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SUMMARY

The present-day sea-level variations and vertical movements in the northern Adriatic Sea and
in the highly vulnerable Venetian Lagoon result from a number of simultaneously operating
contributions. These include Glacial Isostatic Adjustment (GIA), the global, long-term process
arising from interactions between the cryosphere, the solid Earth and the oceans in response
to the melting of continental ice sheets. Although the GIA contribution in northern Adriatic
Sea has been the subject of various investigations so far, significant uncertainties still exist,
especially related to the extent and chronology of the Wirm Alpine ice sheet and to the
rheological profile of the mantle. Here, taking advantage of the recent publication of updated
deglaciation chronologies for the far field late-Pleistocene ice sheets and for the near-field
alpine ice complex, we produce up-to-date estimates of the present-day rates of GIA-induced
relative sea-level variations and vertical displacements in the Venetian Lagoon and in the
northern Adriatic Sea, which are compared with GNSS and tide-gauge observations. From
high-resolution numerical simulations, we find that GIA is responsible for a complex pattern
of geodetic signals across the Po plain and the northern Adriatic Sea. The modeled GIA rates
are of the order of fractions of mmyr~!, generally small — but not negligible — compared to
the signals observed at local tide gauges and at GNSS sites in the Po plain and facing the
Venetian Lagoon. Our results indicate that, while GIA represents a relatively small component
among those responsible for present-day land movements and relative sea-level variations
in the northern Adriatic Sea, its contribution needs to be taken into account for a correct
interpretation of the observed geodetic variations.
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1978; Clark & Lingle 1979). However, Spada & Melini (2022) have

L INTRODUCTION shown that the regional variability of GIA in the Mediterranean

The Venetian Lagoon is a shallow coastal inlet located along the
Adriatic Sea in northeastern Italy (see Fig. 1), which originated
nearly 6000 yr BP at the apex of the Flandrian Transgression (Gatto
& Carbognin 1981; Brambati et al. 2003). Since then, sea levels
have undergone minor oscillations. In this area, the sea-level vari-
ations result from a range of simultaneuos, interrelated processes
of geodynamical, geological and metereological nature, as recently
discussed by Zanchettin etal. (2021). Among these, a potentially im-
portant contribution is given by Glacial Isostatic Adjustment (GIA),
the process arising from the interactions between the cryosphere,
the solid Earth and the oceans in response to the melting of ice
loads. While sea-level signals caused by tectonic forces may exhibit
a complex spatial and temporal variability (see e.g. Carminati & Di
Donato 1999; Stocchi & Spada 2007), those associated with GIA
are characterized by smooth, long-wavelength patterns (Clark et al.

is significant in spite of the relatively small extent of the basin,
demanding the adoption of high resolution models.

Although the GIA contribution in northern Adriatic Sea has been
discussed several times, significant uncertainties still exist, espe-
cially related with the extent and chronology of the Wirm Alpine
ice-sheet (from 26 to 9 kyr BP) that, due to its proximity to the
Venetian Lagoon and to the coasts of the northern Adriatic, is still
affecting the isostatic equilibrium in these particular areas. This
was first pointed out by Gudmundsson (1994), who studied the
post-glacial rebound process occurring in the Swiss Alps and the
surrounding regions using a simplified disc model (see discussion
in Spada et al. 2009). Following the work of Gudmundsson (1994),
Stocchi et al. (2005) estimated the effects of melting of the Alpine
ice sheet, including relative sea-level and geodetic signals. They fo-
cused on the GIA effects in the Po plain and along the coasts of the
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Figure 1. Overview of the study area. The dashed box corresponds to the region shown in Fig. 2(a).

Adriatic Sea, extending results by Carminati & Di Donato (1999)
who only considered isostatic effects associated with the remote ice
sheets, thus neglecting the possible role of the Wiirm Alpine glacier.

GIA in the northern Adriatic Sea has been the subject of various
investigations, sometimes leading to contrasting results. For exam-
ple, according to the GIA model based upon the K33_j1b_WS9_6
ice sheet history of Lambeck et al. (2011), sea-level in Venice
raised by about 2.2 m over the past 5000 yr, with present-day
rates of relative sea-level change of 0.4 mmyr—t. Conversely,
the ICE-7G_NA (VM7) GIA model by Roy & Peltier (2018) pre-
dicts a substantially stable sea-level over the same period, point-
ing to a negative contribution of GIA to present-day sea-level
change. In addition to the different rheological layering assumed
in the two GIA models, these discrepancies are to be attributed
to differences in the ice sheet chronologies, reflecting our still in-
complete understanding of the spatial and temporal evolution of
continental ice sheets during last millennia. Besides those global
aspects, on the Northern Adriatic scale a major difference exists
between those two GIA models. Indeed, ICE-7G_NA does not in-
clude glacial loads over the Alps, while models from the Lambeck
group contain an Alpine component, albeit it does not provide a
detailed and up-to-date description of the evolution of regional ice
loads; these differences are the most likely cause of inconsistent
estimates of GIA in the Northern Adriatic between the two mod-
els.

