
An integral approach using InSAR and data assimilation to disentangle and 
quantify multi-depth driven subsidence causes in the Ravenna coastland, 
Northern Italy

Manon Verberne a,b,c,*, Pietro Teatini b, Kay Koster c, Peter Fokker a,c, Claudia Zoccarato b

a Faculty of Geosciences, Utrecht University, Utrecht, the Netherlands
b University of Padova, Faculty of Civil, Environmental and Architectural Engineering, Padova, Italy
c TNO – Geological Survey of the Netherlands, Utrecht, the Netherlands

A R T I C L E  I N F O

Keywords:
Subsidence
Data assimilation
Gas extraction
Soil
InSAR
Inversion
Coastal

A B S T R A C T

Land subsidence in the Ravenna area (Italy) was a hydrogeological hazard until the end of last century. Although 
subsidence reduced during the last decades, the area is still experiencing vertical displacements. Understanding 
their drivers is challenging. Land subsidence magnitude and distribution must be interpreted with a combination 
of geological factors and human activities. This study integrates various datasets, subsidence observations, and 
subsidence models to evaluate the contributions of three main causes: building related, shallow subsurface 
processes and deep subsurface processes. The model result was optimized using Interferometric Synthetic 
Aperture Radar. The highest subsidence rates, of over 10 mm/year, were found at locations where multiple 
causes have an effect. The results of building-related subsidence indicate that subsidence rates associated with 
industrial buildings are twice as high as for residential buildings. This difference is even more pronounced in 
lagoonal and reclaimed areas. Shallow causes, associated with overburden weight on tidal deposits and drainage 
of reclaimed land, cause significant subsidence along the coast. Deep causes, by offshore gas extraction, 
contribute to subsidence along parts of the coast, with a decreasing trend over time. Other factors, such as low- 
lying farmland drainage, (historical) groundwater extraction and compaction of Quaternary deposits are not 
specifically addressed because of their small contribution to the total subsidence during the time period 
considered. This study underscores the importance of a comprehensive approach that considers the interplay 
between geomorphology and geology, industrialization, urbanization, and fluid extraction. Geotechnical as
sessments and improved subsidence models, incorporating localized data on buildings and subsurface fluid 
withdrawals, are crucial for developing effective mitigation strategies.

1. Introduction

Land subsidence can lead to a wide range of negative consequences, 
including damage to infrastructure such as roads, buildings, and pipe
lines; increased flood risk due to reduced surface elevations relative to 
the sea level, salinization of groundwater, and loss of agricultural pro
ductivity.23,31,65 In urban areas it compromises the integrity of built 
environments, while in rural and deltaic zones it disrupts ecosystems 
and impairs drainage networks, exacerbating flood vulnerability.52

Coastal plains and deltas are particularly susceptible to subsidence 
due to a combination of factors.41,62,69 These regions face significant 
flood risks from relative sea-level rise and often have high population 
densities.51 The subsurface typically consists of thick, compressible soil 

layers that are prone to subsidence,41,46 and the extraction of natural 
fluids from the subsurface, which is a common practice in these areas, 
can further exacerbate the issue.31,50,75

Subsidence is often the result of multiple spatially overlapping pro
cesses, making it challenging to determine the contribution of each 
process when only the total subsidence response is measured at the 
surface. Understanding the individual contributions is crucial for the 
development of effective mitigation strategies, especially in deltas and 
coastal plains.

Many studies highlight the importance of addressing land subsidence 
as the sum of all concurring processes in a certain area (e.g.32,47,17), but 
it is far from common practice in subsidence research.78 Most studies 
either simply compare satellite observations to expected subsidence (e. 
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g.68,88), or correlate subsurface properties to subsidence rates by using 
machine learning techniques (e.g.42 and2). Such approaches do however 
not quantify the physics of the various sources of subsidence. This study 
addresses this knowledge gap by adopting a process-based approach to 
land subsidence in a data assimilation framework, aiming to disentangle 
the multiple contributing factors underlying the total surface 
displacement.

Data assimilation offers a promising framework to integrate het
erogeneous observations and disentangle the contributions of multiple 
processes within a single model domain whilst incorporating the mul
tiple physical relations of subsidence. Zoccarato et al.,89 Fokker et al.,30

and Gazzola et al.36 utilized data assimilation techniques to enhance 
subsidence modelling of gas-extraction-related subsidence. Verberne 
et al.81,79 applied data assimilation to examine the subsidence contri
bution of processes in Holocene coastal deposits. These studies collec
tively underscore the power of this technique in refining subsidence 
models and developing effective mitigation strategies by leveraging 
high-resolution data and advanced numerical techniques.

This contribution advances previous integrated data assimilation 
studies on subsidence by incorporating both shallow and deep sources. 
This represents a significant step toward developing an effective meth
odology capable of capturing the full range of subsidence-driving pro
cesses across different depths. Multiple subsidence-driving processes are 
combined in a single optimization procedure to fit the model outcome to 
the surface movement estimates from InSAR data. The aim is to under
stand the spatiotemporal pattern of the current subsidence drivers and 
provide physical parameters that can directly be implemented to predict 
subsidence and subsequently mitigate the consequences effectively.

The proposed framework is applied to the coastal plain of Ravenna, 
on the coastland of the Po River plain in Italy (Fig. 1), which exemplifies 
a region with a complex land subsidence history resulting from various 
causes, including aquifer overexploitation, urbanization, industrializa
tion, drainage, gas extraction from deep reservoirs, peatland oxidation, 
shallow and deep sediment compaction, and tectonics7,33,71. Land sub
sidence, which mainly occurred from the 1950s to the early 2000s, is 
threatening the structural integrity of cultural heritage sites in the re
gion, generally affecting the livelihood of people and the natural 

environment of the Po plain.71 Although subsidence in the region has 
been extensively studied over the past decades, most research has pri
marily focused on groundwater and resource extraction (e.g.7,66,71,72). 
However, groundwater withdrawal has been reduced considerably over 
the past decade, and other drivers of subsidence in the coastland have 
grown in relative importance. We therefore aim to identify the driving 
parameters of current subsidence. Parameter quantification and subsi
dence contribution analysis are more challenging with recent, smaller 
displacement rates compared to pre-1990s data, when significant sub
sidence due to aquifer over-exploitation affected the area.71,72 We focus 
on the combined effect of the main causes over the past decade and offer 
new insights into the most recent drivers of subsidence.

This study primarily relies on freely available or commonly acces
sible datasets, making the approach readily transferable to other re
gions. By integrating multiple datasets, we have been able to model and 
quantify subsidence due to various drivers: (i) building load (dis
tinguishing between residential and industrial structures), (ii) shallow 
processes occurring within Holocene deposits across different geomor
phological classes, and (iii) deep causes related to gas extraction. In the 
following sections we detail the methodology, datasets included, and 
data processing techniques used. The results and discussion sections 
highlight the complexity of the subsidence problem in the region and 
provide a quantification of the effects of the main subsidence processes 
acting in the region. Understanding these complex interactions is crucial 
for formulating effective mitigation strategies and ensuring the stability 
and sustainability of the Ravenna area in the near future.

