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Purpose

Over the last years SAR interferometry has gained a lot of attention from the
research community as well as the end users. One major area of SAR
interferometry is the measurement of land surface deformation and land
subsidence. The objective of this project was to develop a method for the
measurement of deformation and land subsidence. The focus of the research was
on applications of the technique in the Netherlands, but it was acknowledged that
the technique will have great potential in developing countries as well.

In the application of the land subsidence in Groningen, which is caused by the
extraction of natural gas, conditions are rather unfavourable for the interferometric
technique. The prime reasons for this are that the subsidence is slow (< 1 cm/yr),
that the climate is humid and the temporal decorrelation caused by the growth of
crops is very large. Standard techniques, such as available in commercial available
interferometric SAR (INSAR) software, do not suffice in Groningen.

Therefore a different approach will have to be taken in order to profit from the
potential of the INSAR technique. The key point in our approach is the
combination of levelling measurements and INSAR measurements by means of a
simple polynomial model that describes the time and spatial dependence of the
deformation. The purpose of this is to come to a system which profits from the
synoptical, frequent INSAR observations as well as the high accuracy
point/trajectory measurements from levelling. The addition of the INSAR
observations should decrease the necessity for frequent levelling measurements,
leading to a better cost/benefit ratio than a technique based on levelling alone.

Approach

The approach taken for the BCRS project was therefore that first an initial, overall
set-up was made for the deformation measurement system to be developed. This
initial set-up was based on the experience gained in the earlier projects as well as
findings from the literature on interferometric SAR (INSAR). Secondly the
methodology of the integration of INSAR and levelling measurements was set up
as described above.



After having set-up the framework, a database structure for the interferometric
SAR data was designed as well as a standard methodology for the processing of
the INSAR data. A commercial software package (PCI-IFSAR) was selected to
facilitate the INSAR processing as well as the database management. 18 ERS-1/2
SAR images of the province of Groningen were processed according to the
standard procedure and stored in the database. The methodology described above
to derive deformation information from a temporal series of SAR images was then
applied using the SAR data in the database.

Levelling data from April 1992, May 1993, April 1994 and October 1995 over the
province of Groningen were obtained from the "Nederlandse Aardolie
Maatschappij" (NAM). Using these data the parameters for the above mentioned
polynomial model were again determined.

Parallel to this a theoretical error analysis was performed which included errors
caused by the interferometric SAR processing as well as errors caused by
erroneous orbit parameters, the atmosphere, the terrain height and decorrelation of
the surface.

Using the experience gained with the database, the data processing, the
comparison of levelling and INSAR derived deformation measurements and the
error analysis, new ideas were developed for the data processing, filtering of errors
and integration of levelling and INSAR data. The lack of knowledge and input
from the "twinning" project was partly circumvented by making use of knowledge
and experience of others made available in the open literature. This way a set-up
for a future deformation measurement system could be presented which will give -
to the opinion of the authors- the best possible results for deformation
measurements under the very tight environmental conditions as imposed by the
Groningen application.

It is however obvious, that a good assessment of the potential of the present
technique can not be performed without the inclusion of the essential filtering and
correction algorithms which were not all available to the project team at present. It
was felt however, that by taking the above mentioned approach, the project was
executed in the best possible way, taken the unfavourable boundary conditions into
account.

Conclusions

In this report research has been described towards the application of
interferometric, spaceborne SAR techniques for the measurement of deformation
of the surface of the Earth under difficult circumstances. The difficulties referred
to here are the size of the deformation (less than 1 cm/yr) in combination with a
humid climate which causes significant atmospheric signal in the interferogram
and severe decorrelation in the interferogram.



The primary conclusions of the research are the following:

1. Even with the analysis of the 3-year timeseries of interferograms, the phase
effects in the interferograms caused by the deformation in the province of
Groningen are too small to be measured in the presence of the large
atmospheric effects and temporal decorrelation. Proper filtering techniques
which can distinguish between signals from the deformation and those from
spurious effects are necessary.

2. Atmospheric signal in SAR interferograms remains one of the major sources of
error. Case studies reported here show that 86 percent of the interferograms
over the Netherlands include atmospheric signal which exceeds 1.5 cm of
equivalent vertical deformation. This study shows that the distribution of water
vapor is the dominant driving force causing coherent phase changes. It also
shows that standard meteorological observations can be used to estimate the
type and magnitude of the expected anomalies. Similar scaling behavior is
observed for most cases, which could be used for future error estimation.

3. Temporal decorrelation is a major problem in SAR interferometry. However,
patches of coherence can be observed in interferograms even over many years,
mainly corresponding to urban areas and man-made features in general. This
information can be very stable in time, and it is in principle possible therefore,
by connecting these patches, to determine their relative vertical displacement.

4. With proper weighting and stacking of interferograms, filters can be created
which distinguish deformation signals from atmospheric errors, residual orbital
errors and errors caused by topography. Based upon this a methodology was
developed which can be used to develop algorithms to determine the
deformation in adverse circumstances.

5. In our approach we used levelling measurements in order to create an emprical
model for the deformation process. It was foreseen that the model parameters
could be updated more frequently using SAR inteferometry, thereby reducing
the demands on the frequency of costly levellings. Because of the quality of the
deformations derived from the interferograms this approach could not be
verified.

Recommendations

The research conducted has shown that the determination of the deformation in the
province of Groningen with interferometric SAR techniques is not feasible without
the application of dedicated filters which can separate the small deformation signal
from disturbing effects from the atmosphere, orbits and topography. In this report a



method to develop such filters has been described. It is therefore recommended to
proceed with the implementation of these filters and an assessment into their
effectiveness.

It is furthermore recommended to evaluate and improve this INSAR technique,
including the mentioned filters, at first in an area with similar atmospheric effects,
but a larger deformation rate than the province of Groningen. In a second stage the
data from Groningen can be re-assessed using the improved methodology.

In order to determine small deformation signals like the signals in Groningen, in
the presence of large disturbing effects from the atmosphere, as much SAR
imagery should be acquired as possible.

It should be communicated to the European Space Agency, that change of orbit for
over a few months severely decrease the ability of the satellite to monitor slow
deformation processes.

In order to obtain deformation maps from radar interferometry and assess its
feasibility for specific subsidence processes, it is necessary to develop stochastic
models which correctly describe local and spatial variance of the data. An
important part of this model consists of stochastic expressions of the atmospheric
behavior on different scales.

GPS measurements can be used to probe the atmospheric propagation delays, thus
giving an indication of the influence of the atmosphere on SAR images This
indication can then be used to assign a weight to the specific SAR image used in
the deformation estimation chain.

It should be communicated to the European Space Agency, that long duration orbit
changes (longer than a few months) severely decrease the ability of the satellite to
monitor slow deformation processes. For the same reason systems with many
operating modes (e.g., ASAR) should be preferably operated in a single mode.

L-band systems are to be preferred to C-band ones, due to increased coherence.
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1. Introduction

1.1 Project history

Over the last years SAR interferometry has gained a lot of attention from the research
community as well as the end users. Two major application areas can be distinguished:
topographic mapping and sub-centimetre surface change detection.

In the Netherlands research into applications for SAR interferometry started in 1991 at TNO-
FEL with the development of software tools to create SAR interferograms. In 1992 the
Netherlands Remote Sensing Board granted a study contract (BCRS project 2.2/AO-01 "SAR
land subsidence monitoring") to a consortium of TNO-FEL, the Delft University of Technology
and the Survey Department of Rijkswaterstaat. The study was aimed at an investigation of the
potential of the technique of SAR interferometry for the measurement of deformation caused by
the gas extraction in the province of Groningen in the Netherlands. This promised to be a
difficult task due to the small subsidence rate (~1 cm/year). The report of this study was
published in [van der Kooij et al., 1995].

The project reported on in this report is a follow-up project of the earlier BCRS study. The
objective of this project as formulated in the project proposal is: "to develop a method for the
measurement of deformations and land subsidence". The focus of the research was on
applications of the technique in the Netherlands, but it was also acknowledged that the
technique will have great potential in developing countries where the conventional
measurement techniques using levelling and GPS are less well developed.

The present project was submitted for subsidy to the BCRS within the framework of the
National Remote Sensing Programme (NRSP). Together with this request for subsidy, a second
"twinning" project proposal was submitted within the same "call for proposals" for subsidy
under the SRON/GO programme. As suggested by the term "twinning" the two proposals were
closely related. The SRON/GO proposal was aimed at the development of a number of
techniques for filtering and correction of the SAR data in order to isolate the information
concerning the deformation from that of distorting phenomena such as atmospheric effects,
topography, orbit errors and temporal decorrelation. The BCRS proposal was aimed at the
development of a methodology toward the integration of information from INSAR with the
conventional levelling and GPS measurements. Furthermore an error analysis was to be
performed.

An overall schedule representing the flow of data and information together with the respective
workpackages in the SRON/GO and BCRS projects is given in Figure 1.1. Unfortunately the
SRON/GO project proposal was rejected by SRON and not granted a subsidy. Also a revised
and improved proposal was rejected later on. Obviously from Figure 1.1 this did have
consequences for the results to be expected from the overall programme.
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Figure 1.1: Work package overview of SRON and BCRS proposals.

1.2 Contents of the report

In the following section an introduction will be given into the area of SAR interferometry. This
introduction is recommended for readers who are less familiar with the terminology used in
INSAR. In section 1.4 the approach taken to optimise the combined use of the INSAR
technique and the levelling measurements is explained. In chapter 2 the processing of the
levelling data as well as the determination of the model parameters will be presented. In the
next chapter the approach using the unfiltered INSAR data is given, followed by a comparison
with the levelling results in chapter 4. Chapter 5 deals with the analysis of the different error
sources which are of importance in ESfSAR. Possible measures to reduce the influence on these
error sources are discussed in chapter 6. Finally, chapters 7 and 8 present the software set-up
and conclusions and recommendations for future work, respectively.

1.3 Principles of SAR interferometry

A synthetic aperture radar (SAR) is a radar which creates a high resolution radar image of the
surface of the earth by coherently combining raw intensity and phase measurements from
different positions along the trajectory of the platform that carries the instrument. This platform
can be a satellite such as the ERS-1, ERS-2 or ENVISAT, but also an aircraft. Each of these
platforms has its own advantages and disadvantages for the end user. The characteristics of the
application will determine which of the SAR systems and which platform suits the user
requirements best. In some cases combined use of satellite and airborne data might even be the
optimal solution for a specific problem.

In SAR interferometry the phase of the received backscattered signal is used to measure path
length differences with mm accuracy between SAR images taken from slightly different



positions or at different times. The phase difference between two SAR images is of course of
little interest to end users. However, the path length differences can be related to important
parameters such as the terrain height, the velocity of the targets and/or the deformation of the
surface of the earth.

A phase difference image is usually called an interferogram in SAR interferometry. Such an
interferogram represents the phase difference between two SAR images of the same area on the
Earth, taken from slightly different position in space or time of the antenna.

A phase difference of for instance n radiais represents a difference in the propagation path
length of a quarter wavelength of the radar. For the ERS-1 satellite that corresponds to a path
length difference of as little as 14 mm. Since the SAR can measure the phase in fractions of a
radian, the path length difference can be measured quite accurately.

Three types of SAR interferometry can be distinguished. They are referred to as:

1. repeat pass interferometry,
2. across track interferometry and
3. along track interferometry

The nomenclature of these types of interferometry refers to the relative position of the SAR
antenna's during the data takes of the SAR images which are combined into an interferogram.
In repeat pass interferometry the SAR antenna's have a separation in time. In across track
interferometry the antenna's are separated in a direction perpendicular to the trajectory of the
platform and, finally, in along track interferometry the antenna's are separated along the
trajectory of the platform.

The phase difference as displayed in an interferogram can be related to the required parameters.
For instance, in order to measure the topography of the Earth one needs to have a moderate
displacement of the SAR antenna's in the across track direction. As such it can be done with a
SAR system carrying two antenna's on the same platform with such a displacement. It can
however also be performed with a repeat pass interferometric system, provided that the
displacement of the antenna's is constrained and that the time between the data take is short
enough for the surface of the Earth to remain coherent. This latter condition can be interpreted
such, that the elements of the surface which are responsible for the backscattering of the
radiation should remain intact. As an example, if the scattering is dominated by a building, then
this will remain coherent over long time periods. On the other hand, for water surfaces the
decorrelation takes place in a few tens of milliseconds.
The deformation of the surface of the Earth can be measured by comparing SAR images taken
at two different times, one before the deformation took place and one after. It follows, that this
can only be performed by means of repeat pass interferometry.
Along track interferometry is a technique which can be used to measure velocities of the
scatterers. The scatterers can be vehicles, but also moving surfaces, such as river- or ocean
currents. The geometry of the ATI SAR system determines the accuracy and range of the
velocities which can be measured.
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1.4 Method

As mentioned above, interferometric SAR (INSAR) is a promising and potentially cheap
technique to measure deformation of the surface of the Earth over large areas. The (IN)SAR
imagery is available frequently at regular time intervals, e.g. every 35 days for the ERS-1/2. In
contrary to levelling measurements, INSAR provides an image of the deformation. In principle
a measure of deformation is available for every pixel (size -30 m) in the image. This means that
a lot of detailed deformation information can be measured with this technique.

