
1. Introduction
Increase in the average sea-level (SL) height is among the most dramatic implications of global warming, posing 
environmental, social and economic threats on coastal areas (Church et  al.,  2013; Oppenheimer et  al.,  2019; 
Thiéblemont et al., 2019). Recent estimates of rates of historical global-mean SL rise include, in the lower limit, 
1.2 ± 0.2 mm/yr (90% confidence interval, period 1901–1990, Hay et al., 2015), 1.1 ± 0.3 mm/yr (99% confi-
dence interval, period 1902–1990, Dangendorf et al., 2017) and 1.56 ± 0.33 mm/yr (90% confidence interval, 
period 1900–2018, Frederikse et al., 2020), with differences between estimates arguably arising from specifici-
ties on data set and period of analysis. The sixth assessment report of the Intergovernmental Panel on Climate 
Change (IPCC-AR6) indicates a historical global-mean SL rise of 20 ± 5 cm (best estimate and 5–95% range) in 
the period 1901–2018 (Fox-Kemper et al., 2021). In terms of impacts, it is the local SL change near the coast that 
matters, and observations demonstrate this to be strongly spatially heterogeneous over multiannual to multidec-
adal periods (e.g., Cazenave & Nerem, 2004; Chafik et al., 2019; Chambers et al., 2012; Kopp et al., 2014). This 
reflects the fact that global-mean SL trends and basin-scale and regional SL trends are caused by a different 

Abstract Sea-level rise is one of the most critical consequences of global warming, with potentially vast 
impacts on coastal environments and societies. Sea-level changes are spatially and temporally heterogeneous 
on multiannual-to-multidecadal timescales. Here, we demonstrate that the observed rate of winter sea-level 
rise in the Italian city of Venice contains significant multidecadal fluctuations, including interdecadal periods 
of near-zero trend. Previous literature established a connection between the local sea-level trend in Venice and 
over the broad subpolar and eastern North Atlantic. We demonstrate that for multidecadal variations in sea-level 
trend such connection holds only since the mid-20th Century. Such multidecadal sea-level fluctuations relate 
to North Atlantic sea-surface temperature changes described by the Atlantic multidecadal variability, or AMV. 
The link is explained by combined effect of AMV-linked steric variations in the North Atlantic propagating 
in the Mediterranean Sea, and large-scale atmospheric circulation anomalies over the North Atlantic with a 
local effect on sea level in Venice. We discuss the implications of such variability for near-term predictability 
of winter sea-level changes in Venice. Combining available sea-level projections for Venice with a scenario 
of imminent AMV cooling yields a slowdown in the rate of sea-level rise in Venice, with the possibility of 
mean values remaining even roughly constant in the next two decades as AMV effects contrast the expected 
long-term sea-level rise. Acknowledging, understanding, and communicating this multidecadal variability in 
local sea-level rise is crucial for management and protection of this world-class historical site.

Plain Language Summary Environmental and socioeconomic impacts of sea-level rise are one 
of the major concerns of global warming. Here, we consider the case of the Italian city of Venice, one of the 
iconic locations for the potentially dramatic effects of sea-level rise. We show that the sea-level evolution in 
Venice during the past ∼150 years contains strong multidecadal fluctuations, so that periods of more than 
two decades when there is little or no trend occurred even in the recent past. We link these fluctuations with 
sea-level and climatic variations in the North Atlantic. In particular, we focus on the phenomenon known as 
Atlantic multidecadal variability, or AMV, which describes the alternation over multidecadal periods of warm 
and cold phases of the North Atlantic surface. Our results indicate that warm AMV phases are linked to faster 
sea-level rise in Venice and vice versa. Accordingly, we build sea-level rise scenarios for Venice until 2035 
by considering an imminent AMV cooling as suggested by recent studies. The scenarios yield a temporary 
slowdown of sea-level rise as the AMV contrasts the effects of global warming. This sea-level variability can 
strongly impact on the management of protective measures against flooding currently operative in Venice.

ZANCHETTIN ET AL.

© 2022 The Authors. Earth and Space 
Science published by Wiley Periodicals 
LLC on behalf of American Geophysical 
Union.
This is an open access article under 
the terms of the Creative Commons 
Attribution-NonCommercial-NoDerivs 
License, which permits use and 
distribution in any medium, provided the 
original work is properly cited, the use is 
non-commercial and no modifications or 
adaptations are made.

Is the Atlantic a Source for Decadal Predictability of Sea-Level 
Rise in Venice?
D. Zanchettin1  , S. Rubinetti1,2, and A. Rubino1

1Department of Environmental Sciences, Informatics and Statistics, University Ca’Foscari of Venice, Mestre, Italy, 2Now at 
Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, List/Sylt, Germany

Key Points:
•  The historical rate of sea-level rise in 

Venice contains large multidecadal 
fluctuations and interdecadal periods 
of near-zero trend

•  Multidecadal sea-level trend variations 
in Venice follow those in the subpolar 
North Atlantic since the mid-20th 
Century

•  Atlantic multidecadal variability 
paves the way for the exploration of 
decadal predictability of sea-level rise 
in Venice

Correspondence to:
D. Zanchettin,
davidoff@unive.it

Citation:
Zanchettin, D., Rubinetti, S., & Rubino, 
A. (2022). Is the Atlantic a source for 
decadal predictability of sea-level rise 
in Venice? Earth and Space Science, 
9, e2022EA002494. https://doi.
org/10.1029/2022EA002494

Received 7 JUL 2022
Accepted 24 SEP 2022

Author Contributions:
Conceptualization: D. Zanchettin
Data curation: D. Zanchettin
Formal analysis: D. Zanchettin
Investigation: D. Zanchettin
Methodology: D. Zanchettin
Validation: D. Zanchettin
Writing – original draft: D. Zanchettin, 
S. Rubinetti, A. Rubino
Writing – review & editing: D. 
Zanchettin

10.1029/2022EA002494
RESEARCH ARTICLE

1 of 17

 23335084, 2022, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022E

A
002494 by C

ochraneItalia, W
iley O

nline L
ibrary on [21/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0001-5929-6983
https://doi.org/10.1029/2022EA002494
https://doi.org/10.1029/2022EA002494
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022EA002494&domain=pdf&date_stamp=2022-10-21


Earth and Space Science

ZANCHETTIN ET AL.

10.1029/2022EA002494

2 of 17

combination of processes, whose individual contribution can also vary through time (e.g., Camargo et al., 2021; 
Frederikse et al., 2020; Slangen et al., 2014, 2016).

