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[11 Land subsidence is a widespread phenomenon, particularly relevant to transitional
environments, such as wetlands, deltas, and lagoons, characterized by low elevation with
respect to the mean sea level. Satellite synthetic aperture radar (SAR) interferometry offers
the possibility to effectively and precisely measure land displacements for dry surfaces or
anthropogenic structures, but difficulties arise in identifying long-term stable targets in
natural transitional regions. In order to improve the coverage of satellite SAR interferometry
in salt marshes within the Venice Lagoon (Italy), we installed a network of 57 Trihedral
Corner Reflectors (TCRs). The TCRs were monitored by ENVISAT ASAR and
TerraSAR-X acquisitions covering the time period from November 2006 to September
2011. The results show that the northern lagoon basin is subsiding at ~3 mm/yr and that the
central and southern portions are more stable. Larger subsidence rates, up to 6 mm/yr, are
measured where surficial loads, such as artificial salt marshes or embankments, rise above
the lagoon bottom. The accuracy of TerraSAR-X is greater than ENVISAT due to the
shorter wavelength and higher spatial resolution in relationship to the size of the TCRs. The
observations obtained in the Venice Lagoon indicate that SAR interferometry using a large
network of artificial reflectors is an effective and powerful methodology to monitor land
subsidence in transitional environments where the loss of elevation with respect to the mean

sea level can yield significant morphological changes to the natural environment.

Citation: Strozzi, T., P. Teatini, L. Tosi, U. Wegmiiller, and C. Werner (2013), Land subsidence of natural transitional
environments by satellite radar interferometry on artificial reflectors, J. Geophys. Res. Earth Surf., 118, doi:10.1002/

jerf.20082.

1. Introduction

[2] The persistent scatterer approach in satellite synthetic
aperture radar (SAR) interferometry Persistent, Scatterer and
Interferometry (PSI) has recently produced impressive results
in the monitoring of ground surface displacements over large
plain areas. The movements due to aquifer pumping and
recharge [e.g., Bell et al., 2008], development of gas reservoirs
[e.g., Ketelaar, 2009], natural consolidation of Holocene and
Quaternary deposits [e.g., Teatini et al., 2011a], geological
CO, sequestration [e.g., Vasco et al.,2010], CH, storage in de-
pleted gas fields [Teatini et al., 2011b], and fault activation
and fissure generation [e.g., Biirgmann et al., 2006] have been
detected with a resolution impossible to acquire by leveling
and GPS. The key to the PSI approach is the identification
and exploitation of time coherent radar reflectors [Ferretti
et al., 2001; Werner et al., 2003]. These scatterers typically
are man-made structures within the landscape, such as
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buildings, utility poles, roadways, or natural features, such as
rocks, deserts with little shifting sand, or saline soils. A poten-
tially severe limitation of PSI is the difficulty of identifying
stable targets in rural and agricultural areas.

[3] The lack of radar reflectors, or their location at a
distance from one to another too large to reliably resolve
the radar phase ambiguities in the presence of atmospheric
artifacts, characterizes many natural environments, such as
deltas, wetlands, and lagoons. The use of PSI to monitor
displacements in these environments is thus very limited or
totally precluded. Unfortunately, these coastal zones are the
most vulnerable to land subsidence due to their low elevation
with respect to the mean sea level, the diminishing supply of
new sediments caused by trapping in the upland drainage
basins, and mean sea level raise due to climate changes
[Syvitski et al., 2009]. The quantification of subsidence is
usually carried out by leveling and GPS [e.g., Morton and
Bernier, 2010]. Performing ground campaigns in these areas
characterized by marshlands, tidal marshes, channels, and
ponds is however both time-consuming and costly due to
lack of accessibility.

[4] Coulson and Guignard [1994] and Ge et al. [2001]
have demonstrated that artificial passive reflectors could be
used to detect displacements with satellite SAR interferome-
try. Their application, however, was restricted to very few
reflectors with the main aim of calibrating the SAR-based
methodology or monitoring the movements of restricted
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Figure 1.

(a) Landsat image of the Venice Lagoon, Italy, with the velocity map obtained by PSI from

ENVISAT ASAR data for the period 2003—2010 and the network of TCRs. Movements are in the satellite
LOS direction, negative values indicate settlement, positive mean uplift. The labeled TCRs are those that
are further discussed in the paper. (b) Footprints of the ENVISAT ASAR (path 122, frame 2691, red
box) and TerraSAR-X (beam strip_006R, yellow box) frames. The photos of a few TCRs representative
of the various lagoon environments, i.c., (¢) natural and (d) artificial tidal marshes, small islands corre-
sponding to (e) ancient sandy coastal ridges, () artificial embankments, and (g) urban zones, are provided

in the insets.

zones. An experiment was carried out by Marinkovic et al.
[2004, 2008] in Delft, The Netherlands, to monitor a set of
artificial reflectors where the phase histories were validated
by additional measurements. Five corner reflectors were
deployed at a relative distance of 150 m, and during every
ERS-2 and ENVISAT SAR satellite acquisition, these reflec-
tors were leveled with millimeter precision. Two pairs of
dihedral reflectors, approximately 50 m apart to reduce the
impact of the atmospheric effects on the phase values, were
used by Ferretti et al. [2007] to demonstrate that SAR mea-
surements with ENVISAT ASAR and RADARSAT-1 data
permit generation of displacement time series with

submillimeter accuracy both in the horizontal and vertical
directions. Networks of about 10 corner reflectors were
established by Xia et al. [2002, 2004] and Fu et al. [2010]
in order to monitor the stability of ~1 km long landslides in
regions of low coherence along the banks of the Yangtze
River in the Three Gorges area with ERS-2 and ENVISAT
SAR scenes.

