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Abstract. Relative sea-level rise (RSLR), i.e. sea-level rise due to climate changes combined with land subsi-
dence, is one of the processes that is most severely threatening the coastal systems around the world. The Venice
coastland forms the major low-lying area in Italy and encompasses a variety of environments, such as farmlands,
estuaries, deltas, lagoons and urbanized areas. Valuable ecosystems, historical heritages and economic activities
are located in this area. Since most of the territory lies at a ground elevation below or slightly above the mean
sea-level, also a few mm yr~! of land subsidence can seriously impacts on the Venice coastal system. In this
study, we present an analysis of the vulnerability to RSLR considering an uneven land subsidence distribution,
with an application on the Venice coastland. The analysis is delineated at the regional scale by an index-based
model and a proper coupling of various thematic layers, such as high spatial resolution land subsidence data re-
trieved by satellite SAR interferometry, ongoing and projected sea-level rise trends, and morpho-physiographic

setting of the coastland.

1 Introduction

Sea-level rise due to climate changes (SLR) combined with
land subsidence, namely relative sea-level rise (RSLR), is
one of the processes that is threatening most severely the
coastal systems around the world. Flooding, saltwater con-
tamination of farmlands and aquifers, coastal erosion, loss of
tidal morphologies along with severe damages to infrastruc-
tures are among the major effects of RSLR.

Although at different rates, the ocean levels increased over
the last decades up to a few mmyr~—! and are expected to
rise even more quickly by the end of the century (e.g., IPCC,
2014). Despite this general rise, land subsidence in many
coastlands worldwide has exceeded the SLR up to a factor
of ten (Erkens et al., 2015).

At regional scales, SLR can be considered spatially homo-
geneous whereas ground dynamics is often characterized by
a considerable variability. During the last decade, the grow-
ing use of satellite SAR interferometry over large areas rev-
eled that land subsidence in low-lying coastlands often de-

picts uneven distribution patterns, primarily controlled by
shallow sediment compaction, especially the Holocene de-
posits (Tosi et al., 2010; Teatini et al., 2011; Jankowski et
al., 2017), and the hydro-morphological setting. These are
key driving mechanisms in the susceptibility of the low-lying
coastal plains to RSLR

Vulnerability analysis is a powerful method for studying
the interaction of the various environmental features that de-
termine the exposure of coastlands to RSLR (e.g., Gornitz,
1991). However, previous investigations neglected or poorly
considered the variability of the coastal subsidence, gener-
ally assuming a quite homogeneous sinking trend also over
large areas, or at least with a regional pattern.

Here we present a step forward in the analysis of the vul-
nerability to RSLR of the Venice coastal system (Fig. 1),
considering the actual pattern of the coastal subsidence (e.g.,
Teatini et al., 2011; Strozzi et al., 2013; Tosi et al., 2016).

The analysis is conducted at the regional scale by combin-
ing high spatial resolution ground movement data obtained
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Figure 1. Satellite image of the Venice coastland facing the north-
ern Adriatic Sea, Italy. Red line: boundary of the study area in the
mainland; Blue lines: major rivers; Green polygons: lagoon bound-
aries. Base map source: Esri, DigitalGlobe, GeoEye, Earthstar Geo-
graphics, CNES/Airbus DS, USDA, USGS, Aerogrid, IGN, and the
GIS User Community.

through multi-temporal SAR interferometry with informa-
tion on the hydro-morphological setting of the coastal system
and the present and projected sea-level rise trends.

2 Data and Methodology

The coastal vulnerability to RSLR was assessed by means
of an index-based model that considers the following in-
put dataset: high spatial resolution land subsidence; hydro-
morphological setting, including the distance of emerged
land from potential pathways for inundation due to RSLR,
i.e. the coastline, watercourses, lagoons and wetlands; sur-
face elevation of emerged and submerged sectors; present
and projected sea-level rise.

