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Abstract

This work describes a study of GPS heights, graaty hydrological time series
collected by stations located in northeastern ItBlyring the last 12 years, changes in the
long-term behaviors of the GPS heights and gratiitye series are observed. In
particular, starting in 2004-2005, a height inceemsobserved over the whole area. The
temporal and spatial variability of these paranseteas been studied as well as those of
key hydrological variables, namely precipitatiogdtological balance and water table by
using the Empirical Orthogonal Functions (EOF) gsigl The coupled variability
between the GPS heights and the hydrological balamd precipitation data has been
investigated by means of the Singular Value Decaitipn (SVD) approach. Significant
common patterns in the spatial and temporal vditalmf these parameters have been
recognized. In particular, hydrology-induced vadas are clearly observable starting in
2002-2003 in the southern part of the Po PlairtHerlongest time series, and from 2004-
2005 over the whole area. These findings, obtalmedneans of purely mathematical
approaches, are supported by sound physical ietatpn suggesting that the climate-

related fluctuations in the regional/local hydrotay regime are one of the main
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contributors to the observed variations. A regiasalle signal has been identified in the
GPS station heights; it is characterized by theosjte behavior of the southern and
northern stations in response to the hydrologioalifig. At Medicina, in the southern Po
Plain, the EOF analysis has shown a marked comngmalsbetween the GPS heights

and the Superconducting Gravimeter (SG) data baththe long and the short period.

Keywords:GPS height; gravity; hydrology; subsidence; EnggiriOrthogonal Functions;

Singular Value Decomposition method

1.0 Introduction

The long (multi year) and short (seasonal to a f@ars) period oscillations
observed in the continuous time series of GPS keighd gravity result from the
superimposition of various phenomena of differetiygical nature. Among them,
tectonics and the mass transport in the Earth’®sysvhich induces deformation of the
Earth’s crust in response to variations of the ldad to hydrology, air pressure and non-
tidal oceanic effects. Continuous GPS time seneeeding a decade are now available
which can provide reliable information on the Iaegm height evolution (linear and non-
linear) as well as on the short-period seasonatuhtions. However, it is complicated to
unravel the contribution of the different comporsent the observed long-term height
behavior because, at global scale, the GlacialtdsosAdjustment (GIA) is the only
coherent geological contribution to height variatiior which understanding of the

physical process has been achieved. Supercondugptivimeter and/or absolute gravity
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measurements are not as widely spread as thoseP&[ Gut where both types of
measurements are available, they offer a uniquensnéa detect and understand mass
contributions.

It was shown that hydrological mass variations paynajor role in the seasonal
height and gravity variability (van Dam et al., 20@erbini et al., 2007). On loAgne
scales, climate-related variations of GPS heights gravity have not yet been clearly
identified mainly because of the limited temporsest of most of the continuous series
and for the lack of information on the spatial aethporal variability of groundwater
storage.

We have studied the variations observed duringakiedecade in the GPS heights,
gravity and the hydrological time series in norgteen Italy (Fig. 1), as well as their
mutual relationships. The investigated area iscéffe by both natural and human-
induced subsidence. The Po Plain is a subsidingnsatiry basin encompassed by the
Alps, Apennines and Dinarides Chains. Two strué¢terevironments occur within the
basin: the north-verging Apennine fold-and-thrustt Isystem that is buried under the
Plio—Quaternary cover and a platform gently dippingm the Alps into the basin
(Carminati and Martinelli, 2002). Sedimentation Hédked the basin with alternate
stratigraphic sequences of sands, silts and claymbly interbedded and normally
consolidated and containing water in the form opregnating water and groundwater
(Zerbini et al., 2000; 2002). These conditions raast favorable for the development of
both natural and anthropogenic subsidence. Long-teatural subsidence rates range
between 1-to-2 mm/yr (Pignone et al., 2008), witlaximmum rates of 2.5 mm/yr

evaluated from the analysis of borehole stratigiegoand from available seismic sections
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(Carminati et al., 2003yvith the largest rates occurring in the southerrt pathe Po
Plain and in the Po Delta. As discussed by Carmiaad Di Donato (1999),
backstripping analysis suggests that tectonics wadsofor about 50% of the long-term
natural subsidence, whereas compaction and sedilbadtaccount for about 30 and
20%, respectively. However, the present-day geodeiservations show subsidence
rates with peaks up to 40 mm/yr resulting from amtheopogenic component
superimposed to the natural subsidence. The amdfempc contribution has been
generated by systematic exploitation of groundwhdeboth industrial and civil use for
about 50 years starting during 1950s. Groundwatetral policies have been adopted
since the beginning of the 1980s with the conseguesluction of fluids withdrawal.

In our study, we have adopted the Empirical Ortmadd-unctions (EOF) and the
Singular Value Decomposition (SVD) analyses. Sigaiit common patterns in the
spatial and temporal variability of GPS heightawvifly and hydrological parameters have
been identified. In particular, hydrology-induceatiations are clearly observable starting
in 2002-2003 in the southern part of the Po Plairtlie longest GPS time series as well
as for gravity, and from 2005 for the GPS heighteradhe whole area. Observing and
modeling long- and short-period signals in the heignd gravity time series allows to
better understand and quantify subsidence. Thisviadge is important because of the

relevant societal impacts of this phenomenon.

2.0 Data
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In northeastern Italy, several data sets are ddlaildhat can be used for a
spatial/temporal analysis of potentially commonnalg. These are time series of GPS
heights, hydrological information, such as preeifan, simplified hydrological balance
(precipitation minus evapotranspiration) and watdyle data, and series of absolute
gravity and superconducting gravimeter measuremé&iaisr of the GPS time series are

rather long (about a decade or longer) and contisuo

2.1GPS

We have used the continuous GPS data of a netwadtdd in northeastern Italy
(Fig. 1 and Table 1). The observations were andlygemeans of the Bernese software
package version 5.0 (Dach et al., 2007). The dat@ wrocessed by using high-accuracy
International GNSS Service (IGS) products includihg ionospheric files, the satellite
orbits and the Earth rotation parameters. The IT/RB2coordinates and velocity field
(Altamimi et al., 2007) were adopted for five IG&t®ns in Europe (ZIMM, GRAZ,
MEDI, MATE and CAGL) used as fiducial sites in thetwork adjustment procedure. In
Medicina, there are two GPS receivers, MEDI and MSgstalled at a distance of about
30 m from each other. Both MEDI and MSEL are EURHTN stations. One important
aspect is that the antennas/receivers of the sstiexcept for MEDI, were never
substituted during the time period of the presemdlysis. This ensures a desirable
homogeneity of the height series and the absencgumps due to-achange of
instrumentation. The MEDI height time series présénn this paper for comparison

purposes is a EUREF solution kindly provided bySafranek and A. Kenyeres (2009).
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2.2 Hydrology