However, the INSAR technique also suffers from a number of problems. These were
investigated and reported in a preceding BCRS project [Kooij. M.W.A. van der, 1995]. The
most important error sources are temporal decorrelation and atmospheric distortions in the
interferogram. In some occasions, the influence of these error sources is limited and good
results can be obtained from INSAR with very little effort using a single set of SAR images.

However, in the case of the measurement of the deformation of the province of Groningen in
the Netherlands the conditions are rather unfavourable for the INSAR technique. This is
because the deformation is rather slow (<1 cm/yr), the climate is humid and the temporal
decorrelation, caused by the growth of crops in the area, is very large. Simple and standard
INSAR processing techniques as are available in commercial INSAR software packages do not
suffice for proper INSAR deformation measurements under these conditions.

Therefore a different approach will have to be taken in order to profit from the potential of the
INSAR technique. The key point in our approach is the combination of levelling measurements
and INSAR measurements by means of a simple polynomial model which describes the time
and spatial dependence of the deformation. The purpose of this is to come to a system which
profits from the synoptically, frequent INSAR observations as well as the high accuracy
point/trajectory measurements from levelling. The addition of the INSAR observations should
decrease the necessity for frequent levelling measurements, leading to a better cost/benefit ratio
than a technique based on levelling alone.

Deformation of landsurface is usually described by changes of heights of individual levelling
stations in time. For each station a few epochs of height values are available, which give a
pointwise deformation function. In this project we have looked for another way to model the
deformations in the Groningen area of interest. Since the cause of the deformation is the
subtraction of natural gases at about 4000 meter below the surface, the surface deformation
may be expected to correlate for neighbouring stations. By taking these correlations into
account, a smooth (space and time dependent polynomial) model for the landsubsidence of the
total area can be determined with fewer parameters than by estimating a deformation model per
station or cluster of stations. The consequence is that the redundancy of measurements over the
number of parameters to be determined increases, a more precise and more reliable estimate can
be computed, and individual measurement errors can be detected more easily.

Assuming a constant deformation rate (a first order model), the interferograms are (after
considerable manipulation) used to find the deformation rate at a large number of positions.
This is done by fitting a straight line to time series of heavily averaged phase differences, at
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each position. The deformation rates are then used to fit the same polynomial as was used for
the levelling data.

The result of the above procedures consists of two models for the deformation: one based on
levelling data, the other one on SAR images. The question is how to combine these. The
accuracy of the levelling deformation data is rather homogeneous, as opposed to that of the
interferometric data. Errors in the interferometric results strongly depend on the coherence of
the data used. Approximately, the lower the (spatially averaged) coherence, the worse the
accuracy. Interferometric deformation rates will be most accurate in urban areas. Therefore,
before fitting the interferometric deformation rates to the polynomial, the data should be
weighted depending on the coherency. After this the two sets of polynomial coefficients can be
"averaged" to obtain a deformation model based on both levelling and SAR data.

The approach taken for the BCRS project was therefore that first an initial, overall set-up was
made for the deformation measurement system to be developed. This initial set-up was based
on the experience gained in the earlier projects as well as findings from the literature on
interferometric SAR (INSAR). Secondly the methodology of the integration of INSAR and
levelling measurements was set up as described above.

After having set-up the framework, a database structure for the interferometric SAR data was
designed as well as a standard methodology for the processing of the INSAR data. A
commercial software package (PCI-IFSAR) was selected to facilitate the INSAR processing as
well as the database management. Following that 18 ERS-1/2 SAR images of the province of
Groningen were processed according to the standard procedure and stored in the database. The
methodology described above to derive deformation information from a temporal series of SAR
images was then applied using the SAR data in the database.

Levelling data from April 1992, May 1993, April 1994 and October 1995 over the province of
Groningen were obtained from the "Nederlandse Aardolie Maatschappij" (NAM). Using these
data the parameters for the above mentioned polynomial model were again determined.

The results of the INSAR and levelling derived deformation estimation were then compared.
Because of the lack of error corrections the results of the comparison do not represent the
quality of what will be possible with INSAR after all the corrections have been made. This
however, was an unfortunate external factor which could not be accommodated within the
present BCRS project.

Parallel to all this a theoretical error analysis was performed which included errors caused by
the interferometric SAR processing as well as errors caused by erroneous orbit parameters, the
atmosphere, the terrain height and decorrelation of the surface.

Using the experience gained with the database, the data processing, the comparison of levelling
and INSAR derived deformation measurements and the error analysis, new ideas were
developed for the data processing, filtering of errors and integration of levelling of INSAR data.
The lack of knowledge and input from the SRON project was - as good as possible - partly
circumvented by making use of knowledge and experience of others made available in the open
literature. This way a set-up for a future deformation measurement system could be presented
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which will give -to the opinion of the authors- the best possible results for deformation
measurements under the very tight environmental conditions as imposed by the Groningen
application.

It is obvious, that a good assessment of the potential of the present technique can not be
performed without the inclusion of the essential filtering and correction algorithms which are
not all available to the project team at present. It was felt however, that by taking the above
mentioned approach, the project was executed in the best possible way, taken the unfavourable
boundary conditions into account.
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2. Deformation model based on levelling

There are many possibilities to model the landsubsidence for the entire area, taking the spatial
correlations into account. One way is a polynomial function which is a function of the spatial
coordinates X and Y and the time t investigated. This was the first possibility that we have
looked for, and it turned out to be a satisfactory choice for the levelling measurements, since
the residuals were of the same size as the measurement noise. The applied model is given by

(2.1)
;=0 j=0 k=\

For every position (X, Y) in the area and for every time t the change of height AH with respect to
a reference time t=0 is given by the model. Dependent on the spatial and temporal sampling, the
maximum degree n and in of the polynomial function can be determined.
Using levelling measurements at several places in the area and during 4 time periods (1992,
1993, 1994 and 1995), the parameters aijk have been estimated. This has been done for
maximum degrees of w=0..6, and m=0..3. The residuals between the original measurements and
the estimated model yields an RMS-value which indicates how good the model fits to the
measurements. If the model is correct, the residuals should be in the order of the precision of
the measurements (2 mm).
The deformation model estimation has been done in two ways. Firstly, the model parameters
have been estimated using only the real measurements. Secondly, a dataset was used with
virtual height measurements outside the real measurement area, with identical zero heights for
all epoches, in order to stabilize the polynomial model for the deformation at the edges ( see
Figure 2.3). The results of these computations are given in Table 2.1 en Table 2.2.

Table 2.1: RMS in ( mm) of differences between levelling measurements and deformation model of
maximum degrees m and n without extra (virtual) measurements near edges.

m
0
1
2

3

n 0
6.6
5.1
3.9

3.9

1
6.6
4.7
3.0

3.0

2
6.6
4.3
2.6

2.5

3
66
4.2
2.4

2.3

JL
6.6
4.1
2.2

2.0

5
6.6
4.0
2

1

1

9

6
6.6
3.9
2.0
1.8

Table 2.2: RMS in ( mm) of differences between levelling measurements and deformation model of
maximum degrees m and n with extra (virtual) measurements near edges.

m
0
1
2

3

n 0
6.3
5.0
4.3

4.3

1
6
4
3

3

3
8
8

8

JL_
6.3
4.4
3.1

3.0

3
6.3
4.3
2.8

2.8

4
6.3
4.1
2.6

2.5

5
6
4
2

3
1
5

2.4

6
6.3
4.0
2.3
2.2

On the one hand larger RMS-values may be expected in this second case, since extra conditions
are put on the model to fit data, but since more measurements are used now to compute the
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RMS-value, the differences are only small, or even smaller RMS-values are obtained (see e.g. if
n=0).
For both cases we conclude that n=6 and m-2 are the optimal maximum degrees of the
polynomial in Eq. (2.1) to describe the regional deformation based on levelling results, since
taking more unknown parameters in the model does not significantly decrease the RMS-value
of the residuals. The residuals with an RMS-value of 2 mm can well be expected from levelling
measurement noise. The number of parameters used in the polynomial model then is 56.
When the model parameters aijk were computed we studied possible correlations between
different parameters. If strong correlations appear between two parameters one of them can be
removed from the model since the other one can describe that particular effect also on its own,
without significantly increasing the RMS-values of the differences. The strongest correlation
between coefficients that was found is 97%. For each set of two parameters with a strong
correlation, the one with the highest time-degree k has been removed. Table 2.3 shows the
parameters that have subsequently been removed from the model, and the RMS-value that
remains for the residuals of measurements and model.

Table 2.3: Parameters that are removed from the original model with 56 parameters, and the RMS-
value that remains for the differences of levelling measurements and model.

Parameter

tV
tx6

tV
tvy
tVy
t2xy5

tVy3

tV
t2x4y2

tVy
tvy
tV
tVy4

t2x

tV
tV

RMS
(mm)

2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.5
2.5
2.5
2.6
2.6
2.6

Sixteen parameters have been removed now, leaving 40 parameters, without significant
increase of the RMS error. The maximum correlation now is 92% for model function t2 and
86% for the second largest. When this model function is removed the RMS-value increases to
2.9 mm. So therefore, no further model functions were removed. A next step could be to
remove model functions which have a very small amplitude (coefficient) aijk. We have tried
this, but the RMS-values increased immediately to 3.8 mm, so we left all 40 parameters in the
model. Since the polynomial model seems to be able to describe the regional deformation in
Groningen sufficiently well, we did not look for other models than the polynomial. The
amplitudes that we found for the 40 functions in the deformation model are given in Table 2.4.
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Table 2.4: Functions of deformation model (with additional zeros) with amplitudes from levelling
measurements faijk * ((XRD - Xmean)/(Xmax - Xroin))' * ((YRD - Ymean)/(Ymax - Ymin)y * tk

yields results in mm; Xmean =238436, Xmax - Xmin = 100000, Ymean = 583575, Ymax -
Ymln=80000, all in m).

Function
t
tx

ty
tx2

txy

ty2

amplitude
0.0001
-0.0082
0.0303
0.0049
0.0206
0.0484

function
tx3

tx"y

txy2

ty3

tx4

tx'y
tx2y2

txy

ty4

amplitude
-0.0765
-0.0791
0.1876
-0.0566
-0.0222
0.1853
-0.3419
0.0701

-0.1387

function
tx5

tx4y

tx3y2

tx2y3

txy4

ty5

tx5y
tx4y2

tx3y3

tx2y4

txy5

amplitude
0.2701
0.0566
-0.3220
0.0443
-0.4566
-0.1993
-0.5475
0.5208
-0.6513
0.3817
-0.5415

function
t2

t2y
t2x2

t2xy

tV2

t2x3

t2x2y
t2xy2

tV
t2x4

t2x3y
t2x2y2

t2xy3

tV

amplitude
-0.0020
-0.0088
0.0049
-0.0156
0.0042
0.0105
0.0149
-0.0021
0.0312
0.0838
0.0288
-0.0005
0.0465
-0.3037

In Figure 2.1 the first model results are given. The levelling campaigns have median dates of 8-
Apr-1992, 24-May-1993, 22-Apr-1994 and 31-Oct-1995. So with respect to the first epoche we
have measurements at respectively t=0.00, t=1.13, t=2.04 and t=3.56 (years). The minimum and
maximum contourlines in the figure are for respectively -50 and 50 mm. From this figure it can
be seen that unrealistic deformation values are obtained when no virtual stations with zero-
deformation are included in the computation.
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Figure 2.1: Deformation model results for the time epochs 1992 (1=0.00) to 1995 (t=3.56) in mm, when
no virtual stations near the edges of the area are added with zero-deformation.The
coordinates are in RD.