The Italian city of Venice, built on pile in the central portion of the Venice Lagoon along the northern coast of 
the Adriatic Sea (Figure 1a), stands out among the coastal sites made iconic by the threat posed by SL changes 
and by the human efforts to mitigate it (Lionello, Barriopedro, et al., 2021). The historic town and the surround-
ing lagoon are included in the UNESCO list of World Heritage sites. Relative SL, that is, the local SL height 
relative to the local solid surface (Gregory et al., 2019; Rovere et al., 2016), has increased in Venice by about 
35 cm during the past one-and-half century, partly due to land subsidence from natural as well as anthropogenic 
processes (e.g., Tosi et al., 2013; Zerbini et al., 2017) and partly to rise of the local mean SL due to climatic 
variations. There is agreement across studies that subsidence contributed to about half of the total relative SL 
observed in Venice in the course of the past one-and-half century (Zanchettin et al., 2021a). Accordingly, a recent 
estimate based on deseasoned tide gauge data, the long-term rate of Venetian SL rise corrected for subsidence is 
1.23 ± 0.13 mm/yr for the period 1872–2019 (Zanchettin et al., 2021a, see Figure 2a).

The lowest part of the iconic San Marco square in the historical center of Venice is nowadays approximately 
55 cm above the current average relative SL and astronomical tides have a local amplitude of about 50 cm; so, the 
lowest parts of the San Marco square can currently be flooded by a positive water height anomaly that is only a few 
centimeters above the astronomical high tide (Lionello, Barriopedro, et al., 2021). Indeed, temporary submersion 
of the city has been historically occurring during flooding episodes, which are events—widely known with their 
local name acqua alta (Battistin & Canestrelli, 2006; Ferrarin et al., 2021; Umgiesser et al., 2021)—when anom-
alous meteorological conditions phased with a favorable astronomical tide generate a storm surge in the lagoon 
(Lionello, Nicholls, et al., 2021). The increasing frequency of extreme surge events and the close succession of 
four peak water heights above 140 cm in autumn 2019 (baptized acqua granda, see, e.g., Cavaleri et al., 2020; 
Lionello, Nicholls, et al., 2021) revitalized the public concerns about the fate of Venice under continued SL rise 
and pushed on planned counteracting measures being put in use. A protective system made of mobile barriers 
at the lagoonal inlets to contrast the surges—the MoSE barriers—has already been operated for a few excep-
tional acqua alta events since October 2020, but it is not suitable for permanent closure (Lionello, Barriopedro, 
et al., 2021; Umgiesser, 2020).

In the assessment of future variations of local relative SL in Venice, current evaluations remain focused on 
projected changes during the 21st century under scenarios of increased anthropogenic greenhouse-gas emissions. 
Available estimates of long-term projected SL rise in Venice highlight, on the one hand, its strong depend-
ency on global actions concerning greenhouse-gas emissions and the resulting temperature rise, and, on the 

Figure 1. (a) Map of the Venice lagoon (redrawn from Zanchettin et al., 2021a; (b) map of the Mediterranean Sea with relevant locations for this study and winter 
(October–March average) SL anomaly trends in the Mediterranean Sea from satellite altimetry data over the period 1995–2019. White dots indicate where the trend 
calculated with a least squares linear regression model is not-significant according to the full-model F-statistics or the 95% confidence interval of the trend encompasses 
the zero value. The circles mark the location and winter SL trends of the PSMSL tide gauges considered in this study (from west to east: Cascais, Sines, Marseille, 
Genova/Genova2, Dubrovnik, Split, and Bakar); the green color indicates data unavailability over the considered period. The square marks the location and winter SL 
trend for the Venice tide gauge.
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Figure 2. Comparison between historical sea-level (SL) evolution in Venice and in the Sub Polar North Atlantic. (a) Evolution of winter (October–March average) 
Venice SL (top) and annual Subpolar North Atlantic (SPNA) SL (middle), and their difference (bottom) shown in the form of measurements (M, black line, with 
associated uncertainty as dotted black lines, see methods) and modeled SL (δ, shading and colored lines). For the observed SL difference, time series are smoothed 
with a 5-year running average. Shading illustrates the 1st–99th percentile range for δ. (b) Wavelet coherence spectrum between MVeSL and MSPNASL. Thick contours 
individuate regions of the time-frequency space where the coherence is statistically significant at 95% confidence; arrows indicate the phase difference; the cone of 
influence is reported as a thin line and light shading. (c) Linear trends from MVeSL and MSPNASL estimated via least squares regression (hac, with order 0) for running 
windows of variable width along the observation period. The black dots indicate where the trend is not significantly different from zero, determined by the 95% 
confidence intervals of the regression coefficient encompassing the value of zero.
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other hand, the existence of substantial uncertainties, where the sources of differences between estimates from 
different studies are choices on methods, models and assumptions to build the future scenarios of Venice SL, 
particularly related to background nonclimatic local SL variations linked to vertical land movement. Among 
available estimates, the very stringent RCP2.6 socioeconomic scenario yields a relative SL rise in Venice at 2100 
of 47 cm (5–95 percentile range: 27–79 cm) with respect to the 1983–2001 reference period (Kopp et al., 2014), 
60.3 ± 21.7 cm with respect to 2005 (Vecchio et al., 2019) and 47 cm (likely range 32–62 cm) with respect 
to the reference period 1986–2005 and excluding local atmospheric forcing (Zanchettin et al., 2021a). For the 
worst-case RCP8.5 socioeconomic scenario, estimates of SL rise in Venice at 2100 increase to 68 cm (5–95 
percentile range: 41–107 cm, Kopp et al., 2014), 81.8 ± 25.8 cm (Vecchio et al., 2019) and 81 cm (likely range 
58–110 cm, Zanchettin et al., 2021a), with higher values—up to 180 cm—not excluded under strong icesheet 
melting (Zanchettin et  al.,  2021a). These estimates represent the current state-of-the-art of projected SL rise 
for Venice used in the IPCC-AR6 by Working Group II for the box on Venice and its lagoon (Box 13.1 in 
Bednar-Friedl et  al., 2022). Concerning the vertical land movement contribution to future relative SL rise in 
Venice, its assessment is complicated by the spatial heterogeneity of current subsidence rates observed at the 
lagoonal scale, with larger rates in the northern and southern portions compared to the central portion where 
Venice is located, as well as at the single-building scale (Tosi et al., 2018). Future subsidence-driven changes in 
the relative SL on a century-scale are thus difficult to quantify, also due to the unpredictable local anthropogenic 
component, and proposed estimates span from 0.72 ± 0.33 mm/yr (Kopp et al., 2014) to 1 mm/yr (Zanchettin 
et al., 2021a) and 3.3 ± 0.85 mm/yr (Vecchio et al., 2019).

In terms of impacts on the city of Venice, an increase of about 55 cm from the current mean relative SL (close 
to the central estimate for SL rise at the end of the century under weak anthropogenic greenhouse-gas emission 
scenarios) would reach the elevation of parts of the San Marco square, which would then be submerged daily by 
astronomical tides alone, whereas an increase of about 80 cm (close to the central estimate for SL rise at the end 
of the century under strong anthropogenic greenhouse gas emission scenarios) or 120 cm would extend the issue 
of almost permanent submersion to about 12% and more than 70% of the city, respectively. The projected SL rise 
will also be the main driver of increasing extreme water heights and increasing flood potential in Venice, posing 
a challenge to the operability of MoSE barriers against acqua alta events as close as within a few decades from 
now in the worst-case scenario (Lionello, Barriopedro, et al., 2021).

