temporal capabilities of radar data permit reconstructing a time series of deformation for the areas of interest for a period of 25 years. An example here proposed is the Campi Flegrei caldera, in which it is possible to follow the recent evolution of the deformation starting from 1992, discovering the way in which the ground reacts to the subsurface modifications of this peculiar volcanic system (e.g., Samsonov et al., 2014; Walter et al., 2014). Finally, the availability of multi-band satellites allows scientists to perform different types of analyses depending on the sensor selected. This is the case of the Venice Lagoon where Tosi et al. (2016) and Da Lio et al. (2018) exploited X and L-band interferometric products to evaluate the current deformation in the non-urban portion of the lagoon.

PSI data represent a valuable support for urban planning activities. In fact, using local/building scale approaches (e.g., Stramondo et al., 2008; Solari et al., 2016b) it is possible to predict, assuming or knowing the stratigraphical asset, the possible deformation that will occur after the construction of a building. Moreover, PSI data can support structural evaluation of single buildings, as presented by Arangio et al. (2014) and Cerchiello et al. (2017).

As illustrated by several authors (see “Subsidence Due to Groundwater Extraction”), PSI products are ideally suited for monitoring activities in urban areas where water overexploitation-related subsidence occurs. This fact has important environmental implications; knowing the effects on the ground of the subsurface water extraction it is possible to better manage this activity, reducing the effects induced and the depletion of the resource.

Validation is an important aspect to be taken into account for a correct interpretation of the PSI products. Considering that subsidence has a main vertical component, GPS data confirmed the sensitivity, accuracy and precision of the interferometric products. Some examples have been proposed in this review, such as Tosi et al. (2010) for the Venice Lagoon or D’Auria et al. (2015) for the Campi Flegrei caldera.

In summary, this review illustrated the evolution of the interferometric application in Italy in the last 20 years, passing from local applications to regional scale approaches. Considering the limitations of the PSI techniques, the results obtained by the different authors confirm the reliability of the satellite interferometric data for mapping and monitoring subsidence, induced by natural and/or anthropogenic causes and in different environments.
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