The deformation model in Figure 2.2 shows the deformation model that is computed from the
levelling measurements including zero-deformation stations.
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Figure 2.2: Deformation model results for the time epochs 1992 (t=0,00) to 1995 (t=3,56) in mm.The
coordinates are in RD.

The maximum deformation is about 25 mm over 3Vz years. The deformation is mainly bowl-
formed, as could be expected from the gas-extraction which causes the deformation.

In Figure 2.3 we see the positions of the levelling stations for the 4 epoches, with the
amplitudes of the residuals after the deformation modelling indicated by color. The amplitudes
are in general within the precision of the levelling measurements. However, it can be seen that
the residuals have some spatial correlation. This may partly be explained by correlated
measurement noise, but probably also some part is caused by deformation signal which is
present on spatial scales smaller than the resolution of the 6 order polynomial model. Since the
amplitude is of the same size as the measurement noise, these two can not be distinguished.
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Figure 2.3: Position of the levelling stations for the time epochs 1992 (1=0.00) to 1995 (t=3.56), with
the residuals between measurements and deformation model in mm. The coordinates are
in RD.

In Figure 2.3 it is also indicated by the black box for which part of the area of interest we have
the InSAR-images available. The results in the next chapters from InSAR-analysis are given for
this smaller area.

The parameters of the deformation model in Eq.(2.1) can also be determined from InSAR-
measurements and from GPS-measurements from the same time period 1992-1995. The spatial
position of the InSAR- and GPS-measurements do not necessarily have to be identical to the
levelling stations, since the estimated deformation model is one model for the entire area, where
spatial correlations are automatically included. So in principle 3 sets of parameters a//* can be
estimated independently. These 3 sets should give an identical deformation for the area, within
the model uncertainties and the noise level. The combination of the 3 sets (e.g., by a least-
squares adjustment) yields an integrated result for the deformation from three different kinds of
measurements in the same area, but not necessarily at the same stations. Of course this
integrated result is likely to yield a more precise and more reliable deformation model.
Unfortunately, no GPS-measurements are available for the time period 1992-1995. The NAM
started precise GPS-measurements in 1995, so that no real comparison was possible in this
project. However, SAR-images are available for this time-period and a comparison of the results
of the deformation modelling from these data with the levelling model will be given in chapter
4. The deformation result from levelling for the total time interval is given (once again) in Figure
2.4 including the InSAR-image area. Before looking at the deformation model results
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from InSAR, we shall first describe the procedure of InSAR-processing to be able to finally
estimate the modelparameters aijk from SAR-data.

Figure 2.4: Deformation from the model computed from levelling for the time epoch 1995 (1-3.56) in
mm.The coordinates are in RD. We have also added here the contour lines of the province
Groningen, some cities, and the position of the corner reflectors (indicated by *) that have
been used. This levelling result will be compared later in the report with InSAR-results.
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3. Deformation model based on SAR interferometry

3.1 Design of the INSAR database

The following describes the criteria that have played a role in the design of the database of
interferograms used for this chapter. In total 4 subjects will be discussed: optimal grid size,
choice of the master image, filtering methods and the database itself.

3.1.1 Optimal grid size

During the start of the project a common grid was defined for all single look complex images
(hereafter: SLC images), including all derived interferograms. At first hand the options
considered were 1) a regular grid for a complete multilooked scene where discrete points form
the complete image, 2) an irregular grid consisting only of points with high coherence.

Contradicting criteria are in effect for the definition of an optimal grid. Reduction of the
complete SLC image is important for cutting storage requirements. The advantage is obvious:
images are processed faster and disk and tape usage is less troublesome. On the other hand,
reduction of grid results in loss of phase information per pixel compared to the original SLC
image.

A few other requirements play a role in the definition of the common grid. First of all any grid
should be chosen such that it is possible to detect atmospheric signal and variations in the flat
earth correction. These effects put only a minor constraint on the definition of the grid since
they result in gradual changes over the image. More important mostly, it should be possible to
detect terrain or object heights, which may put an additional requirement on the angle of
incidence depending on the type of buildings to be detected. In other words, too large pixels
should be avoided to completely miss the effects of buildings and other man-made structures.

After careful consideration of all criteria a 3 times 15 multilooked grid was chosen resulting in
an approximate pixel size of 60 times 60 m. This results in a data reduction of 98%. In such a
grid mean phase values are stored thereby effectively reducing the thermal noise per pixel.

All SLC images are co-registered (interpolated) on a so-called master image. If a perfect co-
registration is assumed this means that all full and reduced images are projected on the same
reference grid. The intermediate product, co-registered slave images, are stored on CD-ROM
which was necessary because of the large data volume (300 MB per image).

3.1.2 Choice of a master image

For interferometric SAR applications the master image must be chosen such that:

1. An optimal number of image combinations with short baselines can be formed
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2. The master image is blur-free. Taking a candidate master image from a tandem pair so
that a high coherent interferogram may be constructed in which disturbances can be
detected enables a check.

3. The master image is chosen such that it results in a highly coherent interferogram for a
long baseline, which is necessary for generating a reference terrain elevation model.
The terrain elevation model is in turn required for correcting the interferograms.

4. The master image is chosen such that SLC images combinations span a long time
interval with small baselines. The benefit is that SLC images with a strong time
decorrelation result in the highest possible coherence.

As a result we have considered two possible candidate images, elo21410 (ERS-1, orbit 21410)
and elo22913 (see Table 3.1). For the final database all images were co-registered on image
ele22913 because it resulted in most image combinations with baselines less than 300 meter.

3.1.3 Filtering

Azimuth and range filtering are usually considered during INSAR processing. In our case
azimuth filtering [Geudtner, 1995] was applied in the construction of the database. In the
following sections both techniques are described in some more detail.
Figure 3.1 explains the range and azimuth terminology. The shaded area is the SLC image
recorded by the SAR, the azimuth axis points in the flight direction; the range axis points in the
way the radar looks at the terrain.

•

Flight Direction

Azimuth
Figure 3.1 : Range and azimuth definitions.

3.1.3.1 Azimuth filtering

The technique itself is implemented in the PCI software package. Non-colinear behaviour of the
orbits due to an orbit inclination mismatch results in a cross-track or azimuth deviation. In turn
this results in a Doppler shift in the azimuth direction of one SLC relative to another. Azimuth
filtering aims at reducing the resulting decorrelation.
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3.1.3.2 Range filtering

In a similar way deviations in the looking angle of the SAR during the SLC image recording
can occur in the range direction. Baseline geometry (in particular long baselines) and
topography mainly cause the range effect. Range filtering tends to reduce this effect, yet the
PCI software used does not include this option. Range filtering may have helped in our case
(where we have large very long baselines and hence low correlation), because it enables to
compute interferograms from SLC pairs from baselines longer than 300 meter. Unfortunately
separate tests confirmed that the common part of the spectrum of the two SAR images is
reduced severely, thereby sacrificing resolution.

3.1.4 Database

The database is developed with the PCI image processing package. It is in PCIDISK format
and is basically a sequence of images. Each element in the sequence consists of basically 3
images: one coherence image, one phase image and a reference phase image including a record
of auxiliary data. The auxiliary data in turn consists of the orbit datum of the slave image, the
time-interval and the baseline. In total 1024 images can be stored in the PCI PCIDISK format.
The size of each multilooked image is 850 times 1050 pixels each stored in 32-bit format. In
total there are 17 image combinations, hence 51 channels out of 1024 are used.

Table 3.1: Interferograms of slaves with master n=0 used in the Groningen database; the column
labelled n denotes the number of the interferogram, column "ERS-1/2" refers to the
satellite used for the slave image, "Dt" refers to the time difference in days, "Baseline par'
is the parallel baseline length, "per" is the perpendicular component, the last 3 columns
indicate the date on which the slave image was recorded.

n
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

ERS-1/2
1
2
1
2
1
1
1
1
1
1
1
1

1
1
2
1
2
2

Orbit
22913
3240
21911
1236
20909
20408
10545
10044
9543
8040
5535
6537
8541
21410
1737
23414
4242
4743

Dt (days)
0
1
-70
-139
-140
-175
-863
-898
-933

-1038
-1213
-1143
-1003
-105
-104
35
71
106

Baseline par/per

-16 / -46
73 / 15
128 / 104
132 / 78
142 / 43
153 / 94
38 /-207
-11/-284
5/ -68

153 / 94
292 / 605
177/311
260/391
224 / 309
178/453
333 / 790
279 / 599

Day
02
03
23
16
15
10
22
17
13
28
6
15
4
19
20
6
11
17

Month
Dec
Dec
Sep
Jul
Jul
Jun
Jul
Jun
May
Jan
Aug
Oct
Mar
Aug
Aug
Jan
Feb
Mar

Year
1995
1995
1995
1995
1995
1995
1993
1993
1993
1993
1992
1992
1993
1995
1995
1996
1996
1996
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We used the 12 interferograms 2-5 and 7-14 (Table 3.1). These 12 were used because only for
these the data takes fell within the period levelling measurements were done (see below). A
comparison of levelling and SAR image dates is shown in Figure 3.2. Unfortunately the SAR
dataset contains a large gap from July 1993 to May 1995 (almost two years).

LevelingfTop) INSAR(Bottom)

11-Jun-91 26-Dec-91 15-Jul-92 31-Jan-93 19-Aug-93 7-Mar-94 23-Sep-94 11-Apr-95 2B-Oct-95 15-May-96 1-Dec-96

Date

Figure 3.2: Dates of levelling (top row) and SAR datatakes (bottom row).

The coherence of interferogram 2 is shown in Figure 3.3. High coherence areas are bright, and
are generally found in urban areas like Groningen and Assen (see the adjacent topographic
map).
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100 200 300 400 500 600 700 800

Figure 3.3: Coherence image of interféra g ram 2 (left) and a topographic map of the corresponding
area in Groningen and its surroundings (right).

To obtain even more reliable phase maps, the (wrapped) phase of pixels with a coherence
(averaged over all 12 images) above 0.29 were averaged over squares with a side length of 42
pixels. The result is a set of 12 small files of 24 lines times 20 pixels with average phases. The
pixel size is about 2.5 km squared (ground range). Figure 3.4 shows a phase map.

Phase [rad]

16 18 20

Figure 3.4: The averaged phase map of interféra gram 2 (in radians).
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3.2 Model

3.2.1 Introduction

In principle it should be possible to determine cm-scale movement of the earth surface with
INSAR. For example, from 3 carefully registered images it is possible to generate 2
interferograms (from images 1-2 and 2-3). If the baselines and time spans of the interferograms
are suitable, 2 OEM's can be generated from these. Finally, subtracting the second from the
first DEM gives a map of height changes. We used a method different from this impractical one
for reasons explained below.

3.2.2 Land subsidence model from levelling - review

Chapter 2 described a model fit to levelling measurements. The measurements were performed
in February 1992-December 1995 (with campaign median dates 8-4-1992, 24-5-1993, 22-4-
1994 and 31-10-1995). The fitted height model is given by

a, j k X'Y J t k , (3.1)
i=0 ;=0 k=l

where X and Y stand for the spatial co-ordinates ("Rijksdriehoekscoördinaten").

The 12 interferograms between August 6 1992 and 23 September 1995 (Table 3.1) are within
this levelling period. Figure 3.5 shows the deformation rate resulting from computing the model
at the beginning and end of this time frame (3.6 years), and dividing the difference by the time
interval (see for area also Figure 2.4).

12 14 16 18 20

Figure 3.5: Deformation rate [mm/year] for the model based on levelling measurements.

By the use of four tiepoints and a simple transformation the model co-ordinates were
transformed to the interferogram co-ordinates of this figure. It is therefore directly comparable
to Figure 3.4. The brightness in the greyscale image is proportional to the subsidence rate: the
faster this rate, the brighter the image. The brightest value occurs at position (row,column)=
(5,8) (near the Schildmeer, halfway Groningen and Delfzijl - see Figure 3.3), which
corresponds to a yearly subsidence of 1.3 cm. The darkest pixel is at (16,20) (5 km south of

26



Bourtange), and amounts to a rise of 0.3 cm/year. A word of caution is in place: the model is
based on measurements of which the positions are plotted in Figure 3.6. Its accuracy therefore
decreases from the lower left/upper right diagonal down to the lower right corner.

Figure 3.6 - Positions of levelling measurements contained within the area covered by the interféra g rams
(see also Figure 2.3).

