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The scope of this paper is to give a consistent view of the low frequency sea level variability in the Adri-
atic Sea from both satellite altimetry and tide gauge records. We analyze 16 years of sea level observa-
tions from multi-satellite altimetry and tide gauge records in the time interval 1993–2008. First, the
impact of the corrections applied to the altimetry-derived sea level variations and the consistency of
the altimetric and the tide gauge sea level observations are evaluated. Both observations are then used
to characterize sea level trends, interannual variability and land vertical motion in the Adriatic region.

Eight tide gauges along the coast show very coherent interannual sea level variations, with an increase
in sea level before 2001 and decrease afterwards. The average of the eight de-seasoned time-series agrees
with the basin average of the altimeter data, with correlation coefficient 0.84 and root mean square dif-
ference 12 mm. The linear change is higher for altimetry than for tide gauges and strongly depends on the
length of the time-interval, being 3.2 ± 0.3 mm/yr and 1.9 ± 0.3 mm/yr in the interval 1993–2008. The
steric contribution to sea level change correlates well with the sea level suggesting that the low fre-
quency variability is likely related to oceanic and climatic processes and mainly due to temperature
and salinity variations. The decadal sea level variability is correlated in Adriatic and Eastern Mediterra-
nean, anti-correlated in Adriatic and Ionian Sea.

At a given location, the trend of the differences of sea level observations by tide gauges and co-located
satellite altimetry gives the vertical land motion, if we assume that the sea level signals are truly com-
mon. We find trends statistically significant at the 90% confidence level at two locations, that indicate
land uplift along the eastern coast in Rovinj (3.0 ± 1.2 mm/yr) and land subsidence in Marina di Ravenna
(�1.5 ± 1.1 mm/yr), while at other locations, e.g. in Trieste (1.3 ± 1.1 mm/yr) the significance is lower. The
results agree in general in sign with GPS derived rates, but not in magnitude, like in Marina di Ravenna,
where the strong subsidence measured by GPS is related to the local anthropogenic subsidence. The dif-
ferences are partly explained by the spatial distance between the tide gauge and the co-located altimeter
locations.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Sea level rise is an important environmental parameter and
indicator of climate change (Bindoff et al., 2007). Its impact is par-
ticularly important in selected coastal zones. The Northern Adriatic
Sea is one of those vulnerable areas presenting a great sensitivity
to climate change and a low adaptability. The Adriatic Sea is an
elongated semi-closed basin communicating with the Mediterra-
nean Sea through the narrow and shallow Otranto Strait. The east-
ern Po plain, from Ravenna to the Venice region, is part of a
subsiding sedimentary basin. Over the last millennia, changes in
the ground elevation with respect to the Adriatic Sea level have
ll rights reserved.
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caused modifications in the features of the region. Nowadays, the
relative sea level rise (RSLR), resulting from the combination of
land vertical motion due to natural and anthropogenic causes
and of the eustatic sea level rise, represents a threat for the region
(Carbognin et al., 2009; Lionello et al., 2005).

Various authors (Orlić and Pasarić, 2000; Wöppelmann et al.,
2006; Zerbini et al., 2007; Antonioli et al., 2009) have reported on
land subsidence in the Northern Adriatic, with a weak or even posi-
tive (uplift) rate in Trieste, small negative rate in Venice and larger
negative rate in Marina di Ravenna, partly related to human effects.
Some post-glacial isostatic response models predict subsidence of
0.3–0.5 mm/yr (Lambeck and Johnston, 1995; Stocchi and Spada,
2009), whereas others predict uplift of 0.2–0.3 mm/yr (Tushingham
and Peltier, 1989). For the last decades an integrated monitoring
system based on earth observation techniques has confirmed a land
subsidence along the coasts of the lagoon (Tosi et al., 2009).
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It is generally agreed that at least 50-year-long tide gauge re-
cords are needed to separate secular, decadal and interannual vari-
ations (Douglas, 2001) because interannual and low frequency
signals affect the recovery of secular trends in short records. Tide
gauge records give for the 20th century a global mean positive
RSLR rate of �1.7 mm/yr (e.g., Church et al., 2008; Holgate, 2007;
Domingues et al., 2008), that is higher than the corresponding re-
gional mean RSLR rate over the Adriatic.

In the Adriatic Sea, the long-term RSLR trend derived from tide
gauge records over the last century varies between 0.5 ± 0.2 and
1.2 ± 0.1 mm/yr (Marcos and Tsimplis, 2008; Raicich, 2007), except
for the higher trend in Venice (2.5 ± 0.1 mm/yr). The latter is due to
anthropogenic subsidence ascribed to water extraction, which
ceased in 1970 (Pirazzoli, 1991; Tiezzi and Marchettini, 1997;
Woodworth, 2003). For the period 1960–2000 small rates between
�0.4 ± 0.4 mm/yr and +0.3 ± 0.4 mm/yr have been found, higher
rates correspond to the last decade of the twentieth century. Sea
level trend exhibits large interdecadal variability with good coher-
ence between the tide gauge records (Marcos and Tsimplis, 2008;
Klein and Lichter, 2008; Pirazzoli and Tomasin, 2008). The tide
gauges in the Adriatic are particularly important for sea level
change studies, as the records of Trieste and Venice are two of
the longest in the world.