[s] We deployed a network of Trihedral Corner Reflectors
(TCRs) to improve the SAR-derived estimates of subsidence
in the Venice Lagoon, Italy (Figure 1a). The Venice Lagoon
covers an area of about 550 km” and is a unique transitional
environment vulnerable to loss in surface elevation because
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Table 1. (continued)

Mean TerraSAR-X Standard Deviation Number of
TerraSAR-X

Number of
ENVISAT ASAR

Standard Deviation

ENVISAT ASAR (mm/yr)

Mean ENVISAT

TerraSAR-X (mm/yr)

(mm/yr)

ASAR (mm/yr)

Environment

Operation Period

TCR

52

0.794

—0.223

29
12

—0.873 0.485

island
littoral strip

June 2007 — February2010
December 2007 — March 2008

CR0O780

1.157
0.556

—0.23
1.223
—0.527
—2.097

CR0O790
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0.25
0.185

0.111

—1.056

—0.619

—0.468
2.358

natural marsh

since August 2006

CR0O800

0.152

0.229
0.167

—1.506
—1.384

0.201
0.651
0.366
0.363
0.523

0.148
—1.88
—0.472
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“Mean displacement rates in the LOS direction, standard deviation, and number of valid acquisitions of the TCRs using ENVISAT ASAR and TerraSAR-X data. Reflectors in the western side of the southern lagoon are

not within the TerraSAR-X frame. Text in italic highlights the TRC with less than 16 acquisitions. The operation period and the environment where the TCRs were established are also provided.
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of land subsidence and eustasy [Carbognin et al., 2004,
2010]. Land displacement in the Venice coastal zone has
been determined over time by spirit leveling and GPS.
Recently, SAR interferometry has been used to complement
the ground-based methods [7osi et al., 2002]. In particular,
interferometric analysis on persistent Point Targets (PTs)
was found to be very effective in detecting land displacement
in this coastal environment. ERS [Teatini et al., 2005;
Teatini et al., 2007] and ENVISAT [Tosi et al., 2010;
Teatini et al., 2012] SAR images of the time periods
1992-2005 and 2003-2007, respectively, were analyzed
at regional and local scale and has allowed quantifying
the vertical displacements of thousands of PTs scattered
on the mainland, the urbanized islands, the lagoon margins,
and the littorals (Figure la). At regional scale, the central
lagoon, including the city of Venice, shows a general stability,
while the northern and southern lagoon extremities and
their related catchment sectors sink with rates averaging
3—-10mm/yr. The observed land displacements were
associated with geological features of the study region,
including tectonics, seismicity, differential consolidation
of the middle upper Pleistocene and Holocene deposits,
and anthropogenic activities, such as land reclamation
and groundwater withdrawal [Teatini et al., 2007; Tosi
et al., 2009]. Local subsidence on the order of a few
centimeters was detected by PSI on TerraSAR-X scenes
at the three inlets connecting the Adriatic Sea to the
lagoon [Strozzi et al., 2009], where major construction is
under way to disconnect the inner water body from the sea
by a series of mobile barriers.

[6] However, no information was retrieved in salt marshes
and tidal flats within the inner lagoon where anthropogenic
structures are completely lacking or are too sparsely distrib-
uted in order to reliably resolve the radar phase ambiguity
in the presence of atmospheric disturbances. An accurate
quantification of land subsidence within the inner lagoon
assumes a strategic importance in relation to a general degra-
dation that the lagoon has been experiencing over the last
century consisting of the deepening of tidal flats and the
reduction of salt marshes [ Carniello et al., 2009]. Because also
traditional monitoring techniques are not feasible in these
zones, a research project was initiated by the Venice Water
Authority to establish a network of TCRs for improving
the PSI coverage in the lagoon environment. We present the
results of this activity in this paper as follows. First, the
network of TCRs established in the Venice Lagoon is
described. Second, the SAR methodology on TCRs is
discussed, showing the steps developed to improve the PSI
result on these targets and to include the TCR-based solution
into the global interferometric point target analysis on natural
targets. Third, the quality of the measurements is assessed.
Then, the results are shown with a comparison of the data from
ENVISAT ASAR and TerraSAR-X. Finally, an interpretation
of the detected displacements is provided in the light of
present-day knowledge of the geomorphological features of
the lagoon and of natural and anthropogenic processes
impacting on the stability of the area.

