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ABSTRACT: We investigate the surface deformations of the Somma-Vesuvius volcanic complex (Italy) re-
vealed by analyzing 44 ERS-1/ERS-2 SAR images acquired over a period spanning from June 1992 to Sep-
tember 2000. The presented results have been achieved by applying a recently proposed differential SAR in-
terferometry algorithm based on an appropriate combination of DIFSAR interferograms produced by
subsequently acquired data sets. The detected deformations, in good agreement with levelling surveys, are 
mainly localized in two zones involving the Vesuvius cone and a narrow annular area that, although not fully
continuously, extends around the base of the Somma edifice. An interpretation of subsidence at both sites in-
volving joint effects of gravitational sliding and extensional tectonic stress occurring at the contact between
different lithological units is also proposed. The results shed new light on the Vesuvius dynamics and illus-
trate the value of the 10-year ERS mission data for the assessment of earth surface deformations. 

1 INTRODUCTION

The Somma-Vesuvius volcanic complex (Italy) is 
one of the most famous volcanoes in the world, 
mainly because of its tremendous eruption occurred 
in 79 A.D, whose signs are still visible in remnants 
of the Roman towns of Pompeii, Herculaneum and 
Stabiae. Since the last eruption, occurred in 1944, 
the volcano is in a quiescent stage. Long lasting qui-
escent stages are not unusual for this volcano and 
can prelude to strongly explosive eruptions (Scan-
done et al., 1993). The last eruptive cycle of Som-
ma-Vesuvius started with the strong  sub-Plinian e-
ruption of 1631, and ended with the 1944 small 
eruption. The occurrence of a new Plinian or sub-
Plinian eruption would represent a tremendous risk 
for properties and life because more than 700000 
people live within the area subject to pyroclastic 
flows (10 km of radius), and more than 2.5 millions, 
including the big city of Naples, within 20-30 km. 
This is the reason why, in the recent years, an 
increasing attention has being paid to these prob-
lems, with several volcanological researches and 
emergency plan assessments founded by the Italian 
government. Despite of its long and known eruptive 
history, precise hazard assessment at Somma-
Vesuvius is difficult because of the lack of eruptive 
episodes observed with modern monitoring tech-
niques. This is the reason why any observation of 

the volcano activity, aimed to understand the present 
dynamics, is crucial. Moreover, Somma-Vesuvius is 
similar to many other explosive volcanoes in the 
world, all of them sharing the common feature to 
have long periods of low activity and a much less 
known behavior, with respect to effusive volcanoes. 
Presently known activity of the Somma-Vesuvius 
volcanic complex is limited to the occurrence of lo-
cal seismicity, consisting of some hundreds of 
events per year, reaching maximum magnitudes of 
3.7. Such a background activity, which is common 
to several similar volcanoes, has been recently inter-
preted as mainly due to the gravitational loading of 
the volcanic edifice, coupled to a peculiar substruc-
ture in which central conduits filled by quenched 
magma are characterized by a strong rigidity con-
trast, focusing the gravitational stress and any local 
and regional stress changes (De Natale et al., 2000). 
The importance of gravitational stress at central vol-
canoes, including flank instability and volcano 
spreading, has been postulated by many authors in 
the recent years, giving also rise to a huge scientific 
debate (Borgia et al., 1992; McGuire et al., 1997; 
Borgia et al., 2000). Although the terrestrial geo-
detic survey system of the Somma-Vesuvius volcano 
is very well developed, with several levelling lines, 
continuous and periodic GPS networks, EDM, etc., 
it is mainly aimed to detect magma inflation and dy-
namics indicating impending eruption; thus, it could 
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fail to detect very confined displacements far from 
the crater area, not resembling magmatic intrusion. 

We have applied in this work a new differential 
SAR interferometry (DIFSAR) algorithm (Berardino 
et al., 2002) to the data acquired by the European 
Remote Sensing (ERS) satellites from 1992 till the 
end of summer 2000. The applied technique is an 
extension of conventional differential SAR interfer-
ometry and allows us to detect and monitor the tem-
poral evolution of surface deformations via an ap-
propriate combination of differential interferograms 
produced by SAR data pairs characterized by a small 
orbital separation. The presented DIFSAR results 
show that the volcano is affected by a subsidence 
phenomenon that is concentrated in two areas: the 
central cone, that is, the Vesuvius itself, and a sort of 
ring around the overall volcano edifice, with both 
subsidence areas located at contact between different 
lithologies. An interpretation of these data, which is 
in good agreement with levelling surveys, is pro-
vided and is based on a gravitational sliding effect in 
an extensional tectonic regime.  

