Deformation measurement using SAR interferometry: quantitative aspects
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ABSTRACT

This paper addresses some key aspects of the quantitative measurement of land deformations using differential SAR
interferometry. In the introduction, the most important quality aspects of deformation monitoring, i.e. the precision,
accuracy and reliability of the estimates, are concisely described. Then a description of the main DInSAR techniques
proposed in literature is given, addressing the fundamental aspect of the selection of the most suitable observations for the
deformation estimation. This is followed by a discussion on the DInSAR capability to support a quantitative monitoring of
deformations. In the last part is illustrated an example of DInSAR subsidence estimation based on multiple ascending and
descending ERS SAR images, where the results obtained independently with the ascending and descending data are
compared. Furthermore, the analysis of the atmospheric component performed over a stable area, is illustrated.

1. INTRODUCTION: PRECISION, ACCURACY AND RELIABILITY

This paper addresses some aspects of the quantitative measurement of terrain deformations using the differential
interferometric SAR (DInSAR) technique. This technique has demonstrated its capability to measure deformations in a wide
range of applications, which include urban subsidences related to water resource exploitation [1], mining activity [2], and
construction works [3]; landslides; earthquakes [4]; volcanoes [5]; glacier dynamics [6]; etc. These applications, which
extend to many forms of surface deformation and to various geophysical phenomena, require different quality levels to the
estimates provided by DInSAR. For the purposes of some applications a qualitative use of the DInSAR results seems to be
sufficient. However, this is certainly not the case for some other important applications, like those related to risk assessment
and public safety, which need to be characterised by high quality standards. In fact, a valuable support to the decision
makers in risk management may be only provided by a fully quantitative estimate of the deformation phenomena, which
involves a thorough characterisation of the estimation quality. High quality standards in deformation monitoring are usually
achieved by different types of geodetic techniques. In geodesy, three important quality aspects are typically considered: the
precision, accuracy and reliability of the estimates. It is evident that for the DInSAR technique, which is claimed to provide
“geodetic quality”, the same quality aspects should be considered. This is usually not the case, since in the literature there is
even some confusion associated with the use of the above mentioned terms.

Considering a simple case, where DInSAR observations are used to estimate the maximum deformation of a given
subsidence, we briefly remind the definitions of the three above terms, as they usually are employed in geodesy and in other
scientific fields. The term precision refers to the dispersion of the estimate of a given parameter. A measure of the
dispersion is the variance. The accuracy is the extent to which the mean of the population of the estimate approaches the
true value of the parameter. Finally, the reliability refers to the robustness of a given technique against not modelled errors
in the observations. Back to the considered case, the precision of the measure of the deformation can be evaluated from the
precision of the DInSAR observations (e.g. from the variance of the DInSAR phase), typically using the law of the variance
propagation [7], or other numerical methods for error propagation [8]. Note that the precision represents the result of an
estimation procedure, which is strictly dependent on the model which connects the DInSAR observations and the estimated
parameter, and on the stochastic model which describes the uncertainty of the DInSAR observations. Examples of biased
(non accurate) precisions typically result from disregarding the correlations between the errors associated with the DInSAR
observations.

The accuracy of the estimate, on the contrary, cannot be assessed by simple error propagation and requires a validation
based on independent data of higher quality. It is therefore evident that precision and accuracy are not synonymous (there
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are examples of instruments which are highly precise, but not at all accurate). It is important to underline that in the
DInSAR applications a fully quantitative validation is very rarely performed. Notwithstanding this fact, it is not rare to find
papers and presentations where millimetric (per year), or even sub-millimetric (per year) DInSAR accuracy is claimed: they
most probably refer to the precision of the (deformation velocity) estimates, and not to their accuracy. Finally, concerning
the reliability, it depends on the redundancy of the observations. The results of many DInSAR applications are derived
using a single interferometric pair that represents a typical zero redundancy configuration, with which it is not possible to
check the presence of important sources of errors, like the atmospheric artefacts. In these cases we can say that the
deformation estimates are not reliable. Note that the same occurs for the digital elevation models (DEMs) derived with
single InSAR pairs, where atmospheric artefacts can be interpreted, e.g. as topographical depressions.