2. Study area

The Ravenna coastal area belongs to the southeastern part of the Po 
River plain, Italy (Fig. 1). It is composed of wetlands, lagoons, industrial 
areas, reclaimed land, agricultural land, rivers, canals, and the city of 
Ravenna itself. Subsidence consequently occurs in a complex pattern, 
with variations in space and time relating to both natural and anthro
pogenic environments. The area, like many other coastal areas, is 
vulnerable due to the combination of an increase in mean sea level and 
loss of surface elevation.71 For this reason, the different mechanisms of 

Fig. 1. A: Map of Italy, showing the outline of the Po plain and the location of the research area. B: Study area with the name of the main urban centers (coordinate 
system WGS-84). The small red dots in the southeast are the CH4 production platforms. The dashed blue box refers to the area around the city of Ravenna shown 
in Fig. 3.
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subsidence acting in the area have been studied extensively over the past 
decades.7,35,33,63,66,72

The geological history influencing current subsidence patterns 
commenced with the deposition of low-permeable alluvial confining 
clay beds during Pleistocene sea-level low stands. These deposits are at 
present characterized by their stiff and overconsolidated mechanical 
properties. During the mid-Holocene the area drowned under the in
fluence of global sea-level rise,60 depositing tidal and fluvial sediments 
at the base of the coastal sequence. A beach barrier-lagoon system 
formed during sea-level highstand, grading into alluvial plain deposits 
formed by fluvial and tidal processes in the back-barrier plain. The 
maturation of the beach barrier was followed by a progradational 
movement, resulting in a second, more seaward positioned barrier, as a 
result of an increase in sediment supply due to large deforestation during 
the rise of the classical civilizations.4,14,44

This deforestation marks the first period of major anthropogenic 
influence on the Po delta and dates back to the 3rd century AD, when the 
rise of classical civilizations led to a spread in agricultural activity in 
Europe. This resulted in an increase in soil erosion and hence a major 
burst in progradation of the delta.45 Since that time, the area has un
dergone substantial changes in land and groundwater use, resulting in 
anthropogenically driven land subsidence. Accounts of early subsidence 
are based on archaeological findings on buried beach barriers. They 
indicate a subsidence rate of 2–3 mm/year over the last 2500 years.35,61, 

71,77

Starting from the period after World War I, the anthropogenic in
fluence on subsidence became even more prominently visible, due to 
channeling rivers, damming, progressive reclamation of the lagoon 
areas, urbanization and an increase in industry.71 An important conse
quence of this was the reduction of sediment transport to the coast. 
Therefore, land subsidence was not counterbalanced by sediment 
deposition. A few millimeters per year of subsidence increased to 
110 mm/year in 1972 and 1973, largely due to groundwater extraction 
(e.g.19,9). From the seventies onwards, major problems started to arise, 
such as floodings in the city center of Ravenna and of coastal villages. 
This threatens the cultural heritage sites in the area. Additionally, floods 
threatened lagoon ecosystems by increasing salinization.

Many research activities over the past decades have focused on 
subsidence processes and mitigation to be able to preserve historic sites, 
coastal environment, and infrastructure. It was established that the main 
driver of subsidence in the 1960s and 1970s was groundwater extrac
tion.19,72,9 The gas extraction from on- and offshore gas fields contrib
uted as well, but only locally and with smaller values.34 Recent 
measurements (e.g.,27,83) show that land subsidence significantly 
reduced to a few mm/year in the largest part of the coastal area, as the 
main onshore fluid extraction activities have ceased.10 With the major 
cause of subsidence identified and addressed, the research focus shifted 
away from subsidence in the Ravenna area. However, some spots in the 
area still exhibit subsidence rates of over 10 mm/year.

3. Materials and methods

In this study, we combine various data sources, subsidence models, 
and a data assimilation approach to quantify and map the contributions 
of different subsidence processes to the total observed subsidence. Below 
we discuss all data sources, the forward models, and the integration step 
with data assimilation. The datasets used in this study are (i) a database 
for land-use and building information – Global Human Settlement Layer, 
(ii) a soil texture map, (iii) Cone Penetration Tests (CPTs), (iv) an esti
mate of land subsidence by gas extraction, (v) InSAR-derived displace
ment estimates over time, and (vi) a geomorphological mapping product 
based on literature and processed CPT data.

The methodology is summarized in Fig. 2. The datasets serve as the 
input to the data assimilation approach, by which we integrate three 
distinct subsidence causes to determine the total effect: (1) building- 
induced subsidence, (2) subsidence caused within the shallow (Holo
cene) subsurface, and (3) subsidence caused within the deep subsurface 
by hydrocarbon production.

3.1. Global Human Settlement Layer (GHSL)

The Global Human Settlement Layer (GHSL)25 projects data on maps 
that describe the human presence on Earth. The dataset is formed by 
automatic data analytics and data extraction from large amounts of 
heterogeneous geospatial information, including satellite images, census 
data, crowd sourced and volunteered geographic information sources. 
The GHSL data package, which was released in 2023, contains data on 
buildings, building use, land-use, population, and degree of urbaniza
tion. From the dataset we have used the GHS-BUILT-V R2023A25 dataset 
to derive the change in built-up volume on a regular 100 ×x100 m grid 
from 1975 onwards in five-year intervals.54 From GHS-BUILT-C 
R2023A25 dataset we have derived the settlement characteristics, to 
distinguish between residential buildings and offices versus buildings 
for industrial purposes. The most dominant building purpose determines 
the building category in the 100 × 100 m grid-cells.53

3.2. Soil texture

The Geological, Seismic and Soil Survey of the Emilia-Romagna re
gion (GSSS-ER) has constructed a map of the soil texture (0–30 cm) on a 
scale of 1:50.0000, represented by particle distribution.70 The map is 
based on the interpolation from field samples in the soil database of the 
Emilia-Romagna region. Twelve textural soil classes have been identi
fied, given the content of clay, sand, and silt according to the USDA 
classification of soil texture.

We simplified the data into four classes, for clarity and generalization 
of the behavior in the region. Fig. 3 shows the resulting soil texture 
classification. This classification has been used in the determination of 
the different geomorphological classes of the research area (Section 3.6).

Fig. 2. Methodology depicted in a workflow diagram.
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3.3. Cone penetration test

The Cone Penetration Test (CPT) is a geotechnical site investigation 
technique applied worldwide.43 The CPT is strongly related to the 
composition of the subsurface and can be translated into soil types with 
the use of empirical relations.58,59

The CPT data for this study (Fig. 4 a) has been derived from the open- 
source databank of the GSSS-ER.57 We selected nine sections perpen
dicular to the coastline in the study area to construct a geomorpholog
ical mapping product (Fig. 4). For each section, we projected all the CPT 
locations within 500 m onto the sections. The CPT data were translated 
into soil types by using the Robertson58 classification chart.

The sections show that the depth of the top of the sandy beach barrier 
and the total thickness of the sediments with compaction potential 
above it (lagoon and alluvial plain) vary substantially. Fig. 5 plots three 
of the nine sections to exemplify this behavior. The thicknesses of the 
compressible sediments dependents on the depth of the sandy beach 
barrier if present or on the top depth of deposits of-Pleistocene age.

The thickness of the alluvial plain, consisting of compressible soil, 
varies significantly (Fig. 6). To account for the effect of this on the total 
subsidence, the thickness of the alluvial plain boundary with the beach 
barrier or Pleistocene deposits was derived from the CPT analysis. The 
depths from all these nine sections were linearly interpolated to obtain 
an estimate of soft soil thickness for the entire research area.

Fig. 3. A: Soil texture map for the research area. Coordinate system: WGS-84. B: Simplified soil texture classes for the research area based on USDA classification.49).

Fig. 4. A: Locations of the CPTs in the research area as provided by the GSSS-ER database.57 The red lines show the traces of the nine sections developed from CPT 
data to derive the geomorphological mapping product. B: Subdivision of the area in the different geomorphological groups (see Section 3.6).
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Fig. 5. An analysis of CPT data along three sections indicated in Fig. 4 with 5 A, 5B, and 5 C. The base of the Holocene sequence is determined for each CPT location 
from the GSSS-ER map57 of the Holocene depth. For each CPT location, this border is plotted as a black dot. The black dots thus signify the boundary between 
Holocene and Pleistocene deposits. Robertson58 classification, see inset to the right, was used for the interpretation of soil types of the CPT datapoints. The geological 
interpretation is schematized at the background.

Fig. 6. InSAR data showing the vertical (A) and west-east (B) displacement rates over the 2012–2022 period, prior to resampling. The average displacement time 
series measured in the two subregions to the east of Ravenna and at coastland in correspondence of the Fiumi Uniti river mouth are provided in (C) and (D), 
respectively.
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3.4. Estimate of deep-caused land subsidence

Deep-caused subsidence (caused by processes occurring at depths 
larger than 500–1000 m) can be associated with natural processes such 
as sediment consolidation, tectonics, and glacial isostatic adjustment,15, 

20,74 and in some geological contexts with hydrocarbon production. In 
this study, given the limited area and time period investigated, we 
consider deep-caused subsidence to be caused solely by hydrocarbon 
production.