2 DIFSAR ANALYSIS OF SOMMA-VESUVIUS 
DEFORMATIONS

In order to investigate the deformations occurring in 
the Somma-Vesuvius area, shown in fig. 1, we have 
exploited the DIFSAR technique which allows to 
generate spatially dense deformation maps (the dis-
placement field being measured in the radar line of 
sight) with a centimeter, in some cases millimeter, 
accuracy (Massonnet et al., 1993).  In particular we 
have applied in this study the DIFSAR algorithm 
proposed by (Berardino et al., 2002), which is based 
on an appropriate combination of DIFSAR inter-
ferograms produced by subsequently acquired data 
sets; key points of the applied technique are the fol-
lowing:

- the data pairs used to generate the interfero-
grams are characterized by a small spatial separation 
between the orbits (baseline) in order to limit both 
spatial decorrelation and topography errors 
(Franceschetti and Fornaro, 1999);

Figure 1. ERS image of the Somma-Vesuvio volcanic complex overlaid on the topographic map of the zone. In the dashed 
box the geographic location of the investigated zone is highlighted. 
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- the application of the Singular Value Decompo-
sition (SVD) method which allows to easily “link” 
independent SAR acquisition data sets, separated by 
large baselines, thus increasing the number of data 
used for the analysis of an area of interest.

As consequence, we can produce spatially dense 
deformation maps and, at the same time, deforma-
tion time-series for each investigate pixel of the im-
aged scene; this allows us to detect and follow the 
temporal evolution of the surface displacements in 

the analyzed zone. We further remark that the avail-
ability of both spatial and temporal information is 
crucial to identify and filter atmospheric phase arti-
facts which can be present in the interferograms (due 
to changes of the atmospheric conditions between 
the acquisitions) and that represent a key limitation 
of the conventional DIFSAR approach (Goldstein, 
1995). In particular, atmospheric phase artifacts are 
characterized by high spatial correlation but are, in 
general, poorly correlated in time; accordingly, the 
undesired atmospheric phase components have been 
estimated, similarly to what proposed by (Ferretti et
al., 2001), via the cascade of a low pass filtering step 
performed in the two-dimensional spatial domain 
(i.e., the azimuth and range coordinates of the SAR 
imaging geometry) coupled with a high-pass filter-
ing operation with respect to the time variable. Fol-
lowing their estimation, the detected atmospheric ar-
tefacts can be easily filtered out. 

In the presented study we have used 44 images 
produced by the ERS-1 and ERS-2 systems, span-
ning the time interval from June 1992 until the end 
of September 2000; the DIFSAR interferograms 
have been obtained from SAR image pairs character-
ized by a (perpendicular) baseline value smaller than 
130 m and by using precise satellite orbital informa-
tion and a DEM of the area with a mean height accu-
racy of about 10 meters. Moreover, areas with an es-
timated coherence value below 0.25 have been 
discharged in the DIFSAR interferograms process-
ing and a complex multilook operation has been ap-
plied to the data with 4 looks in the range direction 
and 20 in the azimuth one. Accordingly, we may ex-
pect the standard deviation of the interferometric 
phase to be smaller than 10 deg, which corresponds 
to a range displacement of about 1 mm; clearly, this 
theoretical value does not account for possible local-
ized unwrapping errors and/or undetected atmos-
pheric artefacts. In order to provide an overall view 
of the detected deformation and to show their tem-
poral evolution we present in fig.2 the false color 
maps of the measured displacements relative to the 
intervals: 06/1992-04/1995 (fig.2A), 06/1992-
12/1997 (fig.2B),  06/1992-09/2000 (fig.2C).

In addition, the deformation time-series for a few 
selected zones are also presented in figure 3 (see 
plots relative to the marked areas A, B, C, D, E) 
showing the temporal evolution of the displacements 
affecting these zones. 