Since early 1993, sea level variations are also accurately mea-
sured by satellite altimetry. The total measurement accuracy for
the altimetry based sea surface height is about 80 mm (95% error)
for a single measurement based on one-second along-track, the
95% error associated with a 10-day mean sea level estimate is
approximately 8 mm (Bindoff et al., 2007; Chelton et al., 2001).
Current results indicate that the residual error in the mean sea le-
vel variations is about 0.8 mm/yr, differences up to 0.5 mm/yr in
altimetry-based rates of sea level rise are found between investiga-
tions and mainly result from data processing differences and val-
ues used for the orbit and the geophysical corrections (Beckley
et al., 2007; Ablain et al., 2009). In terms of global mean, the
16 year-long altimeter data set between 1993 and 2008 shows a
positive rate of �3.1 ± 0.4 mm/yr (Prandi et al., 2009; Fenoglio-
Marc and Tel, 2010), that is comparable to the RSLR trend derived
over the same time interval from a set of tide gauge records. It has
been shown that over intervals shorter than 10 years the interan-
nual variability affects more the rate of global mean sea level from
tide gauges than the rate of global mean sea level from altimetry.

Owing to its global coverage, altimetry reveals considerable re-
gional variability in the rates of sea level change and is therefore
particularly suited to determine global mean sea level change
and low frequency processes of annual and interannual variability.
One of its main problems is still the aliasing of short-period signals
that cannot be resolved due to the coarse temporal sampling of the
satellites.

Another difference between the tide gauge and altimetric mea-
surements is their different reference frame. While satellite altim-
etry measures sea level in a geocentric reference frame, the tide
gauge observes the sea level with respect to a reference point on
land which can move vertically relative to the geocenter due to
geodynamic effects, as tectonics, volcanism, post-glacial isostatic
adjustment or due to anthropogenic causes. At present, vertical
land motions at tide gauges can be measured to a high accuracy
by means of space techniques such as Satellite Laser Ranging
(SLR), Very Long Baseline Interferometry (VLBI), Global Positioning
System (GPS) and Doppler Orbitography and Radiopositioning
Integrated by Satellite (DORIS) (Blewitt et al., 2010). Several stud-
ies have estimated vertical land motion from the difference be-
tween satellite altimetry and tide gauge sea level height
measurements at selected locations (Braitenberg et al., 2010;
Cazenave et al., 1999; Dong et al., 2002; Mitchum, 2000; Nerem
and Mitchum, 2002; Fenoglio-Marc et al., 2004; Kuo et al., 2004;
Ray et al., 2010). A positive difference corresponds to land uplift
and a negative difference to land subsidence, therefore, in case of
land subsidence the tide gauge measures an higher sea level rise
than satellite altimetry. Care is needed to match up the two types
of sea level measurements, and the method is not applicable every-
where, since the tide gauges are not always located near to the sa-
tellite groundtracks and the altimetry measurements have lower
accuracy near coast than on open sea.

Various authors have analysed the sea level change in the Med-
iterranean Sea derived from altimetry data and have reported for
the Adriatic Sea on a positive sea level rate between 1993 and
2002 and a negative rate after 2002 (Cazenave et al., 2001; Feno-
glio-Marc 2001, 2002; Vigo et al., 2005). In this study, we estimate
the low frequency sea level variability from multi-satellite altime-
try and eight tide gauges in the Adriatic Sea over a 16-year long
time interval. The analysis aims at clarifying the following issues,
namely the description of (1) the long-term difference between
eustatic sea level rise observed by altimetry and sea level rise rel-
ative to land observed by tide gauge records and of (2) the main
spatial and temporal characteristics of sea level change over the
Adriatic basin. The first issue opens the discussion on the interpre-
tation of differential trends as land motion at the coast. The multi-
satellite missions enhance temporal and spatial resolutions with
respect to a single satellite analysis. The coherency in the variabil-
ity of the tide gauge and co-located satellite altimetry indicates
how representative the altimetry data are for the coastal sea level
variability. The comparison of sea level trends observed by tide
gauges and altimetry allows in principle to derive vertical crustal
movements. We discuss here whether for a basin like the Adriatic
this method is usable, taking into account the location of the tide
gauges relative to the position of the satellite tracks and the pres-
ently available time interval.

Data and method of analysis are presented in Section 2. In Sec-
tion 3 we describe the results. The differences observed and the
possible geophysical interpretations are further discussed in
Section 4.

2. Data and method of analysis

2.1. Altimetry data

We use altimetric sea level height data from the satellites To-
pex/Poseidon, Jason-1, Jason-2 and Envisat. The 16-year long alti-
metric time series allows an analysis of interannual variability
and trend of sea level at regional scales relative to a geodetic refer-
ence frame.

In the Adriatic Sea the spacing between the ground-tracks is of
about 230 km for the 10-day repeat cycle (Topex/Poseidon and Ja-
son) and 60 km for the 35-day repeat cycle satellites (ERS-2, Envi-
sat) (Fig. 1). Using Topex/Poseidon and Jason missions alone, the
coverage is poor and ground-track is 161 is the nearest track to
most of the tide gauge stations. By including Envisat data the cov-
erage is improved, we do not include data of the ERS-1 and ERS-2
missions because of their lower accuracy.