2.1 Land subsidence dataset

Ground movements are derived from a stack of 194 Sentinel-
1 images (~ 3 x 20m spatial resolution) acquired between
30 March 2015 and 23 February 2019 processed with the In-
terferometric Point Target Analysis (IPTA) PSI chain (e.g.,
Wegmiiller et al., 2004). Permanent GPS stations located
within the study area allowed calibration and validation of
the interferometric product. The line of sight (LOS) displace-
ments detected by the satellite have been assumed as to the
ground vertical movements to simplify the analysis. This as-
sumption introduces an error in the range of 20 %-25 % for
the ground movement velocities, which can be reasonably
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neglected considering the intervals of the thematic layer clas-
sification adopted for the vulnerability analysis to RSLR.

2.2 Hydro-morphological data

The hydro-morphological dataset includes the ground eleva-
tion of emerged and submerged areas and the physiographic
setting of the major water bodies considered as the main po-
tential flooding sources.

The ground elevations data of emerged areas refers to a
20m pixel size Digital Elevation Model (DEM). The DEM
was obtained by Wegmiiller et al. (2009) using SAR cross-
interferometry on four pairs of satellite images as part of the
ERS2-ENVISAT tandem mission in winter 2007, 2008 and
2009, i.e. the season with the lowest presence of vegetation,
and validated on the basis of GPS surveys (Gasparetto-Stori
etal., 2012).

The bathymetric data are available from reclamation and
regional authorities and refers to the main lagoon basins.

The potential flooding sources are the Adriatic Sea, la-
goons, wetlands and the main rivers. The boundaries and
paths of the water bodies were drawn manually using images
from Google Earth.

2.3 Sea-level rise scenarios

Three SLR rates were adopted, i.e. the ongoing long-time se-
ries scenario, ongoing short-time series scenario and future
scenario, referring to the time intervals 1875-2018, 1992—
2018 and 2018-2050, respectively. The SLR rates for the on-
going long-time series scenario and ongoing short-time se-
ries scenario amount to 1.3 and 3.8 mmyr~!, respectively,
and were computed from the data recorded by the tide gauge
station of Trieste (Northern Adriatic Sea). Since this station
is located in an area where land movements are known to
be negligible, the records are representative of the sea level
changes. Regarding the future scenario, this study adopts the
worst-case projection of global mean sea-level rise provided
by the IPCC’s Fifth Assessment Report (ARS) (IPCC, 2014).
Under the Representative Concentration Pathway RCP8.5
scenario, a sea-level rise of 0.74 m with a likely range of 0.52
to 0.98 m (Church et al., 2013) is projected by 2100. For the
future scenario, a mean rate of 5mm yr~! by 2050 is conse-
quently used.

2.4 Index-based model

The vulnerability to RSLR was assessed by the following
steps: (a) Set-up of the thematic layers derived from the
selected indices (i.e. land subsidence, water distance and
DEM); (b) Classification of the thematic layers; (c) Assign-
ment of a weigh to each index; (d) Aggregation of the the-
matic layers into a GIS environment; (¢) Computation and
classification of vulnerability to RSLR.

proc-iahs.net/382/689/2020/
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Table 1. Range of scores and weightings assigned to each classified
thematic layer.

Thematic  Classified thematic =~ Score ~ Weight
layer layer

RSUBS cRSUBS 04 0.5
WD cWD 04 0.25
DEM cDEM 04 0.25

The thematic layers SUBS (land subsidence), DEM (in-
tegrated ground elevation and bathymetric dataset) and WD
(water distance) were set up through the interpolation of the
associated indices by the kriging technique. Specifically, a
200 m regular grid was chosen as it is a good compromise
for mapping both high density data areas (e.g., urban areas)
and sectors where SAR reflectors are diffused (e.g., farm-
lands and wetlands).

The three SLR rates were included in the SUBS layer for
obtaining the RSUBS thematic layers corresponding to the
different scenarios. SUBS rates were kept the same for the
three scenarios, assuming that the groundwater regulation
will prevent future increase in induced land sinking and the
secondary consolidation rates of Holocene deposits will re-
main unchanged during such a relatively short time period
(e.g., Teatini et al., 2011).

