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Abstract: We analyzed a set of geodetic data to investigate the contribution of local factors, namely
the sea level natural variability (SLNV) and the vertical land motion (VLM), to the sea-level trend.
The SLNV is analyzed through the Empirical Mode Decomposition (EMD) on tidal data (>60 years
of recordings) and results are used to evaluate its effects on sea levels. The VLM is measured at a
set of continuous GPS (cGPS) stations (>5 years of recordings), located nearby the tide gauges. By
combining VLM and SLNV with IPCC-ARS regional projections of climatic data (Representative
Concentration Pathways (RCP) 2.6 and 8.5), we provide relative sea-level rise projections by 2100.
Results show that the combined effects of SLNV and VLM are not negligible, contributing between
15% and 65% to the sea-level variability. Expected sea levels for 2100 in the RCP8.5 scenario are
between 475 + 203 (Bakar) and 818 + 250 mm (Venice). In the Venice Lagoon, the mean land subsidence
at 3.3 + 0.85 mm a~! (locally up to 8.45 + 1.69 mm a~!) is driving the local sea-level rise acceleration.
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1. Introduction

In situ and remote sensing data show that the rate of global sea-level rise over the past two
centuries has increased at faster rates than in the last two or three millennia [1-4]. Satellite radar
altimetry and tide gauge data indicate a rise of the global mean sea-level rate at 1.7 mm a~! and
3.2 mm a~! for the 20th century and the last two decades, respectively [5-7]. The Mediterranean Sea
has been rising at the mean rate of ~1.8 mm a~!in the last two-three centuries [8-12]. At global scales,
the sea-level change is described as the sum of eustatic, glacio-hydro-isostatic, and land-hydrology
components [13], which are independently modeled to provide future sea-level predictions. Local
sea-level change can significantly differ from mean global sea-level rise because local factors become
relevant and their contribution adds up to the global components mentioned above [14]. Oceanographic
and climatic effects, glacial isostatic adjustment (GIA), and continuous vertical land motion, especially
coastal subsidence due to tectonics (volcanic included) or anthropic origins, are some of the factors that
mainly affect sea-level changes at local scales [15]. Therefore, depending on the geographical location
they cause spatial variability in the sea-level change pattern. While local effects have little influence at
global scale, since they are smoothed out by averaging operations, they become critical in adaptation
planning and risk management, where localized assessments are needed.

Water 2019, 11, 1480; d0i:10.3390/w11071480 www.mdpi.com/journal/water


http://www.mdpi.com/journal/water
http://www.mdpi.com
https://orcid.org/0000-0002-2002-1701
http://dx.doi.org/10.3390/w11071480
http://www.mdpi.com/journal/water
https://www.mdpi.com/2073-4441/11/7/1480?type=check_update&version=2

Water 2019, 11, 1480 2 of 19

At time scales of years or decades, oceanographic and climatic factors drive non-stationary
sea-level fluctuations, the so-called sea-level natural variability, whose assessment is important for
future sea-level projections since their contribution is not negligible [16-26], (http://www.ipcc.ch). For
example, in the Indian Ocean the effects of the natural variability, mainly driven by the decadal El
Nifio-Southern Oscillation (ENSO), Indian Ocean Dipole (IOD) and monsoon, dominate the external
forcing contributing up 85% of the observed trend [27]. In the Mediterranean basin, the glacio-isostatic
contribution, acting from the Last Glacial Maximum, has a predictable pattern that has been estimated
and compared with direct observational data in deforming zones [4,9,15]. The vertical land motion
due to natural (tectonics, isostasy and ground compaction) [4,9,13], and/or anthropogenic factors
(fluid extraction) [28,29], produces changes in the shape of the basins and changes in the height of
the land with respect to the sea (see e.g., [9,13] and references therein). Although this effect does not
directly change the quantity of water and its physical properties it results in a net increase (in case of
subsidence) or decrease (in case of uplift) of the sea level, when evaluated in restricted geographical
areas (as for example the punctual measurements by tide gauges), since the land is moving. If the
vertical land motion operates over time it locally results in a net sea-level rate that adds up to the rate
induced by GIA, thus affecting the local sea-level change. Tide gauge records are strongly sensitive to
the vertical land motion since these instruments are tied to land. Although the role and rates of the
main contributors to the sea-level rise are still debated [30], it is a matter of fact that most of the coasts
of the world are undergoing the effects of the continuing sea-level rise. The vertical motion due to
tectonic effects is strongly variable in the Mediterranean region (as shown in [9] and references therein)
and in some areas it can strongly enhance the effect of the sea-level rise. In particular, along subsiding
coasts, the rising sea is expected to flood in advance, with respect to stable zones, over the coming
decades [1,15,31].

In this framework, the Northern Mediterranean region, being characterized by coastal plains with
low elevation (even placed below sea level as some areas of the Adriatic Sea) is therefore prone to
marine flooding [9,32-34], (www.savemedcoasts.eu), and it represents an interesting case study. Several
historical maritime densely-inhabited cities (i.e., Venice and Trieste) and valuable environmental and
industrial areas (i.e., Genoa and Marseille) are located in this area. Therefore, detailed studies of local
sea-level variations and future projections are relevant to support marine flooding scenarios for a
cognizant coastal management.