2. Network of Trihedral Corner Reflectors (TCRs)

[7] Between November 2006 and July 2007, a network of
57 TCRs was installed on natural and rebuilt marshes, small
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Figure 2. Photographs of various types of TCRs foundations used in the Venice Lagoon: (a) 6 m deep
pole in salt marshes, CR0260; (b) anchoring on a preexisting shallow infrastructure, CR0610; (c) shallow
concrete basement on embankments, CR0750; and (d) shallow foundation on steel network in salt marshes,
CR0260a. Photos of (¢) a TCR (CR0580) during high tides, (f) a TCR (CR0500) filled with debris, and (g) a
damaged TCR (CR0640).

isles (known as “motte”), and along the banks bounding the
fish farms within the Venice Lagoon and at the lagoon
margins (Figure 1 and Table 1). The TCR network was
planned taking into account the location of previously identi-
fied PTs in a ERS SAR interferometric analysis [Teatini
et al., 2005; Teatini et al., 2007] and keeping to a value of
about 1km the maximum distance between the TCRs or
between an “artificial” and the adjacent “natural” reflectors
detected on the ERS SAR analysis. The TCRs are

characterized by 60 cm edge length and made of aluminum
to reduce their weight. They were usually installed in areas
without other strong scatterers, on foundations at various
depths (Figures 2a—2d), and at the same height above ground
in order to study possible differences in their relative settle-
ment. In salt marshes, which tend to sit at elevations between
mean and high tide [Silvestri et al., 2005] and are thus visible
through at least half of the tidal cycle of about +50 cm
[Umgiesser and Matticchio, 2006], the TCRs were installed
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Figure 3. ENVISAT ASAR backscattering intensity image
of a portion of the northern lagoon obtained by averaging the
scenes acquired (a) before and (b) after September 2006. The
locations of the TCRs are highlighted by the red boxes in
Figures 3a and 3b, and by the red dots in the Landsat image
shown in Figure 3c.

at a height of 1 m above the mean sea level to ensure that they
are never flooded (Figure 2e¢). The radar reflectors were
aligned with the satellite illumination following the instruc-
tions given by Ge et al. [2001]. Although primarily the set
up to be used with ENVISAT IS2 acquisitions from a
descending orbit with an incidence angle of ~23°, the TCRs
are also clearly visible in TerraSAR-X stripmap images
acquired along descending orbits with an incidence angle of
~30°. The ENVISAT ASAR images cover the time period
from 2 April 2003 to 22 September 2010 with a nominal
interval of 35days between acquisitions. In general, the
number of ENVISAT ASAR acquisitions over the TCRs
varies between 30 and 40, depending on the TCR
deployment date. Between 5 March 2008 and 29 August
2011, a total of 90 TerraSAR-X images were acquired with
a nominal repetition time interval of 11 days.

[8] In order to locate the TCRs on the satellite radar
images, the pixels corresponding to the TCRs in the SAR
geometry were first computed using their geographic coordi-
nates measured in situ and the satellite orbital information.
After having confirmed their visibility on one SAR intensity
image (Figure 3), the exact point target location at subpixel
accuracy was determined by searching for the location of
the intensity maximum in every radar image. The normalized
backscatterer intensities extracted for ENVISAT ASAR and
TerraSAR-X acquisitions as a function of range and azimuth
for a TCR installed in a region that is lacking strong
natural scatterers are presented in Figures 4a and 4b and in
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Figure 4. Normalized intensity as a function of (a) range
and (b) azimuth for one ENVISAT ASAR acquisition, and
(c) backscattering intensity as function of the acquisition time
for CR0210. The time of TCR establishment is highlighted in
Figure 4c.
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Figures 5a and 5b, respectively. They show signal-to-clutter
ratios (SCRs) better than 15dB for ENVISAT and better
than 25 dB for TerraSAR-X. The backscatterer intensity of
the TCRs as a function of time was also analyzed. This is
remarkably stable for the TerraSAR-X acquisitions
(Figure 5c¢) and noisier for the ENVISAT ASAR scenes
(Figure 4c), as consequence of the different wavelengths
and resolutions of the two sensors with respect to the size
of'the TCRs and the background clutter. The SCR can be also
estimated from the ratio of the amplitude standard deviation
o, and mean m, of the backscatterer amplitude as a function
of time [Adam et al., 2005]:

O'

— M

m

SCR =

I\J\»—
BrSIERS

[9] For the 60 cm long TCRs, the SCR is generally on the
order of 10dB for ENVISAT and better than 25dB for

SUBSIDENCE OF TRANSITIONAL ENVIRONMENTS

TerraSAR-X. From the analysis of the backscatter intensity
as a function of time, it is also possible to investigate if a
TCR was damaged (Figure 2g) or stolen. This happened
for 19 TCRs, which were only partly replaced. A report on
the TCR condition was prepared monthly after each
ENVISAT acquisition and sent to the Venice Water
Authority to implement appropriate countermeasure. In
addition, we noticed a sudden drop of the backscattering
intensity for a short period of time (one to a few SAR acqui-
sitions) over some of the TCRs. We think that this is due to
the presence of water into the reflectors when the hole at the
bottom of the structure was filled with debris (e.g., eggs or
leaves; see Figure 2f).

