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1 Introduction

From the late eighties, Interferometric Synthetic Aperture Radar (InSAR) has been used to mea-
sure deformations of the earth’s surface (Gabriel et al., 1989). Numerous studies have been re-
ported about the monitoring of the consequences of earthquakes, volcanism, oil or gas extraction,
ground water flow, ice motion and geo-technical processes. The results showed that the repeat
pass principle applied induces three degrading factors. First, the variable state of the atmosphere
in time and space superimposes an error signal that interferes with the deformation signal. Second,
the different look angles from the two platforms to the same resolution cell on the ground cause
a spectral shift in the observations, resulting in noise denoted as geometric decorrelation. And
finally, the scatter characteristics of the earth’s surface within a resolution cell change over time,
resulting in temporal decorrelation.

The latest developments in InSAR research focus on the reduction of these degrading factors using
a multitude of radar acquisitions. Roughly, two different approaches can be distinguished. The
Permanent Scatterer technique (Ferretti et al., 2000, 2001) focuses on the most stable scatterers
in time. These point scatterers are minimally affected by temporal decorrelation and also the
effect of geometric decorrelation is strongly reduced. Selecting the most stable scatterers, this
approach can be regarded as top-down. In contrast, the short baseline time series approach (Usai,
2001; Berardino et al., 2002) assumes that contiguous areas remain correlated over time, and only
excludes the resolution cells with strong decorrelation. This approach can therefore be denoted
as bottom-up. The use of interferograms with small baselines obviously reduces the geometric
decorrelation. Both approaches are discussed in more detail below. The reduction of atmospheric
influences is also addressed. First, the starting point for both approaches, Differential InSAR
(DInSAR), is discussed briefly.

2 Differential InSAR

The interferometric phase observation per resolution cell is composed by a number of contributors
(Hanssen, 2001)
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The first term on the right hand side denotes the unknown integer number of full phase cycles
or phase ambiguity. The topographic phase ¢iopo is a function of the perpendicular baseline
B, the look angle for the master platform 6 and the slant range from the master platform to
the earth’s surface R. It describes the height H above a reference surface. Further, dgefo is
due to deformation D in the radar line-of-sight and ¢o, comprises the deterministic flat earth
component and the residual signal due to orbit errors. This residual signal forms a linear trend in
the interferogram and can be estimated and removed beforehand. Alternatively, it can be included
in the atmospheric delay ¢a¢m, because the atmosphere causes a linear trend as well. Either way,
after removal of the flat earth component, the ¢o, term vanishes. The signal due to a change
in the scatter characteristics of the earth’s surface between the two observation times is denoted
by ¢scat- Finally, ¢dnoise represents the remaining noise terms, caused by e.g., thermal noise, co-
registration errors and interpolation errors.

When deformation is the parameter of interest, the topographic phase is to a large extent removed
using an external DEM. This technique is known as Differential InNSAR. The DEM can be generated
using InSAR or by other observation techniques. Advantage of the use of an InSAR based DEM is
that the earth is observed with an identical radiometric signal, so that objects are viewed similarly.
In the nineties, INSAR DEM generation was a hot topic due to the enormous gain in resolution
and coverage that could be obtained. However, after the SRTM mission (Rabus et al., 2003), a
semi-global DEM with high accuracy became publicly available, reducing the need for research in
this field. After removal of the topographic reference phase, a residual topographic phase is left
due to the inaccuracy of the DEM. The differential phase obtained is the starting point for further
analysis of the deformation
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3 Permanent Scatterers

Usai (1997); Usai and Hanssen (1997) were the first to recognize that certain features show a stable
phase behavior over long time intervals, that is, ¢gcay remains approximately zero. Many of these
features appear to be man-made. The point-like scattering results in a sinc-shaped signal in the
SAR image and because of it’s limited size, geometric decorrelation is minimal. The permanent
scatterer technique, proposed by Ferretti et al. (2000, 2001), uses these points to estimate the
deformation profile. The deformation profile shows the detailed development of the deformation,
sampled at the epochs.