For all stations, we have estimated a simplifiedlydaydrological balance. The data
used were the daily precipitation and maximum amgimum air temperature to derive
estimates of the potential evapotranspiration afingr to the Hargreaves equation
(Hargreaves and Samani, 1982, 1985). In additioh, Medicina, continuous
measurements of the surficial water table are alvksl

In order to compare the hydrological balance data whose of GPS heights and
gravity, we have built hydrological time serieswmich the n-th element is the time
integral of the daily values from 1 (first epocb)rt. The linear trends have been removed
from these time series in order to highlight thasemal to interannual variability of the
local hydrology. The residuals turn out to be ukpfoxies for the surficial water table
fluctuations. Precipitation, treated in the sameywaa the hydrological balance, also
appears to be a good proxy for the multi-year bemaof the water table. The
identification of reliable proxies is necessarydese water table data are not, in general,
readily available. Figure 2 illustrates, as an epl@mfor the Medicina station, a
comparison between hydrological balance, precipitaand water table data residuals.
The three series are in good agreement as rederdisng-term behavior and the phase of
the seasonal cycle. However, the amplitude of #$wllations of the water table is not

always well represented by the hydrological balaaroe precipitation.

2.3 Gravity

Page 6 of 60



143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

Superconducting gravimeter (SG) and absolute gragkG) observations are
performed at Medicina, while in Loiano, Bologna, lMbarozzo, Marghera, Cavallino
and Treviso only AG measurements are carried oabl€l 1). The continuous SG
measurements at Medicina start at the beginning988. An instrumental linear drift
(18.6 nm&/yr) was estimated by comparison with a series @& Aeasurements
performed by means of FG-5 instruments. The gralaty have been analyzed according

to the description given in Zerbini et al. (2007).

3.0 Methods: EOF and SVD analyses

Our objective is twofold: we aim at recognizing bbapatial and temporal variability
patterns. We will study the behaviour ofdividual variables, namely GPS height,
gravity, precipitation, hydrological balance andtevatable and ofvariable pairs, for
example, GPS height and precipitation. The analisigerformed using a principal
component approach.

In particular, following the terminology proposeg Bjornsson and Venegas (1997)
and Venegas (2001), the EOF method is used to smatylividual variables and the
SVD method for variable pairs. It should be merggrthat the terminology is not
univocal in the literature. The EOF and SVD techesg are widely used in geophysics to
analyse temporally and spatially varying fieldsoading transforming the data into a

different set with some desirable properties (farendetails, see Bretherton et al. (1992),
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von Storch and Navarra (1999), Bjérnsson and Vend®897), Venegas (2001) and
Hannachi (2004)).

The variability of geophysical fields is the resaft complex nonlinear interactions
between very many degrees of freedom, and a clgaligriask is to discriminate between
signal and noise. The definition of signal and eaiepends on the specific object of
interest, but, in general, the signal can be a&paih space and/or time, while the noise,
physical or instrumental, consists of features the¢ not relevant for the signal.
Normally, the signal has larger temporal and spatiales and fewer degrees of freedom
than the noise.

The EOF analysis provides a compact descriptionthef temporal and spatial
variability of a data set of a single variable @ms of orthogonal components or, also
called, statistical “modes”. Conceptually, the deposition in EOFs is analogous to,
e.g., those in Fourier periodic functions or Legenpolynomials. The difference is that
the EOF basis functions are not analytic but erogirithe members are not chosen on
analytical considerations, but on maximization leé¢ tlata projection on them. The first
EOF is selected to be the pattern on which the plat@ct most strongly. In other words,
the leading EOF is the pattern most frequentlyizedl The second mode is the one most
commonly realized under the constraint of orthodjon#o the first one, the third is the
most frequently realized pattern that is orthogaaddoth higher modes, and so on.

Each EOF is associated to a percentage of theuatance (PVE, percent variance
explained) of the original data set, which accouotsthe relative importance of the
corresponding mode of variability. This allows rgnzing dominant modes, which are

likely to compose the signal, leaving out the ramdar, which is the noise.
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Let f(x,t) be the variable of interest, definednalocations (x,...,x,) and at m times
(ty,...,tn). The data are usually arranged in a mxn matijxWhere each of the n columns
represents the time series for a given location, @ch of the m rows represents the

spatial distribution at a given time. F can be tentas:

F=Urv'

I is a rectangular (mxn) matrix with positive or @exlements on the diagonak,(
k=1,....., min(m,n)) and zeroes elsewhere. U is an@nxuadratic matrix, whose
columns (&) are orthogonal and represent the EOFs, (or modestterns, functions of
space only). Vis a (nxn) quadratic matrix, whose rows*jvare also orthogonal and
represent the principal components (functionsroétonly).

The original field can be reconstructed as a lirmeanbination of all the modes:

Fn(t) = 2« Umk adt)

where &(t) =y V'¥(t). Since, in the literature, the nomenclaturé¢hef quantities involved
in the analysis is not univocal, we will calf the “spatial patterns” and @he “time
components”.
The SVD technique has the same purpose as the lit@Each component describes
a mode of coupled variability of two fields. Similato the EOF, each SVD is associated
to a percentage of total covariance (SCP, squaregtiance percentage).
The strength of the coupling for each SVD can bantjtied by estimating the

correlation coefficient between the relevant tinmmponents. In order to assess the
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confidence level of such correlation, we need timalmer of independent data pairs,gN
involved (i.e. the number of degrees of freedom).our case, a rigorous estimate is
difficult, therefore we adopt the following defimh: Ning = NwotTq / T. Here Ny is the
number of available data pairsy the “decorrelation time”, namely the first zerotbé
time autocovariance function of the involved valégh and T the length of the time
interval covered by all the data. In the preseiyasis, the GPS data exhibit quite larger
Ty values (1.2-1.3 years) than the hydrological badadoes (about 0.4 years) and
precipitation (about 0.5 years). As a consequeahespumber of independent data pairs is
approximately reduced by a factor of 20, when thérdlogical balance is involved, or
by a factor of 30, in the case of precipitation.

