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Abstract In this study we applied the advanced Multidimensional Small Baseline
Subset (MSBAS) InSAR technique to measure ground deformation with high tem-
poral and spatial resolution, and with high precision. We used 2003-2010 ENVISAT
and 2008-2013 RADARSAT-2 satellite radar images and produced time series of
vertical and horizontal (east-west) components of deformation. Ground deforma-
tion results cover the entire Naples Bay area, in particular Campi Flegrei and nearby
Vesuvius volcano. Starting from June 2010 we observed moderate uplift at the
Campi Flegrei caldera. The rate of uplift substantially increased in 2011 and fur-
ther accelerated in 2012-2013. Between 2010 and 2013 the maximum cumulative
uplift reached about 13 cm and the horizontal motion reached about 7 cm. At Mt
Vesuvius we observed long term subsidence with a nearly constant rate and well-
defined seasonal oscillations.
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1 Introduction

Two active volcanoes, Campi Flegrei and Mt Vesuvius, are located in close prox-
imity to the City of Naples, the third largest municipality in Italy with a popula-
tion close to one million inhabitants. Previous studies have identified this region
as one of the highest risk volcanic areas on Earth [1]. For monitoring volcanic
hazards, surveillance networks are established to closely monitor changes in seis-
micity, gas emissions and active ground deformation as indicators of renewed vol-
canic/magmatic activities, potentially culminating in eruption. An alternative and
complementary approach is to monitor ground deformation from space using In-
SAR [2, 3]. In this study we demonstrate a new advanced MSBAS InSAR process-
ing technique that reveals signals at both Campi Flegrei and Mt Vesuvius. These
signals are observed with a remarkable precision and resolution that have not been
achieved before.

2 Data and processing methodology

For this study we collected and processed five independent InSAR data sets de-
scribed in Table 1 with uninterrupted coverage from 2003 until 2013. We applied
2x10 multilooking to four standard beams and 4x5 multilooking to F6 fine beam and
processed each data set independently with GAMMA software [4]. All possible in-
terferometric pairs with perpendicular baseline less than 400 m were computed and
the topographic component was removed using 90 m resolution SRTM DEM [5].
The orbital refinement was performed to remove residual orbital ramps and minor
interpolation was applied for filling gaps in moderately coherent regions. The final
filtered, unwrapped and interpolated interferograms were geocoded on a 90x90 m
grid.

Table 1 Five InSAR data sets used in this study with uninterrupted coverage from 2003 until
2013. Incidence φ and azimuth θ angles and number of available SAR images N and number of
computed interferograms M is provided.

InSAR set Orbit Coverage φ ◦ θ ◦ N M

ENVISAT, Track 129 asc 2003-2012 23 354 55 276
ENVISAT, Track 036 dsc 2003-2012 23 196 58 196
R2, S3 asc 2009-2013 35 349 39 156
R2, S3 dsc 2009-2013 35 190 50 422
R2, F6 asc 2008-2013 48 351 48 407

For the time series analysis we limited data to the Naples Bay area and re-
sampled all interferograms to a common grid with GMT scripts [6]. Our final inter-
ferograms had dimensions of 724x603 pixels with the original resolution of about
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90x90 m. We calculated the average interferometric coherence of the filtered prod-
ucts for each interferogram and selected only those with the average coherence
above 0.5 for further processing. Over one thousand highly coherent inetrferograms
were used in the MSBAS processing.

The MSBAS methodology was described in detail in [7, 8]. In the case of a single
SAR set acquired by a sensor with an azimuth θ and an incidence angle φ , the time
series of deformation can be reconstructed by applying the Small Baseline Subset
method (SBAS) [9, 10]

AVlos = Φobs, Vlos = A+
Φobs, di+1

los = di
los +V i+1

los ∆ t i+1, (1)

where A is a matrix constructed from the time intervals between consecutive SAR
acquisitions, Vlos is a vector of the unknown line-of-sight velocities, Φobs is a vec-
tor of observed interferogram values, A+ is a pseudo-inverse of matrix A found by
applying the Singular Value Decomposition (SVD), and di

los is a line-of-sight dis-
placement at the time t i.

In the case of K multiple SAR sets acquired by sensors with different orbital
parameters (e.g. azimuth and incidence angles), the equation (1) can be rewritten in
the following form for each set k = 1 . . .K

| Sk
NA Sk

EA Sk
U A | · |VN VE VU |T = Φ

k
obs (2)

assuming that Vlos = SV = SNVN +SEVE +SUVU and S = {sinθ sinφ ,−cosθ sinφ ,cosφ},
where S is a line-of-sight unit vector with north, east and up components SN , SE , SU ,
and V is a velocity (ground deformation rate) vector with components VN , VE , VU .

