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ABSTRACT 

 

The purpose of the thesis is to monitor the rate of land subsidence in the Po Delta area 

due to the phenomenon of soil subsidence. The study is carried out through the 

processing of data from multi-time detection campaigns carried out with GNSS 

instrumentation on the PODELNET (PO DELta NETwork) and with satellite surveys 

thanks to the use of Sentinel-1 and Cosmo-SkyMed images. The collected data were 

then visualized and processed together on GIS software. In this way it was possible to 

identify the evolution of the phenomenon and through an integration with the literature 

it was possible to identify the most sensitive areas.  

The goal of the work is to analyze the different types of surveys used in the monitoring 

of the Po Delta area and select the best methodology (or a combination of them) that can 

identify quickly, precision and cost-effectiveness future useful works that will need to 

be designed to limit or reduce damage resulting from natural events.  A second 

objective is to raise public awareness of the issue of land subsidence using a WebGIS, 

thus trying to increase the financial funds needed to safeguard the territory. 
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INTRODUCTION  

 

Italy is a high-risk country, mainly due to natural hydrogeological disasters such as 

floods and landslides, natural geological disasters such as earthquakes and volcanic 

eruptions and the risks associated with human activities. To cope with these natural 

risks, the environment must be prevented and protected. Having an excellent knowledge 

of natural phenomena and the interactions between human activity and the environment 

is essential to develop optimal emergency response strategies, acting mainly through 

prevention activities consisting of structural interventions to reduce risks. An area 

particularly at risk is the Po Delta, a vast and constantly evolving territory with active 

geomorphological processes linked to river dynamics and subsidence factors of the 

territory due to natural and anthropogenic factors, without forgetting external factors 

that affect the environment such as tidal regimes and wave movement (M. Coppola, 

2009). All these processes take place slowly, lowering the ground by a few centimeters 

per year and lifting the sea by several millimeters. In this way the effect is almost 

imperceptible considering a short time scale, but in the long run the consequences will 

be catastrophic. Studies say that without the necessary precautions due to rising sea 

levels, by 2100 more than most of the Veneto and Friuli coast will end up under water, 

including the city of Venice (L. Jonathan, 2019).  

It is therefore necessary to take immediate action to monitor the intensity of each 

individual aspect and to assess the future consequences, in order to begin to intervene 

already now on a vast territory protected by hundreds of kilometers of banks that in the 

current conditions at the end of the century may not be enough. Limiting itself to the 

Delta area, a careful analysis today could thus allow to safeguard a territory that has 

territorial and ecological characteristics that make it unique in its kind. In facts the Delta 

covers a total area of over 52,000 hectares of areas considered among the most 

productive and rich in biodiversity despite being one of the most man-made and 

economically developed protected areas of the country. The Po Delta Park in fact 

preserves the largest Italian extension of protected wetlands, inside which there is an 

incredible biodiversity of plants (Halophilic, reeds, etc.) and fauna (in particular, the 

park has more than 280 species of birds).  

 



IV 

 

These are the reasons that led me to undertake this study, the possibility of making a 

small contribution to the preservation of the national territory, trying to draw the 

attention of the population and politicians on issues that in decades will have 

irreversible consequences and on which it will no longer be possible to act as it has 

already happened for the climate changes that currently are destroying the planet.  

Several techniques have been used to study these phenomena, in the case under 

consideration the investigations have concerned the emerged areas, have been used 

GNSS techniques, satellite surveys with SAR instrument, aerial surveys with LiDAR 

technology, photogrammetric measurements using UAV devices and surveys with 

classical instrumentation such as the total station. The data were then expanded with 

research and studies focused on different fields such as geological studies or studies on 

the effectiveness of the works of defense at sea that over the years have been carried out 

by researchers. All these data were then collected on a GIS software able to visualize 

and process them, thus deriving the areas most at risk and allowing us in this way to 

have a future estimate of the decreases to already foresee a planning of the 

interventions, starting from the areas most at risk. In this way we try to avoid 

catastrophes such as that of the flood of the Delta of 1957 that led to the breakup of the 

bank of the Po in Cà Vendramin causing the flooding of the territory of the island of 

Ariano (leading 30000 people to abandon their homes) and the breakdown of a system 

of dunes in Porto Tolle flooding 6000 hectares of land (La Voce di Rovigo, 1951). 

The following thesis includes a brief description of the phenomena that affect the area 

under consideration and the methodologies used to estimate the scope of the latter. The 

analysis of the data will therefore aim to find the best methodology to monitor the 

intensity of the phenomena, going to indicate the areas most at risk. The last phase 

considered perhaps the most important in order not to make the study useless, is to go 

and share such results with the population through a WebGIS, in this way through an 

easy but truthful representation of the phenomenon, it will be easier to get to people, 

shifting the interest of politics and people on these issues. 
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CHAPTER 1. THE PO RIVER DELTA STUDY AR EA 

 

1.1.   Geography 

The Po is the largest river in Italy, originating at the foot of Monviso. It opens in the 

northern sector of the Adriatic Sea with a large delta of about 400 ὑά that extends 

towards the sea for about 25 km (N. Cenni, 2021). In the Delta, the main river (Po di 

Venezia) divides into seven branches: Po of Volano, Po of Goro, Po of Gnocca or of 

Donzella, Po of Tolle, Po of Pila, Po of Maistra and Po of Levante (Figure 1). 

 

 

Figure 1. Physical map of the Po River Delta 
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It is a complex territory from a morphological and hydrographical point of view. There 

are 42,000 hectares of agricultural land resulting from land reclamation works carried 

out over the past centuries, while 18,000 hectares are wetlands, consisting of fishing 

valleys and lagoons (F. Ferro, 2009). A large part of the territory are below mean sea 

level and the rivers that flow through it (Figure 2), for this reason the area is protected 

by 400 km of embankments and is hydraulically regulated by a dense network of canals 

that are connected to numerous drainage systems, in addition there are a complex of 

wide sandy beach ridges that stretch from south to north can be considered as the 

natural western boundary of the reclaimed territories and play an important role in 

protecting the area. 

 

 

Figure 2. Altimetry in the PRD 

Legend 

 > 0 m.a.s.l. 

-3 ÷ 0 m.a.s.l. 

< -3 m.a.s.l. 
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The formation of the modern delta is the result of natural processes and human 

interactions. As far as natural processes are concerned, the formation of the Delta 

originates from the progressive deposition of the considerable solid transport of the two 

main Italian rivers (Po and Adige) on the shallow waters of the Adriatic, which 

determines their ascent and thus the constant extension of the seabed of the various 

branches.  