Besides long-term future scenarios that focus on the expected climate response to external forcings, near-term 
predictions remain an important yet neglected topic. Near-term SL predictions aim at the quantification of the 
range of possible SL evolutions within the next couple of decades or so accounting for the effect of both, external 
forcings and initial climate conditions. Viability and need for near-term predictions of Venice SL stems from 
the multidecadal variations detected in the rate of Venetian mean SL rise including periods of negative trends 
(Zanchettin et al., 2021a) . The search of large-scale climatic precursors of Venice SL variability must account for 
the fact that it closely depends on SL variations in the Adriatic Sea and, in turn, in the Mediterranean Sea (e.g., 
Bruni et al., 2022; Zanchettin et al., 2021a). Accordingly, it is well established that the North Atlantic climate 
affects Adriatic SL and, hence, Venice SL trends and variability on interannual-to-decadal timescales through 
atmospheric teleconnections, in particular linked with the large-scale mode of atmospheric circulation variability 
known as North Atlantic Oscillation or NAO (e.g., Galassi & Spada, 2014; Zanchettin et al., 2006, 2009, 2021a; 
Meli & Romagnoli, 2022). Then, basin-wide Mediterranean SL variations are associated on a broad range of 
timescales with analog SL variations in the eastern boundary of the North Atlantic ocean through water mass 
exchanges at the Strait of Gibraltar (e.g., Lionello, Barriopedro, et al., 2021, see Figure 1b). Accordingly, a tight 
connection has been identified between 20th century SL evolution in Venice and in the subpolar and eastern North 
Atlantic (Lionello, Barriopedro, et al., 2021; Zanchettin et al., 2021a), the latter being a region known to feature 
prominent predictable multidecadal oceanic variability (e.g., Latif et al., 2022; Smith et al., 2020). Multidecadal 
North Atlantic ocean variability is often described through basin-scale sea-surface temperature (SST) anomalies 
and referred to as Atlantic multidecadal variability or AMV (Enfield et al., 2001; Mann et al., 2020; Zanchettin 
et al., 2021a), whose index has been shown to covary with the Venice SL record (Scafetta, 2014). After a warm 
phase established in the late 1990s and persisting to the present, the AMV may undergo a sustained negative 
phase according to some recent studies (Frajka-Williams et  al.,  2017; Omrani et  al.,  2022), which may then 
significantly affect Venice SL trends in the next decades.
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In this paper, we quantify temporal variations in the rate of SL rise in Venice, put them in the context of SL 
variability along the Mediterranean coasts and link them with SL variability and climatic phenomena in the 
North Atlantic sector, specifically with multidecadal fluctuations in North Atlantic SST and associated steric SL 
variations and large-scale atmospheric anomalies. We outline possible implications of a temporary North Atlantic 
surface cooling in the upcoming decades for the near-term predictability of SL rise in Venice.

2. Data and Methods
2.1. Historical Data

The time series of Venice SL (VeSL) data are the seasonal-average tide gauge data described in Zanchettin 
et al. (2021a) and available as “VLMcorrectedRSL” in Zanchettin et al. (2021b). These data were obtained by 
removing the contribution of local subsidence from the historical tide gauge data using the vertical land move-
ment estimate for Venice provided by Zerbini et al. (2017). The subsidence curve was obtained empirically by 
interpolating the heights of various benchmarks including leveling data close to the Punta della Salute tide gauge, 
Global Positioning System and Synthetic Aperture Radar interferometry measurements (Zerbini et al., 2017). 
Therefore, the VLMcorrectedRSL time series is not a direct measurement of the Venice SL, but an indirect 
evidence of it obtained by a linear combination of tide gauge data and a subsidence model.

Average values for the winter semester (October–March) are obtained by averaging the seasonal estimates for 
October–December and January–March provided in Zanchettin et al. (2021b). Using the winter semester allows 
to encompass the period of the year when storm surges typically occur in Venice (e.g., Lionello, Nicholls, 
et al., 2021). The original time series provided by Zanchettin et al. (2021b) were not associated with an uncer-
tainty estimate. Here, we use the raw tide gauge data provided by Battistin and Canestrelli (2006) and by the 
“Centro Previsioni e Segnalazioni Maree of the Venice Municipality” (data available at the url: https://www.
comune.venezia.it/node/6214, last accessed on 21 June 2022) to calculate the yearly standard error of the mean 
for the October–December and January–March seasonal averages. Then, these two seasonal uncertainty estimates 
are linearly combined to produce an October–March uncertainty (see Section 2.2). The time series of winter 
Venice SL and associated uncertainty is illustrated in Figures 2a and available as Zanchettin (2022).

A long SL time series is also available for Trieste, about 150 km to the east of Venice along the northeastern 
Adriatic coast. The Trieste time series is neglected in this study as it is strongly affected by missing data in the 
nineteenth century. SL trend estimates from Trieste and Venice (VLMcorrectedRSL) time series are known to 
be largely consistent over a broad band of timescales, supportive of a rather uniform SL trend in the northern 
Adriatic (Zanchettin et al., 2021a).

An analysis of coastal SL variations from several tide gauges along the Mediterranean and eastern North Atlantic 
coast is performed to support the physical interpretation of the Venice SL variability and to illustrate the potential 
of the proposed approach for broader SL variability beyond the specific case of Venice. To this purpose, monthly 
mean tide gauge data are acquired through the Permanent Service for Mean Sea Level, available at the url: www.
psmsl.org (Holgate et al., 2013; Permanent Service for Mean Sea Level et al., 2022). The location of the consid-
ered tide gauges is shown by the circles in Figure 1b. The considered tide gauges within the Mediterranean Sea 
pertain to areas (the Western basin and the Adriatic Sea) where SL trends from tide gauge and from satellite 
altimetry data show the best agreement according to a recent assessment (Bruni et al., 2022).

Monthly average data of SL anomaly (defined as the sea-surface height above the mean sea-surface referenced 
to the period 1993–2012) in the Mediterranean Sea from altimetry measurements is obtained from the Coper-
nicus Climate Change Service (C3S, http://climate.copernicus.eu), product version 2019. The reference mission 
used for the altimeter intercalibration processing is Topex/Poseidon between 1 January 1993 and 23 April 2002, 
Jason-1 between 24 April 2002 and 18 October 2008, OSTM/Jason-2 between 19 October 2008 and 25 June 
2016, Jason-3 since 25 June 2016. Consistency between trend estimates from tide gauge and satellite altimetry 
data varies in the different subbasins of the Mediterranean Sea, with overall good agreement in the Adriatic Sea 
(Bruni et al., 2022).

Subbasin scale average SL for the North Atlantic is provided by Frederikse et al. (2020). Specifically, we use 
the data referred to as “Subpolar North Atlantic” (SPNA), which encompasses the subpolar North Atlantic, the 
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eastern North Atlantic, the Arctic, and the Mediterranean Sea. Frederikse et al. (2020) also provide estimates of 
contributions to SL changes of ice-mass loss, terrestrial water storage, and thermal expansion of the ocean.