3. SAR Interferometry on the TCRs

[10] Having determined with subpixel precision the posi-
tion of every TCR for every SAR acquisition, the complex
backscattering values (intensity and phase) were extracted,
and interferograms were computed with reference to a single
master scene. According to the phase model, contributions in
the interferograms are expected from the line of sight (LOS)
displacement, the heights of the TCRs, and atmospheric and
orbital effects [Bamler and Hartl, 1998; Rosen et al., 2000].
By taking into account the height of the TCRs determined
during their installation, using the orbital data to simulate
the flat Earth contribution and ignoring in a first step the
atmosphere, the relative phase difference of neighboring
pairs of TCRs was computed. In most of the cases, the inter-
ferometric phase showed an excellent relationship with time,
and no displacement was observed. Only in a few examples
was a clear subsidence trend visible.

[11] Our aim was however to include the TCR solution into
the global interferometric analysis on natural persistent
targets. In a typical PSI analysis, atmospheric and orbital
effects are accurately estimated [Werner et al., 2003].
These data were therefore interpolated at the TCR positions.
In the case of strongly varying regional atmospheric condi-
tions—as observed in particular during the summer—inter-
polation in areas without natural reflectors can be
inaccurate. This problem is particularly severe in the case

6 ; ; :
17.03.2004 =
04.06.2008 e
4t * _
2t _
2 PO, R
% < %% x
2 o ’kﬁ"“‘x ,, |li" g 1
« \
2P : ..
[ ]
al ¥ Waote, o
o, -
5 20 50 60 70

Distance (km)

Figure 6. Phase signals attributed to atmospheric residuals
in PSI for ENVISAT ASAR data as a function of the distance
for a profile going from north to south at the western lagoon
edge for an extremely turbulent summer situation (4 June
2008) and a typical winter stable condition (17 March 2004).
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Figure 7. Average displacement rate (mm/yr) in the LOS direction on the TCR network measured with
(a) ENVISAT ASAR and (b) TerraSAR-X data in the Gauss-Boaga reference frame. The black isolines rep-
resent the mean regional displacements from 2003 to 2010 obtained by interpolating the ENVISAT ASAR
PSI measurements provided in Figure la using the kriging technique. Negative values mean land

subsidence.

of ENVISAT. For TerraSAR-X, on the other hand, the den-
sity of natural point targets into the lagoon is remarkable.
In addition, the solution of most of the TCRs is already in-
cluded into the global interferometric point target analysis,
because most of the TCRs were already installed when the
acquisitions of TerraSAR-X began. After having applied
the atmospheric corrections, the same reference point used
for the global interferometric point target analysis was used
also for the TCRs. As a further improvement, we changed
the height of the TCRs because the reference point selected
in the global solution was not at ground level. At the end,
the time series of the unwrapped interferometric phases as a
function of time (i.e., acquisition) were transformed
to displacements.

4. Error Analysis

[12] The error in the measurement of the TCR displace-
ment comes mainly from signal noise and uncompensated at-
mospheric path variation [Hanssen and Feijt, 1997]. The
effective displacement error of a radar scatterer related to
the signal noise, 7SR, can be estimated from the SCR and

the sensor wavelength A by [Adam et al., 2005]:
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[13] By considering SCR values of 10dB for ENVISAT
and of 25dB for TerraSAR-X (see section 3 for details),
rsCR is 3.0mm for ENVISAT and 0.3 mm for TerraSAR-X
for TCRs with a 60 cm edge length.

[14] The turbulent behavior of masses of air causes a con-
stant mixing leading to variations in temperature, pressure,
and relative humidity, even at sub-kilometer scale.
Horizontal temperature gradients, changes of relative humid-
ity, and pressure changes have therefore considerable influ-
ence on the corresponding phase signals. In the PSI
analysis, the atmospheric delay is estimated and subtracted
for every point and each epoch. The quality of the atmo-
spheric estimation strongly depends on the spatial sampling,
with better estimates where there is high point density. If the
TCRs are not yet included in the PSI solution, then extrapo-
lation of the atmospheric delay will introduce an additional
error. In Figure 6, the phase signals attributed to atmospheric
residuals in PSI are plotted for ENVISAT ASAR data as a
function of the distance for a profile going from north to
south at the western lagoon edge in the case of an extremely
turbulent summer situation (4 June 2008) and of typical sta-
ble winter conditions (17 March 2004). At distances of about
1 km, the variance of the atmospheric residual is at C band
typically on the order of 7/4, which corresponds to an atmo-
spheric displacement error 7™ of 3.5 mm. Assuming that
the spatial sampling of the TerraSAR-X and ENVISAT scat-
terers is identical, we would expect for TerraSAR-X the iden-
tical atmospheric displacement error as for ENVISAT. For
TerraSAR-X, however, the density of natural point targets
into the lagoon is much higher, resulting in a better estima-
tion of the atmospheric residuals. Furthermore, the TCRs
for TerraSAR-X were already part of the network used to es-
timate the atmospheric delay. We may thus assume in the
case of TerraSAR-X a variance of the atmospheric residual
on the order of 7/8, which corresponds to an atmospheric dis-