Then the MSBAS method that includes all K sets of independently acquired SAR
data can be presented in the following form

A1

A2

. . .
AK


VN

VE
VU

 =


Φ1

Φ2

. . .
ΦK

 or ÂV̂los = Φ̂obs (3)

where the new matrix Â (as in (2)) has dimensions 3(Σ K
k=1Nk−1)×Σ K

k=1Mk, the new
vector V has dimensions 1×3(Σ K

k=1Nk−1), and the new vector Φobs has dimensions
1×Σ K

k=1Mk, where Mk is a number of interferograms and Nk is a number of SAR
images in k data set.

We further assumed that our data is not sensitive to the motion in the NS direction
and the northern component was excluded from the computation. For smoothing the
solution we applied Tikhonov regularization [11] with λ = 0.25.
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3 Results

Results of the MSBAS processing are presented in Fig 1. The linear deformation rate
was calculated by fitting a straight line to the computed time series. The horizontal
map (Fig 1(a)) shows an expansion-like signal centered on the Campi Flegrei caldera
with a rate in 2003-2013 of <1 cm/year and the slow westward motion in the eastern
part of the region, east of Mt Vesuvius. The vertical map (Fig 1(b)) shows well
defined uplift at the Campi Flegrei caldera with the maximum 2003-2013 rate of 1
cm/year located near the coastal area. Subsidence with rate <1 cm/year is observed
around and at Mt Vesuvius.

The time series of deformation show with remarkable precision the temporal
evolution of ground displacement in both the vertical and horizontal directions. Two
episodes of uplift occurred at Campi Flegrei during this time period (Figs 1(c)-1(e)),
one in 2007 and the other which began in 2009-2010 and is currently ongoing. The
second has reached a maximum observed rate of more than 10 cm/year in 2012-
2013. The horizontal time series display steady motion in the E-W directions.

A more unusual signal is observed at Mt. Vesuvius (Figs 1(f)-1(h)) that consist
of steady subsidence with a sub-centimeter rate and seasonal oscillations with an
amplitude of about 0.8 cm. These oscillations have a well-defined seasonal pattern
with a maximum observed during the summer and a minimum observed during the
winter. The amplitude and phase of those oscillations located within a few coherent
patches at an altitude of about 700 m seems are nearly identical.

4 Discussion and conclusion

In this work we applied for the first time the advanced MSBAS methodology to
mapping ground deformation in the Naples Bay area that covers the Campi Flegrei
caldera and Mt Vesuvius. We used ENVISAT and RADARSAT-2 data and achieved
uninterrupted temporal coverage during 2003-2013.

Computed deformation maps show uplift at the Campi Flegrei caldera that started
in 2009-2010 and continues until now. It is unknown if this uplift continues offshore
but it seems likely. The temporal pattern of deformation demonstrates uplift with
constantly increasing rate reaching over 10 cm/year presently. Due to its location,
the proximity to the city of Naples, the more active monitoring for the signs of
possible eruption is warranted.

The signal observed at Mt Vesuvius shows seasonal oscillations with an excellent
temporal resolution and precision that has not been achieved before. Such perfor-
mance can be attributed to the Singular Valued Decomposition (SVD) analysis that
is capable of filtering the signal from noisy data. Our initial analysis suggests that
these oscillations can be at least partially explained by the seasonal fluctuation in
the water vapor pressure and other climate parameters.

The further work is under way to extend the temporal coverage to 1992-2013 by
including ERS-1/2 data and also to include recent Cosmo-SkyMED data in order to
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(a) East-West rate

(b) Up-Down rate
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(c) Point CF1
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(d) Point CF2
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(e) Point CF3
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(f) Point V1
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(g) Point V2
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(h) Point V3

Fig. 1 Deformation rates and time series of ground deformation observed in Naples Bay area
during 2003-2013. Horizontal east-west (a) and vertical up-down (b) deformation rates calculated
by fitting linear model to computed time series. For points CF1-CF3 (c-e) located at Campi Flegrei
caldera and V1-V3 (f-h) located at Mt Vesuvius we provide time series of ground deformation.
Point R is reference assumed to be stable during observation period.
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achieve unprecedented temporal resolution for studying the observed signals. The
source modeling using methodology proposed in [12] will be performed next in
order to explain the origin of ground deformation observed at the Campi Flegrei.
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12. A. Camacho, P. González, J. Fernández, and G. Berrino, “Modelling ground deformation and

gravity changes by means of 3d extended pressured bodies with free geometry. Application to
deforming calderas.,” Journal of Geophysical Research, vol. 116, no. B10401, 2011.