The availability of updated global GIA models like ICE-7G_NA
(VM7) by Roy & Peltier (2015, 2017), which is expected to pro-
vide more precise assessments of the ongoing effects of GIA across

the Mediterranean Sea (Roy & Peltier 2018) and the recent re-
constructions of the Wiirm ice sheet over the whole last glacial
cycle (Seguinot et al. 2018), whose implications upon vertical land
movements across the Po plain and the surrounding regions have
not yet been investigated, motivates a re-evaluation of GIA in the
Venetian Lagoon using state-of-the-art numerical models recently
developed (Spada & Melini 2019b), which allow a more compre-
hensive simulation of GIA processes and are able to attain high
spatial resolutions. The latter aspect is of particular importance, in
view of the narrow geographical extent of the northern Adriatic sea.

This paper is organized as follows. In Section 2 we review previ-
ously published results on sea-level change and vertical land motion
in the Northern Adriatic and we present our estimates of vertical ve-
locities based on publicly available geodetic time series. In Section 3
we describe our approach to GIA modeling, including the effects
of both remote and near-field ice sheets. Our numerical results are
presented in Section 4, before discussing their geophysical inter-
pretation in Section 5. Finally, our concluding remarks are outlined
in Section 6.

2 SEA-LEVEL CHANGE AND VERTICAL
LAND MOTION IN THE NORTHERN
ADRIATIC

2.1 Tide gauge and altimetry observations

The Venetian Lagoon covers about 550 km? along 50 km of low-
lying coast within the easternmost boundary of the Po Plain. It is
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connected to the northern Adriatic Sea through three tidal inlets,
namely Lido, Malamocco and Chioggia (Fig. 1) and is character-
ized by a marked vulnerability to coastal flooding due to extreme
water heights (Lionello et al. 2021). The monitoring of sea-level
changes in Venice relies on both in situ observations recorded by
tide gauges and remote sensing data provided by satellite altimetry.
Since tide gauges record sea-level relative to the solid Earth, they
are expected to be affected significantly by vertical land movements
and in particular by GIA (see e.g. Zanchettin et al. 2021).

Various estimates for the trend of secular sea-level rise in the
Venetian Lagoon have been proposed in the literature. For an in-
depth review, the reader is referred to Zanchettin et al. (2021).
Studies based on instrumental records have generally provided rates
between 0.4 and 1.4 mmyr~ (Emery et al. 1988; Douglas 1991,
1997; Tsimplis & Spencer 1997; Marcos & Tsimplis 2008). The
wide range of estimated rates depends, in part, on the relative du-
ration of the tide gauge records used in these studies but it is also
a consequence of anthropogenic factors, mainly the withdrawal of
groundwater, which has varied in intensity through time (Buble
et al. 2010; Zanchettin et al. 2021).

In this work, we rely upon the tide gauge data made pub-
licly available by the Permanent Service for Mean Sea Level
(PSMSL; http://www.pol.ac.uk/psmsl). Those of Trieste and Venice
(Venezia Punta Della Salute) are by far the longest spanning
records (Tsimplis et al. 2012) in the northern Adriatic Sea (see
Fig. 2). For a summary of the record lengths and data availability
from other sites, the reader is referred to Galassi & Spada (2014).
The Revised Local Reference (RLR) records across the Adriatic
Sea share similar temporal patterns, with inter-annual and inter-
decadal components showing the same general trends and ampli-
tudes (Galassi & Spada 2014). The overall picture shows that the
sea-level behaviour in the Adriatic Sea on these time scales is, to
a large extent, uniform (Marcos & Tsimplis 2007). The longest-
spanning station of Venice (Venezia Punta Della Salute) shows a
trend of (2.4 = 0.2) mmyr~2, twice the trend of Trieste of (1.2 +
0.1) mmyr~1. Two other tide gauge stations are available in Venice,
both operating since early 20th century: Venezia Santo Stefano, with
atrend of (2.5 = 0.4) mmyr~! (Carbognin et al. 2010) and Venezia
Arsenale, with atrend of (1.8 = 1.0) mm yr~! (Tsimplis et al. 2012).
Data from these stations are shown in Fig. 2, while rates obtained
for each station are compared in Fig. 3. Venezia Santo Stefano is
characterized by a rate consistent with the value at Venezia Punta
Della Salute, but note that the two records cover time windows that
do not overlap. Although the rate of sea-level change at \enezia
Arsenale is affected by a very large uncertainty, it is found to be in
general agreement with rates from other tide gauges in the Venetian
Lagoon. Conversely, the sea-level trend at Trieste is considerably
smaller than rates in the Venetian Lagoon; this difference is likely
to be the result of high rates of subsidence in the Venice area due to
groundwater extraction activities. It is worth noting that the standard
error for records longer than 50 yr is less than 0.3 mm yr~* while the
two records exceeding 80 yr (namely, Venezia Punta Della Salute
and Trieste), have errors <0.2 mmyr~ and for shorter records
spanning about 25 yr the error is >0.6 mmyr~* (Tsimplis et al.
2012).