The first step is the identification of an initial set of permanent scatterers, the permanent scatterer
candidates (PSC), conserving the high spatial resolution. Because the permanent scatterers are
assumed not to be affected by temporal and geometric decorrelation, the whole set of available
acquisitions can be used, including those causing large temporal and spatial baselines. Typically,
at least 30 acquisitions are necessary. Because it is not possible to detect points with stable scatter
behavior from the differential interferometric phase observables (Eq. (2)) directly, Ferretti et al.
(2001) propose to use the stability of the amplitude A as an indicator for phase stability. Assuming
circular Gaussian noise for the real and imaginary part of the signal (o,, and o,,), the phase
dispersion can be approximated by the amplitude dispersion D 4



where 04 and p4 are the amplitude standard deviation and mean in time per resolution cell.
An amplitude dispersion of 0.25 is a typical threshold. For a more refined selection, additional
constraints can be formulated, such as a minimal amplitude in a minimal number of interferograms
(Kampes and Adam, 2003). Obviously, the interferograms have to be co-registered on the same
grid with high precision. Originally, Ferretti et al. (2000, 2001) use a single master configuration,
but other baseline configurations have been reported as well (Lanari et al., 2003).

An alternative procedure to select the PSC is the analysis of the signal-to-clutter ratio (SCR)
(Adam et al., 2003). Numerical studies show that the performance is better compared to the
use of the amplitude dispersion. However, the calculation of the SCR requires the occurrence of
clutter in the surroundings of the permanent scatterer, which might not be the case in densely
urbanized areas.

Once the PSC have been selected, the various phase components (Eq. (2)) can be estimated.
Often, a network of phase gradients is constructed by a Delauney triangulation. Due to the use
of gradients, possible constant phase offsets between interferograms are eliminated and the effects
of orbit errors and atmosphere are minimized. Unfortunately, the phase ambiguity induces a
non-linear problem. Ferretti et al. (2000, 2001) use a 2D periodogram technique to maximize the
time-coherence as function of the linear deformation rate and DEM error. Basically, a 2D space
is searched for the optimal solution. Colesanti et al. (2003) estimate two additional parameters to
describe a seasonal deformation effect. However, for the periodogram technique, the computational
burden increases proportionally with the number of parameters estimated. The remaining phase
components, @atm, Pdefo,non—linear 3NA Pnoise, are regarded as residual signal and are separated in
a sequential filtering step. Because these components are relatively small (typically < ), at this
stage the phase can easily be unwrapped by integration of the gradients. The precision of the
estimates was first assessed by Colesanti et al. (2003).

As an alternative, Hanssen et al. (2001); Bianchi (2003); Kampes and Hanssen (2004) use a least-
squares integer estimation technique, which is successfully applied in GNSS processing. However,
due to the lack of redundant observations, implementation for InSAR is not straightforward and
pseudo-observables have to be used. Nevertheless, promising results have been obtained, enabling
the efficient estimation of additional parameters, such as the atmospheric signal during the master
acquisition or a non-linear deformation pattern (Kampes and Hanssen, 2004). Moreover, a quality
description is obtained, enabling the integration with other geodetic observations.

Regardless the method chosen, the residual signal can be filtered to extract the atmospheric
signal per acquisition (Ferretti et al., 2000). Here, the correlation of the atmosphere in space and
the decorrelation in time is utilized. A combined smoothing and interpolation operation using
Kriging gives the atmospheric signal for the whole scene. After subtraction of the atmospheric
phase from the original differential phase, the estimation procedure can be repeated for all pixels.
After estimation of the parameters, the phase stability can be assessed to select the permanent
scatterers. For each permanent scatterer a deformation profile is now obtained. The permanent
scatterer density depends on the urbanization degree of the area.



4 Short baseline time series

The short baseline time series approach also uses a multitude of interferograms to estimate defor-
mations. The short baselines (typically < 200 m) reduce the geometric decorrelation. Furthermore,
the sensitivity for DEM errors is strongly reduced, due to the large height ambiguity. The height
ambiguity is the height which induces a full phase cycle (see Eq. (1)). In contrast to the perma-
nent scatterer technique, the selection of usable resolution cells is based on spatial coherence in
certain windows. This windowing reduces the resolution (typically > 80 m?), however, due to the
multi-look the noise reduces as well.