It shall be pointed out that these analyses arelypustatistical; therefore the

physical interpretation of the individual comporgergquires specific arguments.

4.0 Linear trends. GPS height, gravity and hydrology

All stations, except Loiano, which is on the uprgichain of the Apennines, are
located in the Po Plain and northeastern Adridhits area is characterized by relevant
natural subsidence. The largest rates are maingntifropogenic nature (Zerbini et al.,
2007). Figure 3 presents the time series of the #ghts in the ITRF2005 and the AG
and SG gravity series of the stations in the néiw@ravity has been multiplied by a
factor (-1) in order to facilitate the visual comigan with the height data. The height
time series show a decrease in the subsidence stdaeting around 2004-2005; an

exception is San Felice which, instead, exhibitsn@nease in subsidence. Table 1 lists,

10

Page 10 of 60



234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

both for GPS and gravity, the linear trends comgpudeer the entire time span. The
formal errors associated to the linear trend esd@mboth of GPS height and gravity have
been multiplied by an arbitrary factor of 5 in arde provide a conservative estimate of
the errors. Figure 3d concerns the Medicina stattgresents the MEDI and MSEL GPS
height series as well as the SG and AG gravity miasiens multiplied by (-1). The two
GPS series and those of gravity are comparabley Blleshow from about 2005 a
different long-term behavior, a reduction of sulesice, with even a tendency to uplift
during the last two years 2006-2007.

In Bologna (EUREF EPN station BOLG, Figure 3bg tinear trend turns out to be
-10.5%0.25 mm/yr for the period 1999-2008 and -&340 mm/yr in the time frame
2002-2008 corresponding to the period for whichoalis gravity measurements are also
available. The trend estimated from the gravityadat+4.1#1.75 pGal/yr, consistent
with the GPS results, within the statistical erriénising the free-air conversion factor
(Vanicek and Krakiwski, 1986). The free-air relation ntpsbccurs locally (Torge,
1989).

In the Bologna area, data acquired with the Interfeetric Synthetic Aperture Radar
(INSAR) technique are available. In a previous w@Zerbini et al., 2007), a first
comparison was made between the GPS and InSARdemgs rates which showed the
consistency of the two estimates. A recent analg§ithnSAR observations (Ferretti,
T.R.E., 2009), allows a further comparison suppgrtine reduction in the subsidence
rate observed by GPS at the BOLG station. T.Rirfgllk provided us with the results of
their Permanent Scatterers (Ferretti et al., 2@0BIlysis for two different periods and

satellites images. Figure 4 (a) shows the InSARIte®btained using the ERS satellite

11

Page 11 of 60



257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

images for the period 1992-2000 and (b) the RADAR®Asses in the time frame 2003-
2007. The comparison between the two images irgScat major reduction in the
subsidence rate over the Bologna area in the p¢teod.

The stations around the Venice area (Fig. 3 f, gahd j) show reasonable agreement
between the GPS and AG linear trends. Howevehatlsl be pointed out that the AG
series are still limited in time and the associagewrs, in particular for Marghera and
Cavallino, located a few hundred meters from tleestwre, are rather large.

The main hydrological parameters used in this wamk the integrated simplified
hydrological balances and the precipitation seaeslescribed in section 2.2. In order to
achieve an understanding of the long-period belavfothe regional hydrology, we
estimated the linear trend of the hydrological bedéafor all stations over the period
1998-2007. It was found that, over this decadey ahé northern stations at Treviso
(+362:4 mm/yr), Voltabarozzo (+38 mm/yr) and Cavallino (+38 mm/yr) gain water,
while in all other sites, the amount of water icm@asing. In particular, the stations
located in the Plain, south of the Po River (Mewi¢iMarina di Ravenna, Bologna and
Boretto), are characterized by large negative semdto -500 mm/yr. The analysis of the

precipitation series shows similar results.

5.0 Long-period oscillations

Many authors have shown that short-period (seapbeaiht and gravity oscillations

are related to seasonal mass variations (seexéon@e, Blewitt et al., 2001; van Dam et
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al., 2001; Zerbini et al., 2007). On the other hdadg-period (multi year) variations are
not as yet well understood because of the limgagdth of most of the time series.

In order to identify long-period oscillations, botthe GPS heights and the
hydrological series were detrended to derive tiseduals (Fig. 5). Possible correlations
between these residuals were investigated. Fosdke of clarity, we point out that we
identify as hydrological balance and precipitati@siduals the detrended series of the
time integral values of the observed hydrologicbhhce and precipitation respectively.
Linear regressions were calculated between the htheand the corresponding
hydrological balance and precipitation residualreal

By considering the Marina di Ravenna and Medicesiduals (Fig. 5b and d), over
the long period (multiyear), we observe anticotiefa between the height and each of
the two hydrological parameters. Anticorrelatiom d&@e interpreted as the loading effect
on the Earth’s crust caused by the hydrology. Irti@dar, for the MSEL station, a
regression between the hydrological balance andnh#ight residuals over the period
1996-2008 provides a ratio 624.7#0.7 (significant at 99% confidence level), which
implies that for an increase of 24.7 mm of hydratagbalance there is 1 mm decrease in
height (loading effect). A similar result is obtath by using the precipitation data
(-18.6t0.4, 99% confidence level). At Marina di Ravennm, tbe Adriatic coast, the
ratios turn out to be-7.9+0.4 and-8.1+0.2 for the hydrological balance and the
precipitation residuals respectively. Since thte & on the coast, the magnitude of the
loading effect turns out to be smaller than thatefinland sit§dvan Dam et al., 1994), in
this case about a factor of 2-to-3 of that obseiméhd at Medicina. The BOLG station

height residuals are characterized by a posititreoagh weak correlation, +3.3+0.4 and
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302 +4.1+0.2, with the hydrological balance and preaijon residuals respectively. All the
303 northern stations exhibit positive correlation. c&ncorrelation is not explained by
304 loading, different physical mechanisms shall beokad. A possible explanation could be
305 provided by the buoyancy effect according to whigh increase/decrease of the
306 groundwater amount in the soil would produce ameiase/decrease of height. Also clay
307 swelling/shrinking on water uptake/loss may ocdure different observed behaviors can
308 be related to the different geological settings tnthe environmental conditions.