First, the impact of the corrections applied to the altimetry-de-
rived sea level variations and the consistency of altimetric and tide
gauge sea level observations are evaluated and a suitable proce-
dure is identified. Special attention has been paid to the consis-
tency of the corrections applied to altimeter and tide gauge data.

We perform two types of comparisons, that we call ‘‘monthly’’
and ‘‘daily’’ comparison methods. In the first multi-mission grid-
ded altimeter data are compared to monthly tide gauge records,
in the second along-track altimeter data are compared to tide
gauge records, corrected for the ocean tide effect, at the point of
nearest approach (diamond in Fig. 1). Both comparison methods
require the same corrections to be applied to the altimeter data



Fig. 1. Location of the eight tide gauge (triangle) and co-located altimeter time-series used in monthly (dots) and daily (diamond) comparisons. Ground-tracks are from
Envisat (light grey), Topex/Poseidon phase b (grey), Jason-1 and Topex/Poseidon phase a (black with track number). Additional tide gauge stations available over a shorter
interval are shown (squares).
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to compute sea level height anomalies above a reference surface.
We use the Radar Altimeter Database System (RADS) database, that
provides an harmonized, validated and cross-calibrated set of
altimeter data (Naeije et al., 2008). To merge data from different
satellites we apply the reference frame biases that reflect the dif-
ferences in the orbits as well as some other geographical differ-
ences in the altimeter dependent models. For the small area we
are considering, these modelled biases amount to an almost con-
stant value (Trisirisatayawong et al., 2011). Detailed inspection
and special care is needed because we are analysing data close to
the coast.

The impact of the altimeter corrections on sea level variations
has been evaluated through comparing the standard deviation of
sea level anomalies for different choices of a given correction, we
select the choice giving the smallest standard deviation. Table 1
presents a summary of the chosen models and corrections to infer
sea level anomalies from the altimeter record, that coincide in
most of the cases with the default corrections of the RADS data-
base. The pole tide correction is not applied for consistency with
the tide gauge records. We apply environmental (wet and dry tro-
pospheric, ionospheric, sea state bias) and geophysical corrections
(solid earth, ocean and load tides). To retain more data near coast
we choose the wet tropospheric correction derived from the
European Centre for Medium-range Weather Forecasts (ECMWF)
model and ignore most of the conservative flags, thus allowing
inclusion of data closer to land. The response to atmospheric
pressure forcing is here accounted for by applying the Dynamic
Atmospheric Corrections (DAC), which consists at low frequencies
of the Inverse Barometer (IB) response and at high frequencies of
the barotropic model MOG2D-G (Carrère and Lyard, 2003). This cor-
rection is particularly suitable for the Adriatic Sea, as here the re-
sponse is far from an inverse barometer (Pascual et al., 2008). The
DAC Corrections are produced by CLS Space Oceanography Division
using the Mog2D model from Legos and distributed by Aviso, with
support from Cnes (http://www.aviso.oceanobs.com/) with tempo-
ral resolution of 6 h and spatial resolution of 0.25�. The correction
for the one second altimeter data is included in the RADS database.

In the monthly comparison method the multi-mission altimeter
data sets have been merged in monthly grids by a Gaussian
weighted average method with grid spacing of 0.2�, half-weight
of 1� and search radius of 150 km. The nearest grid point to the tide
gauge station location has been selected for the comparison (dots
in Fig. 1). In the daily comparison method the nearest altimeter
point along-track has been considered (diamond in Fig. 1). The dif-
ferences between the results obtained in the two approaches are
investigated in Section 3.

http://www.aviso.oceanobs.com/


Table 1
Corrections and models for altimeter analysis, changes to RADS default corrections
are indicated by (�).

Correction/model Edit criteria
(m)

Description

Min Max

Orbit EIGEN GL04C
Dry troposphere �2.4 �2.1 ECMWF
Wet troposphere (�) �0.6 0.0 ECMWF
Ionosphere �0.4 0.04 All sats: altimeter dual frequency,

smoothed
Dynamic atmosphere �1.0 1.0 MOG2D model
Ocean tide �5.0 5.0 GOT4.7 model
Load tide �0.5 0.5 GOT4.7 model
Solid earth tide �1.0 1.0 Elastic response to tidal potential

(Cartwright)
Sea state bias �1.0 1.0 TOPEX/JASON/ENVISAT: CLS non

parametric
Reference �1.0 1.0 DNSC08 mean sea surface

(Andersen and Knudsen, 2009)
Data engineering

flag (�)
Only altimeter land flag based on
20 � 20 mask

Applied reference
frame biases (cm)

From global analysis of differences
with Topex reference frame:
ENVISAT = 5.2, Jason-1 = �4.8,
Jason-2 = 15.9
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2.2. Tide gauge data

The tide gauge data have been made available from the Perma-
nent Service for Mean Sea Level (PSMSL, – http://www.pol.ac.uk/
psmsl/, Woodworth and Player, 2003) and from the Istituto Supe-
riore per la Protezione e Ricerca Ambientale (APAT-ISPRA, http://
www.idromare.com). The first provides monthly data, the second
hourly data. Additional time-series have been made available by
local institutions for Trieste (Department of Geosciences of the
University of Trieste), Venezia and Marina di Ravenna (Zerbini,
Raicich private communication). Fig. 1 shows the location of thir-
teen tide gauge stations. For consistency with the satellite altime-
try data processing described in the previous sub-session, we have
applied the DAC correction to the tide gauge data to account for the
effect of pressure and wind on the sea level. The DAC correction has
been derived from the gridded data distributed by AVISO described
in the previous section using the nearest grid point to the tide
gauge station. In Trieste the DAC and the inverse barometer correc-
tion estimated from hourly pressure data are in good agreement at
low frequencies, correlation and root mean square (RMS) differ-
ences are 0.7 and 2 cm respectively for monthly averaged time-
series.