Gas production from a deep gas reservoir is usually associated with 
pressure decrease within the produced formation causing its compaction 
and subsequently land subsidence. Previous studies in the coastal plain 
of the Ravenna area indicate that offshore reservoir compaction resulted 
in onshore land subsidence around the Fiumi Uniti river mouth. The 
offshore reservoirs forms a complex field with tens of overlying pools, at 
depths varying between 3000 and 4000 m.63,73

Deep hydrocarbon extraction typically produces a distinct bowl- 
shaped subsidence (e.g.30,40), more easily detectable in measurements 
than groundwater withdrawal-related subsidence, due to the former’s 
more localized extent. Therefore, to investigate the contribution of deep 
subsidence, we fit a subsidence bowl to the InSAR data, rather than 
modelling land subsidence by gas extraction from this offshore reservoir, 
since this is a complex procedure requiring the knowledge of gas pro
duction from multiple pools composing the reservoir. The subsidence 
bowl used is the result of estimates from a geomechanical model 
developed by ENI, the Italian national energy company, with a numer
ical approach like that of Capasso and Mantica.18 The model outcome 
consists of vertical and horizontal displacements at four time-steps 
(2010, 2015, 2019 and 2027) following historical and forecasted 
extraction values. Vertical and horizontal movement rates at interme
diate timesteps were calculated from the model as average numbers in 
the periods between the geomechanical model outcomes. We have used 
the resulting interpolation as a shape proxy by introducing a multipli
cation factor for the surface movement as an unknown parameter.

3.5. InSAR data

We used InSAR data from the Radarsat-2 satellite mission for the 
surface displacement estimates. The dataset, which had been processed 
by ENI, consists of the decomposed vertical and horizontal (East-West) 
displacements on a grid of 100 × 100 m (Fig. 6A and B). They cover the 
period from April 2012 to December 2022 with 262 images. Note the 
varying displacement trends across the study area with, as an example, 
an almost linear trend inland (Fig. 6C) and a significant decrease in 

sinking rate along the coastline adjacent to the hydrocarbon reservoir 
(Fig. 6D).

We applied a temporal filter and a resampling of the data in space 
and time to reduce the number of data points in the modeling. Resam
pling in space was employed to prevent overfitting our parameter esti
mation to certain locations, for example in the Ravenna urban area 
where the points are relatively dense. We resampled the data based on a 
resolution of 500 × 500 m, by randomly selecting two points for the 
vertical and one for the east-west horizontal displacements. This 
resampling was not applied for the analysis over the coastal strip sub- 
area where we considered the chance of overfitting negligible. Next, 
the data was resampled over time using the Savitsky-Golay filter with a 
first order polynomial. Temporal filtering was applied to prevent sam
pling of outliers when resampling the data in time. The data is resampled 
to 120 points in time over the modelling period, which reflects 
approximately one point per month.

3.6. Geomorphological interpretation

The general geomorphological environment, perpendicular to the 
coast, is summarized in Fig. 7. It is based on Amorosi et al.,4 Bondesan 
et al.,14 Maselli and Trincardi,44 and on the CPTs analyzed in this study. 
This cross section shows the subsurface architecture of the geomor
phological classes. The positions of the current and the 3500 year BP 
beach barriers are situated where sand outcrops. The lagoon environ
ment is located in between the outcropping sand and the alluvial plain is 
more inland.

To determine the spatial distribution of the subsidence potential, we 
have divided the research area into six sub regions (Fig. 4B). The un
derlying assumption is that within these groups the subsurface charac
teristics are similar and hence the subsidence behavior is similar. We 
used the soil texture map class ‘sand’ (Fig. 3) to outline the beach bar
riers. The clayey lagoon is situated between the two sandy barriers. 
Within the lagoon, we delineated the area that has been reclaimed over 
the first half of the last century. The alluvial plain is defined as every
thing inwards from the paleo beach barrier. Within the alluvial plain, the 
city of Ravenna was attributed with its own class because it has a 
significantly higher density of buildings, some of them centuries old.71

The long history of compaction by urban loading makes the subsurface 
of Ravenna behave stiffer than less heavily urbanized areas. For the 
alluvial plain, the depth of the beach barrier, as derived from the CPT 
analysis (Fig. 6), is considered. The thickness of the compaction-prone 
sediments varies largely in the alluvial plain and thus the subsidence 
potential varies.

Fig. 7. Schematic profile of the geomorphological setting of the research area, perpendicular to the coast.
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3.7. Subsidence model

To estimate the total subsidence, we model three subsidence causes: 
processes related to building load (Sb), processes within the shallow 
subsurface (Ss), and processes within the deep subsurface (Sd). The total 
subsidence Stotal on each location and at every time step is the sum of all 
the contributing components: 

Stotal = Sb + Ss + Sd (1) 

3.7.1. Building cause
Compaction occurs when pore space reduces and consequently soil 

particles are pressed together by an effective stress increase or by creep 
due to the application of a load on the land surface. The rate of 
compaction due to stress reduces over time as the expulsion of pore 
water decreases, which is expressed in established empirical logarithmic 
equations such as the Bjerrum model (12 CUR Centre for Civil Engi
neering, 1996; 24; 82) and the Koppejan model (CUR Centre for Civil 
Engineering, 1996; 24).

To calculate the actual stress by building load applied to an area, 
detailed building information is necessary. Additionally, adjacent 
structures such as streets, parking spaces and playgrounds could add to 
the stress imposed on the subsurface. To simplify, we therefore consider 
the differential building volume from the GHSL as a proxy for the 
applied stress. We differentiate between dominant industrial or resi
dential buildings per 100 × 100 m grid. On average industrial buildings 
have a larger weight and hence induce more stress on the underlying 
soil.

Eq. (2) shows the relationship applied in this study. It calculates 
building subsidence (Sb) by summing monthly differential subsidence 
changes, accounting for monthly estimates, interpolated from the GHSL 
dataset in time, of differential building volume: 

Sb(t) = −
∑

i
Cs × Vi × I × D × log

(
(t − ti) + 1

τ

))

(2) 

In this equation Cs is the soil compaction coefficient, specific for each 
geomorphological class (Fig. 4B). Vi is the differential building volume 
at timestep ti in years. I is the factor for industrial buildings versus res
idential buildings. I is set to 1 for residential dominated grid cells and 
varied (with I > 1) for industrial buildings. The first timestep is 1975, 

coinciding with the earliest available building data from the GHSL 
database. D is a factor to take into account the thickness T of the 
subsidence-prone sediments in the alluvial plain and is calculated for 
each individual location as D = d × T where the parameter d is a single 
parameter for the alluvial plain to be optimized. D is set to 1.0 for all 
geomorphological classes, except the alluvial plain. τ is a time constant 
influencing the rate of subsidence, added for consistency with the 
Bjerrum functions (e.g. 24). For this study, we set the value to one month 
to calculate monthly subsidence increments, aligning with the InSAR 
observations.

3.7.2. Shallow cause
We define shallow causes of subsidence as the processes that take 

place within the soft soil of the coastal sequence as a result of stress 
imposed by overlying sedimentary layers. Relatively young, soft fine- 
grained and organic sediments are compaction-prone when stress in
creases. The alluvial plain, Ravenna city, and the beach barriers are 
predominantly sandy, exhibiting stiffer behavior than lagoonal clay. 
Consequently, we assume minimal shallow subsidence contribution 
from these areas. Our focus is on processes in the geomorphological 
classes in the coastal zone: reclaimed land, current coast, and lagoon. 
There are two likely causes for ongoing subsidence in these areas. The 
first is compaction of the tidal deposits, overlain by the younger coastal 
deposits (Fig. 7). The weight of the overburden of the younger coastal 
deposits can result in natural soil compaction,90 exacerbated by natural 
shrinkage and oxidation of clay and peat deposits respectively.81 The 
second process is compaction of reclaimed land. The clayey lagoon de
posits are relatively young, and have been partly reclaimed, recently or 
in the past. For the reclaimed land, the compaction is likely still ongoing 
because of the effect of drainage induced stress.29 The driving forces of 
the current coast and the lagoon class are the same; we therefore com
bined these two classes.