The DEM dataset consists in measurements carried out
over various time spans with a common mid-range year
around 2008. Because land subsidence is referred to the
2015-2019 period, the DEM dataset was updated by adding
the contribution due to ground displacements and SLR for
the time interval 2008-2019. The land subsidence trend is
assumed to remain unchanged before 2015.

In addition, depending on the investigated scenario, the
DEM layer was computed by two different approaches. For
the ongoing scenarios, DEM represents the present coastland
elevation estimated for the year 2019. For the future scenario,
i.e. in 2050, the DEM is estimated as in Eq. (1):

DEM;0s50 =(DEM3019) + (SUBS2019 - At)
—(SLR2ps0 - At) (D

where At is the interval period between 2019 and 2050.

The thematic layers were classified by converting their
values to an “importance” scale using a rating from 0 to
4 (e.g., Gornitz, 1991). The classification depends on local
conditions, with high ratings corresponding to high impact
of RSLR. The upper and lower bounds of the classes for the
thematic layers were defined by adapting the limit values to
the frequency distribution of the gridded dataset. The WD
index is assumed to remain unchanged by 2050, as it is rea-
sonable to believe that mitigation measures (e.g. beach nour-
ishment, embankment reinforcing) will keep the boundaries
of the water bodies roughly at present.
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Table 2. Thematic layer classification: upper and lower bounds of
the classes and related scores.

RSUBS WD DEMma DEMla Score
(mm yr_l) (m) (mam.s.l) (mam.s.l.)

> —1 > 4000 >4 <=3 0
—1to—-2 2000-4000 24 —3t0o -2 1
—2to -3 1000-2000 1-2 —2to—1 2
—3to -7 500-1000 0-1 —1to—-0.5 3
< -7 < 500 <0 > —0.5 4

Finally, the Index of Coastal Vulnerability (CVI) to RSLR
was computed with a weighted linear regression for both the
ongoing and future scenarios as in Eq. (2):

CVI; =wrsuss - cRSUBS; + wwp - cWD;
+wpgMm - cDEM; ()

where cRSUBS, ¢cWD, cDEM are the rating for each cell i
of the classified thematic layers and wsups, Wwp, and Wpgm
are the assigned subjective weights as shown in Table 1. Note
that the weight of RSUBS (wrsyps)is double those associ-
ated to ww and wpgM, as high subsidence rates and projected
SLR trends are the major driving forces affecting delta vul-
nerability.

Lastly, the CVI values obtained from Eq. (2) were re-
classified into five classes (from negligible to extreme) by
the Jenks optimization method (Jenks, 1967), which reduces
variance within classes and maximizes variance between
them.

3 Results

The set-up of the SUBS, RSUBS, DEM and WD thematic
layers was the first step of the data analysis. The maps devel-
oped on the 200 m regular grid are shown in Fig. 2.

The SUBS thematic layer clearly depicts the variability of
the ground displacements although the SAR data are interpo-
lated on the 200 m grid. In general, this pattern is primarily
controlled by compaction of the Holocene deposits, which
thickness increases from less than 1 m in the mainland to
more than 20 m in the northern and southern coastal sectors
(Tosi et al., 2010). The presence of buried geomorphologi-
cal features, such as sandy paleo-channel and littoral ridge
systems contributes in increasing the local variabilities pat-
terns. To the author knowledge, induced land subsidence due
to groundwater exploitation is limited to local sectors in the
northern area.

The thematic layer has been classified based on the statis-
tical distribution of the RSUBS, WD, and DEM values (Ta-
ble 2).