This study aims to characterize the effect of local factors, such as the sea level natural variability
(SLNV) and vertical land motion (VLM), on the sea-level changes at nine locations in the Northern
Mediterranean Sea (Figure 1). The SLNV was inferred from tide gauge data through the Empirical
Mode Decomposition (EMD) while VLM was measured by means of continuous GPS (cGPS) data. Our
approach to estimate SLNV is comprised of two steps: (i) the EMD is applied to tide gauge data to
characterize and isolate the natural variability; (ii) a simple theoretical model, based on EMD results, is
developed to reproduce the observed SLNV. By combining the SLNV and VLM contributions with the
local time-dependent trend based on regional IPCC- fifth Assessment Report (AR5) estimations, the
expected sea levels for 2050 and 2100 at each tide gauge location were estimated.
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Figure 1. Location of the nine analyzed tidal stations: Marseille (5.35°—43.32°, 1885-2012), Trieste
(13.76°-45.57°, 1875-2012), Genova (9.92°-44.41°, 1884-1997), Venice Punta Salute (12.32°-45.39°,
1909-2000), Bakar (14.5°—45.30°, 1930-2011), Dubrovnik (19.13°—42.65°, 1956-2009), Rovinj
(13.64°—45.06°, 1955-2011), Split RT Marjana (16.39°—43.51°, 1952-2011), Split Gradska Luka
(16.44°-43.51°, 1954-2011). Coordinates of the station and time span of recordings are indicated
in parentheses.

2. Materials and Methods: Data Set and Natural Variability

In this study we analyzed the longest available monthly tide gauge records (>60 years of Revised
Local Reference (RLR) data collected in the 1888—2008 time span) at nine tide gauge stations located
in the Mediterranean Sea, belonging to the Permanent Service for Mean Sea Level (www.psmsl.org).
The location of the stations, the time span of the records and the analyzed time series are shown in
Figures 1 and 2. The choice of data sets with length exceeding 60 years aims to avoid the effect of
inter-decadal variations affecting tidal recordings shorter than ~50 years [35,36]. In addition, to avoid
the introduction of artificial signals in the records, interpolations on data gaps were not applied.

The identification of sea-level trends and large timescales variability from sea-level records is a
debated argument and the best methods to discriminate between acceleration and intrinsic climate
variability remains an open issue. Indeed, since in tide gauge data the long-term trend is embedded in
fluctuations at many different time scales, from daily tides to the seasonal cycle as well as interannual
and decadal variations, the filtering method used to remove these variations may impact the accuracy
of the calculated trend. Different approaches to this problem have been proposed (for a detailed review
see [37]). Among these approaches, the EMD has been used to characterize the intrinsic fluctuations
and the long-term trend in sea-level data [38-45]. This technique has been developed to analyze
non-stationary and non-linear data, such as tide gauge records, by decomposing the signal in modes
that provide a description of the intrinsic timescales present in the time series. Being “adaptive,,”
the modes are empirically obtained from the original time series according to its local characteristics.
The EMD reveals the proper components of the phenomenon under study better than other methods,
such as Fourier analysis, whose modes with predefined functional form are often far from being
eigenfunctions of the phenomenon at hand. This makes the EMD very powerful for identifying and
isolating, for example, deformed wave profiles, associated with nonlinearities in the data, preserving
their local properties. For the applications of this paper, two main reasons guided us in using the EMD.
Firstly, the sea level natural variability is described by a few numbers of modes with a quite simple
functional form (oscillating functions). This will be exploited in the following for building up a simple
low dimensional mode for sea-level estimations. Secondly, the EMD does not require a predetermined
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timescale to carry out the filtering operation (as it happens e.g., in moving averages commonly used as
low-pass filter to recover the large timescale variability in sea-level records): this has an important
rational basis, since in a nonstationary process the local timescale is unknown a priori.
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Figure 2. Time series of the monthly mean tidal records from stations in Figure 1 (data from
www.psmsl.org). Red lines show linear regressions on the data (see the text for details).

In the EMD framework the measured sea level L(t) is decomposed into a finite number n of
band-limited oscillating components (called intrinsic mode functions, IMFs) L;(t), whose functional
shape is not fixed a priori, but obtained from the data, and a residue r,(t) providing the nonlinear
trend [40]:

L(E) = Y " oLi(t) + ra (2). Q)

The procedure of IMF extraction consists of three steps: (i) local maxima and minima of L(t) are
identified; (ii) these are connected through a cubic spline identifying the lower and upper envelope; (iii)
the signal h(t), the difference between L(t) and the mean of lower and upper envelopes, are calculated.
The signal h(t) represents the first IMF, L;(#), if it has exactly one zero crossing between two consecutive
local extrema and its mean is zero. The first condition ensures a global narrowband requirement,
namely periods which are too different are not mixed together into an IMF; the second requirement
ensures getting oscillations about the zero level. Both these conditions ensure that L;(f) is an oscillating
function with time-dependent amplitude and phase, namely it can be expressed as L;(t) = B;(t)cos[¢;(t)].
If none of these conditions are fulfilled, then step (iii) is repeated by using h(t) as input data. This
procedure is iterated until the resulting signal fulfills the IMF properties and it is repeated to find
the next IMF by using L(f) — L;(t) as new input data. When no more modes can be extracted, the
difference between the original L(f) and the sum of all IMFs results in the residue r;(t). Technical details
on the procedure for IMF extraction are reported in [41]. The EMD allows calculating a meaningful
instantaneous phase for each IMF by using the Hilbert transform

L*.(t)zn_lexmej(t) X dt’ )

where P denotes the Cauchy principal value and L;* represents the complex conjugate of L(t) as ¢; () =
arctan (L;*/L;). Finally, the instantaneous frequency, wj(t), is given by d¢;(t)/dt. For each L;(f) we can
define a characteristic timescale 7/, as the time average <27/wj(t)>, that represents an average period of
the IMF and provides an estimate of the timescale characterizing the EMD mode. We remark that 7; is


www.psmsl.org

Water 2019, 11, 1480 50f19

not to be intended as the Fourier one. Itjust gives an indication of the timescale characterizing the EMD
mode for which it is computed, although many modes with different average periods may contribute
to the variability of the actual signal at a particular timescale. The IMF statistical significance with
respect to white noise can be evaluated through a test based on the comparison between IMF amplitude
from the real signal and from a white noise series [46] at different confidence levels. Since IMFs are
a local, complete and orthogonal set, the EMD is useful to filter raw signal through partial sums in
Equation (1). Moreover, since a low number of modes are produced, this property can be exploited to
build up low order theoretical models to describe the dynamics of the investigated systems.

