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Abstract A new crustal velocity field for the Alpine

Mediterranean area was determined by using a time series

spanning 6.5 years of 113 global navigation satellite sys-

tem (GNSS) permanent stations. This area is characterized

by a complex tectonic setting driven by the interaction of

Eurasian and African plates. The processing was performed

by using a state-of-the-art absolute antenna phase center

correction model and by using recomputed precise Inter-

national GNSS Service orbits, available since April 2014.

Thus, a new and more accurate tropospheric mapping

function for geodetic applications was adopted. Results

provide a new detailed map of the kinematics throughout

the entire study area. In some area of the Italian peninsula,

such as in the central Apennines, the velocity vector ori-

entation appears rotated with respect to previous results.

These discrepancies suggest that the geodynamic setting of

this sector of Mediterranean area should be revised in

accordance with these new results.

Keywords GNSS permanent stations � IGS08
calibrations � Crustal velocity field � Euler pole � Alpine
Mediterranean region

Introduction

GNSS permanent stations networks are the most common

geodetic technique used to materialize and distribute the

global geodetic reference system (i.e., International Ter-

restrial Reference System—ITRS). GNSS continuous time

series analyses have made significant contributions in

monitoring temporal and spatial changes in the earth’s

lithosphere and atmosphere.

The aim of this work is to calculate and analyze the

spatial variations of continuous time series of GNSS per-

manent stations and, finally, to estimate crustal velocities in

the Alpine Mediterranean area, which can be used to test

and substantiate actual geodynamical hypotheses.

Much scientific literature is available for the velocity

field of this area from space geodesy (Noquet 2012). Most

of these studies are based on static GPS techniques per-

formed in separated single campaigns during a period of

many years. Today, the large number of GNSS permanent

stations already existing in the study area allows continu-

ous monitoring of the permanent stations with higher

accuracy and higher temporal resolution compared with

static GNSS campaigns.

The dataset is composed of 113 GNSS permanent sta-

tions, including eight International GNSS Service (IGS)

stations that provide datum alignment. The observation

window spans 6.5 years, from January 2008 to June 2014.

The adopted processing strategy follows the 2010

International Earth Rotation and Reference Systems Ser-

vice (IERS) conventions. A state-of-the-art tropospheric

empirical global mapping function (Böhm et al. 2007) was

applied to map the tropospheric delay in the zenith

direction.

Two important contributions to this work are new

antenna phase center calibrations and recomputed IGS
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orbits. The new absolute phase center model for both the

receiver and the satellite antennas, called igs08.atx, is more

precise and accurate than the older igs05.atx model. The

new antenna calibration was introduced by IGS since GPS

week 1632 (April 17, 2011) and it produced a discontinuity

in the positional time series. For this reason, the Center for

Orbit Determination in Europe (CODE) recomputed pre-

cise IGS orbits (.sp3) from 1994 to 2013 and made them

available since April 2014. Thus, results obtained are fully

consistent with the IGb08 international reference frame.

Coordinate time series were analyzed to identify and

remove discontinuities. Velocities were computed by

applying the linear regression method. In order to highlight

intra-plate motions of the area of study, the velocity field

was transformed into the Eurasian reference frame (i.e.,

European Terrestrial Reference System—ETRS89). The

resulting velocity field shows the structural and kinematic

complexity in the Alpine Mediterranean area and improves

the framework for analyzing the dynamic processes gov-

erning crustal deformation.

Network and data description

The primary geodetic contribution to the project is the high

number of GNSS permanent stations already existing in

Alpine Mediterranean area and their data availability

(Fig. 1). Selected stations present redundancy and temporal

continuity, good documentation and homogeneous distri-

bution belonging to national and European geodetic net-

works. Data analysis was performed using 113 GNSS

permanent stations, including all the active stations of the

Italian geodetic network (Baroni et al. 2009), 35 stations

belonging to the European Permanent Network (EPN) and

8 stations to the IGS network for datum alignment.

Moreover, 11 of these EPN stations are defined by EUREF

as ‘Class A,’ and they present a long time series solutions

in IGb08 calculated from GPS week 834–1800 (January

1996–July 2014). The observation windows are composed

by a single weekly solution every month from GPS week

1460–1799 and covering a period of 6.5 years, from Jan-

uary 1, 2008 to June 30, 2014.