Furthermore, in Venice we have the chance of comparing the
rates from tide gauge records with independent sea-level observa-
tions. For instance, on the basis of ‘photographic’ evidence from the
Venetian painters, Camuffo & Sturaro (2003) estimated that in the
period 1727-2000 the average rate of sea-level rise in the lagoon
has been (2.3 + 0.4) mmyr~1, consistent with the trends obtained
with the longest tide gauge records available. We remark also that
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a long-term record of relative sea-level change is provided by tidal
notches found in the northern Adriatic. The notches, whose age
is only poorly determined, are currently located at depths ranging
between 0.5 and 0.6 m below current sea-level. If they can be con-
sidered as relatively recent, as suggested by similar structures found
in Roman jetties (Fouache et al. 2000), then they may be consistent
with a long term sea-level rise of =0.3 mmyr=1.

In contrast with the in situ observations from tide gauges, satellite
altimetry observations are only available since the mid-70s. Their
accuracy in estimating sea-surface height has increased consider-
ably in the early 90s with the launch of the TOPEX/Poseidon satellite
mission and later with the Jason missions. An overall global-mean
rate of absolute sea-level rise of =3 mmyr~! during the ‘altime-
try era’ (i.e. since year 1992) is reported by several studies (see
e.g. Cazenave & Llovel 2010; Cazenave et al. 2018). The quan-
tity and quality of altimetry data for the northern Adriatic Sea and
in the Venetian Lagoon has been recently thoroughly reviewed by
Zanchettin et al. (2021), who estimated a trend of absolute sea-level
rise of (5.9 = 1.4) mmyr~! over the period 1993-2008, at a point
in the Adriatic Sea that lies 80 km away from Venice. In contrast,
Rocco (2015) obtained trends of (4.18 #=0.92) mmyr~* and of (3.40
=+ 0.99) mmyr~! during time periods 1993-2014 and 1993-2013,
respectively, at a point that lies close to the \enetian tide gauges. In
their reanalysis over the time period 1993-2015, Vignudelli et al.
(2019) obtained a trend of (4.03 + 1.27) mmyr~! after the re-
moval of the seasonal component (see e.g. Legeais et al. 2018). The
above rates of absolute sea-level rise obtained for Venice and for the
northern Adriatic clearly exceed the global average of =3 mmyr~?
observed by altimetry (Cazenave & Llovel 2010). However, accord-
ing to global studies, they also exceed (by one order of magnitude)
the contribution that we expect from GIA, which according to state-
of-the-art models is close to 0.3 mmyr— when averaged over the
oceans (see e.g. Spada 2017; Spada & Melini 2019a). Local pre-
dictions, specific for this study, shall be provided in the following
using updated GIA models.

2.2 GNSS observations

Vertical land movement (VLM) constitutes a very important contri-
bution to the variability of sea-level in the Venetian Lagoon (Car-
bognin et al. 2009; Zanchettin et al. 2021). VLM results from the
combination of different components due to tectonics, sediment
loading and compaction, GIA and anthropogenic activities (Davis
et al. 2003; Buble et al. 2010). In the Venice area, all these com-
ponents induce non-negligible displacements although their magni-
tude and relative importance have changed over time. The net result
is a coastal subsidence that exacerbates the effects of climate-driven
sea-level rise (Zanchettin et al. 2021).

In this study, we have analyzed 45 GNSS time series for the
Venetian Lagoon and the surrounding areas, distributed from the
Nevada Geodetic Laboratory (NGL) at the University of Nevada,
Reno. Details on the data set are available on the NGL web-
page (http://geodesy.unr.edu/index.php). Following Kreemer et al.
(2018), Kreemer & Blewitt (2021) and Michel et al. (2021), we
considered only time series whose length is at least 2.5 yr. In-
deed, according to Blewitt & Lavallée (2002), this is the minimum
acceptable length to ensure that estimated trends are not signifi-
cantly affected by biases due to seasonal components. To estimate
vertical velocities from the GNSS time series we use the MIDAS
(Median Interannual Difference Adjusted for Skewness) median-
trend algorithm introduced by Blewitt et al. (2016). We also use the
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Figure 2. Location of PSMSL tide gauges in the Venetian Lagoon (a) and annual RLR time series for Trieste (c, ID: 154), Venezia Punta Della Salute (d, ID:
168), Venezia Santo Stefano (e, ID: 39), Venezia Il (f, ID: 2100) and Venezia Arsenale (g, ID: 87). The red line in panels (b)—(e) is obtained with a linear
regression of the tide gauge time series; the corresponding rate of sea-level change is reported in the panel headers. Note that the time ranges are different for
frames (c)—(g). Data have been obtained from the PSMSL web page (https://www.psmsl.org).