Like compaction by building-load, soil compaction is a process that 
reduces over time. However, on the timescale of this study, the change in 
compaction rate will be negligible,81 hence a simple linear model 
suffices: 

Ss(t) = − Bs × Δt (3) 

where Bs is the natural soil behavior parameter for natural shallow 

Fig. 8. Moving average of the mean subsidence velocity in mm/year along the two alignments, shown in the inset map. Our own interpretation is added to this. The 
top profile runs perpendicular to the coastline, north of Ravenna and south of Sant’Alberto. The bottom profile is along the coast, following the thickness of sand 
according to the soil texture map of GSSS-ER. Because we calculated a moving average along the sections and due to a lack of InSAR points in the southern part of the 
bottom section, we added a likely interpretation of the displacement variation in the southern part of the section.
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processes for the reclaimed land and the lagoon and coastal zone., and 
Δt the time passed since the first time we calculate the subsidence, i.e. 
1975.

3.7.3. Deep cause
The third subsidence cause is compaction of a gas reservoir. As gas is 

extracted, reservoir pressure decreases, causing compaction. This 
reservoir compaction translates to surface subsidence. This process is 
included in our approach by fitting a subsidence bowl to the InSAR 
observations with a factor. The displacement bowl is estimated over 
time, both as a horizontal east-west and a vertical component. To 
appreciate the uncertainty of the given estimate, we scale the bowl to the 
outcome with a single factor as: 

Sd(t) = A ∗ Sbowl (4) 

in which A is the scaling parameter and Sbowl the initial subsidence bowl 
estimate as simulated by ENI (see Section 3.4). We use a single param
eter A for both the horizontal component and the vertical component. 
Initially A is set to 1.0, assuming that the provided Sbowl is accurate. The 
scaling parameter can increase or decrease depending on the fit with the 
InSAR derived subsidence estimates.

3.8. Integration into the data assimilation framework

We applied an Ensemble Smoother with Multiple Data Assimilation 
(ES-MDA, Appendix A) to i) the total research area and ii) the ~5 km 
wide coastal strip with performance assessment through the chi-square 
error, absolute error (AE) and average ensemble spread (AES) (Appendix 
A).38 The coastal strip includes all InSAR derived subsidence estimates 
from the geomorphological classes of the current and paleo coast, the 
lagoon and the reclaimed land (Fig. 4B).

For the total research area, 11 parameters were estimated, of which 
the prior estimate and standard deviation are given in Table 1. The 
coastal strip contains the geomorphological classes of the paleo beach 

barrier, the lagoon, reclaimed land and the current beach barrier. For 
the coastal strip 8 parameters were included (Table 2): it does not 
include the geomorphological class of the city of Ravenna and the al
luvial plain, nor the effect of thickness

The values of the ensemble parameters were determined from a 
normal distribution of the parameters with the error as standard devi
ation. Since there are no previous studies in the area using similar 
analytical subsidence models, the initial values were chosen so that the 
subsidence effect of each process is in the order of magnitude of the 
subsidence from the InSAR-derived estimates.

The data contain 120 timesteps over a period of 10 years. For the 
complete research area, a total number of 2186 locations were included 
for the vertical movement and 621 for the horizontal west-east move
ment. Tables 1 and 2 indicate how many of the InSAR locations are 
affected by a certain parameter (e.g. the locations in the alluvial plain 
are not affected by parameters of the lagoon). The error to these data 
points was set at a standard deviation of 5 mm. This error takes into 
account the measurement errors and the model errors. We used eight 
assimilation steps of 500 ensemble members to optimize the parameter 
values. The reduction factor q in Eq. A3 of the Appendix A was set at 2/3 
and the inflation factor γ (eq. A4 in Appendix A) at 1.9 for the total 
research area and 1.8 for the coastal zone. These values were determined 
by trial and error, and they form a trade-off between accuracy of the 
models, final spread, stability and running time.

4. Results

The results section is divided into three parts. The first part presents a 
simple analysis of the InSAR data, enabling the identification of the 
important factors to include in the modeling. The second part shows the 
data assimilation analysis of the entire research area. This is followed by 
the analysis of the coastal strip to highlight some important results in 
more detail.

4.1. InSAR analysis

Fig. 8 shows the moving average of the mean vertical displacement 
rates as provided by InSAR on alignments perpendicular to and along the 
coast. The pattern on the trace perpendicular to the coast is based on the 
InSAR points on a west-east transect located between the city of Ravenna 
and Sant’Alberto town. The pattern on the trace along the coast includes 
all InSAR points in the geomorphological class of the current beach 
barrier (Fig. 4B).

Perpendicular to the coastline, the higher subsidence rates in the 
easternmost parts correspond to the values in the seaward side of the 
Port of Ravenna. The subsidence rates reduce towards the current beach 
barrier. More inland and westward, the largest subsidence rates are 
observed. These rates correspond to the lagoonal and partly reclaimed, 

Table 1 
Parameters for the total research area, prior and posterior to the data assimi
lation procedure. For the final fit, the χ2 error has been reduced from 14.36 to 
4.93. AE = 0.70 and AES = 0.20. See Appendix A for the definition of the fit 
metrics.

Parameter Prior Posterior Number of InSAR 
locations

Compaction soil parameters, building cause (Cs)
Alluvial plain 3.00 

± 0.20
0.65 
± 0.06

1643

Paleo beach barrier sand 1.50 
± 0.20

0.19 
± 0.20

58

Lagoon 4.50 
± 0.20

31.84 
± 1.43

135

Current beach barrier 4.50 
± 0.20

6.22 
± 0.53

154

Reclaimed land 6.00 
± 0.20

7.95 
± 0.52

69

Ravenna 4.00 
± 0.20

3.97 
± 0.40

127

Natural soil parameter, shallow cause (Bs)
Reclaimed 4.00 

± 0.10
4.30 
± 0.09

69

Lagoon 1.50 
± 0.10

1.85 
± 0.11

289

Other parameters
Weight depth progradation 

barrier effect (d)
1.00 

± 0.10

0.13 

± 0.01

1643

Industry factor (I) 5.00 

± 0.20

2.00 

± 0.07

358

Deep cause model factor (A) 1.00 

± 0.10

0.62 

± 0.05

2807 (621 locations 
EW)

Table 2 
Parameters for the coastal area, prior and posterior to the data assimilation 
procedure. For the final fit, the χ2 error has been reduced from 9.15 to 8.53. 
Here, AE = 0.96 and AES = 0.48. See appendix A for the definition of the fit 
metrics.

Parameter Prior Posterior

Compaction soil parameters, building cause(Cs)

Paleo beach barrier sand 1.50 ± 0.20 0.31 ± 0.03
Lagoon 4.50 ± 0.20 3.27 ± 0.11
Current beach barrier 4.50 ± 0.20 0.85 ± 0.04
Reclaimed land 6.00 ± 0.20 6.25 ± 0.20
Natural soil parameters, Shallow cause (Bs)
Reclaimed 4.00 ± 0.10 4.34 ± 0.03
Lagoon 1.50 ± 0.10 2.12 ± 0.03
Other parameters
Industry factor (I) 5.00 ± 0.20 8.71 ± 0.22
Deep cause model factor (A) 1.00 ± 0.10 0.67 ± 0.01
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heavily industrialized zone. Subsidence rates diminish further westward 
towards the paleo beach barrier. Moving further to the west, there is a 
gradual increase in subsidence rates, in agreement with the increasing 
thickness of the alluvial plain.

Along the coastline, from south to north, there is a subsidence bowl- 
shape visible in the southern portion in correspondence of the offshore 
gas extraction. North of this subsidence bowl, a more gradual increase in 
subsidence rates is observed northwards. This corresponds to the 
geomorphological thinning of the current beach barrier and the increase 
in thickness of the tidal deposits underneath it (Fig. 4B).