3.2.3 Interferometric subsidence determination algorithm

Due to subsidence the phase of the interferograms (which all use the same master image)
increases monotonically for unwrapped phases. Unwrapped phases are not necessarily the
same in stationary areas because of the image formation process and interferometric
processing. Calibration (subtraction of the phase of a stationary area) is therefore mandatory. If
we assume a constant subsidence rate, the following algorithm can be used to compute this rate
from unwrapped data:

1. extract the phases <p(?,) (the t{ (/=2-»5, 7—»14) are the times of Table 3.1 [years from 6
August 1992]) of a possibly subsiding area from all images)

2. correct for the topography, with (p(ti)= (p(tï)-B±(ï)l Bj_(l4)x (p(t14) (Bj= perpendicular
baseline; interferogram 14 has a large perpendicular baseline, guaranteeing good
sensitivity to topography)

3. extract the calibration phases (pc(tj) of a stationary area from the same images
4. calculate the heights h(t,)= ((p(t^-<pc(t>f)x)J(4n cos(23°)) [m].
5. perform a least square fit of h(t)=at+b to (r,,/z(r,)). The measured subsidence rate is now

given by a [m/year].

This algorithm was implemented in a simulation, with a=-1.3 cm/year, some noise added to the
phases <p(f;) and random calibration phases (pc(ti). This simulation is nothing more than
generating points lying on a straight line, adding some noise and retrieving the line's slope
from the result. As long as the noise is small enough this is no problem, as is clear from the
simulation result in Figure 3.7.
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Figure 3.7: Simulated data: calibrated unwrapped heights and linear fit. The retrieved slope is -1.27
cm/year

Things become more difficult if one has to deal with wrapped data. We did not unwrap the
interferograms on beforehand, but used the next algorithm operating on wrapped data instead:

1. extract the phases (p(r,) as in the previous algorithm
2. correct for the topography as in the previous algorithm
3. extract the calibration phases (pc(ti) as in the previous algorithm
4. unwrap ((p(t!)-(pc(t^) to get the unwrapped phases (pu(ti)
5. calculate the unwrapped heights h(ti)= (pu(ti)XÀJ(4x cos(23°)) [m].
6. perform a least square fit of h(i)=at+b to 0,,/i(r,)). The measured subsidence rate is now

again given by a [m/year].

The slopes from both algorithms are identical if

W-l(w((p(ti))- W(cpc(tl))) = c>(f.) - %(/,-) + d,

for all i, with d a constant and W the wrapping operator given by

W(<p) = (<p + n) mod 2n - n.

(3.2)

(3.3)

This is generally not true. An advantage of our data is that there are not many 2n phase jumps
(mostly 1, sometimes 2) in the =3 year time interval. A drawback is that the data is
concentrated near the start and end of this interval. Figure 3.8 shows results of a simulation
with wrapped data and the algorithm above.
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Figure 3.8: Simulated data. Left: wrapped calibrated heights. Right: unwrapped heights of data at the
left (top: bad, bottom: good).

The two upper plots show a bad case, the two lower plots a good one. The subsidence rate in
the former case is much too small, in the latter case it is right. From a large number of these
simulations followed that the subsidence rate had almost always the right sign, but not the right
magnitude (as in the upper right plot above). If the dataless time gap is filled with some
additional measurements the result improves quickly. This indicates that especially the absence
of data in this gap spoils the result. In fact, the data is undersampled in that case, which can be
quantified as follows: the phase of a subsiding area (compared to that of a stationary area) is a
saw tooth wave (due to phase wrapping). To be able to unwrap the phase one should
characterise this wave completely. One should therefore use a sample frequency of at least
twice the saw tooth frequency. In general the phase difference A(j) [rad] corresponding to a
certain height change Ah [m] is

47TCOS0
-A/z, (3.4)

with 9 the incidence angle (23°) and A. the radar wavelength (0.0566 m). Our maximum
deformation rate of 1.26 cm/year leads to 2.58 rad/year, or equivalently, a saw tooth period of
271/2.58=2.44 year. Therefore, a satellite image should be available at least every 1.22 year (14
months). Generalising one can say that to measure a deformation rate of r [m/year] reliably
with the ERS satellite(s), one should use images separated in time by at most
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A? =
4rcosö ' (3.5)

with Ar in years. Our data with the near 2 year gap does not meet this requirement, making
deformation rate extraction a tricky task on beforehand.

3.2.4 Application of the algorithm to interferometric data

Figure 3.9 shows the result of applying the algorithm to 12 phase maps, of which one is shown
in Figure 3.4.

10 12 14 16 18 20 10 12 14 16 18 20

Figure 3.9: Raw deformation rate map (left) and smoothed version (right). Unit: m/year.

The faster the subsidence, the brighter the pixels. The right image was obtained by applying a
6x6 averaging filter to the left image. Comparison with the model of Figure 3.5 shows that
there is no subsidence present at the correct position. There is a large maximum at the centre of
the smoothed map instead. Quantitative information about the minima and maxima is given in
Table 3.2, along with model information, confirming a lack of resemblance between the model
and our maps.

Table 3.2: Positions and values of minima and maxima

smoothed

J^Yi^oto^
(1,3), 1.87(13,11), -1.78

(3,11), -0.49
(5,8),-1.26

(13,15), 0.22
(16,20),0.28

Figure 3.10 shows another indication of the lack of a relation between the model and computed
deformation.

30



Figure 3.10: Histograms of deformation rate of model (left), raw (middle) and smoothed map
(right ).

The model histogram exhibits broad peaks corresponding to the subsiding area (left) and the
more or less stationary area (right). On the contrary, the histogram of the raw map is bell
shaped (Gaussian; the large value near -0.015 is due to the artificially homogeneous gray area
at the bottom of the raw map). The smoothed map's histogram is also quite different. This
suggests that the results from interferometric data are the result of a random process, not
indicating any true underlying (deformation) structure.

In an attempt to overcome the problem with the unwrapping due to the lack of interferograms,
we forced the unwrapping to give a deformation rate with the same sign as the model. This was
accomplished by multiplying (or dividing) the unwrap threshold (of Matlab's unwrap function)
by 0.9 (starting with a threshold of 71), until the signs were equal. This was possible for the
majority of the pixels. The measured deformation maps looked now similar to the model, of
course, but the quantitative similarity was not much better.

The next chapter gives a detailed comparison of the maps obtained from levelling and
interferometry.
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4. Comparison of deformation models based on levellings and
interferometry

4.1 Comparison

Table 4.1 shows the coefficients resulting from a fit of the polynomial model to the raw
interferometric deformation map (Figure 3.9 left; note that our algorithm assumed the
deformation to be linear with time; zeros were added at the boundary similarly to the levelling
case), the same model as used for levellings (see chapter 2).

Table 4.1: Deformation model coefficients from fit.

Function
t
tx

ty
tx2

txy

ty2

amplitude
-0.0007
0.0028
0.0038
-0.0074
-0.0071
-0.0079

function
tx3

tx2y
txy2

ty3

tx4

tx'y
tx2y2

txy

ty4

amplitude
0.0017
-0.1365
-0.0205
0.0459
0.0401
0.3318
0.1430
-0.2409
0.0411

function
tx5

tx4y
S 2tx y

tx2y3

txy4

ty5

tx5y

tx4y2

txV
tx2y4

txy5

amplitude
-0.0655
0.3597
0.0835
0.2268
0.0175
-0.2202
-0.9918
-0.3170
-0.0670
-0.3070
0.7615

function
t2

t2y
t2x2

t2xy

tV
tV
tVy
t2xy2

tV
t2x4

tVy
t2x2y2

t2xy3

tY

amplitude
-0.0001
0.0000
0.0062
0.0004
0.0001
-0.0011
0.0001
0.0003
-0.0001
-0.0868
-0.0008
0.0005
-0.0010
0.2529

The RMS error of the fit is 6.9 mm, considerably larger than the 2.6 mm of the levelling fit.
This is probably due to the larger noise and larger amount of structure (more than one
extremum) of the former dataset.
A comparison of the interferometric (Table 4.1) and levelling (Table 2.4) sets of coefficients
shows little to no correspondence. For example, the sign is identical for only 13 of the 40
coefficients. Figure 4.1 shows the deformation rate of the levelling and interferometric model
fit, and the difference.
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Interferometric deformation rate [mm/year]
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Figure 4.1: Deformation rate [mm/year] of levelling model (upper left), interferometric model (upper
right) and levelling minus interferometric model (lower left),

The deformation rate minima/maxima are -13/3 (levelling) and -4/2 (interferometric) mm/year,
respectively. Because the interferometric rate is (in absolute sense) smaller than the levelling
rate, the difference plot is almost identical to the levelling plot.

4.2 Conclusion

A method was presented in Chapter 3 to find deformation rates from a series of interferograms,
without the need to unwrap these interferograms. The algorithm performs sometimes bad and
sometimes good on simulated data, which resembled the real data. The deformation map
originating from applying this algorithm to a set of 12 interferograms shows no resemblance to
the levelling map. This is at least partly due to atmospheric influences, and possibly also to the
chosen approach (incorporating unwrapping problems).
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The results could be improved by using a data set which is more continuous in time (no images
missing for nearly two years). The algorithm used is sensitive to this. In fact, any algorithm
will have problems as long as images are not available every 14 months (in our Groningen
case). Another possible improvement could result from including only phases from areas with
coherences higher than a threshold above the 0.29 used here. Generally, the phase of objects is
better defined the higher the coherence.
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5. Error analysis

5.1 Introduction

The feasibility of differential SAR interferometry for detecting and quantifying deformations is
limited by several factors. The characteristics of the deformation, i.e. amount of deformation
per year, size of the area etc., and the terrain in the area of interest have a large influence. The
time between the two or more SAR acquisitions can lead to a significant decorrelation of the
complex signal. Finally, the number of additional phase effects such as due to the atmosphere
etc. cause severe problems in measuring deformations. The characteristics of the deformation
can be expressed as the size of the displacement in slant range, which is limited by the phase
noise and the slope/pixel ratio, versus the width of the phenomenon [Hanssen and Usai, 1997].
Therefore, the detectability of a phenomenon with these parameters is dependent on the
wavelength, the pixel posting, the image size and the time. This relationship is very
complicated due to the time difference between the data acquisitions.

This part of the study aimed at identifying the error sources relevant for deformations by means
of SAR interferometry, estimating their influence on the interferometric results and
investigating how these propagated errors can be quantified.

The studies on the relevant error sources for deformation measurements led to
recommendations on how some parts of the system can be approached in an optimal way.
Sources of error most often cannot be avoided but the influence of a particular error source can
be limited by a careful selection of data sets, the use of a specific processing algorithm etc. The
work presented in this chapter highlights the ESfSAR specific problems relevant for deformation
measurements and shows ways how these problems could be solved. The results can serve as
guidelines for a practical implementation of a monitoring system for deformation
measurements.

In the following sections the error sources in SAR interferometry which are relevant for
deformation measurements and their propagation through the interferometric computations are
discussed. Because of the importance of atmospheric influences, the complete section 5.2 is
devoted to that error source. The other ones are described in section 5.3.

5.2 Atmospherically induced errors

The repeat-pass interferometric measurements are very sensitive to spatial variations in the
refractive index of the atmosphere [Goldstein, 1995; Massonnet and Feigl, 1995; Tarayre and
Massonnet, 1996; Zebker et al., 1997; Williams et al., 1998]. Although this atmospheric signal
can be very interesting for meteorological and atmospheric research [Hanssen et al., 1999], it is
generally considered a nuisance for deformation studies. In fact, for slow deformation processes
as investigated in this study it is probably the largest and most unpredictable error source, as its
magnitude and spatial extent can be easily misinterpreted as deformation. Therefore, in order to
optimise the correct interpretation of interferograms, we need to know what types of effects
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could be expected, in terms of magnitude and spatial behaviour. The driving mechanisms
behind the phase variability need to be known.

In Appendix A we will give a brief review of the theory behind radio signal delay differences.
Section 5.2.1 focuses on lateral gradients in the signal delay, the basic observable in radar
interferograms. Four examples with various weather conditions are analysed and compared. In
section 5.2.2 different statistical methods to evaluate the atmospheric influence are discussed.
Results for the analysis of a series of 26 interferograms are summarised in section 5.2.3.

5.2.1 Lateral delay gradients

Because the SAR phase can only be measured modulo 2n and the satellite position is not known
to wavelength accuracy, only lateral gradients in signal delay can be observed. In addition.
Long wavelength delay gradients, caused by either orbit inaccuracies or hydrostatic or
ionospheric gradients are removed in the process of adjusting the interferogram to a local
reference ellipsoid. Therefore, the interferometric phase will mainly track the lateral variation
in the zenith wet delay, and we can rewrite Eq.(A.12) as

_4n_
A

where we used 7?zwd,i as short hand notation for Re,i,ZWd.