equipment changes tabulated by NGL from station “site logs’ (i.e.
antenna/radome changes and receiver make changes). The MIDAS
trend estimator can handle common problems such as step disconti-
nuities, outliers, seasonality, skewness and heteroscedasticity and it
represents a variant of the Theil-Sen non-parametric median trend
estimator (Theil 1950; Sen 1968). The MIDAS-estimated velocity
is essentially the median of the distribution of 1 yr slopes, mak-
ing it insensitive to the effects of steps in the time series if they
are sufficiently infrequent. The uncertainties obtained through the
MIDAS algorithm have a realistic meaning and usually do not re-
quire further scaling (e.g. Hammond et al. 2016; Caron et al. 2018;
Kreemer & Zaliapin 2018; Yu et al. 2018; Ojo et al. 2021). Thus,
time series length must be greater than 1 yr such that at least one full
cycle of periodic seasonal behavior, if it exists, is captured and any
transient signals can be distinguished from secular behavior. The
differencing of pairs separated by 1 yr minimizes effects with annual
periodicity, but not other transient signals with different periodicity
as suggested by Murray et al. (2019).

Fig. 4 shows the location of the 45 GNSS sites considered in
this work, the vertical velocity v we obtained at each site and the
associated uncertainty o,. Numerical values of (v =+ g,) for each
GNSS site are listed in Table 1. The length of the individual time-
series and three MIDAS processing examples are shown in Fig. 5.
We note that among those considered in Fig. 4(a), we obtain a
positive vertical velocity (i.e. an uplift) at only seven stations out of
45: TREV (0.71 %+ 0.87 mmyr™1), VOLT (0.97 % 0.76 mmyr™1),
BASS (0.15+ 1.36 mmyr~1), MT06 (0.29 £ 1.04 mmyr~1), MT10

(0.68 % 0.87 mmyrt), MGRD (0.53 = 0.57 mmyr~!) and VITT
(0.23 £ 0.77 mmyr~*). The map in Fig. 4(a) clearly highlights
the diffuse state of subsidence in the Venice region and in the
surroundings. Subsidence rates reach the maximum value of (—5.75
+ 2.54) mmyr~! at MST1, in the Mestre Metropolitan City of
Venice. Large subsidence rates are also found at TGPO (—5.26
+ 0.65 mmyr™1) and at PTO1 (—5.15 == 0.76 mmyr™?), in the
Po Delta. The weighted average of vertical velocities over all the
considered stations is (—1.35 2= 0.10) mmyr—1,

3 GLACIAL ISOSTATIC ADJUSTMENT

In what follows, we discuss our model estimates of GIA in the
Northern Adriatic. We considered separately two contributions: (i)
the effect of global-scale GIA in response to the melting of late-
Pleistocene ice sheets, which are located in the far field of the study
region and (ii) the contribution stemming from the melting of the
Alpine ice sheets during the last glacial cycle.

3.1 GIA in response to the melting of far field ice sheets

To model the effects of GIA in the NE Adriatic sea following the
melting of far-field ice sheets, we obtained a numerical solution of
the Sea Level Equation (SLE), the integral equation describing the
interactions between the solid Earth, the oceans and the cryosphere
in response to the evolution of surface ice loads. Originally formu-
lated by Farrell & Clark (1976), the SLE accounts for deformational,
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Figure 3. Comparison between sea-level change trends obtained from tide gauge records shown in Fig. 2.
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Figure 4. Estimated vertical velocities (v, frame a) and associated uncertainties (o, frame b) at the 45 GNSS sites considered in this work. An interpolated
field for v and o, is also shown. Please note that the color scale in frame (a) is saturated at =5 mmyr~1. The interpolation has been obtained with program
surface, which is part of the GMT (Generic Mapping Tools) package by Wessel & Smith (1998), employing a tension factor of 0.5.