As far as human processes are concerned, the land reclamation works carried out in the 

area are notable, such as the Ficarolo route and the Taglio of Porto Viro (Figure 3), a 

major hydraulic engineering work carried out by the Serenissima Republic of Venice in 

the 1600s mainly to avoid any danger of silting up the inlets (P. Colombo, 2009). The 

events that have heavily influenced the evolution of this area since 1950 include the 

very serious phenomenon of land subsidence (1940-1960) caused by the extraction of 

methane and water from the subsoil and the flooding caused by the breaking of the 

banks of the Po in 1951, which only saved the hydrographic delta between the Po of 

Goro and the Po of Venezia. In addition, the presence of containment dams in the 

mountains have caused a large decrease in solid transport, often leading to a negative 

sediment balance in the PRD. 

 

 

Figure 3. Cutting of Porto Viro 
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1.2.   Geology 

The plains represent the most fragile physical environments. Most of the sediments that 

emerge on the surface of the plain of Emilia-Romagna are recent (less than 10000 

years), many of which have been deposited in the last 2000 years. They derive from the 

complex relationship between the Po River in the north, the Apennine rivers in the south 

and the Adriatic Sea in the east. The entire Po Valley has undergone great changes over 

the geological eras that have led to repeated advances and retreats of the coastline. As a 

result, the Delta has moved hundreds of kilometers and changed its shape and extension 

countless times. Among the factors that have caused these phenomena we can mention 

the collision between the Eurasian and African plates (which for millions of years has 

caused a slow rise of the Alps and the Apennines related to land subsidence phenomena 

of the surrounding plains) variously compensated by alluvial deposits (Kent, 2002), the 

variation of the sea level (related to the glaciation phases), the erosion of the mountain 

ranges (with consequent deposit on the bottom of the material removed) and in general 

the phenomenon of solid transport generated by the rivers (M. Bondesan, 1980).  

During the advancing phases of the plain, accelerations in the land subsidence of 

sediments have often occurred that are not sufficiently compensated by solid river 

intake. The consequence has been the formation of large swampy areas (valleys), now 

largely reclaimed, where the emerging soils have marked clayey characteristics with 

high compressibility often associated with a more difficult vertical drainage. The sand 

cords instead represent the various extensions of the Delta area of the Po in the 

centuries, these cords are deductible from the lithologies in surfacing and sub-surfacing, 

from the altimetric structures and from the country reliefs (penetrometer tests). 

The extension of the Po Delta shows many variations over the years (Figure 4). 

Between 1200 and 1600 there was an advancement of the coastline in the upper part 

east of Adria following the course of the Po at Ficarolo which caused the main course of 

the river to move northwards. With the cutting of Porto Viro, the formation of today's 

Po Delta began. Between 1800 and 1930 the coastline underwent a general 

advancement linked to the river inputs. After 1930 the extraction of gas and water from 

the subsoil began, which led to a negative evolutionary trend for the coast and the 

seabed. Since 1964 there has also been a strong reduction in the solid transport of rivers 

due to the presence of dams and the cleaning of riverbeds.  
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Land subsidence from gas extraction reached its highest levels in the period between 

1947 and 1960 and after the closure of the wells in 1963, this land subsidence caused a 

major redesign of the banks (with rises) to overcome the land subsidence problem (P. 

Colombo, 2009). This study on the evolution of the area is important to determine the 

degree of soil compaction, a factor that, as described below, will be decisive for 

understanding land subsidence. 

 

 

Figure 4. Evolution of the PRD 
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To determine the type of soil present, a geological survey (Figure 5) was carried out at 

the end of the 1990s which showed the general compressibility (green area) with a 

tongue of sand that identify the presence of ancient beach and brown area with lower 

compressibility than clay (N. Cenni, 2021). Unfortunately, we do not know how the 

survey was carried out and we do not know the sampling depths, or the precision 

used. The map of the present lithology is taken into consideration by the Emilia-

Romagna and Veneto region, and this is deduced from the location of the Romea state 

road and from the houses and towns that are concentrated in the areas above the sandy 

areas. Therefore, such study will be taken in great consideration to give a logic to the 

results obtained in the following thesis. 

 

 

Figure 5. Geological survey in the PRD 
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CHAPTER 2. PROBLEMS OF INTEREST 

 

2.1.   Land subsidence 

Land subsidence is defined as any vertical lowering movement of the Earthôs surface, 

regardless of the cause that produced it, the size of the area, the temporal evolution of 

the phenomenon, the speed of soil movement and the consequent environmental 

changes (R. Schumann, 2016). Soil land subsidence may be related to natural causes, such 

as tectonic processes, isostatic movements, chemical-physical transformations 

(diagenesis) of sediments due to lithostatic load or fluctuations in groundwater level.  

In addition, some aspects of human activity can significantly influence or even trigger 

the phenomenon. Human induced land subsidence generally occurs in a relatively short 

period of time (at most a few decades), with effects that can seriously impair human 

works and activities if preventive action is not taken with control and management 

measures. The most common causes are mainly the overexploitation of aquifers, the 

extraction of hydrocarbons and the hydraulic reclamation (L. Carbognin, 1977). The 

degree of urbanization and industrialization of an area "sensitive" to land subsidence 

can therefore influence and be influenced by this phenomenon (Figure 6). 

 

 

Figure 6. Effects of land subsidence on the urbanization 
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2.1.1.   Natural  land subsidence 

Lowering due to natural aspects is particularly evident in areas where active 

sedimentation produces massive series of debris with thicknesses that can be thousands 

of meters. This process can only be explained by allowing a slow descent of the basin 

connected simultaneously with deposition and sediment accumulation. Usually land 

subsidence phenomena can occur, both in the epicontinental areas (shallow marine 

sedimentation environment located on vast inland areas of a continent) or delta and 

lagoon (the cities of Ravenna and Venice are two characteristic examples). Natural land 

subsidence results from four types of causes: 

¶ tectonic processes 

¶ crushing and landscaping 

¶ change in the chemical characteristics of clayey soil 

¶ deterioration of surface organic matter 

 

Speaking of tectonic processes, suppose that the Po Basin is a sedimentary basin 

subsisting between the Alps and the Apennines, we have tectonic forces between the 

two mountain ranges, over the centuries, created and fed a natural failure called 

structural failure, which accompanied the geological history of the plain. 

In this geological context a phenomenon is created that, with the rise of the Apennines, 

the plain is lowered (Figure 7). In the plain, structural land subsidence is not 

homogeneous, but is strongly influenced by deep tectonic structures, which identify 

areas where land subsidence is accentuated (A.W. Bally, 1985). 

 

 

 

Figure 7. Tectonic processes 

Apennines Po valley 

Subduction plan 

European plate 

Adria plate 
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These phenomena occur in very long times (even millennia), while if we consider 

instead shorter time intervals, we have that land subsidence is mainly given by 

phenomena such as constipation and consolidation of materials that characterize the 

quaternary, whose base in the Po Delta near the sea reaches 3000m and the surface 

layers. 

In floodplains, such as the Po Valley, sedimentation usually occurs during floods, an 

event that tends to affect lower areas by filling the previously depressed soil and thus 

levelling the surface.  