This paper begins with a brief description of the main DInSAR procedures described in literature. This section addresses the
important aspect of the selection of the observations that are suitable for estimating the deformation. This is followed by a
discussion on the DInSAR capability to support a quantitative monitoring of deformations. In the last part of the paper is
illustrated an example of DInSAR subsidence estimation based on stacks of ascending and descending ERS SAR images.

2. DInSAR TECHNIQUES

Since the first description of the DInSAR technique [9], different types of methods have been developed and the capabilities
of DInSAR have improved considerably. The DInSAR techniques can be divided in three classes: the classical DInSAR
configuration, i.e. the coherence-based DInSAR with a single image pair; the coherence-based techniques with multiple
images; and the DInSAR techniques based on the so-called Permanent Scatterers (PS) extracted on multiple images. There
arc two main aspects that differentiate the above techniques: the criterion adopted in the selection of the suitable pixels and
number of required SAR images. The first two types of techniques use the coherence for the pixel selection, while the last
class of techniques uses the stability of the SAR amplitude, see [10]. The second aspect is the number of required SAR
images. The first class of techniques only requires a couple of images, while the other two classes of techniques use time
series of co-registered SAR images, i.e. require much more data (data redundancy). As it is discussed in the following
section, this aspect represents the key factor to achieve a quantitative deformation monitoring.

Both the coherent-based and the PS-based techniques with large SAR image stacks provide good results over coherent
areas, e.g. urban areas. However, a fundamental factor to extend the DInSAR applicability is the capability to measure
deformations in different types of operational context. In particular, the key factor to achieve a high DInSAR flexibility is
the capability to observe deformations over low-coherent areas. The PS-based techniques only exploit the targets that show
stable SAR amplitude over a time series of images. This criterion is quite selective. On one hand it allows good quality
standards to be achieved, while on the other hand it reduces the flexibility of the technique. In fact, outside the urban areas it
is quite common to have a low density of PS, which may often be inadequate to sample small-scale deformation phenomena
(e.g. subsidences of small spatial extent, small landslides, etc.). This can also occur for the monitoring of specific (user-
defined) structures in urban areas. This is illustrated in Fig. 1, considering the city of Barcelona (Spain). In the right side of
Fig. 1 is illustrated the coherence of an interferogram with a time interval of 1085 days: there are 142651 pixels (20 by 20
m) of good quality (coherence above 0.6). On the left side are illustrated the PS estimated with 20 images: there are only
5956 of them over the city. It must be noted that this number results from the criterion of [10], selecting the pixels which
have an amplitude dispersion index less than 0.25. It seems that this reduced number of pixels can be increased using a more
advanced pixel selection (some results were shown during the Fringe 2003 workshop). However, the authors consider that
the considerably larger number of “good pixels” of the coherence-based vs. PS-based techniques can make the difference in
the capability of DInSAR to support certain types of applications. An additional advantage of the coherence-based
techniques is that they may also work with limited sets of SAR images.

3. QUANTITATIVE DEFORMATION MONITORING

The key factor to achieve a quantitative DInSAR deformation monitoring is the number of available interferograms (i.c.
observations). The classical DInSAR configuration is based on a single interferogram. This is the simplest DInSAR
configuration, which often is the only one that can be implemented, due to the limited data availability for several practical
deformation measurement applications. As already mentioned in the introduction, with this configuration it is not possible
to check the presence of the different errors that may affect the interferometric observations.
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Fig. 1. Comparison of data availability over the Barcelona area. Right: coherence of an ERS-2 interferogram with AT=1085
days. The image has 142651 pixels with coherence above 0.6. Left: distribution of the PS estimated with 20 images. There
are only 5956 PS with an amplitude dispersion index DA less than 0.25.