gravitational and rotational effects induced by spatio-temporal vari-
ations of the ice and the meltwater loads (Spada 2017; Whitehouse
2018). In its simplest form, the SLE reads S(6, A, t) = N — U,
where S is the sea-level variation relative to the solid Earth, N is the
sea-surface variation (absolute sea-level change) and U is the ver-
tical displacement of the bedrock. These three fields depend upon
the location on the Earth surface (colatitude 8 and longitude A) and
on time t. As discussed by e.g. Spada & Melini (2019b), N and U

also implicitly depend upon S, making the SLE an integral equa-
tion that can be only solved through numerical iterative methods.
Non-linear effects in the SLE arise because of the migration of the
shorelines in response to GIA and because of the transition between
grounded and marine-based ice that occurred during deglaciation.
As a consequence of the SLE, the rate of sea-level change S, the
vertical velocity U and the rate of change of absolute sea-level N
are related by S = N — U, regardless the particular combination
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Table 1. Vertical velocities estimated with the MIDAS algorithm at the 45 GNSS sites considered in this study and corresponding modeled vertical
velocities according to the combined effect of the ICE-7G_NA (VM7) and iALP models.

lon lat GIA MIDAS lon lat GIA MIDAS

ID (deg) (deg)  (mmyr~?) (mmyr~?) ID (deg) (deg)  (mmyr ) (mmyr—1)
BASS 11.73 45.76 +0.44 +0.15 + 1.36 PORD 12.66 45.95 +0.42 —0.02 +0.53
CAFV 11.93 45.67 +0.43 —1.28+0.73 PORT 12.83 45.76 +0.40 —4.12 £ 0.75
CAVA 12.58 45.47 +0.37 —2.54 +0.71 PSAL 12.33 45.43 +0.37 —1.11+0.78
CGIA 12.26 45.20 +0.33 —1.84 +0.77 PTO1 12.33 44.95 +0.28 —5.15+0.76
CITT 11.79 45.63 +0.43 —1.19+0.72 REBO 12.03 45.19 +0.34 —0.66 +0.85
CODI 12.11 44.83 +0.26 —3.23 +0.65 ROVI 11.78 45.08 +0.32 —1.28 +0.53
CODR 12.97 45.95 +0.41 —0.52 +0.53 SDNA 12.56 45.63 +0.38 —1.07 £ 0.65
FER1 11.60 44.82 +0.26 —0.60 = 0.69 SFEL 12.29 45.23 +0.34 —3.88 +0.75
FERA 11.62 44.81 +0.26 —2.99 +0.83 SUSE 12.20 45.85 +0.44 —0.26 = 0.88
GARI 12.24 44.67 +0.22 —3.27 = 0.63 TEOL 11.67 45.34 +0.37 —0.13+0.54
GRDO 13.38 45.68 +0.35 —2.76 = 1.00 TGPO 12.22 45.00 +0.29 —5.26 = 0.65
LERO 11.95 45.34 +0.37 —1.38 +0.84 TREV 12.25 45.66 +0.41 +0.71 = 0.87
MDEA 13.43 45.92 +0.38 —0.43 +0.49 TRVS 12.22 45.68 +0.42 —0.02 = 0.85
MEDI 11.64 44,52 +0.19 —1.79 +0.49 UPAD 11.87 45.40 +0.38 —155+1.10
MGRD 12.01 45.97 +0.46 +0.53 + 0.57 VAL7 11.99 45.89 +0.45 —0.12 +1.02
MST1 12.23 45.49 +0.38 —5.75+ 254 VEN1 12.35 45.43 +0.37 —1.62 +0.56
MTO1 12.20 45.74 +0.42 —0.19 £ 0.61 VEN2 12.35 45.43 +0.37 —3.02 +0.94
MTO06 12.13 45.83 +0.44 +0.29 +1.04 VENE 12.33 45.43 +0.37 —1.00+1.23
MT10 11.89 45.88 +0.45 +0.68 + 0.87 VENI 12.38 45.42 +0.36 —2.73x1.13
NOVE 12.58 45.66 +0.39 —3.02 = 0.60 VICE 11.55 45.56 +0.42 —0.47 = 0.59
ODEZ 12.48 45.78 +0.41 —1.49 +0.70 VITT 12.30 45.99 +0.45 +0.23 +0.77
PADO 11.89 45.41 +0.38 —1.06 = 0.53 VOLT 11.91 45.38 +0.38 +0.97 = 0.76
PAZO 13.05 45.80 +0.38 —0.87 = 0.56
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Figure 5. (a) Time windows covered by the 45 GPS time series of vertical displacement considered in this work. Frames (b), (c) and (d) show examples of
GPS daily time series, namely the up-component at the PTO1, MEDI and VENL sites, respectively. The red line represents the GPS velocity computed by
MIDAS (Blewitt et al. 2016) and the blue solid circles represent the offset daily coordinate time series. Please note that both horizontal and vertical axes are
different in frames (b)-(d).
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of rheology and ice model employed and of the rotation theory
adopted (Stocchi & Spada 2009).