For daily comparison of sea level records from altimetry and
tide gauges the hourly tide gauge data have been reduced to daily
sampling and the daily values corresponding to the altimeter
observations have been selected to build the time-series. The daily
sampling is obtained by a two-step filtering operation. First, the
dominant diurnal and semi-diurnal tidal components are removed
from the quality controlled hourly values. Secondly, a 119-point
convolution filter (Bloomfield, 1976) centred on noon is applied
to remove the remaining high-frequency energy and to prevent
aliasing.

The seasonal variation is a large amplitude signal, which essen-
tially depends on yearly temperature variations. To achieve more
reliable trends this signal has been estimated from the sea level re-
cords. We have applied different procedures depending on data
sampling. Using daily data the linear trend and the annual and
semi-annual signals have been evaluated separately for the altim-
eter and tide gauge time-series through a least-squares procedure
fitting the function:
mðtÞ ¼ a0 þ att þ acos 1 cos x1t þ asin 1 sinx1t þ acos 2 cos x2t

þ asin 2 sin x2t ð1Þ

where a0, at, acos1, asin1, acos2, asin2, are the parameters to be deter-
mined, and x1 and x2 are the yearly and half-yearly angular fre-
quency, respectively. The linear trend is given by the parameter at

and its uncertainty is equal to the standard error of the coefficient
estimate; we assume that the residuals have zero mean and Gauss-
ian distribution (Parker, 1994). We compute the linear trend at_al-tg

of the sea level difference between altimeter and tide gauges as dif-
ference of the linear trends:

at al-tg ¼ at al � at tg ð2Þ

where at_al is the altimetric trend and at_tg is the tide gauge trend.
When analysing the monthly time-series, the seasonal component
is first evaluated by computing the mean variability for each month
in the interval of analysis and then removed from the monthly val-
ues to obtain de-seasoned monthly values. To obtain the linear
trend of the difference between altimeter and tide gauge records
we consider two alternative methods. In one method, the trends
are first estimated from the de-seasoned sea level time-series and
then their difference is computed, in the other method the trend
of the de-seasoned difference ‘‘altimeter minus tide-gauge’’ is com-
puted. Linear regression is used to estimate the linear trend and its
standard error r. We further assess the trend significance by apply-
ing the t-test to the ratio between the estimated trend and its stan-
dard error r. As shown in Santer et al. (2000) and Maul and Martin
(1993) classical tests of trend significance may underestimate the
standard errors if the detrended time series are not statistically
independent. Accounting for the temporal autocorrelation of the
detrended time series, we compute an effective sample size n1

based on the lag-1 autocorrelation coefficient r1 (see also Eq. (6)
in Santer et al., 2000):

n1 ¼ n
1� r1

1þ r1
ð3Þ

where n is the number of monthly time samples. By using the effec-
tive sample size n1 one obtains a bigger standard error for the trend:

r1 ¼ rF1 ¼ r
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ r1

1� r1

r
ð4Þ

where Fl is the inflation factor. This procedure does not alter the va-
lue of the trends, but leads to an increase of the estimated error by
about 40% for de-seasoned time-series (Fenoglio-Marc et al., 2004).

The steric sea level variability has been estimated from temper-
ature and salinity values of the Ishii climatology (Ishii and Kimoto,
2009) and of the Mediterranean Forecasting System ocean circula-
tion (MFSTEP) (Tonani et al., 2008). The steric sea level is computed
from Eq. (5), as the vertical integration of the specific volume 1/q
between the two surfaces of constant pressure p1 and p2:

hðp1;p2Þ ¼
1
g

Z p2

p1

1
q

dp1 ð5Þ

where q is the density and g the gravity acceleration. The specific
volume is computed from the gridded temperature and salinity
in situ data using the formulas of state for sea water (Gill, 1982).
We integrate between each two levels using the mean of the spe-
cific volume anomaly of the two levels. Integration is made down
to the lowest available depth. We derive grids of steric sea level
with one degree spacing and monthly temporal sampling.

We perform a Principal Component Analysis (PCA) of both
altimetry and tide gauge data to quantify the spatio-temporal
sea level variations in the Adriatic Sea as well as reveal regional
differences between the Adriatic and the rest of the Mediterra-
nean Sea. This is an efficient way of analysing the dominant