We use the unsmoothed 1856-present monthly time series of the Atlantic Multidecadal Oscillation index calcu-
lated at NOAA PSL based on the Kaplan SST data set, available at the url: https://psl.noaa.gov/data/timeseries/
AMO/.

Gridded SST observational data for the period 1870–2019 are obtained from the Hadley Center Sea Ice and 
Sea-Surface Temperature data set (HadISST1, Rayner et al., 2003).

The North Atlantic Oscillation (NAO) index is the updated monthly time series provided by Jones et al. (1997), 
available at the url: https://crudata.uea.ac.uk/cru/data/nao/

Reanalysis data are from the monthly NOAA-CIRES 20th Century Reanalysis V2 data set (Compo et al., 2011). 
Support for the 20th Century Reanalysis Project data set is provided by the U.S. Department of Energy, Office of 
Science Innovative and Novel Computational Impact on Theory and Experiment (DOE INCITE) program, and 
Office of Biological and Environmental Research (BER), and by the National Oceanic and Atmospheric Admin-
istration Climate Program Office.

2.2. Time Series Analysis

Least square linear regressions are performed using the Matlab function regress. The function hac is used to 
calculate SL trends and associated uncertainties for Venice and the SPNA. HAC estimators are designed to 
correct for the bias in the ordinary least squares standard error calculation introduced by autocorrelation, and so 
provide a more robust setting for inference regarding the significance of regression coefficients. HAC estimators 
are sensitive to the application of a prewhitening filter (Andrews & Monohan, 1992) and we provide estimates for 
the order of the vector autoregression model (below order 10) that locally maximizes the standard error.

The local subsidence estimate for Venice was not provided with an uncertainty estimate, which affects the 
calculation of uncertainty of trends for the “VLMcorrectedRSL” time series. Uncertainty in the trend estimate 
for the Venice SL (𝐴𝐴 ΔVeSL ) is therefore calculated via linear propagation of uncertainties in trend estimates for 
the original tide gauge data (𝐴𝐴 ΔVeTG ) and the subsidence components (𝐴𝐴 ΔVLM ), calculated according to the equa-
tion 𝐴𝐴 ΔVeSL

2
= ΔVeTG

2
+ ΔVLM

2 . The same approach for propagation of uncertainty is applied to other combined 
quantities.

Statistical significance for differences between data subsets obtained by composite analysis is performed using 
the Mann-Whitney U test.

Wavelet coherence spectra are calculated using the cross wavelet and wavelet coherence package by Aslak 
Grinsted, John Moore, and Svetlana Jevrejeva available at the url: https://github.com/grinsted/wavelet-coherence 
(Grinsted et al., 2004; see also: Torrence & Webster, 1999).

2.3. Statistical Model for Stochastic Trends

We apply a statistical model developed under the Bayesian hierarchical framework to separate uncertainties 
embedded in the SL time series at the data level (e.g., associated to the instrumental noisy observations), at the 
process level (i.e., the SL trend, which is not directly observable) and at the models' parameter level. Tebaldi 
et al. (2005), Buser et al. (2009), Duan and Phillips et al. (2010), Kang et al. (2012), and Arisido et al. (2017) 
provide examples of the application of Bayesian statistics in the field of climate research, and we only focus here 
on a few general concepts regarding our specific application. Bayes' theorem is used to estimate the unknowns 
(i.e., hidden process and model parameters) with associated uncertainty through the calculation of their posterior 
distribution conditioned to available observations (i.e., the data). This approach allows to surpass limitations 
related to the explicit treatment of uncertainties required by empirical approaches, in this case especially relevant 
to the subsidence estimate for the Venice SL. In practice, we assume that all uncertainties arising from preproc-
essing of the Venice SL data remain embedded in the “VLMcorrectedRSL” time series.
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The statistical model is the same developed by Laine et  al.  (2014) within the dynamic linear model (DLM) 
framework based on a state-space approach. According to the DLM framework, unobservable state variables are 
used that allow direct modeling of the hidden process generating the measured data. Specifically, the state δ at 
discretized time t (in this case corresponding to a certain year in the time series) is observed through the associ-
ated measurement M via the data model:

𝑀𝑀𝐽𝐽 (𝑡𝑡) = 𝛿𝛿(𝑡𝑡) + 𝜀𝜀𝑀𝑀 (𝑡𝑡) (1)

where εM is a Gaussian white noise with zero mean and variance τ 2M (see Table 1). 𝐴𝐴 𝐴𝐴𝑀𝑀 contains observational 
errors but also includes higher frequency variations with respect to the SL trend, which is the process of interest, 
such as interannual variability. In the process model, δ evolves through time according to the local stochastic 
trend β as follows:

𝛿𝛿(𝑡𝑡) = 𝛿𝛿(𝑡𝑡 − 1) + 𝛽𝛽(𝑡𝑡 − 1) + 𝜀𝜀𝛿𝛿(𝑡𝑡) (2)

where (t − 1) indicates the previous sample (in this case corresponding to the year before year t), 𝐴𝐴 𝐴𝐴𝛿𝛿 is uncorre-
lated Gaussian white noise with zero mean and variance 𝐴𝐴 𝐴𝐴

2

𝛿𝛿
 . The effect of 𝐴𝐴 𝐴𝐴𝛿𝛿 is to allow the level to rise and fall. 

Dynamics of 𝐴𝐴 𝐴𝐴 are described as a random walk:

𝛽𝛽(𝑡𝑡) = 𝛽𝛽(𝑡𝑡 − 1) + 𝜀𝜀𝛽𝛽(𝑡𝑡) (3)

The system of Equations 1–3 corresponds to the system of Equations 3–5 in Laine et al. (2014).

The larger the variances of the Gaussian noises, the greater the stochastic movements in the level and changes in 
the stochastic slope. If 𝐴𝐴 𝐴𝐴

2

𝛿𝛿
= 𝐴𝐴

2

𝛽𝛽
= 0 , the local stochastic trend collapses to a linear deterministic trend.

The DLM uses the dlmsmo Matlab function developed by M.J. Laine and available at https://github.com/mjlaine/dlm.

The posterior distribution on the left term of Bayes' theorem is sampled through a Markov Chain Monte Carlo 
method, in this study based on a slice-sampler algorithm (Radford,  2003). Then, Kalman filter and Kalman 
smoother are used to iteratively sample the states of the process along a Monte Carlo Markov Chain to sample 
from the marginal distributions for each of the state components (see Laine et  al.,  2014, for details). In the 
Bayesian framework, specification of the prior distribution for the unknown parameters (in this case: 𝐴𝐴 𝐴𝐴

2

𝑀𝑀
, 𝐴𝐴

2

𝛿𝛿
, 𝐴𝐴

2

𝛽𝛽
 ) 

is required. We define weakly informative lognormal (LN) priors in the form LN(0,1) for all parameters. Only 
parameter sets sampled along the Monte Carlo chain yielding a realization of β with variance exceeding a thresh-
old value are retained (see Table 1), so that realizations describing a linear trend—corresponding to constant β 
values through time—are not sampled. The DLM is applied to time series of selected variables using the settings 
provided in Table 1. Estimates of the various components of the DLM for each considered variable are indicated 
by adding the variable's name as subscript to the component (e.g., 𝐴𝐴 𝐴𝐴VeSL ).