309

310 6.0 Regional analysis

311

312 The residual series of the GPS heights and grawéye analyzed both individually
313 and in conjunction with hydrological parameters tmgans of the EOF and SVD
314 approaches. We performed an EOF analysis on theidodl variables, namely GPS
315 height, precipitation and hydrological balancepmder to identify spatial and temporal
316 variability features at local and regional scal@slditionally, at Medicina, the EOF
317 analysis has been carried out between pairs odMas: GPS height and water table,
318 gravity and hydrology, GPS height and gravity. 3D analysis has been applied to
319 detect common signals between GPS heights andppegicn as well as between GPS
320 heights and hydrological balance. The length of tthree series is an important factor
321 because only three GPS stations are present fecadd or longer, while all the stations
322 are simultaneously available only from 2004.

323 In order to reduce the high-frequency variabilite analysis is performed on weekly

324 time series. The weekly values were obtained byamieg the original daily data. A
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weekly mean was computed when at least four dailyes were available. Gaps shorter
than three days were preliminarily interpolatedngsihe Objective Analysis technique
(Gandin, 1965; Bretherton et al., 1976).

The EOF and SVD analyses require that all seriedefieed at the same epochs; the
time series were detrended over the common pei&idce variables measured in
different units may be involved, all the residuiahe series were standardized to zero
mean and unit standard deviation.

In the following, several cases were considerechc&Siwe are interested in
understanding the long-period variability obsengedh in the height and gravity data,
only the stations with observation periods londremtsix years were analyzed. We point
out that the gaps in the EOFs series are mostlytaueissing GPS data at the Boretto
station. We will discuss spatial patterns, i.e.¢befficients shown in Tables 2 through 5
for the EOF analysis and Tables 6 and 7 for the $hod, and time components, i.e.
the curves shown in Figures 6 and 7 for the EOF Figdre 8 for the SVD. For each
case, we will comment only the two largest EOFsKE@nd EOF2) and SVDs (SVD1
and SVD2) because, in general, they explain moshefobserved variance. However,

Tables 2 to 7 list the whole set of EOF and SgBtial patterns.

6.1 GPSheight series

Case A - Five GPS stations (1999-2007)
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In this case, identified as case A, we analyseGR& height time series of five
stations: MSEL, MEDI, Marina di Ravenna, BOLG andr&to. These sites are located
in the southern part of the region and are chanaeté by the longest data records,
spanning about eight years, from 1999 to the er2D0#. Concerning EOF1, the spatial
pattern shows that all stations behave coheremdplé 2). A height increase is observed
starting 2004-2005. A clear seasonality is supeosed with summer maxima and winter
minima (Fig. 6a). The spatial pattern of EOF2 iarelaterized by opposite behaviours of
Medicina (both MSEL and MEDI) and Boretto on ongesiand Marina di Ravenna and
BOLG on the other. The EOF2 time component alsavshen long-term signal, the slope

inversion starting around 2004.

Case B - Eight GPS stations (2001-2007)

Here we consider the stations of the previous ghse Cavallino, San Felice and
Voltabarozzo. In this case, called case B, eigiti®is are simultaneously available for a
period of about six years, from 2001 through theé enh2007, thus allowing us to extend
the analysis to the northern part of the regionthBeOF1 and EOF2 time components
show a long-term change starting around 2004-200§. (6b). However, the EOF1
spatial pattern exhibits a different behaviour & wompare the northern and southern
stations (Table 3): while the northern sites haugev height maxima, the southern ones,
except BOLG, exhibit minima. Instead, the EOF2 igppgtattern is coherent across the

whole region.
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370 6.2 Precipitation time series

371

372 The two cases described previously for the GPShkeigre now considered for the
373 precipitation time series. It shall be pointed thatt, for the Medicina site, we deal with a
374 unique precipitation series since the two GPS vecei(MEDI and MSEL) are separated
375 by 30 m only. Moreover, for Marghera, the precifjila data are not available.

376 Therefore, we will analyze two cases with four amben stations respectively. Both
377 analyses show that EOF1 explains at least 75%ranGe.

378

379 Four precipitation stations (1999-2007)

380

381 The Medicina, Marina di Ravenna, Bologna and Borgitecipitation series are

382 analyzed during the period 1999-2007. These pratipn stations are identified in the
383 relevant Tables with the abbreviations ME, RA, B@d &R respectively. EOF1 is

384 characterized by a coherent spatial pattern andidpyificant interannual fluctuations

385 (Table 4 and Fig. 7a). Considerable precipitationimma are found in 1999, 2002, 2003
386 and 2007 and maxima during the winters 1999-2000222003 and during most of
387 2006. In Medicina and Bologna, EOF2 exhibits a dase until 2003-2004, followed by
388 anincrease; the opposite is found in Marina didR@a and Boretto.

389

390 Seven precipitation stations (2001-2007)

391
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393
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399
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407

408

409

410

411

412

413

414

Cavallino, San Felice and Voltabarozzo precipitatione series are considered in
addition to the four stations mentioned abovehm Tables they are identified by means
of the following abbreviations: CA, SF and VO redpeely. The results are quite similar

to those of the previous case (Table 5 and Fig. 7b)

6.3 Hydrological Balancetime series

We analyzed also the hydrological balance timeesdry following the same scheme
used for the precipitation data described aboveFEQexplaining about 90% variance,
are characterized by spatial coherence over th&@eemegion. The related time
components exhibit a clear seasonality. The EOFRs@mparatively much smaller than

those in the case of precipitation.

6.4 GPS height and precipitation

The coupled variability of GPS height and hydradad variables (precipitation and

hydrological balance) is studied by using the S\Wpraach. Within the SVD analysis we

also distinguish two cases.