3. Results: The EMD Analysis and a Generalized Model for Long-Term Sea-Level Variations

When the EMD is used to analyze the nine tide gauge time series, the number of IMFs, 1, varies
between 10 and 15, depending on the station. This is mainly related to the different lengths of the time
series which vary between 137 and 53 years: for the longest time series more components of the natural
variability are recovered.

Let S be the set of IMF with timescale >15 years (IMFs timescales 7; are shown in Table 1) and
significant with respect to a white noise at the 90th significance level. The long-term variations of the
measured sea level, L7, can be defined as:

Lir (8) = ) jesLi(t) + ra (1), 6)
where IMFs in S and the residue are added together.

Table 1. Characteristic periods (years) of the significant intrinsic mode functions (IMFs) with a
characteristic timescale >15 years, obtained by the Empirical Mode Decomposition (EMD) for the
analyzed data set. Errors are estimated as the standard deviation.

Tide Gauge Station n j=7 j=8 i=9 j=10 j=11 j=12 j=13
Marseille 15 29.8 +£14.5 36.5+74 43.1+15.6 63.1+21.2
Trieste 15 19.8 +4.4 27.0+3.6 37.6+88 522+127 76.3 +45.9
Genova 10 153+25 322+21
Venice P.S. 12 16.0 +2.5 21.0+21 443 +5.0
Bakar 12 16.9 +2.8 294+77 58.0+4.9
Dubrovnik 11 17.0 £2.5 494 +19.2
Rovinj 11 16.2 +5.6 36.6 +8.3
Split M. 13 18.6 + 3.4 217 +45 33.7+259
Split G. 11 178+37 496+164

The choice of a 15-year threshold follows the approach used in other studies to remove the
short-term variability from sea-level data [1,18]. We remark that, as pointed out by [45], the results of
single IMFs from tide gauge data need of a careful interpretation. However, a discussion about the
physical meaning of the single IMF is out of the scope of this paper since we use the EMD as a low-pass
filter by adding up several IMFs. In this case, the EMD has shown to be a useful tool to reduce the
impact of high-frequency variability and noise [45].

The contribution L;, for the analyzed tide gauges, is shown in Figure 3. All records
show a long-term variability in a well-defined range of timescales of about 20-30 and, for the
longer records, >45 years, in the typical ranges where internal modes of natural variability are
detected [47]. Observational datasets and simulations of the typical scales of Atlantic internal modes
of natural variability show variations at decadal timescales that are linked to the ocean-atmosphere
coupling [47-50]. In particular, the 20-30 year variability has been related to the Atlantic Meridional
Overturning Circulation (MOC), while the >45 year fluctuations are plausibly due to salinity and matter
exchange processes between the Atlantic and Arctic Ocean causing the Atlantic Multidecadal Oscillation
(AMO) pattern. Both patterns are quasi-persistent and present up to 8000 years ago [51,52]. The
similarity of timescales we found in the tide gauge data with those of the Atlantic modes of variability
suggests a connection between climate variability and sea-level variations in the Mediterranean Sea as
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also indicated by [53,54]. The combined analysis of global oceanic circulation, climate models and
observations, indeed, indicates that the main physical mechanism driving the connection between
sea level in the Mediterranean Sea and internal modes of natural variability is the mass exchange
through the Strait of Gibraltar [53]. This mechanism generates a coherent and uniform signal in the
whole Mediterranean at decadal time scales [54,55]. The detected sea-level variations at 20-30 years
can be thus related to the combined effect of the North Atlantic Oscillations (NAO) and AMO [26]. An
additional contribution could come from the Inter-decadal Pacific Oscillation (IPO), causing variations
of the global surface temperature at these timescales, which affects also the climate dynamics in the
Atlantic Ocean [56,57]. Likewise, major volcanic eruptions, affecting the global temperature by acting
on the radiative forcing [57,58], could also contribute to the SLNV. Fluctuations at longer timescales
can be due to both atmospheric forcing [59] and exchange processes [47].
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Figure 3. Function Ly1(t) (black line), obtained by summing up IMFs at timescales >15 years and the
residue, and the best-fit function Ly(t) (red line) described by Equation (4).

A first check of the EMD results can be performed by comparing the SLNV obtained for the four
closest stations in the North Adriatic sea, namely Venice, Trieste, Bakar, and Rovinij that are separated
by a minimum and maximum distance of ~65 and ~150 km, respectively. Figure 4 shows a comparison
of the EMD reconstructions, through IMF with timescale >15 years (the residue r,(f) has not been added
up), for these records. For the four stations the variability is very similar with maxima and minima
almost in phase. Small differences can be due to border effects for shorter series (e.g., Rovinij) and/or
presence of data gaps affecting the IMF calculation or natural reasons such as small local differences in
the signal variability. We note that the Venice station shows a different behavior with a flatter signal
between 1945 and 1980 due to temporary anthropogenic subsidence induced by groundwater [28].

