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ABSTRACT

As part of the Terra�rma Validation Experiment a com-
parison of Persistent Scatterer Interferometry (PSI) with
in-situ measurements is performed. The experiment pur-
ports to validate the processing chains of partners par-
ticipating in the Terra�rma project, in order to obtain
a better understanding of the performance of the tech-
niques. Two test sites are chosen in the Netherlands: (i)
the trajectory of a subway line in the centre of Amster-
dam, still to be constructed, and (ii) the area around the
city of Alkmaar, affected by subsidence due to gas ex-
traction. The Amsterdam site is monitored using Envisat-
ASAR data, whereas for the Alkmaar area both ERS1/2-
AMI and Envisat-ASAR data sets are used. Due to the
difference in deformation phenomena, available ground
truth and surface characteristics, different validation pro-
cedures are applied to the two test sites. Here we describe
these validation methodologies and the validation results.
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1. INTRODUCTION

As part of the Terra�rma Validation Experiment (Ter-
ra�rma 2007), a comparison of Persistent Scatterer Inter-
ferometry (PSI) with in-situ measurements is performed.
The experiment is meant to validate the processing chains
of several partners in Terra�rma. Two test sites are cho-
sen in the Netherlands: (i) the region around Alkmaar,
affected by the withdrawal of natural gas and (ii) an area
in the city of Amsterdam, monitored extensively in re-
lation to the planned construction of a metro tunnel, the
so-called North/South-line (N/S-line).

These different driving mechanisms result in different ex-
pected deformation characteristics. The natural gas with-
drawal in the Alkmaar region will result in a spatially cor-
related deformation �eld, leading to an area-based com-
parison. The maximum deformation rate is in the order of
a few millimeters per year. Displacements in the N/S-line

region in Amsterdam are caused by geotechnical instabil-
ity and localized construction work. These displacements
can be spatially variable, leading to point-wise analyses.
The second cause of difference between the two study ar-
eas is the available ground truth. For the Alkmaar area
sparsely distributed (in space and time) leveling data are
available. The results in the N/S-line region in Amster-
dam will be validated against 3D displacement measure-
ments obtained by automatically operated tachymeters,
forming a very dense spatial network and having a high
temporal sampling. The current measurement frequency
is about 1 measurement every 4 hours. This offers the
possibility of comparing PSI-data closely co-registered
in time and space with actual in-situ data. Finally, the
two areas have different characteristics in terms of their
geography. The area in�uenced by subsidence near Alk-
maar consists of a mixture of forest, dunes, beach, and
small villages, whereas the Amsterdam city area is com-
pletely urbanized, leading to different characteristics in
their radar re�ectivity behavior. These differences be-
tween the two data sets require a tuned product validation
procedure, which is discussed in the following sections,
together with the validation results.

2. AMSTERDAM METRO TUNNEL

2.1. Amsterdam test site

The N/S-line is a 9.5 km long metro line which is cur-
rently (2007-2008) built and runs through the historical
city center of Amsterdam, see Fig. 1. About 3.8 km
of this line will be constructed by a tunnel boring ma-
chine and will contain three stations (Rokin, Vijzelgracht
and Ceintuurbaan) which will be constructed bycut-
and-cover. The construction of the stations has started
in 2003 while boring of the tunnel is expected to start
in 2008. The sensitive conditions in Amsterdam place
high demands on both settlement control and monitoring
of structures which could potentially be affected by the
works.

The soft soil, high groundwater levels and historic na-
ture of many of the buildings (17th–19th century) make



Figure 1. The trajectory of the planned North-South
metro line.

it of paramount importance to have a proper settlement-
monitoring system installed which gives both timely and
accurate information of settlement of individual construc-
tions along the transect of tunnel boring. To this end an
extensive monitoring system has been set up and installed
in 2001. The fully automated system consisting of 74
robotic tachymeters (total stations) aimed at 5350 prisms
on 1500 constructions along the 3.8 km transect measur-
ing individual prisms in (x; y; z). An example of the mea-
sured displacement by the system is shown in Fig. 2. The
PSI results are validated using these tachymeter data.

Figure 2. Example of displacement time series of an indi-
vidual building obtained from various tachymeter obser-
vations.