This phenomenon makes it possible to compensate for the lowering caused by land 

subsidence even if the supply of material will subject the lower layers to a greater 

weight, thus increasing the compaction and therefore the lowering (G. Gambolati, 1998). 

However, this natural phenomenon is no longer feasible, considering the great works of 

reclamation and embankment (Figure 8) aimed at avoiding harmful phenomena for the 

population and allowing to drain and keep the soil dry. 

 

 

Figure 8. Embankment of Po di Goro and water pump of Goro 

 

About the coastal zone of the Po Delta, the natural phenomenon of land subsidence is 

no longer compensated even by solid transport, which has gradually decreased over 

time, with a consequent lower contribution of sandy sediments and an increasingly 

marked reduction of the beaches and the surrounding areas. 
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Numerous investigations have been carried out on the natural causes of failure by the 

CNR which, detecting an abnormal lowering, looked for further causes, finding the 

greatest suspicion in the chemical composition of the clays. The Delta area is in fact 

partly composed of a particular clay, the montmorillonite, a clay rich in calcium. With 

the advancement of the saline wedge due to the lowering of the earth and the rising of 

the middle sea, were added huge amounts of sodium ions (Na) and chlorine ions 

(Cl). Sodium ions (Figure 10) have replaced the calcium ions (Figure 9) of clay, but 

since the ionic radius of the sodium ion is smaller than the ionic radius of the calcium 

ion, it occupies a smaller volume, causing a lowering of the area (G. Zambon, 2020). 

 

               

                                     Figure 9. Calcium ions                                                        Figure 10. Sodium ions 

 

A final contribution of natural lowering is linked to drying and modification of the 

surface layers of the soil. The reclamation, with the advent of mechanical means of 

water lifting affected lagoons, valleys and marshy areas submerged by water whose soil 

level has been lowered for various causes such as the passage from partially saturated 

submerged soils to dry soils by putting the organic matter present on the surface in 

contact with the air. The organic matter in this way will undergo a rapid degradation 

action, with a consequent reduction in the volume of the soil. 
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2.1.2.   Anthropic land subsidence 

Soil lowering can also be linked to certain aspects of human activity that can 

significantly affect the phenomenon, or even determine the trigger. 

Human-induced land subsidence generally occurs in a relatively short time (even a few 

decades), with irreversible effects that can seriously compromise works and activities. 

The most common causes are mainly over-exploitation of aquifers, hydrogeological 

remediation or hydrocarbon extraction, as in this case. 

The report of the ñConsorzio per la bonifica del Delta del Po Adige of 2011ò provides some 

useful data to better understand the extent of the extraction of hydrocarbons in a 

territory that, by its nature, it was alluvial and therefore already subject to phenomena of 

natural land subsidence previously described. 

From the 1930s, and especially in the 1940s and 1950s, until the government decided to 

suspend in 1961, billions of cubic meters of methane water and natural gas were mined 

in the Po Delta area. The extraction took place from hundreds of wells that reached a 

depth of 1000 meters. The gas was sent to the compression stations by means of 

concrete structures, some of which are still visible in the area (Figure 11), while the 

saltwater present in the amount of 1 m³ of water per m³ of gas extracted was discharged 

into ditches and drains (Sessantôanni di bonifica nel delta del Po).  

 

 

Figure 11. Compression stations in concrete 
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From 1954 to 1958, 230 million ά  of gas were extracted per year with a maximum of 

300 million in 1959. From 1951 to 1960 an average drop of about one meter was 

measured, with peaks of up to two meters and, despite the suspension of extraction from 

1961, the territory continued to decrease progressively in the following years with 

effects felt even now. 

From the beginning of the '50s to the middle of the '70s the territory has fallen by an 

average of over 2 meters, up to localized peaks of 3.5 meters. The investigations 

conducted in 2008 by the LRG Laboratory (Laboratory of Survey and Geomatics) of the 

Faculty of Engineering of the University of Padua have established that the territories of 

the Veneto Delta east of Taglio of Po have further decreased by about 0,35 meters, 

which are added to the 2 - 3 meters that occurred between the '50s and '70s. 

During the late 1990s and the early years of this century, the studies of institutions and 

technicians particularly addressed the danger of gas extraction in the Upper Adriatic. 

The decision to activate extractions from the deposits of the Upper Adriatic can 

determine the start of a sequence of very serious phenomena for the coastal areas and 

for the sea defences of the Venice lagoon and the Po delta. The mechanism seems to be 

that of the formation of depressions in the submerged coast, which capture the solid 

contributions indispensable for the stability of the beaches and the defences to sea, 

which could soon enter crisis. The monitoring systems set up to respond promptly to the 

first signs of land subsidence are inadequate to cope with the phenomenon, because this 

is always delayed in time compared to the causes that have caused it, resulting in a late 

response to an irreversible phenomenon. 
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2.1.3.   Effects of land subsidence 

The consequences of lowering, also from the economic point of view, are easily 

imaginable: 

¶ Higher cost for remediation: It is necessary to carry out extraordinary 

maintenance work on the entire drainage system with recalibration of the 

hydrographic network, demolition and reconstruction of buildings, sewers, 

bridges on the canals (Figure 12) and drainage networks by reconstructing or 

adapting water pumps to new water levels. 
 

 

Figure 12Φ wŜŎƻƴǎǘǊǳŎǘƛƻƴ ƻŦ ƴŜǿ ōǳƛƭŘ ƻƴ ǘƘŜ ά/ŀƴŀƭŜ ±ŜƴŜǘƻέ  

 

¶ Effects on the levees: the lowering of the ground also drags the embankments 

(Figure 13), this causes a reduction in the safety franc, greater water pressure, 

greater possibility of formation of fountains and overflows and greater 

possibility of collapse of the levee. 

 

 

Figure 13. Isolines of land subsidence from 1947 to 1970 
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¶ Risks arising from the collection or spillage of water: if the phenomenon 

affects an area equipped with drinking water supply services (aqueduct) or water 

disposal or drainage services (sewerage), it is necessary to restore these works 

against enormous costs. In the first case there is the risk of polluting the 

groundwater supply with marine water, causing the non-use of these sources, 

and a possible change in the natural characteristics of the soil itself. 

 

¶ Hygienic-sanitary discomfort: In the case of surface marine entrances the 

phenomenon of high water occurs with enormous inconvenience to the 

population and commercial activities. A well-known case is that of the high 

water in Venice (Figure 14), a phenomenon indicating particularly pronounced 

tidal peaks occurring with periodicity in the northern Adriatic Sea. The 

phenomenon is more and more pronounced because of the combined action of 

land subsidence that causes a lowering of the soil and the phenomenon of 

eustatism that increases the average sea level. 