placement error 7A™ of 1.0 mm.
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Figure 8. (a) Experimental variogram based on the displace-
ment rates produced by PSI in the Venice region over the
2003-2010 period using ENVISAT ASAR data and model
variogram fitted to the experimental one and used by the
kriging interpolation technique. (b) Map of the standard
deviation (mm/yr) computed by kriging and associated to the
regional movement of Figure 7. Interpolation is performed
on a regular 1x1km grid. The model variogram takes the
expression y=0.28+2.33x1073d+0.336 x 2d — d°) for d
500m and y=0.616+2.33 x 10~°d for d>500m, with d the
lag distance in [m]. The jump of the variogram at the origin,
which is referred to as “nugget effect” and is suggested by
the fitting of the experimental data, accounts for short-scale
variability and inherent data incoherence.

[15] The error of a single measurement is computed
as follows:

rew =\ (55%)" + () G)

[16] We obtain values of 4.6 mm for ENVISAT ASAR
and of 1.0mm for TerraSAR-X. The error of the mean
velocity estimated with 40 ENVISAT ASAR images over
a period of 3 years is then 0.3 mm/yr (i.e., (4.6/1/40)/3).
The error of the mean velocity estimated with 90
TerraSAR-X images over a period of 3 years is 0.1 mm/yr
(i.e., (1.0//90)/3).

[17] In order to increase the broad acceptability of
SAR interferometry on persistent scatterers, a validation
exercise with leveling and robotic tachymeters that addressed
key issues, like quality assessment, performance assessment,
and estimation of precision and accuracy, was performed in
the past [Crosetto et al., 2009]. For ENVISAT ASAR data,
the average root-mean-square errors of single deformation
measurements ranged between 4.2 and 6.1 mm, and the
absolute standard deviation of the double difference in the
rate of subsidence ranged from 1.0 to 1.8 mm/yr for a
maximum subsidence rate of about 4 mm/yr over a time
period of 5years. These numbers are in good agreement
with those computed before based on the TCRs data used
in our experiment and can be used as error estimates in the
discussion of our results, in particular for those TCRs that
are not too isolated from natural point targets.

[18] These values must be evaluated in relation to the rates
of sea level rise and land subsidence in our area of interest. In
Venice, the average eustatic rise of the mean sea level over
the last 120 years was quantified in 1.2 mm/yr [Carbognin
et al., 2004; Carbognin et al., 2010]. Land subsidence is
affecting the northern and southern basins of the Venice
Lagoon, i.e., where the TCRs are located, at rates ranging
between 1 and 4 mm/yr [Teatini et al., 2005; Tosi et al.,
2010]. Hence, the accuracy of SAR interferometry on
TCRs appears appropriate to quantify the processes of inter-
est in the Venice area, in particular using X band scenes.

5. Results

5.1.

[19] The average displacement rate of the TCRs computed
with the ENVISAT ASAR acquisitions covering the opera-
tional time interval is shown in Figure 7a. Only the TCRs
for which at least 16 ENVISAT ASAR acquisitions are avail-
able are shown, not considering therefore the TCRs that were
stolen or damaged shortly after their deployment (Table 1).
In most of the cases, the displacement rate is smaller than
about —2 mm/yr, and only for one TCR in the north of the la-
goon (CR0210) and two other TCRs (CR0520 and CR0590)
in the southern lagoon we did observe subsidence rates larger
than 5 mm/yr.

[20] The TCR movements are compared with the regional
land displacements characterizing the Venice coastal zone,
i.e., the 80 km long and 30 km wide coastal area shown in
Figure la. The isolines of subsidence rate used as reference
in Figure 7 are obtained by filtering and interpolating the
2003-2010 ENVISAT ASAR PSI solution computed on

Regional Versus TCR's Displacements
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Figure 9. (a) Time series of LOS displacements obtained
on ENVISAT ASAR images for CR0210 and the nearby nat-
ural PT #105237. (b) Location of the natural and artificial ra-
dar reflectors in the Santa Cristina Island. The colors are
representative of the average movement rates from 2003 to
2010.

the natural PTs. Therefore, they are representative of land
subsidence at regional scale due mainly to tectonics of the
pre-Quaternary basements, a major presence of compressible
clayey Quaternary deposits in the southern and northern por-
tions of the study area, and groundwater withdrawals in the
northeastern coastal region [7osi et al., 2009]. Filtering is
carried out to remove significant changes of the measured
displacements for adjacent PTs that are due to local causes,
such as the variability of the Holocene deposits, the various
depths of reference of the displacements due to the different
types/depths of PT's foundations, and possible instabil-
ities of different portions of the same structure [7osi
et al., 2009; Teatini et al., 2012]. To achieve this, a
geostatistical technique using a spatial autocorrelation
model characterized by the presence of a “nugget effect”
[Cressie, 1991] is applied. Figure 8a provides the exper-
imental variogram based on the PT's displacement and
the model variogram that, fitted to the experimental one,
has been used by kriging to interpolate the PT's move-
ment rates and create the map shown in Figure 7. The
displacement rate is assumed to be an isotropic stochastic
variable satisfying the intrinsic hypothesis [de Marsily,
1986]. Kriging itself also provides an evaluation of the accu-
racy associated to the interpolated through the standard
deviation (Figure 8b).