2.2. Validation results

The city of Amsterdam is analyzed using 39 Envisat-
ASAR images acquired between March 2003 and March
2007. The result obtained by TU Delft (Delft Univer-
sity of Technology), an independent processing chain,
are shown in Fig. 3. The estimated linear displacement
rates show various deforming features, e.g., roads and
autonomously moving buildings. As expected, due to
the fact that actual tunnel boring did not start yet, there
is no spatially correlated subsidence signal related to the
N/S-line, and the cross-comparison focuses on the (aut-
nomous) movement of individual builings. Nevertheless,
the tachymeter data show examples of limited displace-
ments along the metro trajectory, possibly induced by the
construction of one of the new stations.

Figure 3. Linear deformation rates in Amsterdam ob-
tained by ASAR data covering the period March 2003 to
March 2007 estimated by Delft University of Technology

To compare the PSI results with the ground truth
(tachymetry) data, PS have to be identi�ed that stem from
a building that holds prisms. Obviously, precise geocod-

Figure 4. Example of the displacement of a certain build-
ing measured with tachymetry (black line) and by differ-
ent PSI processing chains (remaining four colors).

ing of the PS is of utmost importance, as even adjacent
buildings might exhibit autonomous dynamic behavior.
The size of the buildings in Amsterdam can be limited



to a few meters and neighboring buildings may have in-
dependent foundations. The estimated locations of the
PS of the four teams show variation up to 10 meters for
the same pixels of the radar image, see Fig. 5. For this
reason, a relative correction of the locations is applied
with respect to one result. After the relative correction
in geocoding, buildings are identi�ed which contain both
ground truth measurements as well as (at least) one PS of
each team within a range of 20 meters. This resulted in a
set of 85 buildings that could be used for validation.

Figure 5. Illustration of the geocoding spread of the PS
obtained by the different processing chains. These PS
have identical radar coordinates, i.e. the variation in lo-
cation is a result of deviations in the estimated heights
and/or difference in correction for timing/orbit errors.
Obviously, this spread in geolocation hampers the cor-
rect assignment of PS to a particular building.

To compare the PSI results with the ground truth, �rst
the tachymetry data (available in 3D) is converted to dis-
placement time series in the radar line of sight (LOS).
Further, both measurement techniques have to be brought
to the same reference system. The tachymetry data, has,
compared to e.g. leveling, the big advantage that the tem-
poral sampling is as low as 4 hours, enabling readings
at the time of the SAR acquisitions.. The spatial (verti-
cal) offset of reference systems is circumvented by work-
ing with double differences. First the relative displace-
ment between buildingsp andq at timest1 andt2 is cal-
culated for both measurement techniques (single differ-
ences), followed by taking the difference between PSI,
hPSI, and tachymetry,hTach,
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These double differences are calculated for all possible
combinations between the 85 analyzed buildings for all
teams. The resulting histograms of double differences per

team have a mean of 0.0–0.2 mm/y and an estimated stan-
dard deviation ranging from 1.7 to 3.0 mm/y. These re-
sults are highly dependent on (i) the assumption that both
techniques consider identical objects, and (ii) the fact that
the actual deformation signal is extremely small, due to
the fact that no actual construction activities took place.
Consequently, the ratio between deformation signal and
estimation noise is very low in this case study.

3. THE ALKMAAR CASE

Figure 6. Alkmaar test site. The area contains dunes, for-
est, beaches, �elds and small towns. The yellow polygons
represent the contours of gas�elds, which may or may not
be in production. The yellow markers show the location
of induced earthquakes. (Google Earth)

3.1. Alkmaar test site

The Alkmaar area, in the Province of Noord-Holland
(Netherlands), is chosen to be part of the validation ex-
periment since it is an important gas-producing area in
the Netherlands. The locations of the gas �elds are shown
in Fig. 6 (yellow polygons). Gas production started in
the early 1970's and continues up to date for most of
the �elds. End of production is expected to be around
2010. One gas �eld,Alkmaar, has already been closed
for production and is now used for gas injection for peak
gas buffering. The gas reservoirs are located at a depth
of over 2000 m. The maximum deformation rate as ob-
served by historic leveling is in the order of a few mil-
limeters per year. Fig. 6 also shows the locations of sev-
eral earthquakes (max. ML=3.5) induced by the gas ex-
traction