The DInSAR phase (i.e. the main observable of the DInSAR techniques) include error components which have different
origins. Among the most important we can include the unwrapping-related errors, the residual topographic component due
to DEM errors, and the atmospheric artefacts. The unwrapping-related errors usually occur in low coherence areas, where
the interferometric phase noise is high. In order to avoid these areas, the phase unwrapping for sparse data can be used. The
residual topographic component can represent an important error source if large baselines are used and the quality of the
DEM is not known. Finally, the atmospheric artefacts represent a very important error source, which can strongly degrade
the quality of the DInSAR observations. All these error sources represent a strong limitation of the DInSAR technique based
on a single interferogram. It is however important to underline that the usefulness of this simple configuration is context
dependent. For instance, in all applications with strong deformations (e.g. co-seismic displacements of the order of meters)
the magnitude of the above mentioned errors usually does not hide the deformation signal. Furthermore, the availability of a
priori information on the phenomenon under analysis may reduce the impact of these errors. For instance, dealing with
small-scale subsidences, where the location of stable areas around the subsidence is known, it is possible to reduce the
influence of the atmospheric artefacts, see the least squares (LS) collocation procedure described in [2]. The analysis of the
DInSAR atmospheric component based on stable areas is illustrated in the following section.

A fully quantitative DInSAR monitoring may only be achieved by using multiple interferograms, i.e. multiple observations
of the phenomenon under analysis. However, this is just a necessary condition, which is not sufficient to yield high quality
DInSAR results. Two other conditions have to be fulfilled. Firstly, a careful DInSAR processing has to be implemented.
The quality of all major processing steps (e.g. image registration, phase unwrapping, etc.) must be controlled through
automatic or semi-automatic procedures. Note that the control of the phase unwrapping results may be time consuming.
Secondly, suitable data modelling and analysis procedures have to be employed with an appropriate statistical treatment of
the DInSAR observations. A detailed description of a data modelling and analysis procedure for DInSAR data is beyond the
scope of this paper. We only recall some basic properties that can be exploited. The component of the DInSAR phase
related with the (unknown) deformation is usually correlated, spatially and temporally, while the atmospheric component is
correlated spatially, and uncorrelated temporally. Furthermore, the residual topographic component is a function of the
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normal baseline of each interferogram. In order to exploit these properties the authors have implemented a model, which
allows the deformation velocity of each pixel to be modelled by a stepwise linear function, which is estimated by LS
adjustment. The LS procedure supports the classical Baarda data snooping [11], useful to detect the unwrapping-related
errors. The preliminary results obtained with this method are discussed in the following section.

4. DISCUSSION OF THE RESULTS

This section summarizes some results obtained over a subsidence of small spatial extend (Sallent, Spain), observed by
ascending and descending ERS SAR data. First, we briefly discuss the analysis of the atmospheric component of the
descending interferograms, which was performed on a stable area located near the village of Sallent. On a stable areas it is
possible to estimate the atmospheric component by analysing the spatial autocorrelation of the DInSAR phase [2]. We use
for this purpose the autocovariance function. An interferogram weakly affected by atmospheric effects is characterised by a
negligible correlation length L. (see intl5, 20 and 95 in Fig.2), while in presence of atmospheric heterogeneities L is

significantly different from zero (see int4 and 77 in Fig.2). This criterion can be used to classify reliable and potentially
degraded interferograms. This information can also be taken into account during the estimation of the subsidence (only if
the stable area is located in the vicinity of the subsidence area).

The estimation of the Sallent subsidence was obtained with two independent datasets: 17 ascending interferograms and 9
descending interferograms covering the same period, from 1995 and 2000. The geocoded mean velocity field estimated with
the ascending data is shown in Fig. 3. The same figure includes a comparison of the ascending and descending results,
showing two profiles over the two geocoded velocity fields. In general, there is a quite good agreement between the two
datasets. This is a preliminary comparison, because the descending dataset has a reduced number of interferograms (9 vs.
17). A further step of this research will be the joint estimation of the subsidence velocity field by fusion of the ascending
and descending datasets, and the validation of the results using external data, coming from geodetic levelling surveys.
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Fig. 2. Autocovariance functions of the DInSAR phase over a stable area (the city of Manresa) of three interferograms (15,
20, 95) with negligible atmospheric components (upper left) and of two interferograms (4, 77) with strong atmospheric
components (upper right). Below are illustrated the unwrapped DInSAR phase of the five interferograms.
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Fig. 3. Sallent test case. Upper left: geocoded mean velocity field estimated with 17 ascending interferometric pairs. The

field is superposed to a 1:5000 orthoimage of the Cartographic Institute of Catalonia. Upper right: SAR amplitude (mean

amplitude of 14 co-registered images) of an ascending SAR image of the test area. Bottom: comparison of the ascending
and descending results, considering the profiles over the two geocoded velocity fields.
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