http://www.pol.ac.uk/psmsl/
http://www.pol.ac.uk/psmsl/
http://www.idromare.com
http://www.idromare.com
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Fig. 2. Sea level time-series at tide gauge stations in the Adriatic Sea. The seasonal
component and the mean has been removed. The first eight stations from the top
(a–h) have been selected for the analysis. The other stations (i–m) present a vertical
jump in summer 1998 and are not further analysed. In Bari and Otranto the data
have been divided in two time-series before (black) and after the discontinuity, for
representation purpose.
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patterns of variability, which expands the signal in terms of the
basin functions that concentrate most of the variance into a small
number of components, called Empirical Orthogonal Functions
(EOF) (Preisendorfer, 1988). We apply a significance test based
on a Monte Carlo technique to find the number k of components
corresponding to a signal above the noise level. Independent se-
quences of Gaussian variables are generated and the eigenvalues
of the correlation matrix are computed, the procedure is repeated
100 times. The normalized eigenvalue statistics (percentage of
variance explained) corresponding to real and random data are
compared. The rule N (Overland and Preisendorfer, 1982) is ap-
plied, that consists in considering significant the principal compo-
nents having eigenvalues greater than the value 95 in the
sequence. The input data are normalized to standardized anoma-
lies by dividing each point time-series by its standard deviation
and the output spatial vectors are normalized to the maximum
value for each mode.

3. Results

We have first analysed the quality of the hourly data to identify
outliers and spurious change in the reference level of the data be-
fore computing monthly and daily values. A 3 � r test is used to
detect the outliers. All hourly data of the APAT-ISPRA dataset pres-
ent a jump in the time-series in summer 1998 due to the change of
the tide gauge instrument (APAT personal communication), there-
fore the five stations of Ancona, Ortona, Vieste, Bari, Otranto
(squares in Fig. 1) cannot be used over the complete interval with-
out estimation of the vertical displacement of the reference point.
This datum shift, estimated in Fenoglio-Marc et al. (2004) using the
Topex-Poseidon data, is almost zero in Ancona and about 800 mm
in Otranto and Bari. Fig. 2 shows the de-seasoned monthly time-
series at the thirteen stations, the last five (i–m) have the datum
shift in summer 1998.

We have defined selection criteria to be applied to monthly re-
cords, based on the length of the time-series, on the length of the
gaps and on the correlation with nearby stations. The criteria are
as following: the data should be available over 90% of the selected
time-interval, gaps should be shorter than 2 years and correlation
with nearby stations in a radius of 200 km should be higher than
0.7. The tide gauge stations with monthly data fulfilling the above
selection criteria in 1993–2008 are eight (triangle in Fig. 1, stations
a–h in Fig. 2) and include seven stations with monthly data from
the PSMSL database (Rovinj, Bakar, Split Harbour, Split Marjana,
Dubrovnik, Trieste, Venezia) as well as stations with hourly data
from local institutions (Trieste, Venezia, Marina di Ravenna). The
correlation between the de-seasoned sea level time-series of the
eight stations (a–h) is higher than 0.9 over 1993–2008.

We investigate the differences between the monthly and daily
comparison methods in Trieste. The monthly and daily time-series
are shown in Fig. 3. The grid and the along-track altimeter points
are in this example located respectively at 75 km and 110 km from
the tide gauge station and are 30 km apart. Correlation and RMS
differences are 0.65 and 65 mm for monthly comparison, 0.57
and 112 mm for daily comparison. The differences arise from the
different time sampling: monthly averages of daily time-series
used in daily comparison (Fig. 3c) give results (0.69 and 77 mm)
similar to the monthly comparison (Fig. 3a). The correlation of
monthly and monthly averages of daily time-series is 0.8 for tide
gauge data and 0.6 for altimeter data. Here the lower correlation
found for altimetry arise from the different way of building the
monthly and daily altimeter time-series. The correlation is still
significant and allows us to conclude that sea level time-series
extracted from gridded and along-track altimeter data are compa-
rable. The two methods give also comparable results for the trend,
as shown below.
3.1. Long-term difference between altimetry and tide gauge sea level

At a given location P, the geocentric vertical land motion _u is the
difference between the rates of the geocentric sea level change _g
and of the sea level change relative to the Earth crust _s

_uðPÞ ¼ _gðPÞ � _sðPÞ ð6Þ
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Fig. 3. Time-series of altimetry (grey) and tide gauge (black) data in Trieste: monthly (a), daily (b) and monthly averages of daily (c). The mean of the time-series has been
removed.
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In our application the sea level change derived from tide gauge
and the altimeter is not measured at the same location P. The dis-
tance between the two locations depends on the type of compari-
son defined in Section 2 (monthly or daily comparison), and is at
least several kilometres.

We apply the monthly comparison method to the eight selected
locations. The altimeter and tide gauge monthly time-series, cor-
rected for DAC and with the seasonal signal still included, have cor-
relation of about 0.67 and standard deviation of the differences
between 50 and 80 mm. The distance between the tide gauge
and the co-located altimeter point is between 13 km in Rovinj
and 79 km in Venezia. At each tide gauge we first compute the
monthly differences ‘‘altimeter minus tide gauges’’ time-series by
subtracting the tide gauge de-seasoned time-series from the altim-
eter de-seasoned time-series, then we estimate the trend of the
resulting time-series (second procedure described in Section 2
for monthly comparison). Table 2 shows the results. The sea level
trends estimated independently from altimetry and tide gauge
are positive. The trends of the difference of the time-series are
smaller than 1.5 mm/yr at most locations and have errors of simi-
lar magnitude. They are small compared to other regional studies
(Ray et al., 2010; Fenoglio-Marc et al., 2004; Kuo et al., 2004).
The t-test applied to the ratio of those trends to their errors leads
to values above 1.3 (threshold of statistical significance for the 90%
significance level) only at the stations of Rovinj (3.0 ± 1.2 mm/yr)
and Marina di Ravenna (�1.5 ± 1.1 mm/yr). Trends are statistically
significant at the 75% level of confidence (threshold is 0.68) in Trie-
ste, Bakar and Split. Interpreting these trends as vertical motion,
we finally found uplift in the eastern Adriatic (Rovinj, Trieste, Ba-
kar), subsidence in Marina di Ravenna and not significant vertical
motion (below the 75% confidence level) at the other stations. In
Trieste the trend is 1.3 ± 1.2 from monthly comparison and
Table 2
Comparison of tide gauges (tg) and co-located altimetry (al) monthly sea level records in 1
deviation of the differences (column 3), correlation (column 4), trend of altimetric and tide
and phase of sea level at the tide gauge (columns 8–9).