From the time series, a linear trend or a more detailed profile of the deformation can be estimated.
Stacking is a very simple, but effective way to derive a linear deformation. More sophisticated
methods have been derived to estimate the deformation profile.

4.1 Stacking

When a linear deformation pattern is suspected during a certain period, a number of interferograms
covering parts of this period can be added, weighted by their individual time span. Deviation by
the total time span gives the deformation rate (e.g., per year). Due to the weighted averaging and
the use of overlapping interferograms in time, the atmospheric delay is assumed to be averaged
out. Possible DEM errors are small due to the large height ambiguity and are therefore neglected.

Often the phase is assumed to be unwrapped beforehand. Then, either interferograms from in-
dependent acquisition pairs (Biirgmann et al., 2000; Wright et al., 2001; Mouélic et al., 2002) or
interferograms with communal acquisitions (Zebker et al., 1997; Lyons and Sandwell, 2002) can be
stacked. The latter endangers the multiple addition of an acquisition with a strong atmospheric
signal.

Unwrapping of the phase beforehand is not necessary applying the gradient approach (Sandwell
and Price, 1998). Here, the gradients between neighboring resolution cells are stacked. However,
comparison of the results with other geodetic techniques requires an unwrapping step afterward.

4.2 Profile estimation

When a better understanding of the deformation pattern is required, a detailed deformation profile
can be estimated. The estimation, possibly including the DEM error, is either based on the pe-
riodogram technique described for the permanent scatterer analysis (Mora et al., 2003; Altamira,
2004) or on a least-squares inversion (Usai, 2001; Berardino et al., 2002; Schmidt and Biirgmann,
2003; Hoffmann, 2003). The latter requires phase unwrapping beforehand. In both cases, as much
interferograms as possible are generated from the selected acquisitions. As a result, Mora et al.
(2003) state that less acquisitions are needed than for a permanent scatterer analysis, although
addition of acquisitions will improve the result. However, none of the references take the correla-
tion between interferograms sharing an acquisition into account. The atmospheric effect can be
estimated using the filtering technique described for the permanent scatterer analysis (Ferretti
et al., 2000).

The constraint of using small baselines might imply that not all acquisitions of the same area
can be used. In order to make full use of the available acquisitions, multiple subsets with small
baselines can be constructed. A number of strategies to link these subsets have been proposed.
Berardino et al. (2002); Mora et al. (2003) use a Singular Value Decomposition (SVD), resulting



in a minimum norm solution. Costantini (2003) proposes a minimum curvature norm. Usai (2003)
simulates an acquisition in the main set, based on linear interpolation between two (short time
separated) actual acquisitions, to link two sets. Like for permanent scatterers, the full set of
acquisitions can now be exploited.

5 Conclusions

The two main methodologies to monitor deformation of the earth’s surface are the permanent
scatterer technique and the short baseline time series approach. Both methods select the most
suitable resolution cells, either top-down or bottom-up. In both cases it is possible to estimate a
detailed deformation profile. The advantages of the permanent scatterer technique are that the
full resolution of the interferograms is preserved, all acquisitions can be used without (arbitrary)
linking using a specific norm as in the short baseline time series case and that the phase does
not need to be unwrapped beforehand. The 2D periodogram technique gives satisfying results,
however, integer least-squares estimation gives the opportunity for a profound quality assessment.
On the other hand, the short baseline time series approach has a lower computational burden due
to the reduced resolution, or equivalently, enables the coverage of a larger area. Moreover, the
noise reduction due to multi-looking might imply a denser coverage of usable resolution cells in
the area.

Interesting question is which approach performs best under certain circumstances, that is, for
different degrees of urbanization and different deformation processes. To assess this, certainly
the correlation between interferograms should be taken into account. Possibly, a combination of
methods, like described by Lanari et al. (2003) forms an alternative. Here, the large scale defor-
mation patterns are estimated using the short baseline approach, whereas the local phenomena
are estimated by permanent scatterer analysis.

A team of researchers working on radar interferometry within the Delft institute for Earth Obser-
vation and Space systems (DEOS) of Delft University of Technology is going to further develop
the theory of monitoring deformation of the earth surface using InSAR. Especially the quality
assessment of the estimations will get attention. Real data will be used to validate the methods,
with special attention for interesting areas in the Netherlands.
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