Fig. 9 provides for the area of Ravenna a first analysis of the relation 
between buildings and the subsidence rate by plotting the average 
vertical subsidence rate over the period 2012–2022 versus the added 
building volume for each 100 × 100 m grid from 1990 to 2020. A linear 
trendline is added to make this relation clearer. It shows that adding 
more building volume results, on average, in more subsidence. Since 
building age and (sub)surface properties are not taken into account, 
outliers are to be expected.

Both the east-west and north-south sections suggest that geomor
phological structures are a key factor for subsidence rates. The thickness 
of subsidence prone sediments, and the geomorphological classes, all 
correlate with varying subsidence rates. The InSAR analysis of these 
sections therefore underscores the critical role of current and historical 
land use and the subsurface geology in shaping current subsidence rates. 
Also, anthropogenic influence on this pattern should not be diminished; 
heavy industrialization and gas extraction correlate with increased 
subsidence rates. Both sections of Figure show variations, besides the 
patterns and processes indicated in the figure. As the plotted data is the 
result of a moving average of an area with a width > 10 km, these 
variations are either the result of spatial variability in the area (i.e. 
variation in urbanization degree) or an indication of the uncertainty of 
the InSAR data.

We can derive from Figs. 8 and 9 the clear correlation between the 
three key subsidence causes and the observed subsidence. The loading of 
buildings, especially industrial ones, correlates with increased subsi
dence rates. Additionally, geomorphology plays a role in subsidence 
rates. For example, the paleo coastal barrier correlates with low subsi
dence rates; the rates increase land inwards, correlating with the 
thickness of the alluvial plain. Additionally, we observe that within the 
influence range of gas extraction a subsidence bowl is visible.

4.2. Optimization in the entire research area

In the optimization procedure of the entire research area, 11 pa
rameters are considered. Table 1 shows the prior estimates and the 
posterior best fit of these parameters.

From Table 1 we observe that the largest building-related subsidence 
(Cs) is on lagoonal deposits, followed by the reclaimed area and the 
current coast. The slowest subsidence rates correspond to the paleo 
beach barrier, followed by the alluvial plain deposits. Four of these 
classes have additional parameters related to shallow subsidence. The 
shallow cause (CB) influences the reclaimed area, the combined lagoon 
and current beach barrier. The alluvial plain includes a parameter for 
the effect of the thickness of the compaction prone sediments (related to 
the depth of the buried inland foot of the beach barrier) (d). Due to these 
additional parameters that differ per geomorphological class, Cs 
(compaction soil parameter for building related subsidence) is not the 
only indicator of the shallow subsidence potential.

Fig. 10 presents the relative contribution of the different processes to 
the total subsidence at random locations. Both the total subsidence and 
the relative contribution of the different processes vary in the study area. 
The effect of the deep cause diminishes towards the northwest. The 
shallow cause (Bs) is present in the reclaimed, lagoon, and current 
coastal zone. The shallow cause is generally dominant. Note that the 
locations are chosen randomly and that subsidence varies per individual 
location.

Figs. 11 and 12 plot the average modelled subsidence, the InSAR- 
derived displacement estimates, and the difference between these two 
for the vertical and for the horizontal east-west component respectively. 
Fig. 13 plots the average vertical contribution for the three modelled 
processes. For the vertical component (Fig. 11), the largest subsidence 
rates are in the reclaimed area, followed by the southeast part along the 
coast and the lagoon area. In the alluvial plain the subsidence rates are 
on average the lowest. In the alluvial plain we observe an increase in 
subsidence towards the west. The locations of areas with the largest 
differences between model and observations are also identified in 
Fig. 11C and their potential causes are outlined in the discussion section. 
Concerning the horizontal movements, Fig. 12 shows that the largest 
contribution provided by the model is located more to the west 
compared to the InSAR derived subsidence estimates. Along the coast 
the modelled displacement underestimates the InSAR measurements.

We have selected six locations (Fig. 10) that are representative of the 
total subsidence by the three modelled processes. Fig. 14 shows the fit of 

Fig. 9. Subsidence rate in mm/year versus the differential building volume (m3) from 1995 to 2020 for the InSAR points that fall within the geomorphological class 
of the city of Ravenna (Fig. 4B). Subsurface properties, building age and building purpose are not taken into account, therefore outliers are likely to occur.
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the modelled subsidence to the InSAR-derived subsidence data. In all 
these plots the spread in vertical displacements has been reduced with 
data assimilation. Location A, B and D show a non-linear behavior over 
time for the modelled subsidence. For locations B and D, this is 
(partially) correlated with the onset of a new logarithmic trend each 
year. This is a result of our assumption to set the change in differential 
building volume contribution at the start of each year, instigating 
additional compaction by loading. The locations C, E, and F show a more 
linear trend. The total subsidence over time varies largely per location.

Fig. 13 shows the estimates per assimilation step for individual lo
cations; Fig. 15 shows the parameter value estimate per assimilation 
step, for four different parameters with the progressive assimilation 
steps. No significant correlations were found between the parameters 
investigating the entire research area.

4.3. Coastal strip

We made an assimilation for subsidence on the coastal strip, 
including the InSAR points in the areas of the geomorphological classes: 
lagoon, current beach barrier, paleo beach barrier, and the reclaimed 
land. The analysis includes the eight different parameters that model 
natural soil compaction (Bs), building-related compaction (Cs) and 
compaction due to gas extraction (A).

Table 2 presents the prior and posterior parameter estimates in the 
coastal strip. The paleo beach barrier exhibits the slowest Cs subsidence 
rates. The largest Cs subsidence rates are associated with the reclaimed 
area, followed by the lagoon area, and lastly the current beach barrier. 
The natural soil compaction, Bs, in the reclaimed area is larger than in 
the lagoon area. These outcomes are similar to the results for the entire 
research area.

Fig. 16 shows the modelled subsidence rates for the coastal area, the 
InSAR-derived estimates, and the difference between the two. The 
largest differences are found at some specific points in the industrial 
reclaimed zone. Along the coast in the southern part, in correspondence 
of the influence zone of hydrocarbon production, the subsidence is 
generally underestimated. Conversely, it is often overestimated more 
inland, except for some points in the industrial reclaimed zone.

In contrast to the total research area, there is a significant correlation 
between two parameters for the coastal strip. Fig. 17 plots the correla
tion matrix for all parameters of the coastal area. The strongest corre
lation is the one between the industry factor and the lagoon Cs 
parameter. An increase in the effect of industry reduces the effect of the 
natural soil parameters of the lagoon. Indeed, as the lagoon has abun
dant industry, and consequently, the distributions of the two largely 
overlap, the effect of an increase in one of the parameters can be 
compensated by a decrease in the other. This correlation is demon
strated in Fig. 18A for the progression of assimilation steps. For each 
assimilation step, the parameter spread of the lagoon is plotted against 
the factor for industry. There is a linear correlation visible, that 
strengthens with the data assimilation steps. An increase in the industry 
factor would lead to a decrease in the lagoonal natural soil parameter. 
Fig. 18B shows the lagoon natural soil parameter versus the current 
coast compaction soil parameter. In this case, there is no strong corre
lation between the two parameters in all of the assimilation steps.

5. Discussion

The analysis of land subsidence in the Ravenna area over the decade 
2012–2022 reveals complex spatial and temporal patterns driven by 

Fig. 10. Relative contribution of the different subsidence processes at random 
locations throughout the area. The total subsidence rate is provided by the 
number in mm/year. Note that the amount of building related subsidence de
pends on the amount of differential building volume and, for the alluvial plain, 
on the depth of the progradational beach barrier as well. The letters on the 
figure correspond to the locations whose displacement time series are plotted 
in Fig. 14.

Fig. 11. A: Simulated estimate of land subsidence per location. B: InSAR vertical component. C: Difference between the model estimate and the InSAR data. The 
difference is negative when the InSAR data shows more subsidence compared to the optimal model estimate and positive when the estimate is larger than the 
InSAR data.
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various geological and anthropogenic factors. In this section, we discuss 
the various subsidence processes, the difference between the modelled 
and observed subsidence and the data assimilation analysis, including 
the parameter estimates, variations and correlations. In addition, we 
consider the limitations and implications of these findings.