GNSS data processing

Quality check of the data was carried out using TEQC

software developed by UNAVCO (Estey and Meertens

1999), and the processing was performed with Bernese GPS

Software (Dach et al. 2007) from the Astronomical Institute

of the University of Bern (AIUB). The processing strategy

followed the most recent EUREF guidelines (2013) for local

analysis centers. Data were semi-automatically processed

using the Bernese Processing Engine (BPE) except for the

normal equation stacking stage.

Each daily session was processed independently. The

main features of the processing strategy are the interstation

baselines formulated using an automated procedure based

on a maximum-number-of-observation strategy with a

maximum baseline length of 200 km. Data were cleaned by

removing observations with elevation angles\3�, unpaired
observations, and short data periods. Resolution of ambi-

guities was performed with QIF (Quasi-Ionosphere-Free)

algorithm. The QIF strategy is used to solve ambiguities of

baselines over several hundred kilometers. The criterion is

to minimize the difference between the real-valued and

integer ionospheric-free biases applied to single differences

(Dach et al. 2007).

Tropospheric delay in zenith direction was calculated

with a priori zenith hydrostatic delay (ZHD) model. The

zenith wet delay (ZWD) was estimated using the global

model of pressure and temperature for geodetic

Fig. 1 Map of GNSS permanent stations and their data availability.

Stars represent the global IGS reference stations used for the datum

alignment. Squares show EPN stations, built to materialize and

maintain the European Terrestrial Reference System (ETRS89).

Circles are ‘Class A’ EPN stations, identified by a high quality and

long continuity of data. Triangles show geodetic stations belonging to

local institutions, built to provide real-time kinematic signals or

cadastral purposes. Symbols are colored based on the number of

weekly solutions obtained for each station. The red lines separate the

African plate, Adria plate and Eurasian plate (Weber et al. 2010); the

black arrow indicates the velocity vector (vu = 3.5 mm/a,

vk = -3.5 mm/a) of the Nubia plate in Eurasia-fixed reference

frame. Convergence of Nubia plate to Eurasia has been determined

applying the following Euler pole parameters calculated from

Altamimi et al. (2012); uEurasia = 54.2�, kEurasia = -98.8�,
XEurasia = 0.257�/Ma, uNubia = 49,8�, kNubia = -81.0�, XNubia =

0.262�/Ma
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applications (GMT) developed by Böhm et al. (2007).

Daily solutions were obtained using double difference

level, multi-base processing with tropospheric delays esti-

mated every 1 h with wet GMT function. Stations with a

RMS higher than 20 mm for the north and east components

and higher than 40 mm for the up component were elimi-

nated, and the daily datasets were re-computed. Daily free

normal equation solutions are stacked to produce a single

weekly normal equation. For alignment to the datum, ref-

erence stations coordinates are a priori estimated for the

dataset epoch using a set of coordinates and velocities

defined in the IGb08 global reference frame. Then, each

weekly normal equation is aligned to the IGb08 frame by

minimizing the differences between calculated and a priori

estimated coordinates of reference stations using a Helmert

transformation with only three translation parameters.

The IGb08 reference frame represents a specific GNSS

realization of the ITRF2008. It was adopted by IGS on April

17, 2011 (GPS week 1632), together with the igs08.atx

antenna phase center model (IGSMAIL 6354 and 6355,

Upcoming switch to IGS08/igs08.atx). Even if the coordi-

nates of some stations are different in IGb08 and ITRF2008,

the global Helmert transformation from ITRF2008 to IGb08

should be considered zero. Both frames are indeed based on

the same underlying datum (Rebischung et al. 2012).