 

 

Figure 14. Phenomenon of high water in Venice 
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2.2.   Salt wedge intrusion 

The typical feature of a Delta is to represent the transition between river and sea, which 

involves unique hydraulic, morphological, and biological characteristics, and not 

comparable to those of other water bodies. This peculiarity involves a negative aspect 

that consists in transporting the salt present in the water to the mouth of the river: this 

event is known as the propagation of the salt wedge. From a theoretical point of view, 

this phenomenon is hydraulically framed within the so-called density currents in which 

there are two distinct layers of different densities are created within a basin of water 

where saltwater remains on the bottom compared to freshwater lighter (P. Peruzzo, 

2020). This phenomenon occurs when the flow of the river falls below the critical speed, 

the limit above which the salt wedge is completely rejected.  In recent decades, 

however, the saline wedge has assumed increasingly worrying proportions, with a 

progressive intrusion of water bodies to the hinterland. The phenomenon, which from 

the 1930s to the 1960s was only felt for two or three kilometres from the mouth, 

subsequently spread, with damaging consequences both on the ecosystem and on 

economic activities. In the '70s and '80s, the gravity of the situation began to be felt, 

because the saline wedge had pushed about 10 km from the mouth. More recently, the 

presence of the salt wedge has been detected up to 30 km from the sea, a distance such 

that the effects are alarming (Sessantôanni di bonifica nel delta del Po). The data mentioned 

can be summarised and briefly represented with a sequence of clear and representative 

images in which we can see in the left the extension of salt wedge intrusion in 1970, 

while in the right the extension in recent years (Figure 15). 

 

 

Figure 15. Extension of salt wedge intrusion 
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A technique called ñmoving boatò has been applied to monitor the lifting of the saline 

wedge, where a multiparametric probe is used that, moving at the speed of the tidal 

wave, performs salinity measurements at the same time of high tide. In this way, during 

a day, saline intrusion can be monitored at high and low tide, depending on the distance 

of wedge intrusion. Campaigns for the distribution of the flow and the intrusion of salt 

wedges have been recently used to calibrate a simulation model of wedge increase that 

Arpa-Sim keeps operating within the modelling to support the management of water 

resources. The model allows to simulate the salt concentration in the branches of the Po, 

assuming as a limit condition the temperature and salinity in selected points of each 

branch (Figure 16). 

 

 

Figure 16. Location of measured point 

 

To prevent this problem, a series of measures must be taken to ensure that 

Pontelagoscuro has a flow rate of not less than 330 m3/s by building mountain 

reservoirs and increasing the outgoing flow (Sessantôanni di bonifica nel delta del Po). In 

addition, to prevent the problem, it is possible to move the irrigation leads further 

upstream or use the anti-sale barriers. In particular, the latter were built on the Po of 

Gnocca, on the Taglio canal, at the mouth of the Po of Tolle and at the mouth of the 

Adige.  
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Such structures have demonstrated the effectiveness in allowing the outflow from 

upstream to downstream but blocking the salt water from the valley to 

upstream. However, account must be taken of the many problems associated with the 

riverôs lean periods, navigation and maintenance costs. 

 

2.2.1.   Causes of salt wedge intrusion 

The increase in the entry of the saline wedge of the Po Delta, detected in the surveys 

mentioned above, is attributable to several factors, including: 

¶ Descent of delta soils due to natural and artificial failure. 

¶ Sea level rise, as even a few centimetres may be particularly influential given the 

altitude of the Delta. 

¶ Change in precipitation regime with concentrated precipitation resulting in rapid 

flooding and prolonged periods of low flow rates. 

¶ Increase of the derivations for different uses along the Po. 

¶ Lowering of the riverbed due to a lower contribution of sediment from the 

tributaries and for the withdrawal of aggregates. 

¶ Less release from artificial lakes (Figure 17) to avoid lack of availability in dry 

periods. 

 

 

Figure 17. Example of artificial lake 
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2.2.2.   Effects of salt wedge intrusion 

The saline wedge therefore has various negative effects in the Po Delta area, such as: 

¶ Modification of the biological characteristics of the terminal sections with 

changes in the trophic chain and consequent effects on fish fauna. 

¶ Interruption of irrigated branches. 

¶ Interruption of supplies of aqueduct in the eastern part of the Polesine. 

¶ Salinisation of groundwater. 

¶ Drainage of coastal areas and micro-desertification in which sterilization 

phenomena may occur with habitat change. It has been recorded that in the areas 

of interest, the halophilic vegetation (Figure 18) is expanding in typical brackish 

environments that end up losing their typicality and assume typical aspects of 

desert areas, such as coastal sandy areas. 

 

 

Figure 18. Halophilic vegetation 
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2.3.   Reduction of solid transport 

Solid transport is a natural phenomenon induced by the current of a stream that, by 

virtue of the speed and availability of sediments, moves solid granular material (gravel, 

sand and silt) both in suspension and on the bed of the riverbed. 

The transported sediment mainly derives from the erosion of slopes caused by 

atmospheric agents (J. M. Fox, 2004).  

The material that is transported in suspension is very fine (its presence is generally 

indicated by the dark colour (Figure 19) that the water of a river assumes during a 

flood). On the contrary, the material transported to the bottom has coarser dimensions 

and crosses the stream from mountain to valley with jumps and rolls. 

 

 

Figure 19. Flood event 

 

Due to the reduced slope of the watercourse bed, the flow rate and the speed of the 

current, the deposition phenomenon affects elements of ever finer grain size. In fact, the 

greater the strength of the current, the greater the part of the solid transport that remains 

suspended in the water, to the detriment of what is deposited. As the velocity of the 

current decreases, the particle size of the deposited materials also decreases, to the point 

of considering materials such as sand and silt which are particle sizes common to areas 

near the outlet to the sea. The solid transport process is not constant but varies with the 

flow rate of the watercourse.  
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On the events of drought and flooding of watercourses, there is a general remodelling of 

these phenomena with the mobilization of already sedimented aggregates and a 

consequent faster translation towards the valley of the deposits that make up the 

seabed.  

From these considerations, a balance can be established between sedimentation and 

erosion, which in turn determines the state of erosion or sedimentation of the delta. This 

territory is fundamentally affected by what is termed "solid flow" which is the amount 

of solid substance transported by a stream through a given hydraulic section. Today the 

reduction of solid transports is one of the main causes of erosion of the Venetian 

beaches (ñC. Del Grande, 2000ò). The main causes of this reduction in solid transport are 

due to the presence of mountain basins that retain part of the water reducing the flow of 

the river especially for the long periods of drought and remediation works carried out 

along the river that can lead to bed cleaning or slope reduction (which leads to an 

increase in sedimentation) thanks to the use of the check dams (Figure 20). 

 

 

Figure 20. Check dams 
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Recent studies have shown that in the late 1970s there was a 3 to 4 times decrease in 

solid transport compared with the situation in the 1940s. 