Results show that, for all the stations, the SLNV is described by a small number of EMD modes
(from 3 to 6). Since IMFs are oscillating functions, we modelled the long-term behavior of the tide gauge
signal as the superposition of a linear trend and the sum of oscillating functions of given amplitude,
frequency and phase:

Lu(t) = (rt + ¢) + ) £ A; x cos|Ot + @], @)
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Figure 4. EMD reconstruction by using IMFs with timescale >15 years (the residue 7, (t) has not been
added up) for the four closest stations in the North Adriatic Sea.

In Equation (4) the trend is linear, and the long-term fluctuations are accounted by oscillating
functions whose frequency (); is the time average of the instantaneous frequency of IMFs in S. This
represents the most elementary approximation to reproduce the long-term variability inferred by the
EMD through modes with time-dependent amplitude and phase. The free parameters in Equation (4)
(rate 7, intercept ¢, A; and @;) are calculated by fitting Ly(t) to Lr(t). To avoid possible end effects due
to the procedure of IMF extraction and the computation of derivative at borders, we cut three years of
data at both boundaries of Ly1(t) before performing the fit. In addition, since data from Trieste, Genoa,
Venice, and Bakar show gaps in the initial part of their records, for these stations the fit starts from year
1901, 1931, 1914, and 1949, respectively, when recordings begin to be continuous for many decades.
Two sources of uncertainty were taken into account. Firstly, the uncertainty due to the use of constant
frequencies, instead of time varying ones, is evaluated by building 1000 Ly(f) realizations whose ();
are randomly extracted from a Gaussian distribution with mean < w;(f) > and standard deviation o
[wj(t)]. Secondly, effects of possible undetected modes of climate variability, with periods of the order
and/or longer than the record lengths, are taken into account as an increase of the estimated uncertainty.
Indeed, since these very long period modes are not included in the model, the accuracy for estimating
the sea level is reduced. This additional uncertainty is accounted for by adding to each realization
Lp(t) a normally distributed zero average white noise. Since we expect that modes with periods of the
order and/or longer than the record lengths are settled on the EMD nonlinear residue, the standard
deviation of the white noise signal was taken as the standard deviation of the EMD residue from which
we subtracted a linear trend.

Figure 3 shows the best solutions obtained by fitting Ly(f) to Ly7(t). Fit parameters and adjusted
R-square statistics are shown in Table 2. R-square values close to 1 indicate that a good fit is achieved
for the analyzed records. Rates r obtained by a fit through Equation (4) are compatible or slightly
higher than rates estimated by a linear fit to the raw data for the same time intervals shown in Figure 2
and varying between 0.35 + 0.38 mm a~! (Split M.) and 2.43 + 0.23 mm a~! (Venice P.S.). Only for Split
Gradska Luka, the linear rate from Equation (4) is higher than the linear fit. This is possibly due to a
steeper sea-level rise observed in Lyt at this station after 2006. In the raw data, this feature is hidden by
short-term fluctuations, thus resulting in a lower rate when a linear fit is computed on the original
time series. The origin of this steepening has been proposed to be the coincidence of AMO-NAO phase
opposition and warm AMO phase [60]. The same feature is also present in L;7 for the Trieste and
Rovinj data. However, for Trieste the linear rate from Equation (4) does not show significant differences
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with respect to the rate of the linear fit likely due to the longer duration of recordings for which the
fitting procedure is very robust and not affected by variations in the last part of the data.

Table 2. Fit parameters and adjusted R-square values for the analyzed data set. Uncertainties define
the 90% confidence limits.

Tide Gauge Linear Fit r c A @ R2
Station (mm a~1) (mm a-1) (mm) (mm)
10.1 +0.3 4.03 +£0.30
. 11.1+£ 03 —-0.84 + 0.03
Marseille 1.22 +0.10 1.28 = 0.01 4436 + 12 161405 1.84 + 0.04 0.9948
18.7+0.5 —042 +1.54

10.8 +0.4 254 +£211
132+ 0.8 2.34 +0.05

Trieste 1.22 +0.15 1.59 + 0.05 3874 + 86 103 £1.7 4.87 +0.73 0.9844
191+29 -3.04 + 0.13
219+20 2.52 +0.05
78+0.7 -1.93 + 0.08

Genova 1.07 £ 0.24 1.20 + 0.03 4618 + 54 121 + 0.6 258 4+ 0.24 0.9254
13.1+1.1 —-0.61 + 0.09

Venice PS. 243 +£0.23 2.78 £0.04 1615 + 74 18.8 +£1.3 -2.03 £ 0.07 0.9579

23.8+13 2.10 £0.05
211+13 3.36 £ 0.89

Bakar 09+037  088+015  5323+306  219+22  -163+011 09515
121407  —0.66+2.36
. 274406  241+002
Dubrovnik 090044  124%005 45202104 0> 0 SO0 09662
Rovinj 038+043 0974010  5l44+190  202*09 0452003 o0,

203+1.2 1.76 £ 0.09

18.8+0.3 2.62 £0.02

Split M. 0.35 +£0.38 0.17 £0.02 6671 + 29 26.8 + 0.4 -1.84 + 0.01 0.9888
264 + 0.4 1.35 £ 0.01
171+ 0.7 0.68 £ 0.04