Five GPS and four precipitation stations (1999-2D0

We analyze the GPS heights of case A together thi¢éh Medicina, Marina di

Ravenna, Bologna and Boretto precipitation ser@stifie period 1999-2007. SVD1
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432

433

434

435

436

437

explains 81% covariance; the precipitation spaiattern is characterized by coherence
(Table 6b). The GPS height spatial pattern is amétated with precipitation at Medicina
(both MSEL and MEDI) and Boretto, while RA and BOLd® not show significant
correlation (Table 6a). Both time components exhablong-period fluctuation, with a
minimum around 2003-2004 (Fig. 8a), superimposedhh are seasonal oscillations.
The anticorrelation can be interpreted as a loddmgading effect on the Earth’s crust
caused by variations in the precipitation regimbe BVD2 spatial pattern of the GPS
height mostly exhibits regional coherence. Botheticomponents show a long-term
fluctuation with a seasonal signal superimposedS @ characterized by decreasing
heights until beginning of 2004 and by an incresfserwards.

The correlation coefficients between the relevavibSime components turn out to
be 0.45 for SVD1 and 0.65 for SVD2, SVD1 significam 93% confidence level while

SVD2 significance is greater than 99%.

Eight GPS and seven precipitation stations (2002720

Here we analyze the GPS heights of case B togetiterthe seven precipitation
series mentioned above. The time span thus rediecé&901-2007. The covariance
explained by SVD1 amounts to about 92%. The pr&tipn spatial pattern is coherent
(Table 7b), while the GPS height pattern is char@ed by a dipole (Table 7a). As
regards the northern stations, GPS heights arelated with precipitation, while the
southern ones are anti-correlated. SVD2 shows aplenwentage of covariance (6%). A

long-term fluctuation is clearly recognizable inttb&VDs with characteristics similar to
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those of the previous case (Fig. 8b). Here, thestadion coefficients are 0.45 for SVD1
and 0.64 for SVD2, the first is significant at 9@#nfidence level while the significance
of the second is 98%.

Since SVD1 explains more than 90% of the signal e GPS height pattern
exhibits a well-defined south-north asymmetry, welter investigated the relationship
between the GPS height and precipitation. Afterimeging the average standard
deviations of the two parameters for the southerd morthern parts of the region
respectively, we have computed the relevant ratidgative of the height response to
precipitation variations. In the south, the rations out to be 1 mm of height for 20 mm
of precipitation. In the north the ratio is insteH85. Because, by definition, the standard
deviation is a positive quantity, the signs arewbed from those of the relevant SVD1
spatial patterns (Table 7); therefore in the sdbéhsign of the ratio is negative whereas
in the north it is positive. These values are ireagent with those derived by means of
linear regressions between height and precipitati@siduals (see section 5.0). If we
assume a 1 mm homogeneous increase of precipitawi@nthe entire area, there would
be about 0.05 mm height decrease in the southetnwbde a height increase of about

0.03 mm would occur in the north.

6.5 GPS height and hydrological balance

The coupled variance between GPS height and hygioalbbalance exhibits results

quite similar to those obtained by using preciptat In all these analyses, the SVD1s

explain a slightly larger covariance compared ® same cases involving precipitation.
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461 The spatial patterns of the hydrological balaneeadways regionally coherent; however,
462 as in section 6.4, the GPS heights of the nortlstations are correlated with the
463 hydrological balance, while the southern ones atecarrelated except for BOLG.

464

465 7.0 Local scaleanalysis- Medicina

466

467 At Medicina, time series of various parameters argquired continuously for more
468 than a decade now, GPS height (MSEL and MEDI sta}idcSG gravity, water table data
469 and other environmental information. This makegpassible to compare locally the
470 different series. A few examples are provided, igmve correlate, by means of the EOF
471 analysis, GPS height (both MEDI and MSEL) with watable, SG gravity with
472 precipitation and water table respectively and Gfeght and SG gravity. Tables 8
473 through 10 present the pattern coefficients whike time components are presented in
474  Figures 9, 10 and 11.

475

476 7.1 GPSheight and water table

477

478 The two GPS height data sets, MSEL and MEDI, exhli® same response to the
479 water table variations (Fig. 9a and b, Table 8a &j)dBoth EOFls are clearly
480 representative of the loading/unloading effect edudy the seasonal water table
481 variations. We observe maxima in the summer when water table decreases and
482 minima in the winter when the water table risesselto the topographic surface. This

483 comparison also allows identifying a height deceestarting in 2002-2003 followed by a

21

Page 21 of 60



484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

height increase starting at the end of 2005. THesg-period height variations are
correlated with increase/decrease in the watee tiviel as a consequence of changes in

the precipitation regime.

7.2 SG gravity and hydrology

We have compared the SG data series with thoseeoipitation and water table. The
results provided by the two cases are similar (Eda and b; Table 9a and b), although
the SG data are slightly more correlated with tiagewtable variations (63.6% PVE) than
to those of precipitation (52.7% PVE). Both EOFhew a clear seasonal signal with
summer minima and winter maxima likely resultingnfr the combination of two effects:
the variations in gravity due to the Newtonian maitsaction and to height fluctuations.
In fact, the EOF1s pattern coefficients have theesaign indicating on the one hand that
to an increase/decrease of water mass corresparidsraase/decrease of gravity; on the
other hand an increase of water/precipitation \Wkd the crust inducing a height
decrease, which turns into a gravity increasehéndase of the EOF2s, we can notice a
long-period signal starting at the beginning of 2@D03. The pattern coefficients of
EOF2s have opposite sign; this mode could be engdiaby invoking a variation in
gravity due to a height change resulting from a ylamey effect and/or a soil
consolidation process. In this latter case, a dser®f the water content in the soil will
cause a height decrease which, in turn, will resutlb a gravity increase. The soil
consolidation phenomenon is known to occur paidylin clayey soils such as that

present at Medicina (Romagnoli et al., 2003).
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7.3 GPSheight and SG gravity

The EOF1s time components for MEDI and MSEL shoslear seasonal signal both
in GPS heights and SG time series (Fig. 11a andshyell as a long-period feature
starting at the beginning of 2005. The pattern ficiehts are of opposite sign (Table 10a
and b), thus indicating anticorrelation between tilve variables for the EOF1s. This
means that the seasonal maxima and minima of Gig8teend SG gravity are opposite
in phase as expected, and that, on a longer pefitiche, to the height increase starting
in 2005 corresponds a gravity decrease. The EQfeksate the presence of a long-period
oscillation with a minimum around 2002-2003. Thdtgra coefficients have the same
sign (Table 10a and b) suggesting that this modédo@sult from buoyancy and/or soll

consolidation effects.