This situation, already precarious, is aggravated by the fact that in Veneto beaches and 

marine sediments have a strong sandy component with percentages ranging from 100% 

in the emerged beaches, up to about 80% in the depths closest to the coastline, with a 

coast orientation such that the sediment movement takes place in a particular way. In 

facts the energy of the sea that is discharged to the coast and the consequent capacity of 

transport along the coast (Figure 21) is higher than the contribution of sediments from 

rivers that reach the sea through their mouths, thus causing a shortage of material that 

leads to a reduction in beaches (L. Martinelli, 2021).  

 

 

Figure 21. Longshore current 
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2.4.   Eustatism 

One of the most hazardous consequences of ongoing climate change is sea level rise. 

Rising sea levels are a problem which has serious consequences in many parts of the 

world and is bound to have more and more. About two-thirds of the worldôs population 

lives within 60 kilometres of the coast, and nearly half of the worldôs cities with more 

than a million people are located near river estuaries (G. McGranahan, 2007). This 

phenomenon is due to the thermal expansion of seawater and the melting of continental 

ice. When we speak of thermal expansion of sea water, we refer to a normal physical 

phenomenon according to which a fluid, subjected to gradually higher temperatures, 

expands, increasing its volume.  

The oceans absorb most of the excess heat emitted into the atmosphere by human 

activity (about 90%), and for this reason the most superficial layers have seen their 

temperature increase by about 0.11 ºC for decades during the last decades. This, 

together with the overheating of the deeper layers, leads to an inevitable expansion of 

the water and therefore the increase of the average sea level (T. Frederikse, 2020).  

Another phenomenon behind sea level rise is the melting of continental ice (Figure 22). 

The melting of the ice, in fact, once reached the Oceans, induces an additional supply of 

water, with a consequent rise in sea level. Not all ice, however, contributes to the rise. 

Sea ice, being a floating body composed of solid sea water due to low temperatures, 

would not add any additional water mass to the oceans if it melted. 

 

 

Figure 22. Melting of the ice 
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To protect the coasts, it is necessary to build massive barriers to reduce the effects of 

high tides as in Venice with the "MOSE", provide with interventions to raise the banks 

and plan future strategies to reduce the inconvenience to citizens. The defence of the 

beaches instead will need a system of dunes and works of defence to sea as groins 

(Figure 23) and detached breakwaters useful to bring and retain sand along the coast, 

thus managing to reduce the effects of the advance of the sea (P. Ruol, 2020). 

 

 

Figure 23. Groins 

 

According to "Estimating global mean sea-level rise and its uncertainties by 2100 and 

2300ò from an expert survey also respecting the 2 degrees of the Paris Agreement, 

which at the moment seems unlikely since the projections lead us to an increase in 

temperature of at least 3.5 degrees by the end of the century, the sea level could rise by 

about two meters. A different forecast from that made by the IPCC (Intergovernmental 

Panel on Climate Change), which over time underestimated the extent of this 

phenomenon.  
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This statement has been recalled by the author of the study Stefan Rahmstorf, of the 

Postdam Climate Impact Research Institute: "In its studies the IPCC tends to be very 

cautious and conservative, which is why it has had to correct itself upwards already 

several times". There are three reliable forecasts for the Po Delta: 

¶ IPCC: increase in sea level of 594 mm in case of significant reduction of pollutants 

¶ IPCC: increase in sea level of 999 mm in case of continuous emission of pollutants 

¶ Rahmstorf predicting an increase in sea level of 1395 mm 

 

Most coastal regions in Europe have experienced an increase in absolute sea level and 

sea level relative to land and according to a study by ENEA and its projections within 

the 2100 thousand square kilometres of Italian coastal areas risk to be submerged by the 

sea. The monitoring of sea level in Italy is entrusted to several departments, there is the 

ñRete Mareografica Nazionaleò managed by ñServizio mareografico nazionale (SMN)ò 

that consist of 36 observation stations in real time of level (Figure 24), atmospheric 

pressure, wind speed and direction and temperature (L. Carbognin, 2009). 

 

 

Figure 24. Mean sea level along the years (ISPRA) 
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Another contribution is given by various universities or research institutes that through 

the study of the shoreline via relief LiDAR (Figure 25), GNSS, photogrammetric flight 

or classical topography techniques (with the use of total station) can reconstruct and 

then monitor the trend of the wet front studying the effects of eustatism on the wet front. 

 

 

Figure 25. LiDAR survey 

 

The comparison between these methods is much complicated since all methods 

guarantee pro and contro. For example, the GNSS relief, the photogrammetric relief 

with UAV instruments and the classical topography allow us a centimetric precision and 

a good representation of the wet front with no tide, but unfortunately, they offer a 

limited representation at the territorial level being methods applicable in short periods 

of time (to get the tide zero) and for short stretches of beach.  
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The LiDAR relief to the contrary offerôs minor precisions, but tolerable considering the 

precisions of the representation of the coastline, moreover it is optimal for having a 

representation of vast areas, but unfortunately without the possibility to operate in the 

moments of tide zero.  

The results then show the wet front at different times and with different tidal altitudes, 

making it difficult to interpret the analysis and comparison between them. 

It was decided to divide the LiDAR relief from the others, in particular the 

multitemporal LiDAR relief was useful to understand the variation of the areas emerged 

over the years (although there will always be a big mistake due to the different tides 

present at the time of the survey) and thus verify the influence of land subsidence but 

especially of eustatism on coastal areas. 

Results from multitemporal LiDAR surveys have shown a reduction in areas emerged 

since 1950, showing peaks between the years 1955 and 1977. In recent years thanks to 

use of defence works such as groins, detached breakwaters and sandbanks, and thanks 

to the reduction of the effects of land subsidence, there has been an inversion in the 

delta area, with an increase in areas emerged. This is a demonstration of how it is 

possible to limit the effects of irreversible phenomena such as land subsidence and 

eustatism. 
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CHAPTER 3. TYPE OF SURVEY 

 

Now it is necessary to understand the various techniques used for the study of 

phenomena affecting the Po River Delta. 

 

3.1.   Survey with GNSS stations 

Itôs a real-time 3D positioning system on the globe, based on a constellation of artificial 

satellites, this method provides the three-dimensional position of a point on the Earthôs 

surface with a maximum accuracy of 1 cm (M. Fabris, 2022). The signal emitted by the 

satellite is received by the antenna of the receiver on the ground, which saves it in the 

form of an observation file. The instrument simultaneously receives multiple signals 

that are captured through different reception channels. Through the components "code" 

and "phase" it is possible to calculate the position of the instrument, normally the 

information provided by the code are used for real-time positioning with low precisions, 

while the data provided by the phase offers greater precision and are used in post-

processing. The choice of the acquisition technique to be used depends on the type of 

survey and the type of data processing. A first technique is the absolute positioning that 

consists in the use of a single receiver and involves high errors. Another technique is the 

differential positioning in which I have the use of two receivers: a master positioned on 

a known point and a rover positioned on the point to be calculated, in this case the 

accuracy increases because I can make additional adjustments. The technique that 

allows maximum precision is relative positioning (Figure 26).  