In this work, we employ the ICE-7G_NA (VM7) GIA model,
the latest iteration of the ICE-X suite of global models developed
by WR Peltier and collaborators (Roy & Peltier 2015, 2017). The
model decribes the spatio-temporal evolution of ice sheets starting
from 26 kyrs BP, a spherically symmetric Earth with Maxwell vis-
coelastic rheology. We implemented the ICE-7G_NA model into the
SELEN* open-source SLE solver (Spada & Stocchi 2007; Spada &
Melini 2019b) by converting the geographical grids available on the
home page of WR Peltier into a set of disc-shaped, axisymmetric
elements, arranged according to the equal-area icosahedron grid by
Tegmark (1996) and assigning a piece-wise constant time history to
each element. The SELEN* solver has been configured to perform
three external iterations in which the evolution of paleo-topography
is progressively refined and three internal iterations in which the
SLE is numerically solved for a given paleo-topography configura-
tion; for further details about the SLE solution scheme, the reader
is referred to Spada & Melini (2019b) and its supplementary ma-
terial. All the computations are carried out up to harmonic degree
Imax = 128, which by the Jeans’ rule corresponds to a minimum
wavelength of about 312 km on the surface of the Earth and em-
ploying a resolution parameter R = 100 that corresponds to a global
icosahedral grid with a pixel size of about 40 km (for details, see the
supplement to Spada & Melini 2019b). This choice of resolution
parameters provides an adequate representation of the spatial vari-
ability in the far field of late Pleistocene ice sheets, while ensuring
a reasonable trade-off between model resolution and computational
costs. Present-day topography has been assigned to the icosahed-
eral grid by averaging the bedrock version of the one arc-minute
resolution ETOPOL1 global relief (Amante & Eakins 2009) over the
cell area associated to each pixel. We assume the VM7 rheologi-
cal profile by Roy & Peltier (2017), which includes a 75 km thick
elastic lithosphere, a three-layer upper mantle, a transition zone, a
three-layer lower mantle and an inviscid fluid core; the structure of
layers and their viscosity values are those listed in table 2 of Roy
& Peltier (2017). The rotational feedback on sea-level is taken into
account following the revised theory of Mitrovica et al. (2005) and
Mitrovica & Wahr (2011).

3.2 Regional viscoelastic rebound modeling in the Alps

In previous studies about the role of GIA in the Mediterranean re-
gion (see e.g. Stocchi et al. 2005), the time evolution of the Alpine
ice sheet has been modeled coarsely, based upon the seminal works
of Gudmundsson (1994) and Florineth & Schliichter (2000). Since
due its relatively small size no Alpine component is included into the
most recent global GIA models as ICE-7G_NA, here we rely upon
the high-resolution reconstruction of the Alpine ice sheet during the
past glacial cycle proposed by Seguinot et al. (2018), which will be
referred to as iIALP model in the following. This model, based on nu-
merical simulations forced by the GRIP palaeo-temperature records
in the alpine region from the Greenland Ice Core Project (Dansgaard
et al. 1993), provides the ice thickness distribution during the last
120 kyrs BP on a grid with a horizontal spacing of 2 km; a few
snapshots of the iALP ice chronology are shown in Fig. 6. In their
work, Seguinot et al. (2018) also considered other scenarios for the
forcing temperature; however, we have verified that adopting these
alternative models would not alter the present-day geodetic rates by
more than 0.1 mmyr~! across the whole Po Plain. The ice chronol-
ogy proposed by Seguinot et al. (2018), given on a regular cartesian
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grid, has been converted into disc-shaped axisymmetric elements
suitable for use with the TABOO open source post-glacial rebound
simulator (Spada et al. 2011), by assigning to each disc element
an ice height time history obtained as the average over all the grid
nodes falling within the disc area. For consistency, the rheological
model follows the VM7 viscosity profile by Roy & Peltier (2017),
the same adopted to simulate the effects of the far-field ice sheets,
described in Section 3.1. The size of the discs is 0.5, sufficient to
capture the main features of model iALP. We have verified that a
higher resolution would essentially provide the same results, due to
the strong low-pass filter effect that is exerted by the elastic litho-
sphere and to the fact that possible artifacts due to the discretization
of the load would only affect predicted observables at distances
from the load comparable to the size of the disc.

We remark that while the effect of global GIA is obtained by
means of a gravitationally and topographycally self-consistent so-
lution of the SLE, the regional effects due to the melting of the
Wirm Alpine ice sheet have been modeled adopting a simplified
approach in which the geoid term is neglected and the approxima-
tionS —U isassumed. As discussed by Spada & Stocchi (2006)
and Spada et al. (2009) this approximation is valid in the vicinity to
the previously glaciated regions and allows a simplified evaluation
of sea-level change in response to the melting of small ice sheets.