Split G. L. 0.51 +£0.40 1.87 + 0.07 3360 + 137 351 4 0.1 1.48 + 0.03 0.9434

4. Discussion: The Vertical Land Motion and Relative Sea Levels by 2050 and 2100

The VLM trends were derived from the processing of raw data collected by regional continuous GPS
networks operating in the Euro-Mediterranean region for more than 7 years [61] and located near the tide
gauges. The geodetic rates of VLM were obtained from the analysis of position-times series, following
the procedures described in [62], according to the IGS recommendations (http://acc.igs.org/reprocess2),
to produce solutions with the most updated standards and models. GPS velocities were estimated and
represented in the absolute geocentric reference frame (the IGb08 realization of the global ITRF08 [63].
Measured VLM and general information about GPS stations are shown in Figure 5 and Table 3. Due to
the poor quality of the data, the VLM at ROGS (Bakar) and RIGS (Rovinj) were not used in this study.
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Figure 5. Map of the absolute (i.e., IGb08 frame) vertical velocities for the continuous GPS (cGPS)
stations used in this work. Black dots refer to the stations ROGS (Bakar) and RIGS (Rovinj) for which,
due to the limited available data, calculated vertical land motion (VLM) are not reliable.

Table 3. VLM measured at the cGPS station closest to the tide gauges used in this work. The cGPS
station name, position, rate of VLM, time interval of the time series, mean VLM, and the closest tide
gauges to the ¢GPS stations are indicated. Negative sign in the VLM corresponds to land subsidence.

GN‘SS Lon Lat VLN{ Time Interval Average YLM Tide Gfluge
Station (mm a-1) (mm a~1) Location
PRIE 53727 432768  —0.65+055  2007.6397-2018.0890 061+ 043 Marseill
MARS 53538 432788  —0.58+031  1998.5465-2018.0917 oLl arseitie
TRIE 137635 457098  —-0.20+0.36  2003.1054-2018.0917 0.08 £ 049 Triest
TRI1 137878 456606  0.04+0.61  2007.7821-2016.8948 e =D rieste

GENV 8.8809  44.4152 0.74 £ 0.90 2008.4631-2014.7602
GENO 8.9211 44.4194 -0.25+0.30 1998.5575-2018.0917

GENA 89482 443976  —051+430  2016.6270-2017.9273 —012+1.54 Genova
GENU 89503  44.4027  —0.50+0.68  2009.9465-2017.9986
DUB2 181103 426502 —-1.13+096  2011.9739-2018.0917 .
DUBR 18.1104 42.6500 —1.99 +0.48  2000.7226-2012.7363 —1.56£0.72 Dubrovnik
SPLT 164385 435066 056 +0.77  2005.0013-2012.2527 0.56 + 0.77 Split
CGIA 122655 452065 -2.91+083  2010.9630-2018.0917
SFEL 122913 452300 —4.57+0.67  2001.5465-2011.1657
VEAR 123578 454379  —217+135  2006.1602-2010.7164
VEN1 123541 454306 —1.46+0.65  2009.8068-2018.0917
VENE 123320 454370 -0.89+0.82  2001.0863-2007.5630
VEO1 123339 454375 —222+156  2007.8506-2011.1821
MSTR 122386 454904 -250+079  2007.8890-2014.6315 3304085 Veni
R + U. enice
TREP 124547 454677 —845+1.69  2004.1871-2008.0724
CAVA 125827 454794  —2.71+058  2001.5438-2011.1657
TGPO 122283 45.0031  —4.89+053  2007.3164-2018.0917
PTO1 123341 449515 —426+059  2008.4631-2017.9301
GARI 122494 446769  —325+0.66  2009.3958-2018.0917
RAVE 121919 444053 —423+058  2008.0259-2017.9986
BEVA 13.0694 45.6719  —1.69+0.57  2008.0368-2018.0917

The pattern of vertical GPS rates is variable: the VLM (the average value is considered when more
than one ¢GPS station is available) is almost null in the Gulf of Trieste; it is <1 mm a~! at Marseille,
Genova, and Split and it is about 1.5 mm a~! at Dubrovnik. Sudden temporary tectonic episodes,
which can cause permanent signatures during the tidal recordings at these stations, have not occurred
(www.psmsl.org).


www.psmsl.org

Water 2019, 11, 1480 10 of 19

On the other hand, vertical GPS velocities in the North Adriatic coast around the Venice lagoon,
display significant subsidence rates, with values in agreement with previous studies [32,64]. The
average VLM in the region, calculated as the average over 14 GPS stations, is =3.30 + 0.85 mm a~.
Part of the detected subsidence is due to the continuing global glacio-hydroisostatic signal, estimated
in this region to be between —0.12 and —0.21 mm a~! [15], and the remaining part can be related to
natural and anthropogenic effects [64,65]. We can reasonably assume that the VLM rate will remain
unchanged until 2100 AD, in the absence of additional episodes of land movement that may result
from eventual earthquakes with significant magnitude in the area [66] (http://www.isc.ac.uk/). The
remarkable subsidence in the Venice lagoon results in a steeper sea-level rate with respect to those
provided by IPCC estimations in the area [29,67].

Equation (4) can be used to evaluate sea levels at future times by including both the sea-level
trend and VLM, included in r, and the effects of the natural long-term variability, reproduced by the
oscillating contributions. By keeping the linear rate derived from a linear fit on the raw data, we
implicitly assume a constant trend scenario for which the sea-level trend remains unchanged for the
next decades. This represents, of course, a very unlikely scenario since there is high confidence that
the rate of sea-level rise is increasing (IPCC — AR5). Therefore, to evaluate more realistic sea levels, a
time-dependent rate, obtained from the local IPCC projections and including the VLM contribution
is substituted to the constant rate r in Equation (4). Concerning the modeling of the SLNV, since the
Atlantic climatic variability is quasi-persistent on secular times [51,52] and since it is connected to
the sea-level variations in the Mediterranean sea (see Section 3), we can reasonably assume that the
modes of oscillation associated with the natural variability observed in the past, can be considered as
reliable for the next ~90 years. The contribution of the natural variability is also significant in a system
dominated by a forced CO; emission, as the Earth nowadays and possibly in future years. Studies on the
effects of the long-term variability on regional sea levels from different climatic models indicate that the
internal variability contribution is already relevant when 100 year integrations are considered [68-70].
Moreover, the estimated time of emergence, namely the time at which the CO,-forced sea level signal
starts to dominate the internal variability, is close to or longer than a century in most of the Oceans.
Other studies [71,72] indicate that the interplay of natural and forced variability in sea-level changes is
expected to persist in time throughout the 21st century. In addition, possible variations of the modes of
natural variability, between 2016 and 2100, were taken into account in our analysis by using modes
with several frequencies for the uncertainty calculation.