 

Figure 26. Relative positioning 
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In this technique, the vector that connects the two stations (baselines) is measured. The 

position calculation is made in post-processing through the data acquired by the rover 

and master stations. Being known in fact a point M (position of the master station) and 

the vector union (baseline) with a second point R it is possible to obtain the position of 

the rover (point R). 

 

 3.1.1. Equation of pseudo-range 

The signal produced by the satellite and received by the receiver antenna takes a certain 

interval to reach the destination and this is the concept behind the GNSS survey. 

Assuming perfect synchronization between code sending and signal reception, the 

signal takes a time from ὸ (signal sending) to ὸ (signal receiving) to reach the receiver. 

However, this does not happen because an offset is always generated due to the 

difference in accuracy between the hydrogen clocks of the satellites and the quartz 

clocks of the ground receivers and this offset produces a big error.  

In algebraic analysis you will then have 4 variables (3 coordinates and the offset due to 

non-synchronization clocks). It will then take 4 pseudo-distance equations to derive the 

position of the unknown point. The pseudo-range equation is: 

 

ὧz Ἴ  ●▒ ●░ ◐▒ ◐░  ◑▒ ◑░    Ἣz  ◄░▒  

 

c : light speed in the space; 

Ἴ : time of flight of the GPS signal; 

●▒ȟ◐▒ȟ◑▒ : Satellite ephemerides; 

●░ȟ◐░ȟ◑░ : coordinates of the point on the Earthôs surface; 

◄░▒ : error of non-synchronization clocks. 

 

The non-synchronization error of the clocks is not the only source of error, there are in 

fact other errors such as the error of ionospheric and tropospheric refraction, the error 

due to multiple reflections, cycle jumps, operator errors and satellite orbit errors. 
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 3.1.2. Advantages and Disadvantages of GNSS methods 

The GNSS survey is an ideal survey method for areas such as the Po Delta, which has 

isolated but often easily accessible areas and the area is free of obstacles. In particular, 

the GNSS survey is more useful in areas where the SAR survey does not detect a good 

density of points. The main advantages of GNSS surveying are precision, the ability to 

make multitemporal acquisitions over the years and then evaluate the trend over time. 

Moreover, it is not excluded the possibility of detecting points in any area, in 

agricultural or wooded areas (thanks to the reception of four constellations) areas that 

with the SAR would not be possible to detect except with the construction of artificial 

reflectors. Moreover, to hold in consideration is the cost of the relief that removed the 

cost of the instrumentation turns out to be economic being the duration of survey 

inferior to the week. 

Unfortunately, the limits of this technique are many, first the GNSS precision even if 

good is not suitable to detect the drops due to subsidence in the Delta area, in fact the 

average lowering of the area settles on 5/6 mm/yr, while the GNSS accuracy is equal to 

one centimetre, this means that to appreciate the lowering it is necessary to run a major 

GNSS campaign every two years (M. Fabris, 2022). In addition, the GNSS technique has 

many errors, but the error to which we must pay more attention in this case is the 

multipath due to the reflection of the signal by the many bodies of water present in the 

area. 

 

 

Figure 27. Multipath error 
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Another disadvantage is the cost of equipment which could be reduced thanks to the use 

of RTX services or correction networks on the Italian territory and the cost of operators 

being the method of static survey with parking equal to three hours. 

 

3.1.3. Global Navigation Satellite Systems (GNSS) 

The Global Navigation Satellites System (Figure 27) is composed by different 

constellation, there are GPS (American system), GLONASS (Russian system), 

GALILEO (European system) and BEIDOU3 (Chinese system). These systems can be 

separated into three segments: space, control and users.  

 

 

Figure 28. GNSS orbits 

 

3.1.3.1. GPS system 

The GPS system is an American military satellite navigation and positioning system 

operating since 1994. the GPS system consists of three different segments: the space 

segment, the control segment and the user segment. The space segment is composed of 

the constellation of satellites in orbit that rotate around the earth on almost circular 

orbits. There are 30 satellites on 6 orbital planes. These satellites are 20200 km from the 

surface and need 11 hours and 58 minutes to perform an entire revolution around the 

planet. This arrangement allows at any time and at any point to receive at the same time 
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the necessary information from a minimum number of 4 satellites present within a cone 

with elevation from the horizontal of at least 15 degrees (M. Fabris, 2022).  

Each satellite presents a certain type of apparatus to accomplish its work such as atomic 

oscillators composed of high precision clocks, transmission and reception apparatus, 

calculation unit to define the orbits to be followed and memory.  

Moreover, there are a self-powering system consisting of photovoltaic panels and a 

navigation apparatus consisting of small thrusters to adjust the orbit. For the 

communication of information each satellite (Figure 28) transmits navigation signals in 

phase modulation on two carrier waves called L1 and L2 both multiple of the 

fundamental frequency fo equal to 10,23 Mhz. In addition, I can have a code C/A which 

is a square wave built by sine wave L1, code P is a square wave built using both the 

code L1 and L2 and code D which is a navigation code of the messages useful to send 

information on the survey in RINEX to users and to send ephemeris and predictive 

status of the signal thanks to use of different parameters called GDOP, HDOP, VDOP 

and PDOP. 

 

 

Figure 29. GPS satellite 

The control segment is composed of five main stations (Ascension, Diego Garcia, 

Kwajakiin, Hawaii and Colorado Springs) on the Earthôs surface, these main stations 

are located along the equatorial plane and are used to monitor the ephemeris, to predict 

the next orbit and to correct the orbit. I have three types of ephemerides: reference 

ephemeris which are a first estimate of ephemeris considering the trajectory in the last 

week, in this case the precision is of the order of 50m; predicted ephemerides that 

provide an estimate of the trajectory considering the trajectory in the last 12-24 hours, in 

this case the precision is about ten meters.  
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In the end I have precise ephemeris, this type of data is available with a delay in the 

order of 10-15 days and provide the exact trajectory of the satellites.  

The user segment consists of users equipped with GPS receiver consisting of antenna, 

controller (with microprocessor), data recording system and power supply system. 

 

 3.1.3.2. GLONASS system 

The GLONASS system is a Russian military and civilian satellite navigation and 

positioning system operating since 1995. the GLONASS system is indicated to improve 

the signal in high latitudes where the GPS signal can be problematic. Even in this case 

is composed by three different segments: the space segment, the control segment and 

the user segment. The space segment is composed of the constellation of satellites in 

orbit that rotate around the earth on almost circular orbits. There are 24 satellites on 3 

orbital planes. These satellites are 19100 km from the surface and need 11 hours and 15 

minutes to perform an entire revolution around the planet. GLONASS satellites transmit 

two types of signals: open standard-precision signal L1OF/L2OF, and obfuscated high 

precision signal L1SF/L2SF.  