5.1. Subsidence processes

We have identified three main subsidence processes: (i) the building 
cause, (ii) the shallow cause and (iii) the deep cause. Fig. 10 shows that 
the different processes affect the research area differently. We will 
discuss the identified processes and the differences between modelled 
and observed subsidence.

Fitting a limited number of parameters (11) to a large dataset (over 
1000 points with 120 time-steps each) leads to averaging the behavior of 
different processes. As a consequence, differences between model and 
data will occur. These differences are crucial for understanding the 
subsidence processes, because they may give hints to the limitations of 
the models. Such limitations can be the unaccounted natural variation in 
the system, or the lack of incorporation of additional subsidence causes 
in the models. The most significant discrepancies between modelled 
results and InSAR-derived estimates are indicated in Fig. 14C and will be 
discussed here.

5.1.1. Building cause
The built-up environment significantly affects land subsidence rates. 

This process is non-linear with time (Eq. (2)) and depends on the dif
ferential building volume over time (Fig. 14). An increase in building 
volume leads to an increase in subsidence (Fig. 9). This was also noted 
by Fiaschi et al.27 and Grassi et al.,37 who did an InSAR analysis of the 
Ravenna region and related this to land use and geographical building 
data. The nature of buildings is also relevant, with industrial buildings 
causing subsidence rates approximately two times faster than residential 
buildings (Table 1). This effect is even more pronounced in reclaimed 
areas, where compaction due to the weight of industrial structures 
causes the largest subsidence rates (Figs. 11 and 12). Fiaschi et al.27 also 
indicated that the reclaimed industrial area belongs to the fastest sub
sidence regions in the Ravenna region.

The largest differences between our modelled subsidence and the 
InSAR data are also in the reclaimed industrialized area (point 1 in 
Fig. 11C). This is likely due to the nature of the industry present. Some of 
it consists of storage of large gravel, sand and calcareous rock piles, 
combined with large silos to process sands, rocks and gravel (Fig. 19). 
The grid-based decomposed InSAR-derived estimates show subsidence 
rates up to 23 mm/year over the period 2012–2022 for the location of 
Fig. 19. Subsidence rates derived from points on top of individual 
buildings are therefore likely even higher.

This exemplifies the generalization in our approach, where we do not 
account for the exact nature and size of buildings but provide a gener
alized overview on a scale of 100 × 100 m. If we compare the coastal 
strip results with the results for the entire research area, we observe the 
effect of this generalization. Relatively heavy industry takes place in the 

Fig. 12. Horizontal west-east movements over the study area with positive and negative values indicating eastward and westward direction, respectively. Only the 
datapoints that fall within the range of motion according to the geomechanical model are included. A: Simulated estimate. B: InSAR horizontal east-west component. 
C: Difference between the InSAR data and the model estimate. The difference is positive when the InSAR data shows a larger eastward displacement compared to the 
optimal model estimate.

Fig. 13. Relative average contribution of the difference subsidence causes, based on the optimized model estimate. A: Contributions of the building cause. B: 
Contributions of the shallow cause. C: Contributions of the deep cause.
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industrialized reclaimed area. If the research area is smaller, the relative 
importance of datapoints in this area increases. Therefore, the factor by 
which industry increases building-related subsidence increases from ~2 
to ~8. These values indicate that industry contributes significantly more 
to subsidence along the coastal strip, especially in the reclaimed zone. 
Determining the industry factor over the entire research area averages 
out the type of industry having a different effect on the total subsidence.

Factors such as foundation type, pre-loading of the surface, building 
location, and structural characteristics should be further examined to be 
able to predict subsidence due to industrialization and urbanization 
more precisely. Other studies have already shown that both on a scale of 
several kilometers (e.g. 28,81) and tens of meters79 the influence of the 
soil or geomorphological characteristics is significant. Besides detailed 
data on buildings, the subsurface characteristics are therefore essential 
to be able to understand and predict subsidence. Results of the current 

study should be interpreted as more general behavior, on the scale of the 
different geomorphological classes. Yet, it should be kept in mind that 
these differences contribute to the final error of the parameter estimates 
(Tables 1 and 2).

5.1.2. Shallow cause
We regard the shallow cause as a combination of compaction and 

creep by the stresses exerted on sediments by drainage and overburden 
weight of overlying deposits. The cause also includes potential shrinkage 
of clay and oxidation of organic-rich deposits and peat. Regarding 
spatial variation in the shallow cause, the coastal subsurface architec
ture plays a pivotal role. The subsurface schematization of Figs. 5 and 7
indicates that shallow tidal deposits underlie the current coast and 
lagoonal system. There, we observe the fastest soil compaction rates. 
The relatively young lagoon and barrier sediments are exerting stress to 

Fig. 14. Timeseries of vertical displacements for the six representative locations identified in Fig. 10 with the letters A, B, C, D, E and F. Each plot shows the prior 
estimate, and the ensemble estimates for each assimilation step. The processed InSAR data with 5 mm standard deviation random noise is plotted and the average 
shallow (soil compaction and building compaction) and deep contribution are plotted for the final assimilation step in red and blue respectively. Notice that the range 
of the vertical axis varies among the sub-plots.
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the underlying tidal deposits. This drives the soil compaction, until creep 
rates diminish.

A similar process has been observed in the Netherlands. There, a 
beach barrier with underlying clayey tidal deposits is gradually com
pacting by the overburden weight of the beach barrier-complex, locally 
lowering its topography.84

The compaction of deeper soil layers that we observe is not the direct 
result of human interference, but is caused by indirect interference over 
the centuries. In a pristine coastal setting, soil compaction would be 
compensated by sedimentation, because it provides accommodation 
space. The lagoon and the current beach barrier were formed by 

increased sedimentation during the rise of classic civilizations. The 
present influx of sediments into the system has been reduced by human 
interferences over the past few decades, by urbanization, reclamation 
and canalization. Therefore, the coastal area of Ravenna does not 
receive sufficient sediments anymore to compensate for soil compaction. 
Sediment starvation of subsiding coastal areas has been observed around 
the world.69,87,90

5.1.3. Deep cause
The InSAR measurements point out how land subsidence affecting 

the coastal zone in front of the offshore gas reservoir significantly 

Fig. 15. A: Correlation between the parameters “lagoon compaction soil parameters related to building load” versus “lagoon natural soil parameter” for each 
assimilation step. B: Correlation between the parameters “alluvial plain compaction soil parameters” versus “industry factor”. For both plots, the spread in parameters 
reduces with each assimilation step, though significantly stronger for the right plot. There is no clear correlation between the parameters. Note that the correlations 
are for the scatterers per step, and not between the steps.

Fig. 16. Vertical movements for the coastal strip. A: Optimized estimate of land subsidence. B: InSAR vertical component. C: Difference between the model estimate 
and the InSAR data. The difference is defined as negative when the InSAR data shows more subsidence compared to the optimal model estimate and positive when 
the model estimate is larger than the InSAR data.
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Fig. 17. Correlation matrix for the coastal strip analysis of all parameters.

Fig. 18. A: correlation between the parameters “industry factor” and “lagoon natural soil parameter” for each assimilation step. B: correlation between the pa
rameters “compaction soil parameter of the current beach barrier” and “lagoon natural soil parameter” for each assimilation step. Note that the correlations are for 
the scatterers per step, and not between the steps.
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decreased over the investigated period (Fig. 6D). Nonetheless, the 
spatial extent of the subsidence bowl related to hydrocarbon production 
is evident from the vertical and horizontal east-west movements shown 
in the decomposed time-averaged InSAR data (Figs. 11 to 13). Surface 
movements due to gas extraction have a clear horizontal component at 
the edge of the subsidence bowl. This can be utilized for our analysis, 
since it indicates the quality of the fit of the modelled subsidence to the 
InSAR-derived estimates with limited influence of the shallow processes 
for the horizontal movement.

The east-west movement fit (Fig. 12) shows that the modelled largest 
horizontal movement is more inland than the InSAR-derived estimates 
suggest. The observations from the horizontal movements agree with 
those for the vertical movements (Fig. 11). Along the coast, the vertical 
movements are underestimated (location 5 in Fig. 11C), while they are 
overestimated further inland. This suggests that the shape of the 
modeled subsidence bowl is too wide.