[21] The TCR displacement rates obtained by ENVISAT
ASAR (Figure 7a) substantially match the regional land
subsidence ranging between 1 and 3 mm/yr, taking also into
consideration the reliability of the interpolated regional
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values within the lagoon, where the standard deviation is
~I mm/yr. Exceptions are seen for CR0210, CR0520, and
CRO0590 that are settling faster. The possible reasons of these
anomalies were investigated. Figure 9a compares the
displacements of CR0210 and a nearby natural PT. The be-
haviors of the two radar reflectors are substantially similar,
confirming the reliability of the PSI analysis on the artificial
TCRs. As shown in Figures la and 9b, CR0210 was
established on an embankment protected by stones of the
Santa Cristiana Island. Therefore, the large subsidence rate
is related to the local consolidation due to the surficial load.
A similar situation characterizes CR0520 (Figure 10) that
was founded on a bank bounding a fish farm in the southern
portion of the lagoon.

[22] Especially interesting is the condition of CR0590.
Figure 11 shows the displacement over time recorded by
this TCR and by CR0600, which is located only 1km
farther east (Figure 1a) on a similar marshland environment.
If the former is subsiding at more than 7 mm/yr, the latter is
comparatively stable (Figure 7a and Table 1), both being
founded on piles at approximately 6 m depth. Information
concerning the morphological interventions carried out
over the last two decades to contrast the deterioration of
the lagoon environment indicates that CR0590 was installed
in an artificial marshland built approximately 15 years ago.
Conversely, the other stable TCRs in their surroundings
(including CR0600) are placed on natural salt marshes.
Therefore, the load of the artificial deposits on the
compressible Holocene sediments is likely responsible for
the recorded subsidence.

5.2. ENVISAT Versus TerraSAR-X Displacements
of TCRs

[23] Although originally established for ENVISAT
ASAR acquisitions, the TCRs are also visible in
TerraSAR-X scenes. However, the several reflectors in
the southwesternmost portion of the study area are out-
side the TerraSAR-X frame processed in this study.
Figure 7b shows the average 2008-2011 subsidence
rates detected on the TCRs using TerraSAR-X images.
The values compare satisfactorily with the regional
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Figure 10. Time series of LOS displacements obtained on
ENVISAT ASAR images for CR0520. The TCR is
established by a surficial foundation on an embankment
bounding a fish farm. A photo of the TCR is provided in
the inset.
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Time series of LOS displacements obtained on ENVISAT ASAR images for (a) CR0590 and

(b) CR0600 established on an artificial and natural salt marsh, respectively. A photo of each TCR is

provided in the inset.

trend, even better than ENVISAT ASAR in the northern
sector of the lagoon where the largest regional land
subsidence up to 3 mm/yr has been estimated over the
period between 2003 and 2010.

[24] A more quantitative comparison between the TCR
movements measured using ENIVSAT ASAR and
TerraSAR-X acquisition is provided in Figure 12. The average
displacement rate and the standard deviation associated with
the mean are shown for the TCRs, where data from both satel-
lites are available. Note the general good agreement between
the two data sets. As expected, the noise is smaller with
TerraSAR-X than with ENVISAT ASAR, with standard devi-
ations of about 0.1 and 1 mm/yr, respectively. This is due to
the better signal-to-clutter ratio of TerraSAR-X because the
TCRs have higher radar cross section at X band and the back-
ground clutter is lower due to the smaller size of the radar
image samples. The response between ENVISAT ASAR and
TerraSAR-X differs significantly only for a few TCRs
(CRO110, CRO150, CR0630, CR0720, and CR0730); these
are those characterized by a large standard deviation.
Inspection of Table 1 reveals that these TCRs remained
active during a short period and, therefore, were detectable in
a small number of images. Consequently, the interferometric
processing is intrinsically less reliable. Figure 13 shows the
displacement versus time for four TCRs detected using data
from both satellites. The ENVISAT ASAR signal is noisier
than TerraSAR-X and this can be seen for both subsid-
ing (e.g., CR0210) and stable reflectors (e.g., CR0260).

[25] Differences between the average displacements for the
two satellites are due partially to the nonoverlapping time in-
tervals. An example is shown in Figure 13c that shows the
displacements of CR0700. Note that the larger subsidence
rate obtained by TerraSAR-X (3.1 mm/yr against 1.7 mm/yr
by ENVISAT; Table 1) is mainly due to movements mea-
sured after mid-2008. The average displacement rates over
the overlapping interval (from March 2008 to September
2010) amount to —2.74 and —2.70 mm/yr with ENVISAT
and TerraSAR-X, respectively.