As for the GPS system even with GLONASS I have ground monitoring stations that 

receive the information sent by satellites and transmit them to the master station where 

they are processed and corrected. 

 

3.1.3.3. GALILEO system 

The GALILEO system is a European civilian navigation and positioning system 

operating since 2016. Is composed by three different segments: the space segment, the 

control segment and the user segment.  

The space segment is composed of the constellation of satellites in orbit that rotate 

around the earth on almost circular orbits. There are 27 satellites on 3 orbital 

planes. These satellites are 23222 km from the surface and need 14 hours and 4 minutes 

to perform an entire revolution around the planet. Each satellite can work in dual 

frequency by default with two carrier waves modulated on the code sequence Pseudo-

Random Noise (PRN); in this way, the accuracy obtained will be of the order of cm. 

The control segment is instead composed of two main control stations (Fucino and 

Oberpfaffenhodef) and five additional control stations. 
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3.1.3.4. BeiDou-3 system 

BeiDou-3 is a new global navigation satellite system being developed by China 

National Space Administration (CNSA) as an alternative to the global positioning 

system (GPS) of the USA, Russiaôs GLONASS, and Europeôs Galileo.                        

The BeiDou-3 is part of the BeiDou navigation satellite system (BDS), which aims to 

develop space infrastructure for round-the-clock, all-weather, accurate navigational, 

positioning, and timing services. The BeiDou-3 constellation includes 35 satellites 

which has been offering a full range of services since 2020. Five of the 35 satellites are 

placed in geostationary orbit (GEO), three are placed in inclined geostationary orbit 

(IGSO), and the remaining 27 in the medium Earth orbit (MEO). 

3.1.4.   PODELNET network  

The PO Delta Network (PODELNET) is a low-cost network of non-permanent stations 

and continuous GNSS stations (Figure 29) located in the Po River Delta (PRD). The 

network was developed to improve 3D remediation information in the PRD area, 

monitored until 2016 with only two CGNSS sites located within the study area (TGPO-

Taglio di Po and PTO1-Porto Tolle) and three in the surrounding areas (CGIA-

Chioggia, CODI-Codigoro and GARI-Porto Garibaldi). 

PODELNET was developed in 2016 in agreement with the IGMI (Istituto Geografico 

Milit are Italiano) and the Veneto Region by the Territorial Information System and 

Cartography Project Unit and the Rovigo Civil Engineering Organizational Unit): 

consists of 46 non-permanent stations monitored with the GNSS technique. This low-

cost and low-impact network is the first application of the 7 km density of the IGM95 

network in the Veneto Region and, for this reason, the points are named according to 

the IGM procedures (N. Cenni, 2021). 

PODELNET is also used as a reference framework for the activities carried out by the 

public authorities of the territory, both Veneto Region and of the Po Delta Reclamation 

Consortium. The PODELNET summits were chosen to consider both the existing points 

belonging to the IGMI levelling network (line 19 and line 174) and other points 

belonging to local authorities and institutions. In addition, 16 new sites have been 

identified to achieve a uniform distribution of the network and avoid gaps. Of the 46 

non-permanent GNSS sites in the PODELNET network, 24 concerned the nearest 

levelling parameter, which provided an orthometric elevation of the points related to the 



34 

 

last IGMI geometric levelling measures, carried out in 2005. The other 22 NPSs are the 

reference points of the IGMI levelling network. 

Each point of the PODELNET refers to the nearest point using a baseline between 5 km 

and 7 km. 

 

 

Figure 30. PODELNET network 

 

The first measurement was carried out in June/July 2016 and the second survey was 

two years later, but in the same months to reduce the potential influence of 

seasonal signals in measured speeds.  
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The amplitudes of these seasonal signals are not usually negligible and may introduce 

distortions in the estimation of speed (N. Cenni, 2021). The two surveys were also 

designed to reduce the impact of the measurement conditions on the estimate of 46 NPS 

stations. In particular, the two campaigns were conducted by probing the same reference 

bases, where possible, with the same percentages of sampling, time of stationing and 

instruments.  

The instruments that are used are Leica GPS system 1200, Leica Viva GNSS GS14 and 

Leica Viva GNSS GS16. The minimum observation time at each site was 3 h, with a 

sampling rate of 15 s. The data obtained from the permanent station are processed in the 

office with the "Bernese" software, while the data from the non-permanent station are 

processed with the software "Leica Infinity" .  

The point of non-permanent stations is called with six numbers in which the first three 

numbers are based on cartography: with 065 points are located above Poôs Venice, 

while with 077 points are located below Poôs Venice. Instead, the second number three 

are related to the type of IGM network level (first, second or third order). 

 

3.1.4.1. Results of survey campaigns 

The results of the two measurements are shown in the table (Table 1), the measurements 

represent the velocity in mm/yr along the vertical direction between 2016 and 2020. 
 

 ID E [m] N [m] Vel GNSS [vert] 

077703 757825,256 4966209,149 -16,2 

077912 750825,087 4971669,295 -12,6 

077704 751940,974 4967960,692 -16,0 

077902 775501,151 4985737,955 -11,9 

065906 768690,503 4992097,303 -10,8 

065704 744443,14 4988787,557 -8,8 

065908 769308,307 4988892,977 -8,3 

077911 771170,294 4981529,522 -14,9 

077710 762125,124 4978742,982 -11,0 

077914 754954,745 4979134,403 -7,1 

065907 764558,913 4990762,553 -8,3 

077714 758966,315 4982066,132 -6,8 
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077801 744670,489 4975941,71 -14,7 

065904 761631,296 4998989,19 -8,2 

077708 768445,765 4965830,68 -17,3 

077707 746188,739 4981545,757 -10,1 

CODI 745967,869 4969519,825 -2,8 

TGPO 754427,755 4988361,841 -5,1 

PTO1 762996,544 4982974,015 -5,1 

077909 766925,645 4986922,727 -4,8 

065706 765062,79 4994042,661 -6,9 

077721 766087,388 4972512,072 -14,0 

065903 761407,718 5002922,314 -8,8 

065905 751160,271 4990990,377 -5,4 

077910 751223,757 4983847,229 -4,7 

065901 762304,224 4989103,169 -5,7 

077719 769980,197 4977334,481 -10,4 

077715 762902,394 4975624,273 -9,2 

077917 747512,15 4987754,104 -7,2 

077713 769475,861 4984110,782 -7,3 

065909 760358,32 4993264,166 -4,0 

065705 757109,453 4991346,546 -5,1 

077718 773819,108 4971981,29 -15,5 

077905 774288,277 4981212,813 -8,0 

065715 755717,585 4995403,759 -4,1 

077907 753535,649 4975435,115 -4,6 

077712 755936,765 4984002,507 -4,5 

077915 759756,954 4975668,396 NULL 

077913 749816,246 4977120,667 -4,4 

077908 761059,962 4972149,939 -11,0 

065707A 750286,76 4993280,113 -4,6 

077904 767831,251 4980289,859 -5,8 

077903 760753,491 4987098,085 -3,4 
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065708 755113,675 5000253,036 -3,0 

077716 767579,113 4974146,538 -9,6 

077916 764249,412 4970158,938 -10,2 

077906 775224,129 4977794,295 -12,3 

077717 767781,618 4968418,334 -9,3 

077720 773535,229 4974818,483 -12,2 

Table 1. Velocity along vertical of PODELNET network 

 

There are some considerations to make on the points: 

¶ Point 077915 was destroyed during mowing operations. Nearby, a new vertex 

called 077918 was materialized. The point has already been detected with 1 hour 

of stationing while from 2022 the point will begin to be detected with a static 

method with 3 hours of stationing. 