The optimized factor of influence (parameter A) is approximately 
0.62. This indicates the InSAR-derived subsidence is about 38 % less 
than the subsidence from the subsidence bowl prior to parameter opti
mization. This should be put into the perspective of the bowl shape, as 
can be clarified by comparing the fits of the subsidence bowl for the 
entire research area and for the coastal strip. The factor A for the sub
sidence bowl is slightly larger when only optimized for the coastal strip 
(~0.67). In this case, the extent of the area is smaller, inherently not 
including the effect further away from the center of the bowl. The total 
modeled subsidence therefore can increase along the coastal strip 
without having to fit observation data further away from the center of 
the bowl.

Given these results, the modeled subsidence bowl due to the deep 
cause appears to be wider and less steep than would fit with the observed 
subsidence. This often occurs in similar studies globally. Examples are 
the Lacq gas field in France64 and the Groningen gas field in the 
Netherlands.76 A possible strategy to align the shape of the subsidence 
bowl would be to include a rigid basement in the modelling of the 
bowl.76,75 Other options to obtain a narrower and steeper bowl are 
anisotropic elastic parameters,39 an elastic profile with increasing stiff
ness with depth30 or a visco-elasto-plastic constitutive model36

5.1.4. Other processes
The difference between the modelled subsidence and the InSAR- 

derived estimates leads us to identify several additional subsidence 
processes, related to groundwater dynamics, drainage, onshore gas 
extraction and potential deep natural subsidence causes.

Even though groundwater dynamics are not implemented in our 
modelling, land subsidence related to groundwater level lowering and 
withdrawal could explain (partially) the differences between the 
modelled subsidence and the InSAR-derived estimates. Human-induced 
groundwater effects can be present due to shallow groundwater 
drainage and groundwater withdrawal from the confined aquifer 

system.
The area northwest of Ravenna (location 2 in Fig. 11C) shows a 

relatively large error between modelled subsidence and InSAR data. This 
area is known for large agricultural farms, especially fruit production. 
Historically, this area has experienced significant groundwater extrac
tion.10 Although major groundwater extraction no longer occurs, 
groundwater may still be extracted to some extent for agricultural 
purposes. This can lead to increased subsidence, which is not included in 
our modeling approach. The piezometric network managed by the 
Environmental Agency of the Emilia-Romagna Region57 does not show 
significant lowering of the aquifer pressure over the last two decades. 
However, some delayed effects from the past occurrence, i.e. a delayed 
propagation of the pressure decline within the aquitards and/or creep 
deformation, could impact the area still nowadays.

Another factor not considered in our model is drainage. Areas below 
mean sea level, such as the northernmost (location 3 in Fig. 11C) and 
southernmost (location 4 in Fig. 11C) parts of the study area, require 
drainage to prevent the area from inundating (e.g.67). Not accounting 
for this can result in an underestimation of subsidence in these regions. 
Artificial lowering of phreatic groundwater levels is a major cause of 
land subsidence in the coastal plain of the Netherlands, where large 
parts of the country lie below the mean sea level (e.g.41,81). It is likely 
not coincidental that the areas below the mean sea level show a rela
tively large difference between modelled subsidence and InSAR-derived 
estimates.

In the northeast of Sant’Alberto and north of Casal Borsetti our 
model underestimates subsidence (location 3 in Fig. 11). As not only a 
difference in vertical subsidence rates, but also some horizontal move
ment towards the west is observed (Fig. 6), it is possible that a deep 
subsidence cause influences this part of the region as gas was produced 
from an onshore reservoir nearby (e.g.;8,63,71). Though production has 
largely ceased,66 there could still be a small effect present, for instance 
due to ongoing pressure equilibration between the gas reservoir and the 
connected aquifer. Earlier accounts to model the surface movement here 
resulted in rates of maximum of 1.3 mm/year.66

Finally, we note that other deep processes possibly causing land 
subsidence in the study area, such as tectonics, glacial isostatic adjust
ment, and consolidation of the Quaternary deposits, have been neglec
ted in this study. Their contributions would be in the order of 1 mm/year 
at most,15,20 and may explain a portion of the modelling error.

These discrepancies underline the limitations of the current model 
setup, particularly the exclusion of groundwater effects, detailed in
dustrial structure types, and dynamic drainage behavior. Future work 
should consider integrating these processes to improve subsidence 
attribution. The available data is insufficient to include these additional 
processes in the modeling. However, considering the differences be
tween the modelled subsidence and the InSAR-derived subsidence re
cords, we estimate the processes related to the groundwater and aquifer 
drainage to contribute at most 2–3 mm/year in some locations, and the 

Fig. 19. Industry at the locations where the fastest subsidence rates are identified. GPS coordinates: latitude 44,473609◦ N, longitude 12,249646◦ E. Photos taken by 
Manon Verberne.
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unmodelled deep cause to contribute at most 1 mm/year in the northern 
part of the study area. The order of magnitude of the drainage and 
groundwater related values is in line with the rates reported by Anto
nellini et al.7

5.2. Data assimilation

The modelled subsidence has been optimized through a data assim
ilation approach. This approach renders careful interpretation, related 
to the parameter constraints, the correlation between parameters and 
the inflation factor used in the data assimilation process. These impor
tant points of this analysis are discussed here.

5.2.1. Parameter constraints
The data assimilation analysis, which constrains 11 parameters, re

veals the complex dynamics driving land subsidence across the study 
area (Table 1). In ES-MDA the error of the total dataset is minimized by 
optimizing the parameter values. The constraining power varies among 
parameters, largely influenced by the number of locations they affect. 
Parameters that affect fewer data points have a smaller impact on the 
total error, therefore their final estimate may have a larger uncertainty. 
Conversely, parameters influencing more data points result in lower 
uncertainty in final predictions.

The alluvial plain parameters have the strongest reduction in pos
terior spread. Therefore, it seems that our model estimates are domi
nated by these parameters. A downside of dominance of one or a set of 
parameters over the others is that it reduces the constraining power of 
the other parameters. On the other hand, it also realistically shows in our 
case that land subsidence in the alluvial plain, though not exhibiting the 
largest rates of subsidence in the area, is an important component in the 
Ravenna area. And, it is constrainable, with the large number of InSAR 
points available in the alluvial plain.

Even with a limited number of InSAR points, parameter optimization 
can yield valuable insights. For example, the Cs parameter of the paleo 
coast shows a significant reduction in subsidence rate from prior to 
posterior. Despite minimal improvement in parameter spread, the 
average parameter value indicates low subsidence rates for the paleo 
coast, aligning with prior expectations based on geological 
characteristics.

Certainly, an increased spread after ES-MDA should not always be 
viewed negatively (e.g.3). Narrow prediction bands do not guarantee 
better performance. A broader range of parameter values captures the 
complex interactions of subsidence more effectively, avoiding the con
straints of a narrower, potentially unrealistic range. An increase may 
also be explained by the use of an inflation factor.

5.2.2. Correlations
Considering multiple processes causing land subsidence may intro

duce interdependence between parameters. Analyzing parameter cor
relations across the entire research area and the coastal strip enhances 
our understanding of these interdependencies and highlights local and 
regional differences. In the study on the entire research area, significant 
parameter correlations are absent, indicating the appropriateness of the 
chosen area size and model parameters.

In the coastal strip, a notable correlation exists between the industry 
factor and the Cs parameter of the lagoon. Industrial activity in the 
lagoon increases both the general building-related compaction and the 
industry factor. This stronger correlation in the coastal area, compared 
to the total research area, likely arises because the industry factor affects 
more data points across various geomorphological classes in the total 
research area. When the industry factor affects fewer geomorphological 
classes, the correlation with the remaining classes strengthens. Param
eter correlations complicate the disentanglement of their relative con
tributions to subsidence. Thus, the parameters in Table 2 might not 
accurately show the relative contribution of different subsidence causes. 
While subarea results help us understand these interactions, the final 

parameter values of the larger study area are considered more reliable.