[26] The effect of the atmospheric interpolation within the
lagoon is visible in the different level of noise for some of the
TCRs. Clear evidence is obtained by comparing the displace-
ments measured for CR0210 (Figure 13a) and CRO810
(Figure 13d), the former situated on an island within the
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lagoon more than 1 km far from any PTs, the latter in the ur-
banized Lido littoral. In general, if a TCR is not surrounded
by natural reflectors, the ENVISAT ASAR analysis leads to
an increased noise because the extrapolation of the
atmosphere must be done using a larger radius. For
TerraSAR-X, on the other hand, the standard PSI analysis
already includes the TCR as a “natural” reflector because
the acquisitions started when they were already deployed,
and extrapolating the atmosphere near an isolated point
effectively results in deviations from a linear model being
classified as atmospheric variation. The noise of the
TerraSAR-X series for TCRs established in urban zones is
generally larger than in the case of the TCRs installed in a
natural environment due to the lower level of clutter.

[27] Finally, a small monitoring network to validate the
PSI measurements on the TCRs has been installed at the
northern tip of the Lido littoral. Five TCRs were connected
by high precision leveling surveys that were performed a
few times during our experiment (Figure 14, top panel).
Two examples of the displacements between CR0820
and CRO0840 relative to CRO810 are shown in
Figures 14a and 14b, respectively. In all the cases, the
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Figure 12. Comparison between the average LOS displace-
ment rates computed by PSI over the 2003—-2010 and 2008—
2011 intervals using ENVISAT ASAR and TerraSAR-X ac-
quisitions, respectively. The standard deviation associated to
the mean is also shown.
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Figure 13. Time series of LOS displacements for (a) CR0210, (b) CR0260, (¢) CR0700, and (d) CR0810
using ENVISAT ASAR (plus sign) and TerraSAR-X (open circle) data.

displacement rates are very small, ranging from —1.6 to
+0.2 mm/yr and comparable to the errors associated to
the TCR mean velocity discussed in section 4. For the sin-
gle measurements, we observe values scattered within
+5mm for ENVISAT and £2 mm for TerraSAR-X with
respect to the leveling surveys which are characterized
by an accuracy of about +0.5 mm.

6. Discussion

[28] Our experiment provided new information in order
to improve the knowledge of the processes acting in the
Venice Lagoon. We found that the northern basin of the
lagoon is subsiding at a rate of about 3—4 mm/yr, while
the central and the southern lagoon regions are more sta-
ble. Although these displacement trends detected on the
TCRs substantially agree with the pattern of the subsi-
dence components investigated at the scale of the whole
Venice coast region [Tosi et al., 2009; Bock et al.,
2012], this experiment provides for the first time a direct
and reliable quantification of the marshland subsidence.
In the past, the subsidence of the inner lagoon was only
estimated by interpolating the leveling [Carbognin et al.,
2004] and/or PT measurements recorded along the lagoon
margin and in a few islands [Teatini et al., 2005; Tosi
et al., 2009; Tosi et al., 2010].

[20] At the local scale, i.e., the scale of the single salt
marshes, a significant difference between the regionally
interpolated displacements and the TCR's movements has
been detected in some cases. An example is related to the
San Felice site, one of the tidal salt marshes studied in the
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past [e.g., D'Alpaos et al., 2007; Marani et al., 2013] and
where CR0260, CR0260a, and CR0260b were established
(Figure la). Being located at a short distance (500—1000 m)
from the Cavallino littoral, the subsidence obtained through
interpolation was estimated at rates from 2 to 3 mm/yr.
However, the TCR measurements proved that the actual
subsidence rate is less than 1 mm/yr (Table 1). This low sub-
sidence is supported by the preservation of the marsh original
morphological characteristics over the last decades [Rizzetto
and Tosi, 2011]. The knowledge of the actual subsidence rate
assumes a key role in the evolution of transitional environ-
ments. Land subsidence (relative to the mean sea level) is
one of the most important factors controlling the fate of the
tidal landforms as highlighted by the results of coupled
physical-biological models [e.g., Marani et al., 2007;
Carniello et al., 2009].

[30] Only a few TCRs are characterized by large sub-
sidence rates. However, these conditions are representa-
tive of local processes such as consolidation of shallow
lagoon subsoil due to man-made surficial loads like arti-
ficial marshes and embankments. This is confirmed by
the establishment at different foundation depths of three
TCRs in the San Felice site, a natural silty-sandy marsh
grown on a pre-Roman sandy beach deposit. CR0260,
CR0260a, and CR0260b are only few meters apart from
one another (i.e., the subsoil can be assumed the same)
and are founded at 4, 2, and 0.3m depth below the
ground surface, respectively. The similar subsidence
rates measured for the three TCRs show that the shallow
component of land subsidence caused by the consolida-
tion of the recent deposits due to their own weight is
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Figure 14. Time series of displacements for (a) CR0820 and
(b) CRO850 relative to CR0O810 using ENVISAT ASAR (plus
sign) and TerraSAR-X (open circle) data. The leveling mea-
surements are also shown (filled circle). The location of the
Lido validation network is shown in the top map.

generally negligible. This does not occur where the lagoon
bottom is loaded by large and heavy structures, such as
embankments or artificial marshes.