Time series analysis

Weekly positioning solutions produce time series for each of

the three sites coordinates. As a first approximation, linear

regression trends derived from coordinate time series gen-

erate velocities. In order to obtain more accurate results,

annual and semi-annual seasonal effects were calculated,

discontinuities in the time series were detected and analyzed,

and obvious outliers were removed. An automated recursive

procedurewas applied to each station to detect discontinuities

and calculate offset corrections. Probable discontinuities

were identified and highlighted comparing their values to

predicted thresholds. In most cases, the detected discontinu-

itieswere due to antenna changes. The least-squares approach

was applied independently to each site modeling the position

components Yk(ti) at epoch ti by the following relation:

Yk tið Þ ¼ Yk t0ð Þ þ vk � ti � t0ð Þ þ
X2

p¼1

ap � cosð2ppti þ upÞ

þ
XJ

j¼1

dj �H tj � ti
� �

ð1Þ

where k = n, e, u for north, east and up components, Yk(t0)

is the station position at time t0, vk is the velocity of

k component from best fitting line after removing periodic

signal and discontinuities, a1 and u1 are annual amplitude

and phase, a2 and u2 are semi-annual amplitude and phase,

dj is discontinuity introduced at epoch tj and H(t) = 0 if

t\ 0 and H(t) = 1 if t C 0.

Formal velocity error statistics estimated with a standard

least square algorithm underestimate actual values (Zhang

Fig. 2 Estimated velocity uncertainties using spectral analysis (CATS)

and Gauss–Markov fitting of averages. Top—White noise versus first

order of Gauss–Markov uncertainties. Bottom—White noise versus

flicker noise. Blue circles, black triangles and red squares represent,

respectively, the errors of the north, east and vertical components

Fig. 3 Intra-plate horizontal velocities and error ellipses of 95 %

confidence level in the Eurasian reference frame. Interpolated

horizontal velocity field is displayed by a graduated color scale.

White represents stable part, blue 2 mm/a and red up to 4 mm/a
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et al. 1997; Mao et al. 1999). The assumptions of stationary

are often not valid, and rate standard deviations are

dependent on the low frequency part of the noise spectrum

which is poorly determined. More realistic uncertainties of

the estimated velocities must account for the correlated

noise present in the time series. Annual and semi-annual

periodic signals were previously examined to avoid a

biased adjustment. The analysis of correlated noise was

performed using the maximum likelihood estimation

(MLE) technique (CATS software, Williams 2008). Power

law noise models and first order of Gauss–Markov process

were analyzed and compared with each other (Fig. 2). The

rate uncertainties appear clearly correlated in all the three

direction components. A straight line fits to the points with

a scale factor of 1–2 between white noise and Gauss–

Markov uncertainty, while a scale factor of 2–4 between

white and flicker noise. Finally, realistic velocity uncer-

tainties were estimated using a combination of white noise

plus flicker noise (Williams 2003; Williams et al. 2004).

Velocities estimation in the European Terrestrial
Reference System (ETRS)

The ITRF08/IGS08 velocity field map is not well suited to

give an easy overview and interpretation of the geody-

namic of the study area. The intra-plate horizontal site

velocity VE was computed for each site by subtracting the

point velocity VI = (vxI, vyI, vzI) whose position vector is

P = (X, Y, Z), and the absolute rigid plate kinematic model

for the Eurasia plate VEurasia plate,

VE ¼ VI � VEurasia plate ¼ VI � X x P

¼
vxI
vyI
vzI

2
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3
5�

0 Z �Y

�Z 0 X

Y �X 0

2
4

3
5

xx

xy

xz

2
4

3
5 ð2Þ

Fig. 4 Vertical velocities and error bars with 95 % confidence level.

The interpolated vertical velocity field is displayed by a graduated

color scale. White represents stable area, blue is for uplift C1.0 mm/a

and red subsidence B-1.0 mm/a

Fig. 5 Velocity field components contour plot. Top—North compo-

nent; in red scale color are plotted displacements toward north; no

movements toward south are recorded. Bottom—East component;

values in red indicate movement toward east, while values in blue

toward west; the relative stability is plotted in white
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The three Cartesian components of the Eurasia Euler

pole relative to IGb08 are xx = -0.083, xy = -0.534 and

xz = 0.775 mas/a, published by Altamimi et al. (2012).