 

¶ Point 077907 is at risk because a roundabout will be built there, and the point 

will be destroyed. For this reason, a new vertex was materialized in a shoulder 

of a bridge 500 meters from the previous position. The two vertices were 

connected simultaneously with geometric levelling from the centre. The new 

summit will be measured by a static method from 2022. 

 

¶ The location of point 077905 is not favourable to satellite reception due to the 

presence of obstacles and, moreover, was difficult to occupy. The consequence 

of a bad reception was found in the results of the network compensation which 

determined the worst precision for this vertex with double values of root mean 

square compared to the other vertices (A. Menin, 2020). For this, a new vertex has 

been materialized, already connected in real time with levelling from the 

medium and that will be measured with the static method from 2022. 

 

¶ Point 077721 is on a stable foundation plate, shows high lowering values, the 

point must be kept under control. 

 

¶ Point 077801 is located on a small pillar on a channel which is often submerged, 

the point must be kept under control. 
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¶ point 077911 is on an unstable pillar near the shoulder of a bridge, the point has 

high inclination values, and the point will certainly need to be changed. 

 

¶ Points 077708 and 077713 are extremely important because being in isolated 

areas, they have no SAR points nearby. This is an advantage of GNSS vertices 

because they allow me to get results in areas that would otherwise not be 

possible with SAR data alone. One might think in the future of refining the delta 

area in less urbanized areas, then using the GNSS vertices present in urban areas 

as a verification on SAR data. 

 

To determine other GNSS vertices that have problems it is necessary to compare them 

with the SAR data, to find a substantial difference between the two measures. To 

evaluate the results just obtained, it is necessary to first make a note on the tolerances 

allowed between GNSS speed and SAR speed.  

For permanent stations a tolerance of 2 mm/yr is set which is equivalent to a maximum 

difference of 0,8 cm in four years, while for non-permanent stations the tolerance is set 

to 5 mm/yr which is equivalent to a maximum difference of 2 cm in four years. 

 

3.2.   Satellites survey 

Radar systems (radio detection and range) are active satellite sensors, meaning they 

send a signal that is reflected from the Earthôs surface and received by the 

sensor. Compared to the most popular optical systems operate continuously, being able 

to acquire data in the presence of cloud cover and both during the day and night (M. G. 

Ciminelli, 2009).  

The principle of operation is the same for all radar systems (Figure 30): a transmission 

device illuminates the surrounding space with an electromagnetic wave (with a certain 

wavelength and frequency) which affects any object subjected to a phenomenon of 

disordered reflection (diffusion, dispersion). A part of the diffuse field returns to the 

transmitting station, also equipped for reception, where its characteristics are 

measured. The device can detect the electromagnetic target (detection) and by 

measuring the phase shift between the emitted signal and the received one, evaluate the 

distance (range) in which the target is located, accurately locating it along the pointing 

direction antenna (direction of the range).  
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The directivity of the antenna used to transmit and receive the radar signal (i.e. the 

selectivity in the illumination of the surrounding space) also allows the object to be 

positioned along the other dimension that are the direction parallel to the satelliteôs orbit 

(called azimuth). The direction of the sensor-target junction (perpendicular to the orbit 

and tilted from an angle ɗ (off-nadir) relative to the vertical) is called LOS (Line of 

Sigh).  

The larger the antenna, the narrower its footprint and, as a result, the definition of the 

target grows, to the detriment, however, of the extension of the illuminated area.  

 

 

Figure 31. Principle of radar system 

To make up for this we thought of constantly combining the data acquired by a small 

sensor in successive positions, you can synthesize in this way a large dummy antenna, 

called synthetic aperture, which guarantees high resolution even in the azimuth 

direction. 
 

 

  3.2.1. Synthetic Aperture Radar  (SAR) 

To obtain a good spatial resolution while keeping the antenna small, it was decided to 

use a sequence of acquisitions of a shorter antenna to simulate a larger antenna, thus 

providing high resolution data. This is the idea behind the SAR technique. A Synthetic 

aperture radar is an active sensor that first transmits microwave signals and then 

receives back the signals that are returned, or backscattered, from the Earthôs surface. 

The resulting images contain two types of information: phase that represent the target 

sensor distance index and the amplitude of the signal reflected from the ground.  
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Each pixel of an image contains both quantities. The amplitude identifies the part of the 

incident electromagnetic field reflected towards the sensor and can be used to assess the 

change of surfaces over time (identifying the various uses). The phase represents the 

most important information for the purposes of interferometric applications and is used 

to derive, through specific algorithms, the displacements of the soil, or rather of points 

called permanent scatters (PS). 

 

3.2.1.1.   Interferometri c techniques (PSInSAR) 

Radar satellites allow to measure the surface displacements of the ground with 

millimetre precision thanks to the use of data processing techniques called 

"interferometric". Satellite interferometry is based on the measurement of phase 

changes between two satellite acquisitions at the same point (Figure 31).  

The satellite passes over a point that captures a signal whose phase depends on the 

sensor-target distance at that moment. In case of ground movement (in this case a 

tectonic descent) the distance sensor of the target increases and consequently the phase 

undergoes a measurable change. This type of processing is commonly called differential 

interferometry (acronym DInSAR).   

 

 

 

 

Figure 32. PSInSAR techniques 
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The objective of the differential interferometric technique is to isolate the actual phase 

contributions due to target movement and not attributable to atmospheric disturbances 

or noise and to accurately estimate the phase difference (ȹ◖) the electromagnetic wave 

transmitted in two successive acquisitions and retransmitted from the target to the 

ground (P. Canuti, 2006). 

Several effects reduce the quality of the results obtained with the analysis of 

DInSAR. First, the phenomena of temporal decorrelation. These are caused by the 

variability of the electromagnetic properties (reflectivity) of the radar targets between 

the different data acquisition days, indicated by the basic parameter of time.   

Areas covered by vegetation, which are easily influenced by the wind and a different 

appearance depending on the season, are often a source of decorrelation (Figure 32), 

while urban centres and exposed rocks remain more stable over time (although 

problems such as snow may occur). 

 

 

Figure 33. Effects of temporal decorrelation on a forest 

Bosco Mesola 


























































































































