(5.1)

The most ideal method to determine the behaviour of the lateral wet delay is to study a large
number of interferograms. Using interferograms with a short temporal baseline (1 day) ensures
sufficiently coherent interferograms without deformation signal. Using an a-priori reference
elevation model, the topographic phase can be eliminated, resulting in a differential
interferogram which only tracks atmospheric signal. This study has been performed using 52
SAR images [Hanssen, 1998] and is reported in the sequel.

Figure 5.1 shows the location of the test sites and SAR frames.
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Figure 5.1: Location of the test sites, SAR acquisitions and meteorological stations to
investigate the atmospheric signal. The circles indicate synoptic stations, the
squares are radiosonde locations. The labels indicate the interferogram area.
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The dots at the map indicate the positions of the meteorological stations, whose information
was used in the interpretation of the interferograms. The meteorological interpretation is
performed using all available meteorological data sources. Meteorological satellites
(Meteosat/AVHRR), weather radar, radiosonde, synoptic observations (manual or automatic),
and weather charts were used.

Zen Delay [mm]

Zen Delay [mm] Zen Delay [mm]

Figure 5.2 (upper left): Interferogram 1 15/16 July 1995.
Figure 5.3 (lower right): Interferogram 2, 19/20 August 1995
Figure 5.4 (lower left): Interferogram 3, 2/3 December 1995. The horizontal line is an error in the

SAR processing.
Figure 5.5 (lower right): Interferogram 4, 16/17 March December 1996.

It is outside the scope of this report to discuss every analysed interferogram in this review.
Instead, we will evaluate some typical atmospheric signal interferograms to get a first idea of
the type of signal to expect. In Figure 5.2-Figure 5.5 , four differential interferograms for the
Groningen area are shown, covering an area of 100 by 100 km. Comparing these figures, it is
clear that the atmospheric signal has very different characteristics for every unique
interferogram. The lateral delay variation in the interferograms is given in mm, so that it could
directly be interpreted as a deformation signal. As the scales of the colorbars are fitted to 95%
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of the delay variation, the maximal delay differences reach from 14 mm in Figure 5.5 to more
than 80 mm in Figure 5.2. Furthermore it can be observed that the type of delay variation
differs from strong isolated anomalies in Figure 5.2 to little striated patterns in Figure 5.3, a
smooth curving surface in Figure 5.4, and small wave-like patterns in Figure 5.5.

5.2.1.1 Interpretation of interferogram 1

The main signatures of the interferogram are strong isolated cells and more or less elongated
structures in azimuth direction. Due to the amount of phase delay, the hypothesis for the
driving mechanism is that this is caused by a thunderstorm. This could cause local differences
in humidity, pressure and temperature, which locally increases refractivity.
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Figure 5.6: Weather radar for interferogram 1, day 1, 10:30 UTC. Figure 5.7: Idem, day 2, 10:30 UTC.

The weather radar at day 1, Figure 5.6, shows isolated showers at the locations of the negative
values in absolute phase. The soundings of both days at Emden reveal instability around the
time of launch and ascent (launch at 11:00 UTC). They show low relative humidity at higher
levels. Relative humidities at surface level at the time of SAR acquisition are 75-96%. Some
isolated showers are building up around the time of the SAR acquisition. In the upper right
corner of the overall weather radar image showers are reaching a height of about 6 km. These
are cumulonimbus clouds. Note that at this distance from the radar, the lower part (1 km) of the
rainfall is obscured due to the earth's curvature. There is a shower over the island Borkum, in
the north-eastern part of the image. Relative humidities are 75-96%. The wind direction was
around 200 degrees (SSW). This corresponds with the orientation of the negative phase values
in the interferogram.

At day 2, the high resolution VIS-channel of Meteosat shows a line of showers over the east of
the Netherlands, just as the AVHRR: an organised pattern of showers, caused by a trough
passage. The weather radar shows this line of showers as well, cf. Figure 5.7. Here the locations
of the showers are identical to the locations of the high positive absolute phase values in the
interferogram. The showers reach a height of approximately 8 km. The synoptic data show
cumulonimbus with cloud base at 700 meters. Relative humidities at surface level are 72-82%,
wind direction 240-250 degrees (SW). Surface temperatures were 20°C at both days. A south-
westerly flow of polar air, which became unstable due to heating up the surface, caused the
thunderstorms.

The comparison of the unwrapped interferogram and the weather radar image suggests a strong
correlation between the almost north-south band of showers over Groningen and the elongated
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structures in the interferogram. The cloud observations in the area consist mainly of cumulus
and cumulonimbus clouds. At the first day, in the morning also some higher clouds were
observed. It can be concluded that two thunderstorms, active during both SAR acquisitions, are
responsible for these phase delays.

5.2.1.2 Interpretation of interferogram 2

From the radiosondes, station Emden, it follows that day 1 and 2 are both very dry. However,
there is some cloud cover on day 2 at low levels. The synoptic data showed that it was very
warm both days (above 23°C). In Nieuw Beerta it was 29°C at 11:00 UTC. There was almost
no cloud cover, at day 1 only a little cirrus (1/8) at 7 km, which can be neglected. At day 2 there
may have been some low clouds in the western part of the test site (station Leeuwarden): 3/8
cumulus at 500 m. On day 1 a weak wind blew east to north-east (090-060) while on day 2 it
turned to north, north-northeast (350 - 040). These directions correspond roughly with the
directions observed in the interferogram.

The radiosonde data (day 1) confirms a strong subsidence inversion at 2200 m. At high levels in
the troposphere it is rather dry. There is a change in wind direction of 60-70 degrees just below
and above the inversion. The highest relative humidity is found at the inversion base, where it
reaches 73%. The weather radar did not show any rain in the test area. However, at 10:15
UTC, it still showed some signal east of the Dollard, due to a surface inversion. This is in fact
an artefact of the rain detection capabilities of the precipitation radar. AVHRR showed no
clouds at day 1, and some vague cirrus at day 2. Also the Meteosat IR channel did not reveal
anything in our test area.

The synoptic data revealed a north-eastern wind at day 1 and more northern winds at day 2.
This seems to correlate with the directions in the interferogram. There is not much spatial
variation in the relative humidity.

Looking forward in time to day 3 we see that moisture is transported into the area by the wind
turning from east/ north-east to north. This probably correlates with the general appearance of
the interferogram in which the coastal area seems invaded by humidity. AVHRR showed no
clouds at day 1, and some vague cirrus at day 2. Also the Meteosat IR channel did not reveal
anything in our test area. The synoptic data revealed a north-eastern wind at day 1 and more
northern winds at day 2. This seems to correlate with the directions
in the interferogram. There is not much spatial variation in the relative humidity.

Looking forward in time to day 3 we see that moisture is transported into the area by the wind
turning from east/ north-east to north. This probably correlates with the general appearance of
the interferogram in which the coastal area seems invaded by humidity. Phase variation is
small over most of the area. Since the observed directions correspond with the prevailing
winds, it is expected to be caused by transport of moisture from the north. The distribution and
size of the phase disturbances indicate a transition from more laminar flow in the north to more
turbulent flow in the south of the area.

5.2.1.3 Interpretation of interferogram 3

The most prominent feature in this interferogram is visible in the lower left corner of the scene.
We have labelled this feature the "dog ear". There is a possibility that this a processor artefact,
however, SAR processing with an independent SAR processor (DLR-BSAR) yielded the same
error [Schaettler, 1997]. Different tests with other approximations of the reference phase, and
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using independent precise orbits (DEOS) did not eliminate the effect either. The remaining part
of the interferogram seems to have few phase variations.

Since the "dog ear" has a negative sign, the cause of the effect is expected in the second SAR
acquisition, at 3 December. Both AVHRR and Meteosat show at this day low cloud structures
in the same direction as the dog ear. According to the surface observations the cloud type is
stratocumulus.

The weather radar reveals no rain fall. From Meteosat we learn that at day 1 there was a
"frontal" zone that is being pushed back at day 2. Above the Netherlands there are several
quasi-stationary fronts: at the boundary between warm air in SW-part and cold air in NE-part of
the Netherlands.

The synoptic data show that it was cold, around the freezing level. There is a high relative
humidity, therefore the air is very moist, especially in the SW-part in low levels (0-1000m)
almost 100 % RH. All stations in the test area report misty weather: reduced visibility between
2.5-3.7 km. At day 1 it was totally clouded. There was stratocumulus with base at 400 m. The
radiosonde of De Bilt (day 1) shows very dense cloud layer between 50-1000 m. In the SW-part
of the observed area part of this low cloudiness can be present at day 1. Note that NO AAs
AVHRR does not see this, since it is hidden under cirrus clouds, with tops above 8 km. Also,
the amount of solar flux is low, indicating thick cloud cover. At day 2 the solar flux is higher,
which indicates less thick cloud cover. The solar flux is, however, more variable over the area,
which indicates inhomogeneities in the cloud thickness. Synops-station Eelde, reports 2/8
cumulus at about 400 m with holes in the cover. The wind at both days was ESE (90-100
degrees).

Since the "dog ear" has a negative sign, localised delay changes at the second acquisition cause
this effect. The combination of the satellite observations from Meteosat and NOAA with the
manual cloud observations and radiation flux measurements shows a non-uniform cloud cover.
The effect is therefore probably caused by a localised cloud band in northwest-southeast
direction.

5.2.1.4 Interpretation of interferogram 4

The main signal consists of waves with relatively short wavelengths 3 km, in different
directions. Hypotheses for these effects are: (1) cloud streets or gravity waves, (2) wave effects
on top side of fog, or (3) a subsidence inversion.

The weather radar does not show anything at both days. The synoptic data indicate that it was
cold, just above freezing level. There was no rain, it was misty with a visibility between 2.1 and
4 km. Both Leeuwarden and Eelde reported 8/8 cloud cover, with especially much low-level
clouds: 5/8 stratocumulus at 400 m in Leeuwarden and 6/8 stratus at 350 m in Eelde. On both
days the wind direction was east, with a wind force 4 at the first day. At day 2, Eelde reports
5/8 stratocumulus at 400-500 m, and Leeuwarden 5/8 stratocumulus at 3800 m. More layers are
observed at day 2 than at day 1. Meteosat VIS reveals a closed cloud cover, with several layers.
The IR image shows that the clouds at day 1 are not that high, while at day 2 there is also
higher (colder) cloud cover. NOAA AVHRR observations of day 1 reveal very many cloud
wave features in the area, in different directions. The directions observed in the interferogram
are also just visible in the AVHRR imagery, although the resolution level needs to be tweaked.
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At the surface the wind direction is east. Low stratocumulus cloud streets are oriented east-
west. However, at higher altitudes the wind becomes more southern oriented. From the
radiosonde data it is found that there can be cloud levels at different altitudes.

The atmosphere is unstable in the layer below 800 m on the first day and 1500 m on day 2. Due
to an inversion, it is stable above this height.

The hypothesis of wave effects on the top side of the fog seems to be very unlikely, since there
is not much wind at that altitude. Also there are no signs of a subsidence inversion from the
radiosonde. Based on the observations of cloud bands in the AVHRR imagery, the
phase fluctuations in the interferogram are very likely to be caused by anisotropic cloud
distributions at several layers. Gravity waves at the inversion level is probably the driving
mechanism for the observed waves in the interferogram.

5.2.1.5 Conclusions based on a large number of case studies

Atmospheric influences were observed in each of a series of 26 analysed interferograms. The
observed spatial scales reach from hundreds of meters to 100-200 km. For scales reaching the
full image size, it is, however, difficult to discern them from errors in the satellite orbits.

The magnitude of the effects can be expressed in an RMS value, or in the extreme values
observed in the interferogram. Observed RMS values, taken over a significant part of the
image, reach from 0.5-3.6 radians. Assuming a Gaussian distribution, this implies that 95% of
the observed phase values varies over a minimal range of 0.3 phase cycles up to a maximal
range of 2.3 phase cycles. Extreme ranges of 4 phase cycles are found during thunderstorms at
the two SAR acquisitions

5.2.2 Statistical interpretation of atmospheric signal

For severely decorrelated interferograms which possibly conceal deformation signal it is
obvious that the interpretation of the atmospheric signal as demonstrated in a previous section
will not be possible. Therefore, we need to use a suitable statistical parametrization of the
atmospheric delay variation in order to predict how large the delay differences between two
points in the interferogram can be. Here we will discuss RMS values, the histogram, and the
rotational averaged spectrum.