2.4. SL Scenarios

Future scenarios of AMV evolution between 2020 and 2035 are generated based on values of the cumulative distri-
bution function for the Normal distribution evaluated at 0.25 intervals between −2 and 3.25. This reference evolu-

Venice SL (VeSL) SPNA SL (SPNASL) AMV (AMV) wmNA SST (wmNASST) emNA SST (emNASST)

Initial state δ(0),β(0) 0,0.2 0,0 0.018,0 10.6,0 17.6,0

Initial state uncertainty covariance [2.4, 0; 0, 0.1] [5.6, 0; 0, 0.01] [0.15 0; 0 0.21] [0.74 0; 0 0.11] [0.31 0; 0 0.03]

τM 1 0.5 · (SPNASLupper- SPNASLlower) 0.1 0.1 0.1

Threshold for β 0.0025 6.25e−4 0.001 0.001 0.001

Sampled realizations 658 899 800 999 999

Note. SPNAupper and SPNAlower are upper and lower estimates of SPNA SL provided by Frederikse et al. (2020). Threshold for β is the threshold variance of β 
realizations to be exceeded to retain the sampled parameters.

Table 1 
Relevant Settings for the DLM Applied to Time Series of Selected Variables

 23335084, 2022, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022E

A
002494 by C

ochraneItalia, W
iley O

nline L
ibrary on [21/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://github.com/mjlaine/dlm


Earth and Space Science

ZANCHETTIN ET AL.

10.1029/2022EA002494

8 of 17

tion is scaled by the expected change toward negative/neutral AMV values (0.2 for the “relaxation scenario” and 
0.4 for the “fluctuation scenario”, see Section 4.2 and then subtracted from the average of the last value of δAMV in 
each of the 800 sampled realizations of the process. The so-obtained AMV scenario data are used as predictors for 
linear regression models to obtain historical and scenario realizations of 𝐴𝐴 𝐴𝐴VeSL conditioned to the AMV.

These realizations of AMV-induced SL changes are combined with probabilistic scenarios of Venice SL that 
describe the expected Venice SL responses to global climate changes induced by anthropogenic greenhouse gas 
forcing under different emission assumptions (Thieblemont et al., 2019; Zanchettin et al., 2021a, 2021b).

3. Results
3.1. Sea-Level Trend From Least Squares Regression

Figure 1b illustrates winter Mediterranean SL trends for the period 1995–2019 obtained from satellite altimetry 
data and tide gauges with ordinary least squares linear regression. The results agree with SL trends obtained by 
Zanchettin et al.  (2021a) using data from a different altimetry product (ESA SLCCI V2) and over a different 
period, where spatially heterogeneous trends reflect ocean circulation effects on local SL variability. Accordingly, 
altimeter data indicate nonsignificant winter SL trends over extensive regions across all Mediterranean subbasins, 
including portions of the northern Adriatic. Tide gauge data tend to have larger winter SL trends compared to 
satellite-based estimates, which may reflect both, inclusion of subsidence in the former and limitations of the 
latter for coastal regions. The agreement between winter SL trends from altimeter data and tide gauges improves 
in the northern Adriatic, including Venice for which subsidence is removed in the VLMcorrectedRSL time series.

Figure 2a illustrates the historical evolution of winter Venice SL (MVeSL) and SPNA SL (MSPNASL). Based on 
data for the common period 1900–2018, the linear trend estimated with least squares regression for MVeSL is 
1.18 mm/yr ([0.60 1.76] as ±2 standard error range including standard error estimates using hac, order 5, and by 
propagating uncertainties in trends of relative SL and subsidence, see Section 2) with R 2 0.348. The linear trend 
for MSPNASL is 1.08 mm/yr ([0.66 1.50], with hac, order 1) with R 2 0.844. The much larger R 2 value obtained for 
the SPNA SL compared to the Venice SL record indicates that in the latter the long-term linear trend is a less 
important and less certain component of the total variability, likely due to the presence of strong variations in the 
broad band encompassing interannual-to-interdecadal timescales. Linear trend estimates for Venice and SPNA 
SL overlap with each other within uncertainties but the best estimate of the trend for Venice is overall slightly 
larger than for the SPNA, which is also seen as the predominantly positive SL differences (MVeSL − MSPNASL) 
illustrated at the bottom of Figure 2a.

The wavelet coherence spectrum in Figure 2b further illustrates the variable connection between decadal and 
multidecadal variations in MVeSL and MSPNASL. There is a significant tight cophase at decadal timescales between 
both time series in the most recent decades (since around 1980), associated with a consistent stronger SL rise 
compared to the preceding period. Conversely, the earlier part of the 20th century is characterized by common 
strong but phase-lagged interdecadal variability around periods of 20–30 years, where Venice SL appears to lead 
SPNA SL variations by a few years. This specifically appears to be related with the transition around 1930 from a 
weaker to a stronger SL rise in MSPNASL. Linear trends over moving windows of variable width in Figure 2c illus-
trate the effects of the strong interannual-to-interdecadal variability contained in MVeSL: interdecadal periods—
up to almost half century—of evanescent trends, that is, statistically not different from zero (see black dots in 
Figure 2c), are found also in the second half of the 20th century, especially during the 1960s, 1970s, and 1980s. 
By contrast, the corresponding persistently positive trend estimates for MSPNASL indicate an ongoing SL rise 
during these decades, although with a temporary weaker rate. The dominance of interannual variability in MVeSL 
can be further highlighted by its connections with patterns of surface ocean and atmospheric variability in the 
North Atlantic and Euro-Mediterranean sectors. The regression pattern of detrended SST on detrended MVeSL 
highlights the eastern Mediterranean Sea, particularly in the Adriatic and Levantine basins, and reveals a quad-
rupole pattern that superposes well on the inverse regression pattern of detrended SST on the NAO (Figures 3a 
and 3d). Composite analysis of atmospheric circulation anomalies around MVeSL reveals that anomalously high 
Venice SL is linked with an extensive negative pressure anomaly centered over the Bay of Biscay and reaching 
the midlatitude eastern North Atlantic, the British Isles and the Euro-Mediterranean region (Figure 4a). Over the 
Adriatic basin, this is associated with a SL rise due to the inverse barometer effect. The near-surface wind compos-
ite includes an anomalous southwesterly flow over the Ionian and Adriatic Seas, whose meridional component 
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thus contributes to piling up of waters toward the northern Adriatic as observed during the Sirocco wind circu-
lation (e.g., Zanchettin et al., 2021a). Furthermore, the atmospheric circulation anomaly includes an anomalous 
westerly flow over the subtropical North Atlantic, which contributes to pushing Atlantic waters toward Gibraltar 
and further from the Western toward the Eastern Mediterranean. The anomalous circulation pattern agrees with 
earlier analyses for the Mediterranean region and a different data set (Zanchettin et al., 2021a) that were used 
to corroborate the link between interannual-to-decadal winter variability of NAO and Venice SL. The present 
analysis over a more extensive domain encompassing the North Atlantic, European and Mediterranean regions 
confirms that the atmospheric circulation anomaly associated with high Venice SL superposes well on the NAO 
pattern, concerning the location of the anomalous pressure centers (Figure 4a) and the overall structure of the 
pattern (weighted R 2 between Venice SL and NAO 1,000 hPa geopotential height patterns is 0.80 with weighted 
root mean squared error of 32 m).