The values 0 and 4 mean a low and a high contribution
to vulnerability, respectively. Considering the peculiarity of
the Venice area, whose territory lies at an elevation below
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Figure 2. Thematic layers: (a) SUBS, (b) RSUBS - ongoing long-
time series scenario, (¢) RSUBS — ongoing short-time series sce-
nario, (d) RSUBS — future scenario, (¢) DEM, (f) DEM — future
scenario, (g) WD.

or slightly above the mean sea-level, also a few mmyr~!

of relative sea-level rise seriously damage the coastal sys-
tem. Therefore, the class with null value has been limited
to RSLR less than 1 mmyr~!. In addition, since RSLR dif-
ferently affects the ecosystem of transitional environments,
the DEM thematic layer has been classified separately for
the mainland (littoral strips included) and lagoon areas (is-
lands included), hereinafter referred as DEMma and DEMla,
respectively. Specifically, in the lagoon areas, RSLR threats
the morphologies with a surface elevation within the tidal
range (e.g., salt marshes) and above sea level (e.g. islands and
historical centers) more than the lagoon bottom deeper than
—Imam.s.l (e.g., channels). Conversely, in the mainland,

Proc. IAHS, 382, 689695, 2020

L. Tosi et al.: Vulnerability of Venice’s coastland

(a)

20 km « ‘ 2

5050000
>z
|c’:=>2:
=
3
‘- Al
',
»
B

5000000
Ee

5050000

5000000

5050000

5000000

270000 320000 270000 320000
01234

Figure 3. Classified thematic layers influencing vulnerability to
RSLR: cRSUBS for the ongoing long-time series scenario (a), on-
going short-time series scenario (b), future scenario (¢); cWD (d);
cDEM computed for both the ongoing long-time series and short-
time series (e), and for the future scenario (f).

the most threaten sectors are those with the lowest elevation
with respect to the sea level.

The adopted classification is the same for the three scenar-
ios, since the threat-classes are preserved even if subsidence
and SLR change.

The classified thematic layers, with scores from O to 4
(from low to high contribution to vulnerability), are shown
in Fig. 3. The colour-coding highlights the rating in accor-
dance with the classification shown in Table 2.

The Index of Coastal Vulnerability (CVI) to RSLR was
computed with a weighted linear regression for both the on-
going and future scenarios (see Eq. 2) and the values reclas-
sified into five classes, i.e. negligible, marginal, moderate,
critical, and extreme.

The maps showing the vulnerability to RSLR of the Venice
coastland for the ongoing long-time series scenario, ongo-
ing short-time series scenario and future scenario in 2050 are
presented in Fig. 4.

proc-iahs.net/382/689/2020/
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Table 3. Percentages of the Po delta area in each class of the CVI
under the three scenarios.

Scenario

Vulnerability ~ Ongoing long-  Ongoing short-  Future
classes time series time series

Negligible 13.5 0.0 0.0
Marginal 30.5 16.0 15.0
Moderate 23.5 27.0 24.5
Critical 22.0 33.5 28.5
Extreme 10.5 23.5 32.0

4 Discussion

The use of high spatial resolution land subsidence maps ob-
tained by Satellite SAR interferometry makes it possible to
take a step forward in the analysis of the vulnerability to
RSLR with respect to previous works that generally consid-
ered land subsidence quite homogeneous or with a region
trend.

The vulnerability analysis of Venice’s coastland to RSLR
presented here uses thematic layers at 200 m spatial resolu-
tion (Figs. 2 and 3).

Regarding the outcome of the vulnerability analysis
(Fig. 4), the percentages of the Venice coastland in each
class of the CVI under the ongoing long-time series, ongo-
ing short-time series and future scenarios are summarized in
Table 3.

Under the ongoing long-time series scenario, the areas
with negligible vulnerability to RSL cover only 13.5 %. Ar-
eas with marginal, moderate and critical vulnerability are
more extended, amounting to 30.5 %, 23.5 % and 22 %, re-
spectively. About 10 % of the coastland is in an extreme vul-
nerability condition. Using the ongoing short-time series and
future scenarios the areas with negligible class vanish and
27 %, 33 %, 23.5 % are the percentages of areas with moder-
ate, critical and extreme vulnerability, respectively.