5.2.2.1 Histogram and RMS analysis

In Figure 5.8-Figure 5.11, the histograms corresponding to the differential interferograms in
Figure 5.2-Figure 5.5 are shown. The strong anomalies in interferogram 1 are clearly related
with the relatively wide histogram. The corresponding RMS-value is 15.6 mm. Histograms for
interferogram 2 and 4 have a smaller base, corresponding with RMS values of 6.9 and 2.8 mm.
The histogram corresponding with interferogram 3 has more frayed characteristics, due to the
sine-like wave pattern in the interferogram.
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Figure 5.8 (upper left): Histogram of a selected part of interféra gram 1. The RMS value is 3.4 rad, or 15.6 mm.
Figure 5.9 (upper right): Histogram of a selected part of interferogram 2. The RMS value is 1.5 rod, or 6.9 mm.
Figure 5.10 (lower left): Histogram of a selected part of interferogram 3. The RMS value is 1.6 rad, or 7.4 mm.
Figure 5.11 (lower right): Histogram of a selected pan of interferogram 4. The RMS value is 0.6 rad, or 2.8 mm.

Although the histogram and RMS parametrization give a useful first order impression of the
delay variation in the interferogram, its application is limited. For example, the RMS values for
interferogram 2 and 3 are nearly the same, but the two interferograms and corresponding
histograms are completely different. The consequence of this shortcoming is severe. For
example, consider two coherent patches with a certain spatial distance d, embedded in a largely
decorrelated interferogram. Comparing the delay difference of patches which are only a couple
of pixels apart would need to have the same variance as two patches which are located at the far
corners of the interferogram. A quick look at the example interferograms in Figure 5.2-Figure
5.5 shows that this is not true; if we examine nearby patches, the atmospherically induced part
of the phase difference will be less than for patches far apart.

This effect can be illustrated more thoroughly examining all 21 interferograms. In Figure 5.12,
we show the average delay difference for points with a horizontal separation of 1 km (bright),
and 10 km (dark). It is clear that the 10 km spacing has a larger average delay variation than the
1 km spacing.
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Figure 5.12 (left): Average delay difference for horizontal distances of land 10 km, for 21 differential
interféra grams.

Figure 5.13 (right): Ratio of the average delay differences for horizontal distances of 1 and 10 km.

In Figure 5.13, the ratio between the 10 km and the 1 km spacing is plotted. Although the
absolute values of the delay differences are depending on the specific weather situation during
the SAR acquisitions, we see that the ratio between the two spatial lengths is centred on 2. This
implies that having some information about the long or short distance average delay variation
can be used to approximate the delay difference for two patches with a given separation.

5.2.2.2 Spectral estimates

A more elegant method to describe the scale dependence of the variance is by using spectral
equivalents of the delay variability. In first instance we assume that the 2D delay signal is
stationary and isotropic. Using the rotationally averaged spectrum, a convenient way is found to
plot the spectral components of the four interferograms. These spectra are shown in Figure
5.14-Figure5.17.

43



10=-

10'
10"'

it10 H
I

V f - ioz.

10' L
~

Figure 5.14 (upper left): Rotational averaged spectrum of interferogram 1.
Figure 5.15 (upper right): Rotational averaged spectrum of interferogram 2.
Figure 5.16 (lower left): Rotational averaged spectrum of interferogram 3.
Figure 5.17 (lower right): Rotational averaged spectrum of interferogram 4.

From these curves, characteristics of every interferogram can be derived. It can be concluded
that all spectra, which are plotted on a log-log scale, follow a -5/3 power law, indicated by the
dotted lines. Deviations from this -5/3 behaviour appear in the area with high wavenumbers,
where noise appears to influence the atmospheric signal. Comparing the four spectra with the
corresponding interferograms reveals that the magnitude of the spectra for different
wavelengths is closely related to the weather conditions. For example, the thunderstorms in
interferogram 1 cause the increase power in the spectrum for wavelengths between 500 m and
20 km. Interferogram 2 shows increased power levels for wavelengths between 300 m and 2
km.

The power law behaviour of the atmospheric signal can be used to derive expected values for
the error in deformation measurements between coherent patches in the interferogram with a
given spatial distance.

5.2.3 Results

To assess the influence of the atmosphere in radar interferometry, 52 SAR images,
corresponding with 26 analysed interferograms were analysed. The database of SAR images
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covers nearly every month of the year, see the histogram in Figure 5.18, except January.
Therefore, all seasons have been sampled. Unfortunately, the limited duration of the ERS
tandem mission does not permit a longer series of interferograms over one particular area. A
consequence of the orbit configuration is that the diurnal cycle of the weather is only sampled
at one nearly discrete time instant for every image. Therefore, the imaging times are always
approximately 21:40 UTC and about 10:30 UTC. Variations between daytime and night-time
acquisitions could therefore not be studied.

RMS values [rad]

Figure 5.18 {left): Histogram showing the number of analysed SAR images, ordered by the month of
acquisition

Figure 5.19 (right): Histogram showing the RMS values of the interferograms in the database and the
frequencies of occurrence

The RMS values vary between 0.6 rad for interferogram 4, and 3.6 rad for interferogram 2.
Note that the interpretation of the RMS value is dependent on the area used for its calculation.
For each of the 5 interferogram locations studied, the decorrelated areas (mainly water) varied
in spatial coverage, and the combination of two interferograms in the Flevoland area enabled a
much larger surface for evaluation.

Figure 5.19 shows the percentages of occurrence for the RMS values, in eight categories. Root
mean square values around 1.5 rad occur the most frequently in this series.

10 11 12

Figure 5.20: Histogram showing the mean RMS values, ordered by the month of acquisition.
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Ordering the observed RMS values based on the month of acquisition produces the histogram
in Figure 5.20. The months May and July have in this database phase variations with an RMS
which are twice the values observed in all other interferograms. Naturally, this is a consequence
of only one or two interferograms, and it can therefore not be used for the derivation of general
rules. However, it can be expected that 'summer'-thunderstorms, which occur often in this
region, will produce strong phase artefacts in corresponding interferograms.

A classification of the observed effects can be based on the magnitude and the type and scale of
the disturbance. Based on the magnitude, four classes are defined based on the observed RMS
values. The RMS values are regarded to be representative for a Gaussian distribution, and can
be used to find the 95% range of the distribution. The classes, labelled A, B, C, and D, are
listed in Table 5.2, together with the percentage of the analysed interferograms which fall in
this range.

Table 5.2: Classification of the magnitude of atmospheric disturbance.

Class RMS [rad] 95% range [rad] Percentage
A <7i/4 [0, TC] 14%
B [7C/4,7r/2] [7i,27t] 38%
C [K/2,n] [2n,4n] 38%
D n< [47C,°°] 10%

Based on the type of disturbance, 7 of the 21 (combined) interferograms displayed disturbances
which occur on a spatial scale of less than 20 km, and have a magnitude of more than 2 radians.
Waves have been observed perpendicular as well as parallel to the wind direction at some
heights. These effects are mostly localised, and relatively small. Wave effects are observed in 8
of the 21 interferograms. Another effect is striation-where almost the whole interferogram is
covered by a pattern with a clear orientation. Sometimes these effects could be defined as
moisture transport in a more or less laminar flow. The possibility to find an orientation in the
effects occurred in 10 of the 21 interferograms.

An interesting relation is found by listing all the observations of cumulus or cumulonimbus
clouds. It appears that in all cases in which these cloud types were observed, cells were
observed in the interferogram. From this observation, it may be concluded that this type of
cloud cover indicates strong local variations in relative humidity, which has a considerable
influence on the SAR interferograms [Hanssen et al., 1998].

5.3 Other error sources in InSAR relevant for deformation measurements

The interferometric phase information is influenced by a combination of some major factors
that were summarised by [Hanssen and Usai, 1997]. The whole geometry is determined by the
distance between the antenna and a resolution element at the Earth's surface. Any disturbance
in the signal propagation, i.e. a delay or advancement of the signal velocity, results in a bias in
the phase observation. The penetration of a radar signal depends on its wavelength and
intensity. It does not reflect at the geometrical boundary between the soil and the atmosphere.
Depending on the surface characteristics, which are measured as dielectric constant, a part of
the radar signal penetrates the soil before it is backscattered. The arbitrary superposition of
single scatterers within a resolution cell has an additional influence on the interferometric

46



phase. The largest phase bias effects are due to atmospheric heterogeneities and local temporal
penetration differences. Finally the interferometric processing introduces errors due to orbit
inaccuracies, inconsistencies in the applied DEMs etc. All these error sources are discussed in
more detail below.

5.3.1 Thermal noise

The thermal noise is an error source related to the radar sensor system that cannot be avoided,
but can be limited to some extent. Electronic components can create interference (delays) in the
signal and add a random noise to the data. The thermal noise adds a bias to the image intensity.
Calibrating the noise power of the receiver in the absence of data signal permits the bias to be
removed. The noise figure describes the noise level in a radar receiver relative to the level in a
theoretically perfect receiver and is usually expressed in decibels.

Investigations on the degradation of signal quality have not been carried out so far. Therefore,
no correction for this effect can be applied.

5.3.2 Orbit errors

For interferometric SAR applications described in this report it is necessary to know the
position of the satellite in an Earth fixed reference frame. For ERS-1 and 2 this task is
performed by the processing and archiving centre (PAF). It should be noted that it is satellite
altimetry that drives the need for accurate orbits. The procedure used to compute these accurate
orbits is called POD, short for precise orbit determination. Tracking data such as ground-based
laser and other radio-tracking techniques based upon Doppler and range observations are used
during POD. Essentially for ERS-1 and ERS-2 the equations of motion of the satellite are
solved. These equations including gravitational and non-conservative forcing terms and their
solution is derived through a variational procedure. The PAF's have their own procedures
designed according to standards set in the beginning of the ERS-1 mission. The orbits that one
receives with the SAR science data are essentially the result of the POD procedure used by
ES A's processing and archiving facilities.

One of the main conclusions of research conducted within the Delft Institute for Earth-Oriented
Space Research (DEOS) was that the PAF orbits can be substantially provided by more
advanced POD techniques. One of the critical aspects in this advanced procedure is the use of a
more accurate gravity model DGM-E04 leading to a reduction of the radial orbit error down to
five centimetres [Scharroo and Visser, 1998]. For DGM-E04 tailored model, crossover height
differences derived from the ERS altimeter data and satellite laser ranging (SLR) have been
used. The DGM-E04 model is again partially derived from the JGM-3 [Tapley et al, 1996] by
adjusting a subset of 1100 coefficients in order the reduce the already mentioned altimeter
crossover height differences of ERS-1 and ERS-2.

5.3.2.1 Impact of orbit errors on interferograms

The accuracy of the orbit state vectors has an impact on the calculation of an interferogram.
With a better knowledge about the orbits the quality of the co-registration is supposed to
improve.
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Figure 5.21: Interféra gram calculated with non-precise (left) and precise orbit state vectors (right). It
shows a general phase shift but not significantly more topographic details are visible
[Gens, 1998].

As can be seen in Figure 5.21, the use of precise orbit parameters causes a phase shifted
interferogram. It does not improve the geometry to an extent that significantly more
topographic details can be seen. By introducing more than five precise orbit state vectors, no
improvement of the result was achieved [Gens, 1998].

Relevant for INSAR are the satellite positions at both ends of the baseline belonging to the
interferogram. Orbit errors vary linearly over the arc segment along which the SLCs are made.
Due to the fact that this linear variation is slow and that the "SAR exposure" is made within a
short time we can assume a simple offset between the real baseline co-ordinates and those
provided with the SLCs. At both ends of the baseline the error vectors for both SLCs are
correlated. Due to the repeat configuration of ERS-1 and 2 gravitationally induced error
components are highly correlated whereas non-conservative errors are not necessarily
correlated. At least, this is what we can expect for the interferograms produced. Remnant orbit
errors should lead to a deformation manifesting itself as a linear deformation in the range and
azimuth direction. The linear range effect is due to the parallel baseline geometry, i.e. the
baseline component projected in the looking direction. The linear azimuth effect is caused by
the variation of orbit errors along the synthetic aperture path.