Overall, least squares regression trend estimates thus suggest that Venice SL and SPNA SL are not as 
robustly and tightly linked as previously suggested. However, discrepancies might be linked to the substantial 
interannual-to-decadal variability contained in both historical records. This variability, for Venice SL, is espe-
cially strong and traces back to NAO-related atmospheric dynamics.

3.2. Sea-Level Trend From DLM

We use the dynamic linear model (1–3) to separate the SL trend from the observational noise and the strong 
interannual-to-decadal variability that especially affects the Venice SL time series. The modeled SL 𝐴𝐴 (𝛿𝛿) and 
the underlying local stochastic trends (𝐴𝐴 𝐴𝐴 ) for Venice and SPNA SL are illustrated in Figures 2a and 5a, respec-
tively. Differences between 𝐴𝐴 𝐴𝐴VeSL and 𝐴𝐴 𝐴𝐴SPNASL are also illustrated in Figure 2a. The full-period average of 𝐴𝐴 𝐴𝐴VeSL 
is 1.46 mm/yr ([1.25, 1.69] as 5–95 percentile range), consistent within uncertainties with previous estimates 
(Zanchettin et al., 2021a; Zerbini et al., 2017; see also Figure 5a, circles and bars on the right). The R 2 statistics 
measuring the fraction of variance of MVeSL explained by ranges between 0.465 and 0.491 (5–95 percentile range) 
for the individual realizations of 𝐴𝐴 𝐴𝐴VeSL (average across realizations is 0.486). These values compare well with the 

Figure 3. Regression patterns of North Atlantic and Mediterranean sea-surface temperature (SST) on selected indicators of climatic variability linked with Venice 
sea-level (SL) change, including (a) measured Venice SL, (b) modeled Venice SL (δVeSL) and (c) associated local stochastic trend βVeSL, (d) the North Atlantic 
Oscillation (NAO), (e) modeled Sub Polar North Atlantic (SPNA) SL (δSPNASL), and (f) the modeled Atlantic multidecadal variability (AMV). All data refer to 
averages over the winter (October–March) semester, linearly detrended before analysis. Regressions are shown only for local SST where the linear regression model is 
statistically significant at p < 0.05. Boxes in panel (c) illustrate the regions referred to as western midlatitude North Atlantic (wmNA, magenta) and eastern midlatitude 
North Atlantic (emNA, turquoise).
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R 2 value for the full-period (1873–2019) least squares regression linear trend (0.477). Most importantly, 𝐴𝐴 𝐴𝐴VeSL 
exhibits large multidecadal variations (Figure 5a), seen in the mean and envelope of its realizations, with decades 
of larger trends (e.g., around 1880–1890, around 1930 and since 2000) alternating with decades of smaller, even 
vanishing, trends (e.g., around the 1960s and 1970s). Such multidecadal variability in the trend is confirmed 
by the least squares estimates obtained via linear regressions on MVeSL (Figure 2c), yielding, for instance, nega-
tive values for the period 1960–1989 (−1.29 mm/yr, [−1.57, −1.01]) and large positive values for the periods 
1920–1949 (1.95 mm/yr, [1.21,2.69]) and 1990–2019 (4.05 mm/yr, [3.07,5.03]).

The evolution of 𝐴𝐴 𝐴𝐴VeSL superposes almost perfectly on that of βSPNASL since the late 1940s (Figure 5a), when both 
local stochastic trend estimates indicate a slowdown of SL rise from around 0.11–0.12 cm/yr to around 0.06 cm/
yr in the mid-1970s, followed by an acceleration to around 0.26 cm/yr in 2010. Before 1950, the evolutions 
diverge, with the largest differences found during 1910–1930 when 𝐴𝐴 𝐴𝐴SPNASL approaches zero while βVeSL remains 
above values of 0.1 cm/yr. The transition from a distinct to a coherent SL rise pattern in Venice and the SPNA 
is evidenced by the difference 𝐴𝐴 𝐴𝐴Vesl − 𝐴𝐴SPNASL : it rises between 1900 and 1930 to a maximum of about 3.6 cm, to 
then slowly stabilize around 2.8–3.2 cm since 1950 (Figure 2a). Therefore, since the mid-20th century the same 
processes likely governed SL rise in the SPNA and in Venice, but not before.

Recent SPNA SL evolution has been shown to closely depend on steric variations (Frederikse et al., 2020, see also 
Figure 5b). Estimates of the steric contribution to SPNA SL change are only available since the late 1950s and 
therefore do not cover the whole period of our analysis. Nevertheless, such dominance of the steric component 

Figure 4. Atmospheric circulation anomalies associated to Venice sea-level (SL) and North Atlantic sea-surface temperature (SST) variability. Composite analysis 
of linearly detrended winter (October–March average) 1,000 hPa geopotential height (in meters) and 10 m wind (arrows) around positive (above the 75th percentile) 
and negative (below the 25th percentile) anomalies of linearly detrended measurements of (a) Venice SL (MVeSL), (b) SST over the eastern midlatitude North Atlantic 
(MemNASST), (c) SST over the western midlatitude North Atlantic (MwmNASST), and (d) Atlantic multidecadal variability (AMV) (MAMV). Shown are average values 
for positive minus negative values, where the composites test as significant at p = 0.05 based on the Mann-Whitney U test. The green and red line contours indicate 
1,000 hPa geopotential height anomalies for composites around the NAO at 30 and −50 m, respectively.
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since the mid-20th century could contribute to explain the onset of coherent SL trends in Venice and the SPNA. 
Accordingly, regression of winter North Atlantic SSTs on δVeSL demonstrates that Venice SL rise is associated 
with surface warming in the broad North Atlantic and Mediterranean basins, especially in the areas encompassing 
the Labrador Sea, the western subpolar gyre and the Gulf Stream regions, and the Levantine basin, but exclud-
ing the Gibraltar Strait area and its surroundings (Figure 3b). The regression pattern for δVeSL is more extensive 
than  the one for δSPNASL (Figure 3e), but both patterns highlight the western portion of the midlatitude-to-subpolar 