Based on the results shown in figs. 2 and 3, it is 
clear that two well defined zones of subsidence are 
evidenced, with this effect increasing in time in a 
slow but rather continuous way. The first one is the 
central cone, the Vesuvius properly said, wherein re-
liable measurements are typically available in corre-
spondence of lava structures where the coherence of 
the interferometric signal is preserved. Another zone 
of subsidence is represented by a narrow strip that 
extends, although not fully continuously, around the 

Figure 2. SAR-measured deformations relative to the intervals: 
(A) 06/1992-04/1995, (B) 06/1992-12/1997, (C) 06/1992-
09/2000; the false color deformation maps, computed in coher-
ent areas only, are superimposed to the DEM of the zone. 
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volcano at about 9/10 km of distance from the crater. 
At both the areas, subsidence appears to be rather 
continuous in the last 10 years (see the time-series in 
plots (A)-(E) of fig. 3) and characterized by an aver-
age rate in the range 0.3-0.8 cm/year with a maxi-
mum cumulative subsidence in the range of 5-7 cm. 
Such subsidence pattern is unusual and hardly inter-
pretable in terms of any meaningful volcanic source; 
however, it is interesting to note that both the sub-
siding zones lie at the contact between different rock 
lithologies. In the case of the central cone, subsi-

dence would occur at the contact between the rocks 
of the younger Vesuvius activity and the older 
Somma structure; the external subsidence occurs at 
the contact between volcanic and non-volcanic 
rocks. Non-volcanic basement rocks, curved by the 
weight of the superimposed volcanic edifice, are 
mostly represented by the carbonates of the Apenni-
nes and the Sorrento Peninsula, except in the W-NW 
sector, where they involve the basement rocks of the 
easternmost border of the Acerra structure.  

Figure 3. Sketch map of the SAR, geodetic and seismic observations at Somma-Vesuvius. The base of the figure shows the DIFSAR 
false color deformation map, relative to the overall interval 06/1992-09/2000, computed in coherent areas only and superimposed to 
the DEM of the zone; the plots in the right column show the temporal evolution of the deformation for a few selected zones: (A)
volcano summit, (B) Scafati area, (C) Saviano area, (D) Pomigliano d’Arco area, (E) Volla area. Levelling lines of the monitoring 
network are represented by black lines; the light-blue and red lines, which end at the foot of the Vesuvius crater, as well as the green 
and magenta peripheric lines, are evidenced; displacements data on these four lines are reported in the separate boxes at the bottom 
of the figure, where topography (brown lines) and 95% level confidence (black lines) are also indicated. The temporal variation of 
the water level, for a well located in the Lufrano area (F), is shown in the middle top (courtesy of ARIN); this trend is common to 
the entire pumping well network. The Vesuvius cone is highlighted in the exploded box (upper left), where also earthquakes epicen-
ters (blue diamonds) with magnitude 6.2≥LM  are shown.  
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3 LEVELLING DATA 

The Vesuvius levelling network consists of about 
290 benchmarks, covering an area of 300 km

2
 (15 

closed circuits), referred to one located in the Sor-
rento Peninsula. Several papers were devoted to the 
analysis of levelling data (e.g. Bonasia and Pingue, 
1981; Pingue et al., 2000). All of them put in evi-
dence a progressive subsidence of the Vesuvius 
cone, characterized by the highest slopes, with 
maximum rates of about 0.5 cm/year. Levelling data 
shown in this work belong to the period November 
1992 – December 2000. 248 benchmarks were 
measured in the 1992 fieldwork, 306 on December 
2000, when the network was further improved. Clo-
sure errors were all largely below the allowed toler-
ance ( )(2.0 kmL±  cm), with L = circuit length. Rigor-
ous adjustment of the network for the two 
measurements, with one fixed benchmark, con-
firmed the high quality of data, with unit weight 
standard deviation of 0.11 cm for both the periods, 
and maximum residuals of 0.11 cm (1992) and 0.08 
cm (2000). The comparison of 1992 and 2000 field-
data shows that the Vesuvius cone is slowly subsid-
ing, confirming previous observations. At some lo-
cations such subsidence is enhanced by compaction 
and sliding processes, favored by the high slopes; 
the investigation of these local phenomena is actu-
ally under development and it is worth for further 
discussions. Data on the profiles reaching the high-
est heights, shown in fig. 3, agrees very well with 
SAR inferred subsidence, with rates respectively of  
–0.6 cm/year (light-blue line in fig. 3, reaching 1000 
m of height on the Vesuvius cone) and –0.8 cm/year 
(red line). Apart from the lines reaching the cone, 
two additional areas show localized subsidence: the 
first one is on the NE part of the levelling network 
(magenta line in fig. 3) with maximum cumulative 
subsidence of about -2 cm (added to about –5 cm 
cumulated in the period 1989-1992); the second one 
is in the SE part of the levelling network (green line) 
with maximum subsidence of –3.9 cm (-5.5 cm since 
1990 to 2000). 