8.0 Comparisons

We compared, as an example, the original detrei@®8 height series and the
reconstructed signals by means of the main EOFpcopnents for the two cases A and B
(see section 6.1). According to our arbitrary chpithe reconstructed signals must
explain at least 70% of the observed variance. &bez, three EOFs were used in case
A, thus accounting for 70.2% of the variance (Tébknd Fig. 12). In case B, five EOFs
were selected which represent 78.9% of the varidiledle 3 and Fig. 13)For the

stations which are common to cases A and B, threr@@ major differences between the
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two EOF reconstructions. However, it shall be reddithat in case A (Fig. 12) Marina di
Ravenna shows, in the period 2004-2006 a minorrefismicy between the observed
height residuals and the reconstructed signal, wbaes not appear in case B (Fig. 13).
This difference might be due to the fact that theonstruction of the signal in case B is
accomplished through a slightly larger variance 478 with respect to A (70.2 %). In
case B, the analysis is also covering a larger aigmarespect to A; this might imply the

presence of an additional regional component.

9.0 Conclusions

Over northeastern lItaly, starting around 2004-2@0g&eduction of the subsidence
rates has been observed in conjunction with a deeref the hydrological load on the
Earth’s crust mostly due to a decrease in the atafuprecipitation.

The EOF and SVD analyses of the residuals of th& Gé&ghts, hydrological
parameters and gravity made it possible to ideroifg and short period oscillations and
also to recognize common features in different paif variables. These findings,
obtained by means of purely mathematical approaaressupported by sound physical
interpretation that allows to point at the locadiomal hydrology as one of the main
contributors to the observed height oscillationgic& a percentage of variance or
covariance is associated to each EOF or SVD conmparspectively, the mathematical
decomposition of the time series, together with phgsical interpretation, provides a

means to attribute a relative weight to the difféqrghenomena involved.
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552 In both the analyzed A and B cases (section thg)time components of the main

553 EOFs show a slope inversion starting around 20@&2h particular, a coherent height

554 increase is found by EOF1 in case A (Fig. 6a, Tabland by EOF2 in case B (Fig. 6b,

555 Table 3). Also the EOF1 spatial pattern in caseldarty indicates an opposite north-

556 south behavior of the station heights on the shertvell as on the multi-year period

557 (Table 3). For example, at seasonal scale, thisysmat summer height maxima of the
558 stations in the southern Po Plain are mirroreddighit minima in the northern part of the

559 region. Case B, which involves a larger spatial dimmvith respect to case A, has made
560 it possible to recognize a regional signal.

561 As regards precipitation, the EOF1s of both ther fand seven station cases
562 (section 6.2) show a marked decrease in the ptetign residuals starting at the end of
563 2005 (Fig. 7a and b and Tables 4 and 5).

564 The SVD analysis of the GPS heights and precipitaseries has demonstrated
565 the high spatial covariance and the high time ¢aticen between these two parameters.
566 The SVDL1 in both analyses indicates that the GRghtgeof the sites in the southern Po
567 Plain are anticorrelated with precipitation, whilee northern sites are positively

568 correlated. We have interpreted anticorrelationthes loading/unloading effect on the

569 Earth’s crust exerted by the increase/decreaseetigitation, which occurs in the period

570 2002-2005 and 2006-2008 respectively (Fig. 8). fHuiction in the precipitation regime

571 observed, for example, from the end of 2005, urddae crust and it turns into a height
572 increase particularly at the stations located ie #®outhern Po Plain which are

573 characterized mostly by clayey soils.
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The opposite response to hydrological loading efsbuthern and northern parts
of the region under investigation (see 6.1, casand 6.4 “eight GPS and seven
precipitation stations”) results in a south-nortkight gradient, which turns out to be in
the order of 0.1 mm over a distance of about 100yrassuming a 1 mm homogeneous
increase of precipitation over the entire area. Wibserving and studying crustal
deformation of a region, it is important to ideptifow the height of the stations changes
in response to the hydrological load, in particidren weak tectonic signals are being
sought.

At Medicina, a few comparisons were made, nametwéen GPS heights and
water table, SG gravity data and hydrology and betwGPS heights and SG gravity
(Fig. 10). In all three cases, the EOF1s time camepts are characterized by a clear
seasonal signal. This is due to loading/unloadihghe crust in the case of the GPS
height variations and to variations of Newtoniarsmattraction and height in the case of
gravity. GPS height and SG gravity show a markedmon seasonal signal as well as a
long-term fluctuation (Fig. 11) pointing to a helgimcrease which is quite evident

starting from the end of 2005.
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Figure Captions

Figure 1. Map of station locations in northeastiahty. Bologna, Loiano, Marina di
Ravenna, Medicina (MSEL) are stations of the GPSvark run by the University of
Bologna; Boretto belongs to Telespazio; CavalliN@rghera, San Felice, Treviso and
Voltabarozzo are stations of the GPS network rurCbysorzio Venezia Nuova for the

Magistrato alle Acque of Venice; the MEDI statiogldngs to the Italian Space Agency.

Figure 2. Medicina: daily water table (cyan linbydrological balance (red line) and

precipitation (black line) data.

Figure 3. Time series of GPS heights and gravitgytare ordered from south to north.
Panel a) Loiano (LOIA) daily GPS height (purpleelinb) Marina di Ravenna (RA)
daily GPS height (red line); c) Bologna (BOLG) ¢aBPS height (blue line) and a series
of AG measurements (red dots); d) Medicina GPShigidMEDI (magenta line, EUREF
weekly solution) and MSEL (olive line, daily solom); daily SG time series (blue line)
and AG measurements (red dots); e) Boretto (BRY &S height (dark yellow line); f)
San Felice (SF) daily GPS height (wine line); g)ltslbarozzo (VO) daily GPS height
(dark green line) and AG measurements (red dojdyjdrghera (MA) daily GPS height
(dark blue line) and AG measurements (red dotsEGayallino (CA) daily GPS height
(orange line) and AG measurements (red dots);gyiso (TV) daily GPS height (violet

line) and AG measurements (red dots). In all pamgesssity is multiplied by (-1).
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Figure 4. INSAR maps of the terrain deformation tire Bologna area; (a) ERS
descending passes in the period 1992-2000 and gbarRat descending passes during

2003-2007.