The effect of gas extraction has been monitored by con-
ventional leveling. This data is used as ground truth in the
validation process. Fig. 7 shows the linear deformation
rates [mm/y] at the leveling benchmarks derived by the
leveling data covering the same period as the ERS data
set. The number of surveys per benchmark in this period
ranges from 3 to 8. The quality of the estimated heights



Figure 7. Linear velocity rates [mm/y] at leveling bench-
marks derived from leveling data covering the same pe-
riod as the ERS data set (Apr. 1992–Sep. 2000).

by leveling is hard to assess because for each measure-
ment campaign different network designs have been used
and this information is not available. The original level-
ing data can be characterized by a precision of 0.7 mm per
square kilometer. In the following, we analyze the corre-
spondence between the leveling and PSI measurements
(validation in the measurement space) and their ability to
estimate source parameters (validation in the parameter
space).

3.2. Validation in the measurement space

The area around Alkmaar is analyzed using 83 ERS
images (Apr. 1992—Sep. 2000) and 39 Envisat images
(Mar. 2003–Mar. 2007). The results obtained by Delft
University of Technology are shown in Fig. 8.

The ERS results show a clear spatial pattern of subsi-
dence that can be related to the gas extraction. The signal
in the dune area is less clear because of a limited num-
ber of PS. In the Envisat results the subsidence in the ur-
ban areas seems to be reduced. However, more PS are
detected in the dune area, which show subsidence up to
4 mm/y.

To validate the PSI results, the PS data is �rst transformed
to the vertical direction to coincide with the leveling data.
Note that we can safely assume that for the area around
Alkmaar, gravimetric changes are negligible, which en-
ables us to consider the orthometric leveling information
as geometric deformation and thus comparable with PSI.
Subsequently, for each leveling benchmark, see Fig. 7, all
PS within a radius of 50 m are selected. The representa-
tive value of PSI for each leveling benchmark is obtained

by selecting the nearest neighbor within the 50 m region.
The results taking the mean and median values are also
evaluated, but did not result in signi�cant changes. Only
leveling benchmarks which had at least one PS within
the radius were used for the evaluation. This results in
case of ERS1/2 in 36 to 153 benchmarks per processing
chain, indicating a large dispersion in PS density between
processing chains. Based on the mean difference be-
tween the estimated linear deformation model from lev-
eling and PSI the radar data is referenced to the level-
ing. Using the linear deformation models, the problem
of non-coinciding measurement epochs between the two
techniques is circumvented. That is, the time of the �rst
radar acquisition is taken as the reference in time. The
estimated standard deviation of the differences between
PSI and leveling ranges from 1.0 to 1.5 mm/y for ERS1/2.
Generally, processing chains providing a higher number
of selected benchmarks also show a larger standard devi-
ation. This underlines the trade-off between density and
quality of PSI.

Apart from the estimated linear deformation rates, also
the PSI time series are validated. Due to the sparse tem-
poral sampling of leveling, the PSI time series are inter-
polated towards the leveling epochs. An averaging win-
dow of length 6 acquisitions (3 before and 3 after the lev-
eling epoch) is applied to reduce PSI noise.1 Comparison
of the leveling epochs with the interpolated PSI time se-
ries results in a standard deviation of 7.3 to 10.9 mm for
ERS1/2. The number of available leveling measurements
for comparison ranges from 328 to 3470. Again, the same
trade-off between density and quality is observed.

For the Envisat data, no meaningful evaluation could be
performed because of the lack of available leveling data.

3.3. Validation in the parameter space

The direct comparison of different types of measurements
(leveling and PSI), as decribed in Sec. 3.2, has the dis-
advantage that results are only meaningful under the as-
sumption that both techniques measure the same param-
eter. Frequently this is not the case, as radar scatterers
are typically not located on the same objects as leveling
benchmarks. This hampers data interpretation. More-
over, the most important aspect of the evaluation of the
techniques—especially from an end-user point of view—
is their ability to estimate the same source parameters.

For this reason, here we perform a validation in the pa-
rameter space. The main advantage of this approach is
that the in�uence of the physical difference in measure-
ment techniques is reduced, and that the in�uence of con-
tradictory characteristics, such as point density versus es-
timation precision, are evaluated in concert. By estimat-
ing the same parameters from two different sets of data
(leveling and radar) one can show that it is possible to

1Note that this procedure is different compared to the PSIC4 study,
because there the temporal sampling of leveling epochs was higher.