By 2050, under the future scenario, 60 % of the coastland
will be in a critical and extreme vulnerability condition.

At the coastland scale, the high variability of vulnerability
to RSLR reflects the variability of land subsidence, which
superposes that due to the hydro-morphology setting.

Land subsidence plays a key role resulting in the variabil-
ity of the vulnerability to RSLR. Land subsidence rates vary
from less than 1 to about S mm yr~!, with local peaks reach-
ing 10 mm yr~!. Thus also under future scenario in some sec-
tors of the Venice coastland land subsidence and sea-level
rise of the Adriatic Sea contribute equally by 2050.

It is important to highlight that the specific indices used
here do not exhaustively cover all of the various factors in-
fluencing the Venice coastland in view of the expected RSLR
and various assumptions based on the scientific knowledge
of the study area have been made to simplify the analysis.
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Figure 4. Vulnerability to RSLR of the Venice coastal area: (a) on-
going long-time series scenario; (b) ongoing short-time series sce-
nario; (c¢) future scenario in 2050. Base map source: Esri, Digital-
Globe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA,
USGS, Aerogrid, IGN, and the GIS User Community.

Assumptions, along with classification and weighting crite-
ria inevitably lead to some degree of subjective judgments.
The choice of the SLR scenarios to be used in the anal-
ysis is a critical issue. Regarding the present state, notice
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that the yearly average value of sea level changes is quite
variable and is characterized by pseudo-cyclicity and oscil-
lations (e.g., Carbognin et al., 2010). Time series shorter
than 50-60 years often yield fuzzy and contradictory pre-
dictions. The 1.3 mm yr~! average SLR over the 1875-2018
time interval, i.e. the ongoing long-time series scenario, is
certainly significant and robust for the Adriatic Sea. How-
ever, the 3.8 mm yr~! resulting from the 1992-2018 period,
i.e. the ongoing short-time series scenario, shows a fairly uni-
form trend that could be more representative for the present
state. Regarding the future scenario, the uncertainty charac-
terizes the quantification of both the expected SLR and land
subsidence evolution. To this end, the expected scenario here
considered is limited to 2050, being an evolution model of
land subsidence unavailable for the study area and the large
difference of the SLR projections by 2100. In any case, it is
possible to assume that land subsidence will continue in ac-
cordance with the present trend because the groundwater reg-
ulation adopted in Venice and the long-term secondary con-
solidation of the Holocene deposits will remain almost un-
changed over a relatively short period. Regarding the global
sea-level rise by 2050, a rate of Smmyr~! computed from
the IPCC projections is adopted (IPCC, 2014).

In relation to the shoreline erosion and the sinking of the
embankments, it was assumed that over the next 30 years,
beaches nourishment and land reclamation will be able to
keep pace with the RSLR.

5 Conclusions

The vulnerability to RSLR exhibits substantial variability
among individual areas reflecting the heterogeneity of land
subsidence and the hydro-morphology setting. The key re-
sults of this study are the following:

Land subsidence rates vary from less than 1 to more than
5 mm yr_l. Thus, it means that also under future scenario
land subsidence in some sectors of the Venice coastland con-
tributes equally with the sea-level rise of the Adriatic Sea in
the vulnerability analysis.

Under the ongoing long-time series scenario, 30.5 %,
23.5% and 22 % of the coastland area is classified with
marginal, moderate and critical vulnerability, respectively.

Under the future scenario, i.e. by 2050, the areas with crit-
ical and extreme vulnerability are expected to cover 60 % of
the Venice coastland.

Although this study represents a step forward in the as-
sessment of the vulnerability to RSLR of the Venice coast-
land, the authors are aware that further studies will have to
face the uncertainties not addressed in this analysis.

Data availability. The majority of the data presented here are from
an ongoing and yet incomplete project. The datasets generated dur-
ing the current study are available from the corresponding author
on reasonable request. Data courtesy: (1) Sentinel-1 data from ESA
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