Figure 5. GPS height, precipitation (black line)amydrological balance (cyan line)
residuals. GPS: Panel a): LOIA (purple line); A Red line); c) BOLG (blue line); d)
MSEL (olive line) and MEDI (magenta line); e) BRa(# yellow line); f) SF (wine line);

g) VO (dark green line); h) MA (dark blue line);@A (orange line); j) TV (violet line).

Figure 6. EOF1 and EOF2 time components of GPShhesgsgiduals. Panel a) Five GPS
stations: MSEL, MEDI, RA, BOLG and BR; b) Eight GBftions: MSEL, MEDI, RA,

BOLG, BR, CA, SF and VO.

Figure 7. EOF1 and EOF2 time components of pretipit residuals. Panel a) Four
precipitation stations: Medicina (ME), Marina di \Rana (RA), Bologna (BO) and
Boretto (BR); b) Seven precipitation stations: M, BO, BR, Cavallino (CA), San

Felice (SF) and Voltabarozzo (VO).

Figure 8. SVD1 and SVD2 time components of thealde pair GPS height (blue dots)
and precipitation residuals (red dots). Panel ag KPS stations (MSEL, MEDI, RA,
BOLG and BR) and four precipitation stations (MEA,RBO and BR); b) Eight GPS
stations (MSEL, MEDI, RA, BOLG, BR, CA, SF and V@nd seven precipitation

stations (ME, RA, BO, BR, CA, SF and VO).
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Figure 9. EOF1 and EOF2 time components of the dMeaiGPS height and water table

residuals. Panel a) MEDI and water table; b) M3BH water table.

Figure 10. EOF1 and EOF2 time components of the iditel superconducting
gravimeter (SG) and local hydrology residuals: Panpé&G and precipitation; b) SG and

water table.

Figure 11. EOF1 and EOF2 time components of the idflel GPS height and

superconducting gravimeter (SG) residuals. Pan®IED)| and SG; b) MSEL and SG.

Figure 12. EOF reconstruction and observed heggitiuals. Five GPS stations: Panel a)
RA, observed height residuals (red line) and EQiémstruction (green line); b) BOLG

(blue and purple); ¢) MSEL (olive and orange); dtM (magenta and navy) and e) BR
(dark yellow and cyan). The reconstruction is basedhe first three EOFs and explains

70.2% of the total variance.

Figure 13. EOF reconstruction and observed heggitluals. Eight GPS stations: Panel
a) RA, observed height residuals (red line) and E®¢onstruction (green line); b)
BOLG (blue and purple); c) MSEL (olive and orangd);MEDI (magenta and navy); e)
BR (dark yellow and cyan); f) SF (grey and pink);\ (wine and yellow) and h) CA
(dark cyan and black). The reconstruction is basedhe first five EOFs and explains

78.9% of the total variance.
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787

788

789

790

791

Table Captions

Table 1.

List of stations, North/South regional identifiegchniques available and linear trends of
the GPS height, Superconducting Gravimeter (SG) Aosblute Gravity (AG) series.
The formal error associated to the estimated trebdth for GPS heights and gravity,
have been multiplied by an arbitrary factor of Sptovide conservative estimates of the
errors. The superscript (a) indicates that only AGemeasurement is available at LOIA.

The superscript (b) indicates that the MEDI dawaEUJREF weekly solutions.

Table 2. EOF analysis of five GPS height residsaises (MSEL, MEDI, RA, BOLG
and BR). The second column lists the percentageanénce explained (PVE) by each

EOF, the following columns describe the spatiategyat.

Table 3. EOF analysis of eight GPS height residsaiges (MSEL, MEDI, RA, BOLG,
BR, CA, SF and VO). The second column lists thecgatage of variance explained

(PVE) by each EOF, the following columns descrie dpatial patterns.

Table 4. EOF analysis of four precipitation residuseries (ME, RA, BO and BR). The
second column lists the percentage of varianceaggd (PVE) by each EOF, the

following columns describe the spatial patterns.
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792 Table 5. EOF analysis of seven precipitation resglgeries (ME, RA, BO, BR, CA, SF
793 and VO). The second column lists the percentageanance explained (PVE) by each
794 EOF, the following columns describe the spatiatgrat.

795

796 Table 6. SVD analysis of the variable pair GPS lhe{g) and precipitation residuals (b).
797 Five GPS stations (MSEL, MEDI, RA, BOLG and BR) dodr precipitation stations
798 (ME, RA, BO and BR). The two stations at MediciMSEL and MEDI, are coupled to
799 the same ME precipitation data series. The secohdmn lists the squared covariance
800 percentage relevant to each SVD, the following ewis describe the spatial patterns.
801

802 Table 7. SVD analysis of the variable pair GPS lnie{g) and precipitation residuals (b).
803 Eight GPS stations (MSEL, MEDI, RA, BOLG, BR, CAFSnd VO) and seven
804 precipitation stations (ME, RA, BO, BR, CA, SF avi@). The two stations at Medicina,
805 MSEL and MEDI, are coupled to the same ME predijpiadata series. The second
806 column lists the squared covariance percentageamdeto each SVD, the following
807 columns describe the spatial patterns.

808

809 Table 8. EOF analysis of two time series, GPS heayid water table residuals, at
810 Medicina. The second column lists the percentageadance explained (PVE) by each
811 EOF, the following columns describe the spatiatggas. (a) MSEL and water table; (b)
812 MEDI and water table.

813
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814

815

816

817

818

819

820

821

822

Table 9. EOF analysis of two time series, supergotidg gravimeter (SG) and local
hydrology residuals, at Medicina. The second coldists the percentage of variance
explained (PVE) by each EOF, the following colungescribe the spatial patterns. (a)

SG and precipitation; (b) SG and water table.