[31] The relatively high subsidence rates measured in arti-
ficial marshes are particularly important for assessing the sus-
tainability of these areas. In fact, tidal marshes are sustained
vertically by plant growth and sedimentation that tends to
maintain marsh plain elevations within a narrow band of
the high intertidal range [Fagherazzi et al., 2012]. The
long-term sustainability of a marsh at any given site depends
on the relative rates of sea level rise, plant productivity, sed-
iment deposition, and subsidence, which interact to maintain
the marsh elevation in a dynamic equilibrium with tide levels
[Orr et al., 2003].

[32] The subsidence rates measured by the TCRs on the la-
goon marshes are an order of magnitude smaller than those
that have characterized the evolution of the ground elevation
of the farmland at the southernmost margin of the lagoon.
These catchments were progressively reclaimed from marsh-
land starting from the end of the nineteenth century and end-
ing in the late 1930s. As a result, the area was turned into a
fertile organic-rich farmland, kept dry by a distributed
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drainage system that collects the water from a capillary net-
work of ditches and pumps it into the lagoon. Oxidation of
peat started when aerobic conditions were established.
Drainage of the outcropping peat soil, together with annual
plowing, systematically brought poorly decomposed peat to
the surface, resulting in subsidence rates of up to 30 mm/yr
during the last 70-80 years [Gambolati et al., 2005; Zanello
et al., 2011]. Where water-logged conditions persist, as in
the marshes within the lagoon, oxidation of the organic mat-
ter is essentially precluded and does not contribute to
present subsidence.

[33] A preliminary investigation has been performed in
order to detect a possible correlation between the seasonal
mean sea level fluctuation and short term TCR oscillations.
The former is on the order of 700 mm between summer and
winter at the tide gauge in Venice. The latter ranges between
4 and 10 mm (e.g., Figure 13b). In contrast to the analysis of
Teatini et al. [2007] for natural reflectors, a relationship is not
clearly observed in our case. Further investigation combining
tide measurements and piezometric levels recorded in the
proximity of the TCRs can possibly provide a more reliable
answer to this issue.

[34] Given the potential of the technique to permit mea-
surements in other similar settings, some general consider-
ations and inherent limitations are formulated. From a
methodological point of view, algorithms for processing
satellite SAR data on TCRs are established. We found that
60 cm TCRs were sufficient for our investigations in areas
lacking any strong scatterers, but that larger TCRs would
improve the quality of the signal particularly at C band.
In order to reduce size, cost of materials and air drag of
the artificial reflectors, alternative designs, such as pentag-
onal corner reflectors [Riechmann et al., 2011] or holed
plates, [Qin et al., 2013] can be considered. An important
advantage of trihedral corner reflectors is their wide angu-
lar coverage. The 3 dB angular beam width of the TCRs is
about 40°, and hence the same TCRs can be used for dif-
ferent SAR sensors illuminating the area of interest along
similar orbital geometries (ascending or descending) but
with different incidence angles, as is the case for
TerraSAR-X and ENVISAT. In our experiment, we con-
sidered various solutions for mounting the TCRs at differ-
ent depths (Figure 2) in order to study differential
settlements. In all the cases, it was necessary to ensure
the perfect stability of the reflectors, which caused us an
important effort during installation.

[35] A careful planning of the TRC network is also
required. On the one hand, it is an advantage if TCRs
of reduced size are installed in areas with low clutter
so that their reflectivity is higher than that of the back-
ground. On the other hand, it is important that the
distance between nearby TCRs and PTs is kept less than
1-2km in order to minimize phase jumps and avoid
phase ambiguities. Moreover, this permits reduction of
atmospheric disturbances that can be quite large in the
coastal environments where temperature gradients,
changes of relative humidity, and pressure variations
have considerable influence on the phase signals, mainly
during the summer. The number of TCRs in a network
or the number of PTs in the immediate vicinity of each
TCR is not relevant because analysis is performed on
pairs of points.
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7. Conclusions

[36] Interferometric analysis of a network of TCRs
installed within the Venice Lagoon was performed with
ENVISAT ASAR and TerraSAR-X data. The TCRs were
established between the end of 2006 and the beginning of
2007, and monitored over the following 4-5 years. The ex-
periment can be viewed as the first tentative of monitoring
ground displacement of the morphological features typical
of natural transitional environments, such as salt marshes
and tidal flats, where radar reflectors are usually lacking
and the use of traditional techniques is challenging. The im-
portance of reliably and accurately controlling the ground el-
evation of lagoons, deltas, and wetlands is increasing
worldwide in view of the expected sea level rise due to global
climate changes. For the specific case of the Venice Lagoon,
the loss of elevation relative to the mean sea level is one of
the main factors that are contributing to a strong environmen-
tal deterioration which consists of the deepening of tidal flats
and the reduction of the salt marshes.

[37] The biggest challenges we experienced in performing
our experiment were the effort to deploy the TCRs and the
vandalism that gradually reduced the number of points in
the network. The inherent advantages of the TCR approach
are at the same time its disadvantages: a restricted number
of points from which to derive change and LOS displacement
time series. But there is better control on the location,
density, and depth of the detected motion. Our results are
of important interest to those researchers working on similar
natural hazard areas with TSX archive data that is just now
becoming available for many conventional surface
process applications.
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