5.2.3. Inflation factor
We employed an inflation factor of 1.9 to increase the parameter 

ensemble spread in our ES-MDA. This factor was determined empiri
cally. Its value is higher than values reported in other publications on 
ensemble-based assimilation (e.g.48,85). However, the literature lacks 
coverage of the ensemble spread parameter inflation in ES-MDA 
applications.

The justification for this inflation factor is related to model limita
tions, the nature of observations, prior parameter uncertainty, and sys
tem non-linearity. These issues were also noted by Carrassi et al.21 and 
Bocquet and Sakov.13 Significant differences between model and data 
within the research area stem from processes not included in the model 
(e.g. groundwater extraction, tectonics), discrepancies between the 
model and reality (e.g. oversimplifications), and variations in the system 
(e.g. building-type).

Our research area exhibits great spatial variability, and includes a 
broad range of subsidence processes, which necessitates a larger infla
tion factor to accurately capture the complex dynamics. A large inflation 
factor ensures that the model remains flexible enough to accommodate 
variations and predictive capability. In areas like the region of Ravenna, 
where a combination of factors affects the total subsidence, a relatively 
large inflation factor might be beneficial to capture the nuanced subsi
dence processes effectively and prevent ensemble collapse. Interest
ingly, a smaller inflation factor suffices for the study on the subarea of 
the coastal strip, because the collapse is less severe. This could be due to 
the smaller number of observations, which as a result contain fewer 
spatial correlations because of lower spatial variability and less 
heterogeneity.

The simplicity of a basic inflation factor is a practical choice, simpler 
than alternative methods, such as a dynamic inflation error,56 localiza
tion5 or Tikhonov regularization.26 However, by addressing specific is
sues such as spurious correlations and solution stability, alternative 
methods could complement or surpass the performance with the infla
tion factor. Further studies are needed to explore the effectiveness and 
practicality of these alternative methods for subsidence studies.

5.3. Limitations and implications of the results

Previous studies on land subsidence in the Ravenna region have 
predominantly focused on the impacts of groundwater and gas extrac
tion.10,35,33,63,66,71,72 More recent contributions also assessed drainage 
and groundwater processes6,7,67 and building related subsidence37 as 
separate processes. Our results align with the findings of the previous 
studies focusing on separate contributors to subsidence. We indicate a 
minimal current influence of onshore groundwater extraction on sub
sidence (e.g. 6,7). Additionally, gas extraction-induced subsidence from 
offshore fields has decreased over time and a minimal influence is 
indicated by on shore gas extraction in the north of the study area (e. 
g.66). We have extended our understanding of subsidence in the region 
by integrating the effects of building loads and industrial infrastructure 
into the modelling framework combined with the other modelled 
processes.

These findings have implications for the future development of the 
region, as structural weight has an important role in accelerating sedi
ment compaction, particularly in reclaimed and lagoonal areas. By ac
counting for multiple contributing factors, the methodology presented 
here offers a framework that can support more targeted urban planning 
and infrastructure design. It may also inform regulatory strategies aimed 
at reducing subsidence risks by managing groundwater extraction and 
industrial activities, where relative sea-level rise is an important 
consequence of subsidence in the region (e.g.22).

Although we have successfully disentangled multiple subsidence 
processes in the Ravenna area, several limitations must be acknowl
edged. The current model simplifies the heterogeneity of building 
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structures, does not explicitly account for groundwater extraction or 
drainage effects, and omits potentially relevant deep geodynamic in
fluences. Soboyejo et al.67 highlighted the role of drainage in increasing 
vertical seepage and subsidence in coastal drainage basins. Furthermore, 
Bertoni et al.10 emphasized that land reclamation and associated 
drainage activities have contributed to ongoing subsidence in reclaimed 
areas. Future studies would benefit from incorporating high-resolution 
data on building characteristics, like a more extended approach of 
Grassi et al.,37 but including subsurface properties. Future studies should 
also integrate hydrogeological models and include structural geological 
constraints. The latter is generally ignored in subsidence studies of 
coastal and deltaic plains (e.g.80). A combination of InSAR with GNSS 
and leveling data could further improve the spatial and temporal reso
lution of subsidence estimates, as recently done in the broader 
Emilia-Romagna region by Bitelli et al..11 Extending the time period of 
the dataset may also help to capture evolving trends in shallow and deep 
subsidence processes.

The implications of this study extend beyond the local context and 
are relevant to international challenges in urban planning, infrastruc
ture development, environmental management, and policy-making. It 
emphasizes the necessity of understanding the interplay between 
diverse drivers of subsidence. Globally, subsidence is often the result of 
interacting factors such as building-related compaction, soil shrinkage 
and oxidation, and fluid extraction from the subsurface. Major cities 
including Bangkok, Jakarta, Mexico City, and Shanghai illustrate how 
these processes can interfere, exacerbated by rapid urbanization and 
geomorphological settings, to produce severe ground deformation.1,16, 

55,86

Finally, the application of data assimilation techniques such as 
Ensemble Smoother with Multiple Data Assimilation (ES-MDA), partic
ularly with higher inflation factors, is especially valuable in settings with 
complex subsidence dynamics. This approach would for example be 
relevant in regions like the Mekong Delta in Vietnam,47 where over
lapping shallow and deep drivers are present, as well as in the Groningen 
region in the Netherlands, where gas extraction-induced subsidence 
adds further complexity.76

6. Conclusions

This study has integrated a diverse range of datasets and land sub
sidence observations to evaluate the relative influence of various sub
sidence processes in the Ravenna area over the decade between 2012 
and 2022. The analysis identified three primary components of subsi
dence, the combination of which can result in subsidence rates of over 
10 mm/year: 

1. Building cause: The built environment imposes subsidence on the 
research area. Industrial buildings contribute significantly more to 
subsidence than residential buildings. On average, industrial build
ings cause subsidence rates that are two times higher than those of 
residential structures. This effect is even stronger in reclaimed areas, 
due to the nature of industrial activities there, combined with the 
geomorphological characteristics of the area. Here, subsidence rates 
increase by a factor eight with respect to residential buildings.

2. Shallow cause: The impact of this process is found along the com
plete coastal strip. Driven by the weight of overburden on shallow 
tidal deposits and the drainage of reclaimed land, this process shows 
the fastest rates in reclaimed zones, aligning with findings from other 
coastal regions.

3. Deep cause: The subsidence bowl due to gas extraction activities 
offshore contributes to onshore subsidence locally in our study area.

4. Secondary to these main processes, drainage and groundwater 
extraction also appear to influence subsidence, particularly in inland 
areas. The historical extraction of groundwater for agricultural and 
industrial purposes, especially northwest of Ravenna, likely con
tinues to contribute to subsidence, although it was not directly 

accounted for in our model. The contribution of these secondary 
processes is estimated to be less than 2–3 mm/year. Possibly, other 
deep causes not included in this analysis, such as tectonics, consol
idation of Quaternary deposits, and glacial isostatic adjustment, 
would also marginally affect the area.

5. Our analysis demonstrates that understanding land subsidence in the 
Ravenna region requires a comprehensive approach that considers 
the interplay between geomorphology, industrialization, urbaniza
tion, and fluid extraction. A holistic view of subsidence processes can 
only be achieved by considering these factors collectively.

6. Key findings of our study can be summarized as follows:

• Combination of causes: The fastest subsidence rates are observed in 
areas where multiple subsidence processes coincide. In particular, 
the presence of heavy industry in locations with high soil compaction 
potential is driving high subsidence rates.

• Soil characteristics: The characteristics of the soil significantly in
fluence both building-related and soil compaction. This highlights 
the need for detailed geotechnical assessments in subsidence-prone 
areas.

• Model Improvements: To further improve our understanding of 
subsidence, model improvements are important. However, they 
largely rely on data availability. Therefore, measurement campaigns 
are imperative for improved subsidence mitigation.

In conclusion, this study underscores the importance of a multi- 
faceted approach to subsidence modeling, integrating various subsi
dence drivers and detailed local data. By enhancing our understanding 
of these complex interactions, more effective mitigation strategies can 
be developed to address subsidence issues in the Ravenna area and 
similar regions worldwide.
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