Figure 5. Evolution of sea-level (SL) trends and their connection with NA sea-surface temperature (SST). (a) Local 
stochastic trends βVeSL (red) and βSPNASL (green). The red bars at the bottom of the panel indicates when βVeSL is not different 
from zero, that is, its 5–95 percentile range encompasses the value of zero. The circles and bars to the right of the panel 
indicate full-period (1873–2019) best estimates and associated uncertainty for βVeSL (5–95 percentile range) and least square 
regression on MVeSL (±2 standard error, see methods); (b) steric contribution to SPNA SL changes as estimated by Frederikse 
et al. (2020); (c) winter SST evolution for two key regions of the North Atlantic basin, namely the eastern midlatitude 
(emNA) and the western midlatitude North Atlantic (wmNA), as measurements and modeled states δemNASST and δwmNASST; (d) 
winter AMV time series and associated modeled state δAMV. Illustration as for Figure 2.
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North Atlantic basin. When the analysis is restricted to the period 1950–2019 of coherent SL rise in Venice and 
the SPNA, the regression patterns for δVeSL and δSPNASL encompass also the eastern midlatitude North Atlantic 
and the whole Mediterranean Sea, including the Gibraltar Strait region (not shown). This supports the hypothesis 
that the tighter evolution of δSPNASL and δVeSL since the mid-20th century relates to the onset of a period when 
steric variations, seen as broad warming/cooling of the North Atlantic surface, predominate SPNA SL changes. 
The regression pattern of δVeSL overlaps well with the AMV pattern (Figure 3f), which describes basin-scale 
multidecadal variability of North Atlantic SST seen as alternating phases of broad warming and cooling anoma-
lies. The wavelet coherence spectra calculated for both measured and modeled Venice SL and AMV (Figures 6a 
and 6b) confirm a significant connection around the 50-year periodicity, with Venice SL lagging the AMV by 
about 24 years.

Variations in the rate of local relative SL rise along the coasts of the Mediterranean Sea and in the North Atlantic 
Ocean in the proximity of the Gibraltar Strait (see locations in Figure 1b) are also coherent with the multidecadal 
fluctuations observed in the AMV (Table 2). Therefore, we interpret the AMV-Venice SL connection as follows: 
anomalous surface warming (cooling) of the subpolar and mid-latitude eastern North Atlantic during positive 
(negative) phases of the AMV forces steric SL variations in the North Atlantic ocean that propagate within the 
Mediterranean Sea through the Strait of Gibraltar (e.g., Adloff et al., 2018) and eventually affect Venice SL.

Figure 6. Wavelet coherence spectra between (a) measured time series of Venice sea-level (SL) (MVeSL) and AMV (MAMV), (b) the associated modeled states δVeSL 
and δAMV, and between the local stochastic trend for Venice SL (βVeSL) and the modeled states δ of (c) sea-surface temperature (SST) over the western midlatitude 
North Atlantic, wmNA, and (d) the eastern midlatitude North Atlantic, emNA. Thick contours individuate regions of the time-frequency space where the coherence is 
statistically significant at 95% confidence; arrows indicate the phase difference; the cone of influence is reported as a thin line and light shading. All data are linearly 
detrended before analysis.
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There is an evident extensive connection between βVeSL and SST variations in the broad North Atlantic/Mediter-
ranean area that strongly superpose on the AMV pattern (compare panels c and f in Figure 3). There is also an 
apparent connection between time series of 𝐴𝐴 𝐴𝐴VeSL and 𝐴𝐴 𝐴𝐴AMV (Figures 5a and 5d). Furthermore, the wavelet coher-
ence spectrum between 𝐴𝐴 𝐴𝐴VeSL and 𝐴𝐴 𝐴𝐴AMV is significant at periods around 50 years, when 𝐴𝐴 𝐴𝐴VeSL leads 𝐴𝐴 𝐴𝐴AMV by about 
3–4 years (not shown). These results point to North Atlantic warm phases being associated with an acceleration 
of the local SL rise in Venice, and vice versa for cold AMV phases. Possibly, this represents an additional tele-
connection between the North Atlantic climate and Venice SL changes, beyond the steric mechanism illustrated 
above. This possibility is supported by the existence of delayed oscillators in the coupled ocean-atmosphere in the 
North Atlantic identified in several modeling and observational studies (e.g., Bellucci et al., 2008; Li et al., 2013; 
Omrani et al., 2014; Omrani et al., 2022; Schneider et al., 2012; Sun et al., 2015; Zanchettin et al., 2019) and 
the spatiotemporal heterogeneity of basin-scale North Atlantic SST variability forced by the NAO (e.g., Sun 
et al., 2019, 2021; Zanchettin et al., 2014).

Accordingly, we explore atmospheric teleconnections linked to local SST anomalies in the North Atlantic 
over regions exhibiting a tighter connection between SST and βVeSL. Two regions emerge from Figure 3c: 
the western midlatitude North Atlantic (wmNA) and the eastern midlatitude North Atlantic (emNA). 
Both regions display prominent multidecadal SST variability (Figure 5c). The wavelet coherence spectra 
between βVeSL, and δwmNASST and δemNASST confirm a significant connection around the 50-year periodicity 
with small phase differences compatible with atmospheric teleconnection mechanisms (Figures 6c and 6d), 
specifically with δwmNASST lagging βVeSL by about 4 years and δemNASST leading by about 1 year. The atmos-
pheric circulation anomalies associated with warm emNA entail an anomalous low-pressure center around 
30°–45°N and 25°–30°W that drives a cyclonic near-surface atmospheric circulation with an anomalous 
north-eastward flow along the North African western coast, which can contribute to generating SL anom-
alies in the approaches of the Strait of Gibraltar (Figure 4b) that can quickly propagate into the Mediter-
ranean Sea yielding an acceleration of Venice SL. The anomalous atmospheric pattern for emNA does not 
superpose well on the NAO pattern but partly does so on the AMV pattern (Figure 4d), where the negative 
pressure anomaly in the approaches of the Strait of Gibraltar is less intense in the emNA compared to the 
AMV pattern but positioned more to the east. The wmNA pattern entails a positive pressure anomaly over 
the North Atlantic subpolar gyre region, west of 25°W and between 45°N and 60°N, with an associated 
strong anomalous anticyclonic circulation and northeasterly winds blowing over the UK and the Bay of 
Biscay (Figure 4c). This anticyclonic configuration partly superposes on the composite pattern of the mean 
sea-level pressure around major historical storm surges in Venice, especially before the peak of the events 
(Lionello, Nicholls, et al., 2021, their Figure 4). It might therefore be implicated in a multidecadal modula-
tion of dynamics underlying Venice SL extremes.

1905–1924 (AMV neg) 1935–1954 (AMV pos) 1970–1989 (AMV neg) 2000–2019 (AMV pos)

Cascais −0.67, [−1.64 0.31] (204) 5.43, [3.89 6.97] (202) 2.07, [1.02 3.11] (234)

Sines 1.08, [−1.93 4.09] (124) 4.92, [3.85 5.99] (223)

Marseille 1.32, [0.15 2.49] (240) 2.39, [0.69 4.09] (237) 0.04, [−1.16 1.24] (236) 3.45, [1.84 5.06] (206)

Genova 0.10, [−1.19 1.39] (237) 0.97, [−0.50 2.44] (195)

Genova2 5.65, [3.50 7.81] (163)

Dubrovnik 0.39, [−0.96 1.74] (239) 3.04, [1.39 4.70] (224)

Split 0.08, [−1.34 1.51] (240) 1.51, [−0.24 3.27] (228)

Bakar 0.50, [−1.13 2.12] (240) 1.20, [−1.74 4.15] (168)

Note. Analysis is an ordinary least squares regression on monthly data for stations with PSMSL code (from top to bottom) 
52, 1,456, 61, 59, 2,090, 760, 352, 353 over 20-year periods selected according to the state (positive or negative) of the 
AMV. Numbers are best estimate of trends (mm/yr) with 95% confidence intervals in brackets and number of data used in the 
analysis in parenthesis. At least 120 nonmissing data points are required for the analysis of a given period.