5.3.2.2 Testing the linear orbit error model

We have tested this hypothesis for the set of 17 interferograms computed for this project. The
procedure used is to estimate a bilinear trend function from the interferograms using a least-
squares minimisation procedure. Several variations of this procedure have been tested because
of the inherent data weighting problem that always plays a role in the design of an appropriate
least-squares method. Obviously, the intention of the filter should be to detect a trend over the
entire image without picking up artefacts or certain highly coherent parts such as the city of
Groningen. The following procedure is used to estimate orbit errors from the interferograms:
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• Only those pixels are used where the coherence is greater than a certain threshold (0.4; this
value was determined empirically). Pixels with a coherence less than this threshold are
considered as noise that we do not want to involve in estimating the orbit error trend
function,

• The function exp(j(f>) is used to estimate block mean values of the interferometric phase.
These area mean values are only computed from pixels with a coherence greater than the
threshold.

• Parameters a and b in bilinear orbit error function z(x,y) - a x + by where x is the range
and y the azimuth ordinale are estimated from the previously computed area means.

This procedure is applied to all available interferograms in the Groningen database. A typical
example is shown in Figure 5.22. This example shows that statistically significant trend
functions exists in range and azimuth. The trend function show a deformation in the order of
1/2-1 phase cycle.
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Figure 5.22: Upper left image: the original interferogram, in this case the tandem mission pair, i.e.,
number J from Table 3.1. Upper right: the selection of pixels where the coherence
exceeds 0.4 (white). Lower left: estimated bilinear trend function that removes all bilinear
effects due to orbit errors, but also clock errors and certain classes of ionospheric, dry and
wet tropospheric errors. Lower right: the resulting interferogram after the trend function is
removed.

5.3.3 Topographic correction for differential interferometry

In order to measure deformations interferometrically, two images taken from the same position
at two different times would be needed. However, in the real case, due to disturbances in the
orbit, the satellite cannot be in exactly the same position twice. The result is therefore that the
interferometric baseline is always different from zero, and this causes a phase contribution from
the topography superimposed on the contribution from deformations. In order to separate the
two components, we can combine our interferogram with another one, which contains only
topographic information, such as one taken on a time interval, where we know that no
significant deformation occurred. If (t>'flat is the flat earth corrected, unwrapped phase of the
interferogram of interest having perpendicular baseline B \, and ̂  and ßj. are the same
quantities for the -topography-only interferogram, then it can be shown that the displacement
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contribution, say Ap, can be isolated by the following rescaling- and subtraction operation
[Zebker etal., 1994]:

a , - a ( (5.2)

Notice that an operation of rescaling of the "topographic-only" phases is necessary before it can
be subtracted. This is necessary because the height ambiguity, i.e. the height corresponding to a
27C phase shift, and thus the accuracy associated with the topographic information, is a function
of the perpendicular baseline: the larger the latter is, the higher the accuracy. From Eq.(5.2)
can also be noticed that if B'J B±>1, then an error delta ^ta, in the topographic phase will be
enhanced in the rescaling, as one can see by applying the error propagation law to Eq.(5.2). For
this reason, one should always use a larger baseline for the topography, thus B±> B \, which
guarantees that the topographic-only phase has a higher accuracy than the phase of the
interferogram we want to extract it from .

5.3.4 Baseline decorrelation

The decorrelation of SAR interferometric data has two major components, the baseline
decorrelation and the temporal decorrelation.
The noise level increases with increasing baseline length, which leads to a decorrelation of the
radar signals. The smaller the length of the interferometric baseline, the larger the sensitivity to
deformations. According to [Zebker et al, 1996], the baseline decorrelation is always present in
the system and cannot be avoided. The effect can only be reduced to a certain extent (by range
spectral filtering) at the expense of image resolution [Gatelli et al, 1994]. A general and
compact formulation of the baseline decorrelation coefficient (including the surface roughness
contribution) has been developed by [Franceschetti et al, 1996].

5.3.5 Temporal decorrelation

One of the major limiting factors in repeat-pass SAR Interferometry is temporal decorrelation.
Depending on characteristics such as land coverage and climate conditions, an area may
decorrelate over periods varying from few days to few months. Interferograms over one/two
years have been generated up to now only for areas having particularly favourable
characteristics, such as poor vegetation and dry and no windy climate. In general, however, we
still cannot perform longterm studies of slow deformation processes like land subsidence and
plate tectonics, in spite of the availability of SAR images over several years.
It has been observed, however, that even in almost totally decorrelated interferograms some
features, mainly of anthropogenic nature, maintain high coherence even over time scales of
years. The question arises whether this remaining information can still be used in order to
assess terrain deformations by means of the differential technique. In order to investigate this, a
study of the long term interferometric characteristics of these features has been done, with
particular emphasis on coherence and phase stability in time. As a first step, a time series of
interferograms has been generated, spanning different time intervals between 1-day up to 3l/2
years. The interferometric products used in the analysis are coherence and phase images 2x10
multilooked, with a coherence estimation window of 2x10. Table 5.1 shows the interferograms
generated, and their baseline components. Column 6 contains the interferogram serial numbers,
which are used as reference in the plots.
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Table 5.1: The Groningen dataset. The 5th column shows the time span in days, the 6th the
serial number of the interferogram.The image of 16-3-96 was used as master for
all slaves.

slave

17-3-96

11-2-96

20-4-96

21-4-96

6-1-96

20-8-95

19-8-95

15-10-92

10-9-92

Bpar

-17
36
50
18

-109
-62
-26
5
43

Bperp
24
212
145
79
-129
272
-190
25
52

days
1
34
35
36
70
209
210
1248
1283

no
9
8
7
6
5
4
3
2
1

5.3.5.1 Analysis of the coherence

Figure 5.23 shows the coherence images on the shortest (1 day, ERS tandem pair, no.9) and on
the longest (about 3J/2 years, ERS1/ERS1 pair, no.l) time interval considered here.

Figure 5.23: Coherence images for the time intervals (16-3-96/17-3-96) and (16-3-96/10-9-92).

Only those pixels having coherence higher than 0.8 in the coherence image no.l (at the right in
the figure) have been taken into account. We focused in particular on the area of the city of
Assen (low left in both sub-figures), which has an extension of 200x300 pixels and contains a
sufficiently large number of high-coherence pixels to be analysed statistically. The coherence
of the selected pixels located in this area has thus been traced in the whole time series. Figure
5.24 represents the coherence of the selected points for all interferograms: each column
represents an interferogram of the series, each horizontal line contains the values of the
coherence for a given point.
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Figure 5.24: Coherence values for each multilooked pixel of the "Assen dataset" and for each
interferogram.

It is evident from the figure that interferogram no.8 presents a significantly lower coherence for
the same features than all other interferograms, suggesting that some factors have affected its
quality. Indeed, the slave image has been acquired in February, in a period of frequent
snowfalls, and it is likely that the different weather conditions in February and in March, when
the master has been acquired, caused the decorrelation. Another source of decorrelation could
be the relatively long perpendicular baseline (212 meters). In general, the figure does not seem
to indicate a time-dependence of the coherence. Features showing high coherence in the
longest time span interferogram (no.l) do not necessarily show high values on shorter time
spans as well. As we could expect in fact, the different conditions (weather, seasonality,
satellite configuration) under which the slaves have been acquired affect the coherence more
than the time span between master and slave.

5.3.5.2 Analysis of the phase

The second step of the analysis consisted in checking whether those features showing
constantly high coherence along the time series do maintain also phase stability in time. For this
test, the area of Assen was particularly suitable, not only for the high concentration of features,
but also because it is the only city in the area that is not subject to land subsidence. The test
consisted in applying the differential INSAR technique along the time series. The
interferograms no. 1,2,5,6,7,9, have been considered for this purpose. From the set of pixels
used for the study on the coherence (126 pixels), only those maintaining coherence above 0.8 in
all the 6 interferograms were selected. They turned out to be 42. In each interferogram, the
"spatial" phase difference of each pixel with respect to a reference pixel (which is the same in
all interferograms) has been computed. For each of these differences, the value in interferogram
no. 7 has been taken as reference value and rescaled and subtracted from the corresponding
phase difference value in all the other 5 interferograms. The "temporal" phase difference
computed in this way, is shown in Figure 5.25.



5 6
Interferogram serial number

Figure 5.25: Differential phase values along the time series for constantly highly coherent pixels.
Interferogram no. 7 has zero values because is taken as reference interféra g ram.

Every line is the "spatial" phase difference between one pixel and the reference pixel plotted
along the time series. From the figure it seems that most of the pixels considered do maintain
phase stability on long time scale. From the same figure, it is also evident that the differential
phases in interferogram no.2 have some disturbing effects (maybe bad meteorological
conditions), which has affected the phase of many points.

5.3.5.3 Conclusions

A time series of interferograms has been generated covering time spans up to 3Vi years. Even
on such a long time span, highly coherent features could be identified. The analysis of the
series in its whole permitted the identification and the exclusion of an interferogram showing
significantly lower coherence than the others. No significant signatures of dependence of the
coherence values from the time have been found. The phase stability of the highly coherent
features has also been checked by applying the differential technique to a subset of the sample
used for the analysis of the coherence. The subset consisted of pixels, located in an urban area,
which have constant and high coherence: the area is not subject to ground deformations, so that
the stability of the features with respect to any other relevant factors could be tested. The
analysis showed that at the considered level of resolution the phase values corresponding to the
highly coherent pixels seem to be in many cases stable with a standard deviation estimated from
the data of the order of at least 0.5 radians.
It has to be stressed however that, in order to have more clear results, the time series should
contain a larger number of interferograms. This would make the identification of "bad"
interferograms easier and at the same time the exclusion of such interferograms would not
impoverish the time series significantly.

5.3.6 Interferometric processing

In order to assess the influence of the inteiferometric processing on the final product several
aspects of the processing were investigated numerically. The input data sets and the
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performance of the initial processing steps, depicted in Figure 5.26,were of special interest in
this study.

Interferogram
generation

Slave image,
resampled
in azimuth
by factor 5

Co-registered
slave image

Coherence
image

•#:,-.m:.s*i
3Luu

Figure 5.26: Pan of the SAR interferometric processing chain (modified from [Gens, 1998]).

Special attention was paid to the influence of the interpolation method and grid size used during
the INSAR calculation. For the assessment of the influence of the different input parameters on
the processing a sensitivity study was carried out. The methods and results of these studies are
presented here in more detail.

5.3.6.1 Influence of interpolation method

The performance of the co-registration significantly influences the quality of any SAR
interferometric product. If the initial co-registration is not sufficiently done, no reliable results
can be achieved in the subsequent InSAR processing. A detailed study on the different co-
registration methods was carried out by [Samson, 1996]. As shown in Figure 5.26, the co-
registration is the first step in the SAR interferometric processing. The interpolation method
used during the co-registration has a large impact on the quality of SAR interferometric
products as a study by [Geudtner, 1995] already indicated.
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As part of the co-registration process, which should be performed within an accuracy of about a
tenth of a resolution element, the resampling of the slave image can be viewed as consisting of
two steps:

• reconstructing of the continuous signal from its sampled version by convolution with an
interpolation kernel; and

• sampling of the reconstructed signal at the new sampling grid.

A theoretical study was carried out aiming at objective criteria for choosing or designing
interpolation kernels which generally requires a trade off between the interpolation accuracy
and computational efficiency [Hanssen and Bamler, 1998]. Two classes of errors, viz. the
distortion of the useful spectral band and the insufficient suppression of its replicas, were
considered. The theoretical considerations were supposed to provide figures of merit for the
interpolator such as interferometric decorrelation and phase noise.

A one-dimensional white circular Gaussian complex signal was computed using a uniformly
distributed random generator. In order to simulate the conditions for the ERS satellites, the
oversampling rate had to be adapted using the sampling frequency of 18.96 MHz and the
bandwidth of 15.55 MHz. The reference signal was generated by low-pass filtering with an
oversampling ratio of 12.23, yielding a correlated random signal. The subsampling with a ratio
of 1/10 reduces the oversampling ratio to 1.223 (18.96 MHz / 15.55 MHz) of the test signal,
which resembles the ERS conditions. For the interpolation a variety of kernels were selected,
viz. nearest neighbour, piecewise linear, 4-point and 6-point cubic convolution as well as 6-
point, 8-point and 16-point truncated sine kernels. The cubic splines used for this study were
based on parametric cubic convolution [Park and Schowengerdt, 1983] and represent special
cases of weighted truncated sines.

Results of this analysis are listed in Table 5.2 It is evident that larger kernels provide better
results. However, fine-tuning of the interpolation kernel is recommended, as the 6-point cubic
convolution provides better results than an 8-point truncated sine.