To check the robustness of our approach in estimating future sea levels and the accuracy of
the SLNV evaluation, we carried out a simple test using data from Marseille, the station with the
longest and almost complete time series. Firstly, we applied the EMD analysis on sea-level data
collected in the interval 1888-1957 (70 years). Two IMFs with 7; > 15 years (19 = 33.4 + 5.4 years and
T19 = 58.1 + 7.6 years) were found. Then, sea levels for the next 50 years (1957-2007) were evaluated
through the model, by using the linear trend from the fit to Equation (4) and were compared to the real
complete data set.

Figure 6 shows real data, both reduced at the 1 year of resolution (red dashed line) and smoothed
by a 15-years sliding window (red full line), and the model curve (black line) with the 90% confidence
interval (enclosed by black dashed lines). The model reproduces well variations in both curves derived
from the full time series. For a quantitative comparison:

1.  The normalized mean squared error (NMSE) between the 15 years smoothed and the model
curves, after 1957, is 4.4 x 107 (if a model has a very low NMSE then it reproduces the data well);

2. The maximum and minimum discrepancy between the 15 years smoothed data and the
model-derived sea levels are found in 1965 and 1997, respectively. Sea-level values are 6976 and
6977 mm for smoothed data, 6974 (6956, 6992) and 7000 (6968, 7032) mm for model data (values
in parentheses represents the upper/lower 90% confidence interval).
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Figure 6. Sea levels in the period 1888-2007 at Marseille as estimated by deriving the model from the
first 70 years (1888-1957) of tidal data. Fit parameters are: r = 1.57 + 0.04; c = 3882 + 75; A = 13.8 £ 1.0,
9.8 +1.01; @ = 1.22 + 0.06, 1.89 + 0.09, R? = 0.91. The model (black line) with 90% confidence interval
(enclosed by black dashed lines), sea-level data at 1 year of resolution (red dashed line) and smoothed
by a 15-year sliding window (red line), are shown. The vertical bar marks the boundary between sea
level data used for the model (left) and estimated sea levels (right).

The test shows that the modeling of the last 50 years of sea levels, based on the previous 70 years
of data, fits the real sea levels within a 90% confidence interval well, thus indicating that the approach
used is reliable.

To get sea-level projections at future times, time dependent rates from regional IPCC AR5
sea-level projections (spatial resolution: 1° x 1°), discussed in the Fifth Assessment Report of the
IPCC-ARS [73,74], and available from the Integrated Climate data Center-ICDC of the University
of Hamburg (http://icdc.cen.uni-hamburg.de/1/daten/ocean/ar5-slr.html), were considered. Rates
obtained under the Representative Concentration Pathways RCP2.6 and RCP8.5, providing the least
and most amounts of future sea level rise respectively, were used. These data consist of mean values and
upper/lower 90% confidence bounds obtained by summing up the contributions of several geophysical
sources [73,74]: the thermosteric/dynamic contribution, from 21 CMIP5 coupled atmosphere-ocean
general circulation models (AOGCMs); the surface mass balance and dynamic ice sheet contributions
from Greenland and Antarctica; the glacier and land water storage contributions; the GIA and the
inverse barometer effect. For each tide gauge record the IPCC regional sea-level rate was evaluated
at the grid point closest to the location of the corresponding station. To take into account the VLM,
we substituted the modeled GIA contribution to the IPCC rate with the measured cGPS rate that
includes both real GIA and tectonics/anthropic vertical motion. When more than one ¢GPS station was
present, the average VLM value was used (see Table 3). The IPCC rate, corrected for the measured
VLM, represents the function r in Equation (4). Uncertainties for the sea-level estimations were then
calculated by combining lower and upper sea level bounds from IPCC projection, errors from GPS
measurements, and uncertainties from the model. Note that for the Bakar and Rovinj sea levels we used
the modeled GIA component calculated from the mean of the ICE-5G model [75] and the Australian
National University’s (ANU) ice sheet model [76] and subsequent improvements, since the measured
VLM is not reliable.

Computed sea levels for the two considered IPCC scenarios are shown in Figure 7 and values at
2050 and 2100 (with respect to 2005) are indicated in Table 4. Let us first discuss the results without
considering Venice P.S. A mean sea-level rise of 198 + 102 mm by 2050 and 570 + 255 mm by 2100 in
the most severe RCP8.5 scenario, and 174 + 97 mm and 342 + 211 mm by 2050 and 2100, respectively,
for the RCP2.6 scenario results from our modelling. In the most favorable scenario (RCP2.6) a sea-level
rise between 142 + 82 (Trieste) and 191 + 106 (Split M.) mm by 2050, and between 259 + 165 (Bakar)
and 445 + 200 (Dubrovnik) mm by 2100 is expected.
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Table 4. Sea levels for 2050 and 2100, with respect to 2005, at the tide gauge for the two scenarios
RCP2.6 and RCP8.5 including both the VLM and sea level natural variability (SLNV) contribution.
Uncertainties define the 90% confidence limits. Time span used for the modeling and duration of raw
records (in parenthesis) are also indicated. Since ¢GPS data are not reliable, the contribution of VLM is
not included for Bakar and Rovin;.