Table 10. EOF analysis of two time series, GP§hteand superconducting gravimeter
(SG) residuals, at Medicina. The second columts lithe percentage of variance
explained (PVE) by each EOF, the following colundiescribe the spatial patterns. (@)

MEDI and SG; (b) MSEL and SG.
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Table 1.

Station name

North/South Technique

Linear trend
(mm/yr) GPS
(uGallyr) SG, AG

Loiano® (LOIA)

Marina di Ravenna (RA)

Bologna (BOLG)

Medicina (Gravity)

Medicina® (MEDI)
Medicina (MSEL)
Boretto (BR)

San Felice (SF)

Voltabarozzo (VO)
Marghera (MA)
Cavallino (CA)

Treviso (TV)

S

z -0 n® ©

GPS

AG
GPS
GPS
AG
SG
AG
GPS
GPS
GPS
GPS

GPS
AG
GPS
AG
GPS
AG
GPS
AG

-1.41+0.25

-6.51+0.15
-10.57+0.25
+4.17+1.75

+0.71+0.05

+0.52+0.65

-2.44+0.25
-2.13+0.10
-5.00+0.10

-2.24+0.15
+0.36+0.15
-0.98+1.07
-0.8840.40
-0.88+1.41
-1.97+0.15
+0.29+1.46
0.00+0.25
-1.64+1.50
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ACCEPTED MANUSCRIPT

EOF PVE MEDI SG
1 66.7 +0.71 -0.71
2 333 -071 -0.71

EOF PVE MSEL SG
1 527 +0.71 -0.71
2 473 -071 -0.71
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Table2

EOF

PVE

GPS spatia pattern

MSEL MEDI RA BOLG BR
1 281 +038 +050 +043 +0.44 +0.47
2 229 -062 -029 +062 +037 -0.10
3 192 +036 -008 -0.17 +0.64 -0.65
4 171 -025 +076 +0.16 -025 -0.52
5 126 -053 +0.29 -061 +044 +0.27
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Table3

EOF PVE

GPS spatia pattern

MSEL MEDI RA BOLG BR CA SF VO
1 224 +012 +041 +0.03 -013 +022 -047 -048 -054
2 191 -060 -026 -026 -059 -024 -026 +0.07 -0.13
3 145 +022 +0.08 -070 +0.30 -053 -019 -0.18 +0.10
4 118 +0.01 +0.14 +062 -001 -0.76 -0.08 -0.07 -0.03
5 111 -005 -066 +0.06 +0.20 -0.03 +0.26 -0.62 -0.25
6 82 -066 +050 -009 +031 -002 +042 -0.18 -0.07
7 69 +036 +020 -018 -057 -015 +064 -0.10 -0.18
8 59 -004 +012 +007 -027 +011 -0.09 -055 +0.76
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Table4

EOF

PVE

Precipitation spatial pattern

ME

RA

BO

BR

1
2
3
4

52.6
251
15.9

6.5

+0.55
-0.29
+0.07
-0.78

+0.50
+0.38
-0.77
+0.14

+0.49
-0.63
+0.11
+0.59

+0.46
+0.61
+0.62
+0.15
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Table5

Precipitation spatial pattern

EOF PVE ME RA BO BR CA SF VO
1 474 +040 +036 +0.37 +0.41 +032 +0.39 +0.39
2 16.1 -030 +0.09 -050 +0.03 +0.78 -0.13 +0.16
3 13.1 +0.21 +0.79 -0.04 -0.10 0.00 -035 -0.45
4 76 -007 +033 -045 -041 -026 +0.65 +0.18
5 63 000 -019 +0.14 -002 +035 +052 -0.74
6 58 -005 +001 +052 -0.78 +0.29 -0.08 +0.19
7 37 +084 -031 -035 -023 +012 -0.10 +0.01
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Table 6

@
GPS spatial pattern
VD SCP MSEL MEDI RA BOLG BR
1 813 -064 -0.72 -001 +0.05 -0.27
2 178 +024 -0.21 -0.59 -0.73 -0.11
3 08 -072 +052 -0.05 -0.38 +0.24
4 00 -013 +031 -068 +048 -0.43
ecipitation spatia pattern
VD SCP ME RA BO BR
1 813 +059 +046 +056 +0.36
2 178 -026 +064 -056 +0.47
3 08 +023 +053 -0.17 -0.80
4 00 -073 +032 +059 -0.13
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Table7
@

GPS spatia pattern

SVD SCP MSEL MEDI RA BOLG BR CA SF VO
1 920 -055 -059 -013 -019 -020 +0.34 +0.25 +0.28
2 6.3 -036 +023 +0.20 -062 -019 -052 +0.19 -0.23
3 1.3 +0.03 +0.05 -095 -0.18 +0.16 -0.16 +0.02 -0.08
4 02 +003 -036 -008 +0.40 -045 -067 -0.16 +0.16
5 01 -064 +017 -007 +035 -0.02 +011 -045 -0.46
6 01 +0.20 +0.27 -0.15 +0.09 -0.77 +032 +0.29 -0.26
7 00 +025 -059 +0.07 -004 +014 -002 +0.14 -0.74
ecipitation spatial pattern
SVh  sCP ME RA BO BR CA SF VO
1 920 +039 +0.39 +0.38 +0.37 +0.39 +0.39 +0.33
2 6.3 -022 +024 -050 -019 +0.76 -0.16 +0.06
3 1.3 +024 +058 +0.29 -045 -0.15 -054 +0.01
4 02 -046 -035 +054 -023 +021 -0.14 +0.51
5 01 +045 -0.36 -0.16 +0.39 +0.09 -0.63 +0.29
6 01 -013 -006 +044 +0.30 +035 -027 -0.71
7 00 -056 +043 -009 +057 -028 -022 +0.20
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ACCEPTED MANUSCRIPT

EOF PVE MEDI WT
1 623 +0.71 -0.71
2 377 +0.71 +0.71

EOF PVE MSEL WT
1 599 +0.71 -0.71
2 40.1 +0.71 +0.71
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ACCEPTED MANUSCRIPT

Table9

EOF PVE Prec SG
1 527 +0.71 +0.71
2 473 +0.71 -0.71

EOF PVE WT SG
1 63.6 +0.71 +0.71
2 364 +0.71 -0.71
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