Station al-tg dist (km) al-tg std (mm) al-tg corr alt trend (mm/yr)

Trieste 75 86 0.67 5.9 ± 1.3
Venezia 79 76 0.66 5.9 ± 1.4
Ravenna 46 84 0.68 5.6 ± 1.4
Rovinj 13 77 0.65 5.9 ± 1.3
Bakar 87 81 0.67 5.9 ± 1.3
Split Harbour 29 48 0.68 5.0 ± 1.0
Split Marjana 31 52 0.67 5.0 ± 1.0
Dubrobnik 20 53 0.66 5.8 ± 1.0
1.0 ± 1.8 mm/yr from daily comparison, it is below the 75% confi-
dence level in this second case.

We have compared the estimated vertical motions to GPS
trends at a few stations. A strong land subsidence of
�10.2 ± 0.15 mm/yr has been derived in Marina di Ravenna by con-
tinuous GPS measurements over 9 years from 1996 to 2005 (Wöp-
pelmann et al., 2006) and a smaller negative trend has been found
more recently over 1997.5–2005.5 (Zerbini, personal communica-
tion). Measurements from GPS are also available over intervals
shorter than 5 years at Trieste (2000.5–2005.5) and Venezia
(2005.5–2007.5) (Zerbini, personal communication). Fig. 4 shows,
for the time-interval of the GPS observations, the de-seasoned
monthly sea level measured from altimetry and tide gauge data
at the three stations. The errors of the trends are here bigger than
in Table 2 due to the shorter time intervals. The trends are
�1.6 ± 1.9 mm/yr in Marina di Ravenna, 2.4�/�4.0 mm/yr in Trie-
ste and �2.7 ± 4.1 in Venezia and agree in sign with the GPS rates.
Only the trend in Marina di Ravenna is statistically significant at
75% confidence level and is significantly smaller than the GPS de-
rived rate.

3.2. Temporal and spatial characteristics of sea level change

The mean seasonal sea level cycle parameters computed for the
monthly records of the eight tide gauges are given in Table 2. The
annual sea level amplitude varies between 45 and 62 mm in agree-
ment with Marcos and Tsimplis (2007). The annual cycle peaks be-
tween late September in the north and late October at the southern
stations. On average, the mean seasonal cycle accounts for 60% of
the total variance of monthly sea level records. The annual ampli-
tude of sea level from altimetry ranges between 70 mm in the
north and 40 mm in the south of the Adriatic Sea; the annual cycle
993–2008. Given are: distance between altimeter and tide gauge (column 2), standard
gauge records (columns 5–6), trend of the differences (column 7), annual amplitude

tg trend (mm/yr) al-tg trend (mm/yr) tg Amp (mm) tg phase (day)

4.1 ± 1.6 1.3 ± 1.2 59.8 ± 2.2 266 ± 2
5.6 ± 1.6 �0.2 ± 1.3 60.4 ± 2.2 272 ± 2
6.5 ± 1.5 �1.5 ± 1.1 62.2 ± 2.2 278 ± 2
2.6 ± 1.5 3.0 ± 1.2 58.2 ± 2.2 276 ± 2
4.2 ± 1.6 1.2 ± 1.1 49.0 ± 2.2 285 ± 2
5.2 ± 1.4 �0.2 ± 1.1 48.2 ± 2.2 295 ± 3
5.9 ± 1.4 �0.9 ± 1.1 45.3 ± 2.2 296 ± 3
5.4 ± 1.3 �0.1 ± 1.1 50.2 ± 2.2 292 ± 3



Fig. 4. Altimeter and tide gauge time-series with seasonal signal removed (a, c and
e), their difference with trend (b, d and f) at Ravenna, Trieste and Venezia during the
time-interval of GPS measurements.
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Fig. 5. Annual amplitude (mm) (left) and annual phase (right) of sea level from
Jason-1 altimetry.
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peaks in Autumn, later than in the rest of the Mediterranean Sea
(Fig. 5).