Tide Gauge Station
(Duration)

Sea Level

(mm)
RCP2.6

Sea Level

2050

2100

2050

2100

Marseille
1888-2009
(128 years)

182+ 79

364 + 167

208 +79

602 + 240

Trieste
1901-2009
(138 years)

142 + 82

336 + 197

150 + 86

523 + 237

Genova
1931-1992
(92 years)

163 + 150

337 £ 306

193 + 156

581 + 347

Venice PS.
1914-1997
(92 years)

283 +£103

603 + 217

311 + 114

818 + 258

Bakar
1949-2008
(82 years)

166 + 69

259 + 165

182 +£70

475 £ 203

Dubrovnik
1959-2006
(54 years)

225 +91

445 + 200

246 + 95

681 + 246

Rovinj
1958-2008
(57 years)

149 + 65

295 + 164

177 +£ 80

510 £ 216

Split M.
1955-2008
(60 years)

191 + 106

322 +£213

220 + 112

567 + 249

Split G.L.
1957-2008
(58 years)

174 + 106

376 + 240

204 + 112

621 + 273

The most severe scenario projections indicate a sea-level rise between 150 + 86 (Trieste) and
246 + 95 (Dubrovnik) mm by 2050 and between 475 + 203 (Bakar) and 681 + 246 (Dubrovnik) mm by
2100. The combined effect of the VLM and SLNV produces an average increase of the sea level, with
respect to pure IPCC projections, of 23/58 mm in RCP2.6 scenario and 37/65 mm in RCP8.5 scenario for
2050/2100 corresponding to a variation of about the 20% (2050) and 13% (2100). The maximum sea-level
variation, with respect to pure IPCC projections, of 146/205 mm in RCP2.6 and 150/222 mm in RCP2.6
for 2050/2100 is found at Dubrovnik where the highest VLM rate is measured. The natural variability
produces an average variation on the estimated sea level of about 20 (2050) and 10 (2100) mm with
maximum values reaching about 65 mm with respect to the IPCC projections. Its average contribution,
for the analyzed stations, is about the 9% in 2050 and 2.5% in 2100 (note that the SLNV contribution, in
percentage, decreases when the effects of global changes and VLM increase). We remark that, although
the contribution of the natural variability in the analyzed stations is of the order of few centimeters,
its contribution is not negligible especially for coastlines that are more prone to marine flooding.
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In these areas, indeed, changes of some centimeters in projected sea levels can change the flooding
scenarios [33].

Marseille Trieste Genova
8000 8000 8000
= stationary
E ——RCP26
£ ——RCP8.5
= 7500 7500 7500
-
o TS e,
g7o00f g~ 7000f o~~~ 7000 ———=
1900 1950 2000 2050 2100 1900 1950 2000 2050 2100 1950 2000 2050 2100
time (year) time (year) time (year)
Venezia P. S. 8000 Bakar 8000 Dubrovnik
E 8000
£
5 7500 7500
c|>> 7500
é _—— " P o T i AR
@ 7000 |~ 7000 7000
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time (year) time (year) time (year)
Rovinj Split Marjana Split Gradska Luka
8000 ) 8000 P ] 8000 P
3
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D .
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Figure 7. Sea-level height up to 2100 for the analyzed stations, as obtained by the model of Equation (4)
that includes VLM and AR5 RCP2.6 (blue line) and RCP8.5 (red line) rate. Color bands represent the
90% confidence interval, obtained by including uncertainties from the model, VLM, and ARS trend.
The black line represents sea levels when the constant trend obtained from fits is used. Since cGPS data
are not reliable, the contribution of VLM is not included for Bakar and Rovinj.

The sea level at Venice deserves a separate discussion. At Venice P.S., future sea levels are strongly
driven by the land subsidence that accounts alone up to 68% (2050) and 60% (2100) of the sea-level rise.
VLM, together with the natural variability, accounts for up to 78% (2050) and 64% (2100) of the level
rise. In the RCP2.6/RCP8.5 scenarios, the expected sea levels are 283 + 103 mm/311 + 114 mm (2050)
and 603 + 217 mm/818 + 258 mm (2100) well above the values found for the other analyzed records.
These values exceed, by about 220 (2050) and 385 mm (2100), the values obtained for Venice when
pure IPCC scenarios are considered. These results have considerable implications for the area of the
Venice lagoon, characterized by high-density of population, valuable historical setting, residential and
industrial infrastructures, besides areas for agricultural use and national parks, for which sea-level rise
can become a serious hazard.