Figure 8. Left: Linear deformation rates in Alkmaar obtained by ERS data covering the period Apr. 1992–Sep. 2000
estimated by TU Delft. Right: Linear deformation rates in Alkmaar obtained by Envisat data covering the period March
2003 to March 2007 estimated by Delft University of Technology.

Figure 9. Results of validation in the parameter space. Mogisources have been placed in the reservoir locations 1–5,
considering the dimensions and depth of the reservoir as a priori knowledge. PSI and leveling data are inverted to derive
source parameters (volume change). The plots show the displacement �eld after modeling of the gas reservoirs by Mogi
sources. The coast line is indicated in red. A–E are the results for �ve different processing chains.



Figure 10. Comparison between total source strength (re-
lated to volume change) derived from leveling and PSI for
different gas �elds. Dark blue bars are based on leveling,
and light blue, green, yellow, orange, red bars relate to
teams A,B,C,D,E, respectively. The numbers of the gas
�elds on the horizontal axis correspond to the ones in
Fig. 9. The estimates for gas �eld 2, 3 and 4 show a very
good match, whereas the results for �eld 1 and 5 differ.
These differences are subject to further investigation.

reliably estimate the same parameters, even though the
actual measurements are at totally different locations.

The applied parameterization uses the Mogi source
model, see Anderson (1936); Mogi (1958), and is applied
both to the PSI and leveling data. The Mogi sources have
been placed in the reservoir locations, considering the di-
mensions and depth of the reservoir as a priori knowl-
edge. For elongated or irregularly shaped reservoirs, see
Fig. 6, 2–5 sources are placed. Both PSI and leveling data
are considered to be uncorrelated and normal distributed,
with � = 5 and� = 1 mm, respectively. The data are
inverted in a Bayesian sense to derive source parameters
(volume change). It was assumed that the Mogi source
parameters are correlated depending on distance, using
exp(� r 2=� 2), where� = 1 km andr is the distance
from the source center. Fig. 9 shows the displacement
�eld after modeling of the gas reservoirs for �ve PSI pro-
cessing chain results and for the leveling data. The Mogi
sources represent a volume that can be directly related to
the amount of gas extraction, thereby closing the bridge
between geodesy and geophysics. The results consider
ERS1/2 data, but similar results are obtained for Envisat.
Note that despite the different nature, quality, and density
of PSI and leveling measurements, similar displacement
�elds are estimated.

A values of the estimated volume change parameters are
shown in Fig. 10. Here the results for the �ve gas reser-
voirs, as numbered in Fig. 9, are compared (arbitrary
units). The dark blue bars are related based on the lev-
eling data, whereas the other �ve colored bars represent
the results for the different processing chains. The esti-

mates for gas �eld 2, 3 (uplift) and 4 show a very good
match, and the signal-to-noise ratio indicated by the er-
ror bars shows signi�cant detection. The results for �eld
1 and 5 differ from the leveling, but show considerable
internal consistency between the PSI processing chains.
These gas �elds are located partially offshore, which lim-
its the spatial sampling of both techniques.The large error
bars, especially for �eld 5, are mainly due to the unbal-
anced spatial sampling of measurements.

These �gures show that despite differences in PS density
and quality among the various processing chains, they
are all able to signi�cantly estimate the signal of inter-
est. This indicates that the sampling of PS may be more
important than the density of PS.

4. CONCLUSIONS

The PSI results of the �ve processing chains of the Ter-
ra�rma validation project are validated against ground
truth. In the Amsterdam case this results in a standard
deviation of double difference velocity estimation of PSI
versus tachymetry of 1.7 to 3.0 mm/y. In the absence
of a real deformation signal, these results represent up-
per error margins. In the Alkmaar case, comparison of
PSI with leveling shows a standard deviation of the differ-
ence of 1.0 to 1.5 mm/y. Regarding individual displace-
ments in the time series, the standard deviation ranges
from 7.3 to 10.9 mm. These numbers seem to be directly
related to the density of PS. A higher density implies
more noisy estimates, which is re�ected in the standard
deviations obtained. A validation in the parameter space
using Mogi sources shows that leveling and PSI are able
to estimate the same displacement �eld, despite the dif-
ference in nature and spatial density of the techniques.
The same holds for an intercomparison between the PSI
results. This shows that for such an application with spa-
tial correlated displacement the actual spatial sampling of
PS may be more important than their density.
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