4 DISCUSSION AND CONCLUSIONS 

The results obtained from SAR and levelling data 
are consistent with a shallow differential slip at the 
two zones of contact between different lithologies. 
The contact zone between the volcanic edifice and 
the carbonatic/alluvional non-volcanic rocks is well 
constrained by both gravity surveys and recent to-
mographic results. It turns out that the volcanic edi-
fice is superimposed to the carbonatic basement, 
which is then inward dipping at rather low angle 
(less than 40 deg) under the volcanic edifice (Lomax 
et al., 2001). This is just the condition in which 
normal faulting-like dislocation along the contact 

zone can cause ring-like, narrow strips of subsi-
dence. The contact between the central Vesuvius 
cone and the old Somma structure is not so well de-
fined, but it is likely inward dipping as well. The oc-
currence of normal fault-like sliding along the con-
tact zones is also favored by the dominant 
extensional tectonic regime in the area (Montone et
al., 1995). Subsidence of the central cone is also in 
agreement with the hypothesis that local seismicity, 
all clustered below the cone itself (see the inset in 
fig. 3), is mainly driven by gravitational stress (De 
Natale et al., 2000). Gravitational stress, in fact, 
should also produce progressive subsidence of the 
highest relief zone. The focal mechanisms of the 
largest magnitude earthquakes show dominant nor-
mal faulting movement, in agreement with the pro-
posed mechanism. Let us now analyze the subsi-
dence effect observed along the external ring area of 
figs. 2 and 3. Terada (1929) observed at several 
Japanese volcanoes the topographic marker for a cir-
cular strip of long-term subsidence, with the same 
geometry observed at Vesuvius. However, such a 
subsidence was interpreted in a different way; it was 
indeed considered as an effect of the volcano load-
ing, slowly subsiding in the basement, with a mainly 
plastic rehology. Despite the Terada observations, 
there is not evidence at Vesuvius for a topographic 
low in correspondence with the deformed external 
ring. This is probably due to the presence of alluvi-
onal deposit coverage, where likely the topographic 
anomalies are canceled in the long term. Recent sub-
surface images of Somma-Vesuvius, coming from 
active tomography experiments performed in the last 
years found a significant deepening of the carbonatic 
basement that could represent the buried track of the 
detected on-going deformation. 

The observations here reported are interpretable 
in terms of ring-like, shallow normal fault-like 
movement, occurring at the contact between the vol-
canic edifice and the rock basement. It likely in-
volves relative subsidence of the volcano foot, due 
to higher gravitational loading, coupled with the 
embedding extensional tectonic stress field. The 
comparison of SAR and levelling data also put in 
evidence that the larger strip of annular subsidence 
is not continuous, because it is not visible on some 
levelling lines crossing zones unconstrained by 
SAR. The lack of continuity, in the considered pe-
riod, of the annular subsidence pattern can be due to 
complexities in the fault-like sliding, possibly ho-
mogenized in the long term. These observations 
complement the topographic evidence found by Te-
rada (1929) at several Japanese volcanoes, but they 
further clarify that the ring subsidence occurs during 
the whole life of volcanoes. 

We want now investigate possible alternative 
models for the very peculiar ring-like subsidence 
around the volcano. The most obvious alternative 
could be, in principle, the effect of water table 
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changes in the zones of significant subsidence. We 
can exclude such a model, however, because water 
level in the area increases in the analyzed period, as 
shown, for the case of Lufrano water pumping area, 
see fig. 3 (F), and as confirmed by several docu-
ments of the Water Company and by the leading ex-
perts in the field. On these grounds, although we 
cannot prove the uniqueness of our model, it is clear 
that no obvious feasible alternative exists at present. 

Results obtained in this paper point out once 
more the importance of gravitational loading of high 
topography volcanoes and of the lithologic disconti-
nuities marking the contact between volcanic and 
external rocks. Some recent researches also pointed 
out the importance of pre-existing stress, including 
gravitational loading, and of volcano structure 
(Troise et al., 1997; De Natale et al., 2000; Borgia et
al., 1992; Borgia et al., 2000). The inclusion of pre-
existing stress and volcano structural features in 
models of volcano activity should represent a major 
target of volcanological research in the next future, 
considering now the large majority of stress-strain 
models only involve incremental stress and homo-
geneous (or continuous at least) media. Moreover, 
these experiments demonstrate the value of the 10-
year ERS mission data for the assessment of earth 
surface deformations. They confirm the need for 
SAR missions ensuring long-time series, periodic 
imaging of strategic areas, which allow, in conjunc-
tion with other geophysical methodologies, detection 
and surveillance of those areas affected by earth-
quakes, volcanoes and surface deformation in gen-
eral.
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