The sea-level projections obtained in this study were finally compared with previous investigations
in the same geographical areas. References [15,32] estimated the sea-level rise in the Venice area by
making use of IPCC predictions, GIA modeling, and including the VLM contribution from geological
and archeological data. By using the global IPCC 2007, in [15] the authors found a sea-level rise in
2100 (relative to the sea level average 1986-2005) of about 315 mm; an average sea level between
580 (minimum) and 996 mm (maximum) was estimated by [32], using the global IPCC AR5 RCP8.5
scenario. By modeling and combining the contributions of terrestrial ice melt, GIA and steric sea-level
components, in [26] the authors elaborated a minimum and maximum sea-level rise scenario for sea
level in 2050: sea levels at Marseille, Venice P.S., Trieste, Bakar were 60, 113, 113, 113 mm and 221, 227,
227, 229 mm respectively. Reference [14] presented a worldwide set of local sea-level projections up
to 2100 and 2200 by modeling the contribution to the sea level through three ice sheet components,
glacier and ice cap, oceanographic processes, and land water storage. A long-term, local, non-climatic
sea-level change calculated through a Gaussian process model, based on historical tide gauge data,
was also included to estimate the non-climatic contribution. A quite different approach consists of
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using a dynamical system model with spatial analysis capability [77-79] to assess the spatial variability
of both temperature and sea-level changes over the 21st century. In this framework, temperature and
sea level are considered as coupled variables whose behavior is described by two ordinary differential
equations. After calibration through historical data, the model is able to provide reliable predictions of
the two variables for the next century. For the Mediterranean Sea region, in particular, an average
sea-level rise below 600 mm, relative to 1990, is expected.

The sea-level value from [15] (315 mm) is significantly lower than our RCP2.6 result for 2100
(603 £ 217 mm). This can be ascribed to the use of a global not upgraded IPCC model and an estimation
of the VLM from geological and archeological data instead of GPS measurements. On the other
hand, our RPC 8.5 results for 2100 are in agreement, within the error limits, with the results by [32].
Additionally, in this case small differences can arise from the use of a global IPCC model (instead of a
local one) and the VLM estimation from geological data. Concerning the analysis proposed by [26],
sea levels from their maximum scenario are in agreement with our predictions for both RCP2.6 and
8.5. Differences (mainly with their minimum scenario) possibly arise from differences in modeling ice
melt, GIA, and steric components with respect to IPCC projections and from the lack of inclusion of
the VLM contribution in their study.

Our results are in agreement with the mean sea-level values of [14], within the uncertainty limit,
for both 2050 and 2100 at the nine analyzed locations. Differences between the two results are smaller
(at most 10%) for the records spanning a longer period (Marseille, Trieste, and Genova) which indicates
that both analyses seem to converge when longer time series are considered. We recall that both the
approaches use observationally based rates to account for local effects in the sea-level predictions
and both the EMD as well as the statistical approach from [14] are more accurate when longer data
points are available. Small differences can also be due to differences in modeling ice sheet components,
glacier and ice cap, oceanographic processes, and land water storage with respect to IPCC projections.
Regarding the results from the Venice station, differences reaching 27% were found. Due to the strong
subsidence affecting only the Venice area, and not the entire North Adriatic Sea, we believe that an
approach that takes into account the punctual vertical land motion measured closer to the tide gauge
station is more suitable for modeling this effect on the sea-level. A comparison of the sea level in 2100
in the Mediterranean Sea area from [77] shows very good agreement with our results when the RCP85
scenario is considered. Indeed, when averaged over all stations (excluding Venice) and reported to the
same time basis (year 1990) as [77] we found an average sea-level of 626 + 255 mm that fits well, within
the uncertainty limits, the value found by [77].

Finally, the modeling of the effect of the natural variability on future sea-level projections, present
in this study, can also introduce, to a lesser extent, differences with sea-level estimations from the
works mentioned above.

5. Conclusions

Sea levels for 2050 and 2100 at nine locations in the Central-Northern Mediterranean coasts were
estimated from tide gauge data by including the contribution of both the vertical land motion and the
natural variability. The VLM was inferred at a set of locations nearby tide gauges through continuous
GPS measurements. The SLNV was estimated by the EMD analysis on the tide gauge data. The EMD
approach revealed modes at characteristic time scales in the ranges 20-30 and >45 years, associated
with the long-term natural variability, resulting from the combined effect of teleconnection patterns.
Expected sea levels in 2050 and 2100 were then estimated by using IPCC projection, for the time
dependent sea-level rate, the measured VLM rate, and a superposition of periodic functions, whose
properties were obtained from the EMD results, to model the contribution of the long-term variability.
Results (excluding the Venice P.S. tide gauge station) provided a mean sea-level rise of 198 + 102 mm by
2050 and 570 + 255 mm by 2100 in the most severe RCP8.5 scenario, while a lower bound is estimated to
be 174 + 97 and 342 + 211 mm by 2050 and 2100, respectively, for the RCP2.6 scenario. The contribution
of natural variability to local sea-level variations is significant and can reach, on average, up to the 9%
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with respect to the sea-level changes induced only by global climate change. VLM and SLNV together
account, on average, for about the 15% of the sea-level variation.

In the Venice lagoon, the land subsidence is increasing the local sea-level rise. By taking into
account VLM rates measured by the ¢GPS stations in this area, relative sea levels are expected to reach
603 + 217 and 818 + 258 mm in 2100 for the RCP2.6 and RCP8.5 scenarios, respectively. In particular, at
the Venice PSS. tidal station, VLM and SLNV contribute more than the 60% to the expected sea-level rise.

Finally, our analysis shows that the contribution of local effects, such as the natural variability
and the vertical land motion, play a key role in local sea-level rise projections. Effects are even more
relevant for low elevated coastal areas where marine ingression may represent a potential hazard for
the environment and human activities. Even in the more optimistic scenario, the estimated sea-level
rise will have an important impact along the coasts, causing diffuse erosion of the shorelines, hence
determining serious impacts on many coastal areas, increasing the hazard related to flooding events,
storm surges, and possibly tsunamis. In subsiding areas, like the Venice Lagoon, severe environmental
impact with subsequent loss of economic value of shores and coastal infrastructures can be reasonably
expected before 2100. In this regard, land planners and decision makers should take into account the
rising sea levels reported in this study for cognizant coastal management.
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