Table 2 
Interdecadal Trends in Coastal Relative Sea-Level in the Eastern North Atlantic and in the Mediterranean Sea
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4. Implications for Near-Term Predictability
The existence of substantial multidecadal variations in historical SL observations in Venice, the Mediterranean 
Sea and the subpolar and midlatitude eastern North Atlantic that superpose on the long-term centennial trend 
and contribute to periodic strengthening and weakening of SL rise motivates a strengthened focus on near-term 
SL predictability and prediction in these regions. Also, oceanic observations and theoretical arguments indicate 
the possibility of a switch in the next decades to a sustained negative phase of the AMV comparable to the one 
occurred in the 1960s–1970s (Frajka-Williams et al., 2017; Omrani et al., 2022). Otherwise, if the AMV is seen 
as a manifestation of stochastic variability (e.g., Mann et al., 2020), it shall revert to a neutral phase sooner or 
later. To illustrate the potential effects of such AMV cooling on Venice SL we build two idealized scenarios of 
AMV evolution to the year 2035 (see Section 2). The first entails the onset of a negative phase comparable, in 
magnitude, to the previous one and is referred to as “fluctuation scenario”; the second describes a transition to 
a neutral value and is referred to as “relaxation scenario” (Figure 7a). The AMV data are lagged by −4 years to 
reflect the wavelet phasing between AMV and Venice SL trend.

We linearly regress between realizations of βVeSL on lagged δAMV for the period since 1960 and retain models 
with associated R 2 above 0.9. The so-obtained pool of regression models is used to estimate βVeSL for the period 
2020–2035 under the hypotheses of AMV forcing and persistent tight coupling between North Atlantic and 
Venice SL variations as found since the mid-20th century. Then, 𝐴𝐴 𝐴𝐴VeSL and MVeSL are calculated based on Equa-
tions 1–3 using noise estimates obtained from the historical period. To illustrate the potential for decadal predic-
tions to provide an added value with respect to long-term projections, we consider the RCP2.6 scenario for Venice 
SL illustrated in Zanchettin et al., 2021a. We adapt the original values for the annual Venice SL to the winter 
Venice SL by calculating anomalies as departures from the average of 𝐴𝐴 𝐴𝐴VeSL for the 2007–2019 period when 
observational and scenario data overlap. Both AMV scenarios yield a reduction of 𝐴𝐴 𝐴𝐴VeSL , which settles around 
values of 0.2 cm/yr for the relaxation scenario, and around zero for the fluctuation scenario (Figure 7b). As a 
result, the 𝐴𝐴 𝐴𝐴VeSL evolution conditioned by the AMV scenarios substantially deviates from the long-term projection 

Figure 7. Scenarios of winter Venice SL rise to year 2035. (a) Idealized scenarios of future lagged AMV evolution: the relaxation scenario considers the AMV as a 
stochastic process whose values evolve toward zero; the fluctuation scenario considers the AMV as an oscillatory phenomenon and describes a transition to a negative 
phase comparable to historical variations. The AMV time series is lagged by −4 years; (b) evolution of the local stochastic trend of winter Venetian MSL conditioned 
to the lagged AMV historical evolution and scenarios. (c) The two future scenarios of winter Venice SL in the context of historical observations. The red lines illustrate 
the 5–95 percentile range and the mean for projection of Venice SL under the RCP2.6 anthropogenic greenhouse gas emission scenario from Zanchettin et al. (2021a). 
Lines are mean of realizations and shading is the associated 5–95 percentile range. The dashed lines in (c) describe the range of variations accounting for observational 
uncertainty and encompassing interannual variability.
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in the next decades, especially in the case of the stronger AMV fluctuation scenario, for which a decadal hiatus in 
the  Venice SL rise can be identified. Therefore, unless the AMV persists in a strong positive phase, according to 
our regression model the rise of Venice SL is expected to slow down in the next one-and-half decade compared to 
what has been observed since the beginning of the 21st century. Of course, the proposed scenarios are not formal 
predictions despite they build on physical arguments and include some level of realism; so, they do not constrain, 
year after year, the range of future evolutions of winter Venice SL. The fluctuation scenario, which describes 
an imminent AMV transition toward persistent negative values, can be considered as a bottom-end scenario, 
where duration and magnitude of the slowdown are maximized. Inclusion of observational uncertainty, which is 
dominated by interannual variability, renders our scenarios for MVeSL much less constrained than for 𝐴𝐴 𝐴𝐴VeSL . This 
demonstrates the need to improve understanding of the connection between interannual Venice SL variations and 
their large-scale predictors, particularly the NAO, and explore their predictability. Finally, in terms of impact it 
is the relative SL that matters, and linear extrapolation of current subsidence estimates could provide additional 
∼6 mm to ∼6 cm rise of the relative SL in Venice in 2035 compared to the present.

5. Conclusions and Outlook
This study reveals significant multidecadal trend variations in winter Venice sea level linked to large-scale 
multidecadal oceanic and atmospheric variability in the North Atlantic sector linked with the AMV. The 
employed methodology based on Bayesian hierarchical models allows to overcome limitations related to a lack 
of information about uncertainty related to the various processes contributing to historical local sea-level varia-
bility, most noticeably subsidence, whose explicit treatment remains a gap to be filled by follow up studies. This 
study also provides a first attempt toward near-term prediction of Venice sea level based on idealized scenarios 
that build on an intrinsic feature of the AMV, that is, that its associated anomalies will sooner or later dampen 
and possibly change sign, and that the related index will hence revert to neutral or even negative values. Results 
indicate that this will correspond to a temporary slowdown in Venetian relative sea-level rise, which may even 
shape as a decadal hiatus. Given the tight agreement of sea-level variability on a broad band of timescales along 
the northern Adriatic coast and also, as shown here, more generally the Mediterranean Sea, these results may be 
relevant beyond the local case of Venice. Apart the scientific implications of this findings, we believe that proper 
communication of this variability is crucial for management and protection activities of this world-class historical 
site, as well as for increasing the public awareness and preparedness on the potentially significant implications of 
natural climate variability for the mid-term future evolution of regional and local climates. In this sense, this first 
attempt of ours to explore the potential predictability of sea-level change in Venice in the upcoming couple of 
decades should be seen as aimed at fostering better acknowledgment of the role of natural climate variability for 
transient climate evolution and improved communication of the associated uncertainty, especially of its potential 
for temporary yet significant deviations from the expected forced response under scenarios of increasing green-
house gas concentrations.

Data Availability Statement
Relevant data used in this study can be obtained at https://doi.org/10.5281/zenodo.7059739 (Zanchettin, 2022).
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