4 RESULTS

In this section, we discuss the numerical results obtained by means
of the GIA models described in Section 3, focusing on the present-
day effects on the rates of relative sea-level change_(S), of vertical
land motion (U) and of absolute sea-level change (N). These fields
are sometimes referred to as GIA fingerprints (Plag et al. 2001;
Spada 2017) and their spatial variability reflects the global effects of
deformation, gravitational attraction and rotation within the system
composed by the solid Earth, the oceans and the ice sheets (Clark
et al. 1978; Mitrovica & Milne 2002; Spada & Melini 20193, b).

4.1 Sea-level change

Fig. 7 shows the present-day rate of sea-level change S across
the Mediterranean basin according to the ICE-7G_NA (VM7) GIA
model. If GIA from the melting of past ice sheets was the unique
cause of contemporary sea-level change, those rates would directly
manifest as long term sea-level trends at tide gauges. Since GIA
evolves on the time scales of millennia, the trends are nearly con-
stant on periods of decades or centuries (e.g. Spada 2017).

The pattern in Fig. 7, whose general features are well known
from previous studies of GIA, has been recently reconsidered and
discussed by Spada & Melini (2022). The expected maximum
rates occur at the center of the sub-basins, with values of S up to

0.3mmyr~tin the Balearic Sea, upto 0.2 mmyr~! in the lonian
and in the Levantine Seaand upto  0.05 mmyr~tin the Black Sea.
As pointed out by Spada & Melini (2022), these rates constitute a
significant fraction of the trends observed at tide gauges facing these
sub-basins. The spatial variability of S across the Mediterranean is
explained in terms of the ongoing flexure of the lithosphere induced
by the melt-water loading, causing a sea-level rise relative to the
seafloor. Predicted S values decrease and vanish along the southern
coasts of the Mediterranean between Algeria, Tunisia, Libya and
south Israel. Remarkably, in the Adriatic Sea S changes its sign and
a sea-level fall (S < 0) is expected due to GIA, with rates between
—0.34 and —0.38 mmyr~! in the Adriatic Sea facing the Venetian
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Figure 6. Ice thickness and extents of the Alpine ice sheet according to Seguinot et al. (2018), at 26 kyr BP (a), 21 kyr BP (b), 18 kyr BP (c), 15 kyr BP (d),

12 kyr BP (e) and 9 kyr BP (f). Red squares indicate the location of major cities.

Lagoon. A similar pattern is observed in other narrow coastal inlets,
as discussed by Spada & Melini (2022). We remark that the rates in
Fig. 7 are significantly different from those obtained by Carminati
& Di Donato (1999), based upon the ICE-3G(VM1) GIA model by
Tushingham & Peltier (1991). This testifies that GIA predictions are
not given once for all, but they evolve according to improvements
in the knowledge about the chronology of the late-Pleistocene ice
sheets and on the mantle viscosity profile and steps forwards in the
numerical techniques employed to solve the SLE (see e.g. Spada
2017; Spada & Melini 2022).

Fig. 8 shows the contributions of the ICE-7TG_NA (VM7)
and iALP models to S and U GIA fingerprints in the Venice
Lagoon, as well as the cumulative effect of the two mod-
els. When only the melting of remote ice sheets is considered
(Fig. 8a), S varies, in the study area, between —0.38 mmyr~!
(Venezia and Trieste) and —0.29 mmyr~* (Rimini) and goes fur-
ther down to —0.22 mmyr~ south of Ancona. These rates are

different with respect to previous results by Stocchi & Spada
(2009), who obtained positive S values across the Mediter-
ranean region. This is to be attributed to the different GIA
model assumed by Stocchi & Spada (2009), who employed ICE-
5G(VM2) by Peltier (2004) and to the higher spatial resolution
of the numerical solution of the SLE adopted in the present
study.

The melting of the Alpine glacier (Fig. 8c) is also responsible for
a sea-level fall across the northern Adriatic region, albeit of slightly
smaller amplitude with respect to that due to global GIA. Mod-
eled rates of sea-level change decrease from north to south, from
about —0.30 mm yr~! (Veneziaand Trieste) to about —0.12 mmyr~!
(Rimini and Pula) and reach zero south of Ancona. Therefore, the
melting of the Wiirm Alpine ice sheet further enhances the sea-level
fall associated to continental levering due to the melting of remote
ice sheets. Indeed, the cumulated effect of the ICE-7G_NA (VM7)
and iALP models, shown in Fig. 8(e), is a general sea-level fall in
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Figure 7. Predicted rate of present-day sea-level change S induced by GIA across the Mediterranean region, according to model ICE-7G_NA (VM7). Numerical

results have been obtained using the SELEN* SLE solver.

the study area, with $ values ranging from about —0.7 mmyr~?
(Venezia and Trieste) to about —0.3 mmyr~* (Rimini) and reaching
the —0.2 mmyr~ level south of Ancona, where only the contribu-
tion due to global GIA is significant due to the large distance from
the Alps. Therefore, it is clear that taking into account the iALP
model is essential for a careful reconstruction of the GIA-driven
sea-level change in the Venetian Lagoon region.