The estimated horizontal velocities with 95 % confi-

dence error ellipses are shown in Fig. 3, and the vertical

velocities with error bars are shown in Fig. 4. In order to

gain further insights into the kinematic processes, we

computed interpolated horizontal and vertical velocity

fields within a regular grid (0.02� 9 0.02�). The interpo-

lation was computed by applying inverse distance

weighting (Shepard 1968), a deterministic multivariate

method with a set of scattered points. The weight of any

known point is set inversely proportional to its distance

from the interpolated (unknown) point as w dð Þ ¼ d�2.

Maps of variation for the north and east components of

velocity field are shown in Fig. 5.

In order to verify the above velocities, they were com-

pared with the velocities of 11 ‘Class A’ EPN stations.

These velocities are the cumulative combination of

18.5 years of weekly solutions, from GPS week 834 until

1800. Processing of ‘Class A’ EPN stations was performed

by Kenyeres (2014) applying recomputed precise IGS08

orbits and igs08.atx antenna phase center model. Absolute

mean differences between datasets are 0.5 mm/a and

0.4 mm/a, respectively, for the north and east components

(Table 1). This comparison shows that computed velocities

are very close to the velocities determined from a wider

dataset spanning 18.5 years.

Table 1 Difference of

velocities in mm/a between

computed and ‘Class A’ EPN

solutions. These stations

identify a high quality with long

continuity of data (more than

18 years of continuous

observations)

Station Lat Lon North (mm/a) East (mm/a) Up (mm/a)

AJAC 41.9274 8.7626 0.4 0.4 -0.5

AQUI 42.3682 13.3502 -0.8 1.0 -0.9

BZRG 46.4990 11.3367 -0.3 0.6 -0.3

CAGL 39.1359 8.9727 0.2 -0.1 0.1

CAGZ 39.1358 8.9727 2.0 0.3 2.0

CAME 43.1119 13.1239 -0.5 -0.7 -0.2

COMO 45.8021 9.0956 -0.3 0.1 -0.1

GENO 44.4193 8.9211 -0.1 0.1 -0.2

GRAZ 47.0671 15.4934 -0.9 -0.1 -1.0

GSR1 46.0481 14.5437 0.7 0.2 0.3

IENG 45.0151 7.6394 -0.1 0.2 -0.4

LAMP 35.4997 12.6056 -0.5 2.0 -1.0

MATE 40.6491 16.7044 -0.3 -0.5 -0.1

NOT1 36.8758 14.9897 -0.4 -0.4 -0.5

PRAT 43.8855 11.0991 0.4 0.2 0.3

SOFI 42.556 23.3947 0.2 -0.7 0.4

TORI 45.0633 7.6612 -0.3 0.2 -0.8

UNPG 43.1193 12.3557 0.2 -0.2 0.1

WTZR 49.1441 12.8789 -1.0 0.1 -0.9

ZIMM 46.877 7.4652 0.2 -0.01 -0.2

ZOUF 46.5572 12.9735 -0.02 0.1 -0.3

Mean -0.03 0.1 -0.2

Absolute mean 0.5 0.4 0.5

Root mean square 0.5 0.4 0.6

From left to the right: four characters site code, longitude, latitude and differences in north and east

components

Table 2 ITRF2008 absolute

frame rotation vectors and poles
Frame xx (mas/a) xy (mas/a) xz (mas/a) X (�/Ma) Lat (�) Lon (�)

ALP-MED 0.1034 ± 0.008 -0.541 ± 0.008 0.945 ± 0.008 0.30393 ± 0.002 59.8 -79.1

EURA -0.083 ± 0.008 -0.534 ± 0.007 0.750 ± 0.008 0.257 ± 0.002 54.2 -98.8
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Euler rotation vector and Euler pole for the Alpine
Mediterranean area

The Alpine Mediterranean area shows a relative velocity

residual to the stable part of Eurasia plate. GNSS stations

located in Sicily largely present a velocity up to 4 mm/a, in

agreement with the Eurasia–Nubian convergence process

(Hollensteinm et al. 2003). Since the ETRS velocity field

map does not show an easy overview and interpretation of

the geodynamic pattern of the study area, a local reference

frame was defined. A local frame is identified with a rel-

ative movement or rotation with respect to another one. It

is described by a relative kinematic model or applying a

rotation for angle X around a point on earth’s surface, i.e.,

the Euler pole. The intersection of the Euler pole on the

surface of the earth is a fixed point around which the frame

rotates. The Euler rotation model essentially constrains the

frame to move rigidly on the earth surface, without

changing vertical velocities. The determination of the local

frame for the case of study was performed using all the site

velocities of the network and their errors in the ITRF2008/

IGb08 reference frame, by estimating the three Euler

vector parameters (Table 2) that minimize the horizontal

components of velocity with a weighted least-squares

inversion (Perez et al. 2003). The computed velocity field

is displayed in Fig. 6, and its horizontal components are

shown in Fig. 7.