The average over the Adriatic Sea of the altimetry-based sea le-
vel has been low-pass filtered by computing a running average
over 12 months (Fig. 6). Its trend over 1993–2008 indicates a rise
of sea level of 3.2 ± 0.3 mm/yr. The rate is not uniform and two dis-
tinct periods, before and after year 2001, are identified. The trend is
positive (9 ± 0.5 mm/yr) between 1993 and 2000 and negative
(�2.5 ± 0.5 mm/yr) between 2001 and 2008. A composite tide
gauge record has been computed by averaging the monthly eight
tide gauge records. In 1993–2006 all eight stations have contrib-
uted to compute the composite tide gauge record, while in 2006–
2008 only the station of Trieste could be used (see also Fig. 1).
Finally the composite tide gauge record was low-pass filtered like
the altimetric basin average. Correlation and RMS differences of
the two filtered time-series are 0.84 and 12 mm, confirming the
high coherence of coastal and offshore sea level variability in the
Adriatic at interannual time scales. In 1993–2008 the linear rate
of the low-pass filtered composite tide gauge record (1.9 ±
0.3 mm/yr) is lower than the linear rate of the corresponding
altimeter basin average. As for the altimetric basin average, the
trend is positive before 2001 (7.6 ± 0.5 mm/yr) and negative after-
wards (�3.7 ± 0.8 mm/yr). Our results agree with the common
mode of the tide gauge sea level found by Buble et al. (2010) after
1993, although their trends of absolute and relative sea level are
different as they refer to a longer time interval.

The high correlation between costal and offshore sea level var-
iability is typical for the Adriatic Sea and partly due to the high
number of tide gauges available. Other sub-basins of the Mediter-
ranean Sea show a lower agreement between offshore and in situ
interannual variability. In the Ionian Sea only the two tide gauges
of Valletta (Malta) and Katakolon (Greece) have been available
(Fig. 7). The tide gauge records are in this case less representative
for the sea level of the sub-basin, being correlation and RMS differ-
ences of the low-pass filtered basin averages 0.4 and 31 mm
respectively. The amplitude of the interannual signal (160 mm)
in Ionian and in Adriatic Sea are comparable, their trends have
opposite sign, with negative sign between 1996 and 2000 and po-
sitive sign after year 2001 in the Ionian Sea. In the Mediterranean
Sea we have used 16 tide gauge stations, which are available over
most part of the interval 1993–2006. Nine of them (Malaga,
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Barcelona, Marseille, Toulon, La Valletta, Khalkis, Khios, Leros,
Hadera and Ceuta) have been considered in addition to those used
for the Adriatic (eight) and the Ionian Seas (two) (Fig. 8). The tide-
gauge- and the altimetry-based basin averages have good correla-
tion and small RMS differences (0.85 and 9 mm). The amplitude of
the interannual signal (80 mm) is smaller than in the two previous
analysed sub-basins. The time-series show a steep increase be-
tween 1994 and 1996 and a lower interannual variability after
1996 (Fig. 7).

In the Adriatic Sea the sea level is highly correlated to the steric
component of sea level computed from the temperature and salin-
ity of the Ishii database (Ishii and Kimoto, 2009). The low-pass
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filtered basin averages have correlation and RMS differences of
0.86 and 15 mm. The linear trend of the steric sea level basin aver-
age is positive before 2001 (8.1 ± 0.4 mm/yr) and negative after
2001 (�5.1 ± 0.5 mm/yr). The MFSTEP model, available after year
2000, gives a smaller negative trend in the interval 2001–2008
(�2.2 ± 0.3 mm/yr) (Fig. 6).

The rates of the geocentric sea level have been evaluated at each
grid point of the altimeter grids. Over the interval 1993–2008 the
trends are statistically significant at the 90% level of significance
in most of the basin, with negative rates only in the Ionian Sea.
The linear rates have opposite signs in the central and eastern
Mediterranean Sea over the intervals 1993–2006 and 2002–2008,
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corresponding to the Topex/Poseidon and Jason-1 missions (Fig. 8).
The first interval is characterized by positive rates in Adriatic and
Eastern Mediterranean and by negative rates in the Ionian Sea,
the rates being of opposite sign in the second time-interval. The
significance of the trends is lower over the sub-intervals, due to
the shorter time span.

The PCA decomposition of the altimeter grids covering the com-
plete Mediterranean Sea shows regional differences between the
Adriatic Sea and the rest of the Mediterranean Sea. The first four
modes are statistically significant and explain together about 80%
of the variance of sea level. The spatial and temporal components
are shown in Fig. 9. The first mode accounts for 70.3% of the vari-
ability and primarily represents the annual cycle. The second mode
(5.3% of the variance) corresponds to the sea level rise in 1993–
2001 in the Adriatic and the Eastern Mediterranean, and to the
simultaneous sea level drop in the Ionian Sea. The third mode
(2.8%) represents the variability in the Ionian Sea, the forth mode
(2.0%) the sea level rise in the Eastern Mediterranean Sea after year
2000 and the simultaneous decrease in the Adriatic Sea.

The first four modes of the PCA of sea level in the Adriatic Sea
represent together about 98% of the variance, the first mode corre-
sponds to an homogenous signal (84.8% of the variance) that
includes both annual and interannual components. The other
modes represent local signals of higher temporal variability: the
second mode (6.6% of the variance) corresponds to the variability
localized in the central part of the sub-basin, the third mode
(5.5%) shows a seesaw between the northern and southern Adriatic
Sea. Fig. 10 shows the four dominant modes, all satisfy the N rule.
The PCA decomposition of the eight tide gauge monthly records
shows similar dominant patterns, with the first mode correspond-
ing to the common signal that explain 81% of the total variance.
4. Discussion and conclusions

With a combined analysis of altimetry and tide gauge data in
the interval 1993–2008 we have investigated the absolute sea level
rise and crustal motion in the Adriatic Sea. We have used the dif-
ferent characteristics of the two data types, namely their different
reference and the different time and spatial sampling, to derive rel-
evant information. Merging multi-mission altimeter data we have
increased the length and the spatial and temporal resolution of the
altimeter data and obtained co-located altimeter data much closer
to the tide gauge stations. Applying the different definition of the
sea level measured by altimeter and tide gauges, we have at-
tempted to estimate the vertical crustal (land) motion at the tide
gauge station.