It is of particular importance here to compare modeled estimates
for the GIA contribution to the rate of sea-level change with the
observed rates that we discussed in Section 2.1. For Venezia Punta
della Salute, the longest-spanning (1909-2000) tide gauge record
among those available in the PSMSL database, the observed rate
is (2.4 = 0.2) mmyr~!. Taking into account that the GIA-induced
sea-level fall at this site is of about —0.7 mmyr~2, resulting from
the combined effect of near-field and remote ice sheets, we would
obtain a GIA-corrected rate of sea-level rise of about 3.1 mmyr~1.
The contribution of GIA to sea-level change is even more important
at Trieste, where a smaller rate of (1.2 % 0.1) mmyr~ is observed;
taking GIA into account, we would obtain a corrected rate of about
1.9 mmyr~t. Modeling the effect of GIA is therefore important for
a correct interpretation of the various factors that are contributing
to contemporary sea-level change in the Northern Adriatic and in
the Venetian Lagoon.

4.2 \ertical land motion

In Fig. 8(b) we show the predicted vertical velocity U according
to the GIA model ICE-7G_NA (VM?7). The GIA fingerprint U rep-
resents the present-day rate of vertical land motion that would be
observed, at a given location, by an earthbound GNSS receiver.
In the Venetian Lagoon, predicted uplift rates for ICE-7G_NA
(VM?7) are in the range between 0.05 and 0.10 mmyr™?, slightly
different than those obtained by Carminati & Di Donato (1999)
and Stocchi & Spada (2009), based on models ICE-3G (VM1) and
ICE-5G (VM2), respectively. Moving southward, vertical velocities

predicted by ICE-7G_NA (VM7) decrease and turn into a subsi-
dence with rates of —0.05 mmyr~! between Rimini and Zara and
—0.10 mmyr~! south of Ancona. We point out that ICE-7G_NA
(VMT7) predicts a relative sea-level fall (Fig. 8a) even in the sub-
siding region of the study area (Fig. 8b). This apparent paradox is
allowed by the SLE since the relationship S = N — U holds true
(see Spada & Melini 2019a) and therefore the conditions S < 0and
U < 0 can be simultaneously verified for suitable values of the rate
of absolute sea-level change N.

Fig. 8(d) shows the modeled vertical velocities due to the melting
of the Wurm Alpine glaciers. Over the northern Adriatic Sea these
rates largely exceed those due to global GIA and therefore represent
the dominant contribution to GIA-induced vertical land motion in
the study area. Indeed, model iALP predicts uplift rates U around
0.3 mmyr~! in the Venetian Lagoon and in the range between
0.2 and 0.1 mmyr~! across the most part of the northern Adriatic
(Rimini and Pula). The uplift velocities rapidly decay when moving
southward, as the distance from the former ice load increases, with
rates reaching zero south of Ancona.

The total effect of ICE-7G_NA (VMT7) and iALP on the predicted
present-day vertical velocity U is shown in Fig. 8(f). The rate of ver-
tical land motion varies between 0.4 mmyr—! (Venezia and Trieste)
to 0.2 and 0.1 mmyr~* (Rimini and Pula) and reaches zero south
of Ancona, turning to a subsidence in the southern part of Adriatic
Sea. The pattern of vertical land motion in the study area is largely
dominated by the contribution of iALP, confirming the importance
of taking into account the melting of the Wiirm Alpine glaciers to
model GIA effects on geodetic observables in the region.

Table 1 lists modeled vertical velocities at the 45 GNSS sites
considered in this study due to the combined GIA effect of the ICE-
7G_NA (VM7) and iALP models. Rates of vertical land motion due
to GIA are generally smaller than the uncertainties associated to the
MIDAS estimate of the observed velocity. However, the impact of
GIA on observed velocities is generally not negligible; indeed, the
average GlA-induced rate of vertical land motion over the 45 consid-
ered GNSS sites is +0.37 mmyr~, representing about 28 per cent
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Figure 8. Modeled GIA fingerprints S (left frames) and U (right) in the Northern Adriatic. Top frames (a—b) show predictions according to the global
GIA model ICE-7G_NA (VM7), middle frames (c—d) those obtained with the iALP regional GIA model and bottom frames (e-f) the total effect due to the
ICE-7G_NA (VM?7) and iALP GIA models. Results shown in frames (a) and (b) have been obtained using the SELEN* SLE solver, while those in frames (c)
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and (d) have been computed with the TABOO code.
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