Discussion and Conclusions

The new processing of the permanent GNSS data, per-

formed by using a state-of-the-art absolute antenna phase

center correction model and by using recomputed precise

IGS orbits allows evaluating the crustal velocity field of

the Italian Peninsula with horizontal component errors

Fig. 6 Horizontal velocities and error ellipses (95 % of confidence

level) in the local reference frame defined for the Alpine Mediter-

ranean area. The interpolated horizontal velocity field is displayed by

a graduated color scale. White represents stable part, blue 2 mm/a and

red up to 4 mm/a. Velocity field vectors of the Alpine Mediterranean

Euler Pole with respect to the Eurasia are shown in the inset

Fig. 7 Velocity field components contour plot in the local reference

frame defined for Alpine Mediterranean area. Top—North compo-

nent; in red scale color are plotted displacements toward north; in

blue toward south. Bottom—East component; values in red indicate

movement toward east, while values in blue toward west; the relative

stability is plotted in white
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generally \0.2 mm/a. The results show that the velocity

field along the west Alpine chain does not show signif-

icant residual motion relative to the Eurasian plate

(\0.2 mm/a). The main deformation of this area is con-

nected with uplift that reaches a mean value of 1 mm/a,

generally lower than the computational error (Fig. 4).

Small residual motions arise along the northern Apenni-

nes and on the nearby Po plain. The Apennine axis

constitutes a boundary zone between two different

velocity patterns; the inner Apennine is almost stable

relative to Eurasia, while the outer sector shows a

velocity field of 3–5 mm/a in NE direction. In the central

Apennines, the velocity vector orientation appears rotated

more than 30� clockwise with respect to previous data

(Serpelloni et al. 2005; Angelica et al. 2013; Cenni et al.

2012). Southern Italy shows the greatest residual motions

compared to the Eurasian plate. An important boundary

line that separates peninsular Italy from Sicily presents

different velocity patterns (Figs. 3 and 5) that assume a

fan-shaped divergent motions (Hollensteinm et al. 2003)

showing a minor fan-shaped angle with respect to pre-

vious data; for example, in western Sicily our data show

a 13� clockwise rotation of the velocity vector with

respect the vector given by Palano (2015); in eastern

Sicily, it shows a 15� counterclockwise rotation. The

western part of Sicily shows 5.0 mm/a velocities in

direction NNW, while eastern Sicily and Calabria move

at slower rate of 3.5 mm/a in NE direction (Fig. 5a).

Western Sicily shows a faster north component of

1.5 mm/a and presents a relative E–W stretching of

2.5 mm/a with respect to Calabria (Fig. 5b) where our

data mostly replicate the velocity field previously detec-

ted (Ventura et al. 2014). The eastern Alps, Corsica,

Sardinia and the Tyrrhenian Sea (which is covered only

by interpolation data) show small velocity residuals with

respect to the Eurasian plate.

The velocity field estimated using the local reference

frame (Alpine Mediterranean area) highlights the move-

ments toward the north of the central and southern Apen-

nine, while the Alpine chain and the Sardinia–Corsica

block moved relatively to the south. The east–west velocity

component confirms that the inner Apennines moved

toward west, conversely the outer Apennines which move

relatively to the east. These patterns, also taking into

account the component velocity modulus, identify the main

boundary zones in the Italian peninsula.

The new GNSS data document a complex pattern of

crustal motion characterized by divergent orientation of

velocity vectors, especially in central/southern Apenni-

nes, Calabrian arc and Sicily that highlight a strong

tectonic fragmentation of these areas. The actual geo-

dynamic setting of this sector of Mediterranean area

should be revised taking into account these new GNSS

data.
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