The trends of the sea level differences between the altimeter
and the tide gauges time-series at near locations are small com-
pared to their uncertainties and therefore not all are statistically
significant. A statistically significant land movement (90% confi-
dence level) is detected in 1993–2008 only at Rovinj
(3.0 ± 1.2 mm/yr) and Marina di Ravenna (�1.5 ± 1.1 mm/yr). A
75% confidence level is found in Trieste (1.5 ± 1.1 mm/yr) and Ba-
kar (1.2 ± 1.1 mm/yr). Continuous GPS-measurements in Marina
di Ravenna give a higher land subsidence rate than the rate ob-
tained from the altimetry and tide gauge differences. The differ-
ence can arise from very local characteristics of anthropogenic
origin, from the spatial distance between the locations correspond-
ing to the altimetry and tide gauge measurements and from resid-
ual errors in the corrections applied.

The values we found for the crustal rates are in agreement with
estimations made by geologic methods. Antonioli et al. (2009)
compare relative sea-level change during the late Holocene, de-
rived from geologic and archeological markers, with sea-level
curves predicted from two post-glacial rebound-models (Lambeck
et al., 2004; Stocchi and Spada 2009). In the North-Eastern Adriatic
most of the measurements points indicate subsidence using both
isostatic models as reference, the average of all points being
�0.51 and �0.29 mm/yr respectively from the two models. How-
ever, in a few cores drilled in the Gulf of Trieste the tectonic subsi-
dence reaches lower values, or even weak uplift, like in our results.
This area of relative stability or weak uplift could result from the
active growth of an NW–SE trending structural high recently de-
tected across the Gulf of Trieste using high resolution seismic pro-
filing (Busetti et al., 2007). Finally, Furlani et al. (2010) obtain
tectonic rates between �1.99 mm/yr and 1.01 mm/yr near Trieste,
using a multidisciplinary approach, that consists in comparing pre-
dicted curves with published data and new 14C dating and geomor-
phological/archaeological/sedimentological observations. It is
however not obvious that our estimation and the estimation made
by geologic methods should be equal, as the time constants used in
the averaging process are very different: 16 years for the instru-
mental records and 1–100 kys for the geologic estimates. In a seis-
mic zone the short term rates can be very different from the long
term rates, because the instantaneous rates depend on the phase
of the seismic cycle (e.g. Meade and Hager, 2004). Moreover, the
geologic site usually does not coincide with the tide gauge, so local
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effects can provoke differences in vertical movement rates, espe-
cially in the presence of faults and changes in the compactness of
the coastal rocks or sediment cover.

We have shown that both the absolute (altimetry-derived) and
the relative (tide-gauge derived) sea level changes are spatially
homogeneous in the region and indicate a sea level rise over
1993–2008. When averaged over the Adriatic they have both a po-
sitive trend, which is higher for the absolute (3.2 ± 0.3 mm/yr) than
for the relative (1.9 ± 0.3 mm/yr) estimation. The rates are positive
before 2001 and negative after 2001 and are contaminated by the
inter-annual variability. At basin scale in the Adriatic Sea the lin-
ear-term of sea level change is strongly correlated to the linear-
term in the steric component of sea level, suggesting that sea level
changes in the Adriatic are governed by sea temperature and salin-
ity changes. The variability in the Adriatic is coherent and strongly
correlated to the eastern Mediterranean and anti-correlated with
the Ionian Sea. Our results agree with Buble et al. (2010), that
found over the common interval 1993–2008 similar dominant
modes of sea level variability from tide gauges. These authors have
considered a longer time-interval and therefore their trends of
absolute and relative sea level are not comparable with ours. The
crustal rates are of the same order of magnitude.

We recognize that the spatial and temporal differences between
altimetry and tide gauge measurements cannot be ignored. With
multi-mission altimetry data the coverage is greatly improved,
however the distance between the locations of the altimeter and
tide gauge observations is still several kilometres, because of the
geometry of the ground-tracks and of land–water interference
caused by the radiometer and radar footprints. The differential
sea level rates are correctly interpreted as crustal movement if
the rates are measured at the same location or if they are spatially
homogeneous. If the wavelengths of the sea level rates are of a few
tens of km, then this supposition is granted, because the distance
between the stations and the satellite location is of this magnitude.
Also the application of specific models or empirical corrections, as
ocean tide and atmospheric pressure effects can effect the results.
The altimeter error budget in coastal regions remains therefore an
important topic of research and discussion. In general, the compar-
ison of altimeter and coastal tide gauge measurements needs to be
thoroughly examined, in view of the growing importance of satel-
lite altimeter measurements as a means of monitoring sea level
rise and of the recent improvement of shallow-water satellite
altimetry (Vignudelli et al., 2011).
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