Table 5.2: Influence of different interpolation kernels on the interferometric coherence. For the ID
coherence, the numbers reflect the theoretically derived influence and the simulated
influence, respectively. The simulated data are averaged values from 500 simulation loops
[Hanssen and Bamler, 1999].

One dimensional coherence Two-dimensional coherence

Nearest neighbour
Piecewise linear
4-point cubic convolution
6-point cubic convolution
6-point truncated sine
8-point truncated sine
1 6-point truncated sine

0.9132 / 0.9042
0.9773 / 0.9757
0.9949 / 0.9946

/ 0.9988
0.9975 / 0.9973
0.9980 / 0.9979
0,9995 / 0.9995

0.8345
0.9551
0.9898

...

0.9950
0.9961
0.9990

The investigation showed that spurious spikes can occur in the interferograms, even with larger
kernels. The spikes mostly appear at those positions in the signal where the amplitude is
extremely low. The signal-to-noise ratio at these interpolation points is dominated by the
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interpolation noise, which makes sudden phase jumps at low amplitude more likely to occur. As
these spikes have small amplitudes, they can be easily suppressed by multi-looking. Hence, the
phase noise can be considerably diminished.
Errors caused by interpolation are due to aliasing of repeated signal spectra and the cut-off of
the corners of the signal spectra. Therefore, an optimal interpolator will always depend on the
correlation properties of the signal. For repeat-pass interferometry with ERS 1, temporal
decorrelation will dominate the interferogram quality. A 4-point cubic convolution kernel, with
properly chosen coefficients, proves to be sufficient for most applications. However, for the
analysis of small patches of coherent phase, where the kernel needs to be tweaked to achieve
maximal coherence, the 6-point cubic convolution kernel is recommended [Hanssen and
Bamler, 1998].
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6. Improved interferometric method using phase gradient
stacking

6.1 Introduction

Chapter 4 showed that we were not able to compute a deformation map from interferometric
data. Table 6.1 shows four examples of successful deformation measurements using ERS data,
proving that interferometric deformation rate measurement is possible.

Table 6.1: Examples of successful deformation measurements.

reference
[van der Kooij, 1997]
[Stow and Wright, 1997]
[Haynes et al., 1997]
[Wegmüller et al., 1997]

At [days]
34-175
35
210-1050
863-1388

^[m]
6-227
161
7-42
8-24

Az [cm/year]
=30
=83
=3.3
=4

test site
oil fields in desert (California)
coal mines in urban area (UK)
urban area (?)
Bologna (Italy)

For example, [van der Kooij, 1997] used a number of interferograms with master-slave
acquisition times of 34 to 175 days. The perpendicular baseline of these interferograms varied
from 6 to 227 meter. The (maximum) deformation rate was approximately 30 centimetres per
year. The table shows that interferometric subsidence retrieval is possible in stable (urban or
desert) areas, where the subsidence rate exceeds that in Groningen by at least a factor of 3. In
the case of the deformations in Groningen we encountered the following complicating factors.

1. the deformation rate in Groningen is relatively small (< 1.3 cm/yr).
2. the temporal decorrelation is very large in the agricultural areas. Only in the urban areas the

temporal decorrelation remains at a level that allows for deformation measurement with
INSAR.

3. due to the sea climate in the area, the atmospheric disturbance of the phase in the
interferograms is large compared with the areas reported upon elsewhere.

In order to be able to measure deformation under circumstances as the ones in Groningen, the
data processing will have to be able to separate the noise from the signal (phase differences
caused by deformation). Besides, the software also needs to take care of the other error sources
mentioned in the preceding chapter.

The most important distortions that have to be taken care of are:

1. phase differences due to topography
2. phase differences due to atmospheric/ionospheric delay
3. phase differences due to orbit errors
4. phase differences due to deformations

Although the present project did not allow for the development of software to create filters to
separate the above listed, 4 unwanted phase differences from the wanted deformation, an
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assessment was made of the available methods to create such filters. In order to understand the
way the filters will operate, it is good to list the most important characteristics of the effects on
the interferograms caused by each of the above listed phenomena:

1. Effects caused by the topography are mainly dependent on the perpendicular baseline of the
interferogram. The effects are minor for small baselines (< 50 m) and become large for
baselines above 200 m. The effects have a systematic nature.

2. Atmospheric phase differences do appear in all interferograms, but the magnitude of the
effect varies. Most of the positive results reported in the literature were achieved under
circumstances with little atmospheric distortions. The effects are closely related to
variations in the atmospheric moisture content. As such in some interferograms clouds
become visible. INS AR in arid area's (e.g. Death valley) provides the best circumstances.
Interferograms during rain conditions show the largest distortions. The effect of the
atmosphere is however random, which means that when using a large number of
interferograms the effect can be averaged out.

3. The information on the orbits is needed to subtract the flat earth phase from the
interferogram. Use of erroneous orbits will cause a linear or quadratic phase error from near
range to far range and similar in the azimuth direction. For very localised deformation
effects and high accuracy orbits this can be neglected. For large scale effects, the remaining
phase trend should be estimated and subtracted.

4. The deformation phase effects are of course dependent on the nature of the geophysical
process causing the deformation. In case of an earth quake for instance, they will appear in
all interferograms created from SAR images with one before the event and one after.
Interferograms from SAR images with both created before or after will not show the effect.
For time-dependent deformations like that in the Groningen area, the deformation will be
time-dependent. The rate of the deformation will be a function of the geographic location.

The differences in nature of the above mentioned effects in the interferograms can be used to
separate and filter the effects. It is obvious that the separation can only be performed when one
has access to a large data base of SAR images suitable to create interferograms. In the
following sections it will be described how the knowledge of the characteristics of each of the
above mentioned effects can be used in combination with such a large database of SAR images
to make an -as good as possible- independent estimate of the effects of the topography, the
atmosphere and orbit errors per SAR image and the desired deformation rate.
The methodology proposed is based upon a publication by Sandwell and Price ([Sandwell and
Price, 1997]. It is based on the use of phase gradient images rather than phase images. In order
to introduce this methodology, the next section will assess the advantages and disadvantages of
phase gradient images, illustrated with some examples.

6.2 Phase Gradients

The use of phase gradients instead of the phase itself has several advantages and disadvantages.
Following Sandwell and Price, the advantages of using phase gradients instead of phases are:

59



1. The phase gradient can be calculated directly from the imaginary and real components of
RVI - IVR

the image, so no phase image has to be calculated first. V(p = —-5 -^—, with R the real
R +1

and I the imaginary component of the interferogram.
2. The phase gradient is, rather than the phase, the primary parameter measured by a SAR

interferometer.
3. The earth flattening correction can be calculated easily.
4. Phase gradients can be averaged without phase unwrapping. This is very advantageous,

because phase unwrapping of interferograms with low coherence is difficult.
5. Averaging of many phase gradient images can improve the signal-to-noise-ratio in the

interferogram.
6. The residual phase (after subtraction of topography and atmosphere) is due to deformation .

The main disadvantages are:

1. The gradient operation enhances the short wavelength noise, so careful low-pass filtering
of the full resolution, original interferogram is required.

2. A good phase unwrapper, which works on phase gradient images is needed.

To demonstrate the phase gradient images, a phase gradient image will be calculated based
upon an interferogram from the Groningen area. Figure 6. la shows the phase of an
interferogram with a perpendicular baseline of -46.15 meter and a time difference of one day
(tandem pair).

In order to calculate the phase gradient, a computer-code developed by [Kreuwel, 1996; van
den Hout, 1997] was used, which unwraps phases with a multigrid multiresolution algorithm.
The algorithm uses an estimation procedure, which can determine the phase gradient adaptively
over a number of pixels (multi-resolution). The smaller the coherence of the interferogram, the
higher the number of pixels used in the phase gradient estimator. This is a necessary step in
order to avoid erroneous phase gradients caused by noise. For the details of the method the
reader is referred to the above mentioned references. As a result the resolution of the phase
gradient image becomes a function of the coherence: the higher the coherence the better the
phase gradient resolution. After calculation of the phase gradient a mask function is applied.
This is a simple thresholding function. Figure 6.1b displays the mask used with a threshold of
0.35, applied to the phase gradient calculated from the phase of Figure 6. la. White in the
figure stands for a coherence larger than 0.35 and has the value one. Black stands for coherence
values smaller than 0.35 and is zero. The mask is multiplied with the phase gradient and the
result is plotted in Figure 6.1c.
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Figure 6.1 (a) Phase image (O..2n) of a tandem interferogram of 2 dec. 1995 and 3 dec. 1995,
BL -46.15 m (b)Mask based on the coherence used in the phasegradient algorithm, white

is a coherence greater than 0.35, black is a coherence smaller than 0.35 (c) Masked
phasegradient in the x-direction (horizontal), (d) Unwrapped phase of tandem
interferogram of figure 7.1 a with the multiresolution multigrid phaseunwrapper.

In order to verify whether the phase gradient calculated this way is correct, the gradient was
integrated again, using the software code from [van den Hout, 1997]. The result, shown in
Figure 6. Id, should be similar to the original phase image of Figure 6.la.

The difference between Figure 6.Id and Figure 6.la is that the resolution is worse so the phase
looks more "woolly", but the structures in the phase remain the same. This lowering of the
resolution is caused by the multi-resolution phase gradient estimation procedure described
above. The areas of decorrelation (water) have a certain value and are not completely constant.
Furthermore some linear phase boundaries are visible in the middle of the image. These
boundaries are not caused by the phase gradient estimation procedure, but by the unwrapping
algorithm that divides the image into four parts for computer memory reasons.
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6.3 Topography

In this section a method is described with which the topography of an area can be estimated
from a series (stack) of SAR interferograms. As mentioned above, the phase effects in an
interferogram caused by the topography depend on the perpendicular baseline between the
satellite positions during the data acquisition. The following formula gives the dependence of
the phase difference and the baseline:

47Ü-B.

with, B± perpendicular baseline, H, height of aircraft, A, wavelength of the radar,©, the
incidence angel, A9,opo, phase difference due to topography and Ahtopo, height difference due to
topography.
As can be seen from this equation the phase effects increase linearly with the baseline. In order
to calculate accurate topography from SAR interferometry, interferograms with large baselines
are required, since these have the highest sensitivity for height differences. On the other hand,
for areas with large topography and steep slopes (this is of course not the case in Groningen),
these large baseline interferograms will lead to ambiguities in the phase. Generally, the best
approach is to use small baseline interferograms to estimate the large scale topography and
small scale interferograms to provide the details on the large scale topography.
Accurate estimation of the topography can only be done with high coherence interferograms.
Therefore, in areas with a fast temporal decorrelation, such as Groningen, it is necessary to
select interferograms with small time separations, preferably tandem pairs (1-day time
separation), or 35-day interferograms.
[Sandwell and Price, 1998] have developed a method in which the average phase gradient of a
stack of interferograms can be calculated. In this stack interferograms are placed which fulfil
the criteria for accurate topography determination: 1) a wide range of baselines, varying from a
few tens of meters up to several hundreds of meters, 2) small temporal decorrelation. The
following averaging is performed on this stack:

(6-2)
rtopo Ha

with, bj ,the perpendicular baseline of the ith interferogram, V(f>j, phase gradient in x-or y
direction of the ith interferogram.
As can be seen from Eq.(6.2) each interferogram contributes about equally to the stack. On the
other hand, in areas where the decorrelation is large, the phase gradient estimation procedure is
stopped and the gradient is masked. The procedure takes care of these masks. For instance in
areas with steep slopes, interferograms with large baselines will become ambiguous and will be
masked out. In those areas only interferograms with small to moderate baselines will contribute
to the stack. Or another example: for Groningen, interferograms with more than 35-day
intermediate time may become decorrelated in the agricultural areas, but not in the urban areas.
Using this stacking method, in the urban areas all interferograms will contribute, but in the
agricultural areas only those interferograms that still show sufficient coherence to perform a
valid phase gradient estimation will.
As such, the stacking method provides a tool to filter information from non-information and to
average the remaining information.
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The result of the procedure is an accurate phase gradient per unit baseline. The effect of the
atmosphere and the baseline errors and other error sources are averaged. This topographic
phase gradient can then be integrated and transformed into height differences using Eq.(6.1).
For illustrative purposes a selection has been made of interferograms in the Groningen database
which fulfil the criteria for topography estimation (see Table 6.2).

Table 6.2: Selected interferograms to calculate the topography. The numbers in the 4'h and 5th column
refer to the numbers of interferograms in Table 3.1

i

1
2
3
4
5
6
7
8
9
10

Date
Master
02 dec 95
16jul95
16jul95
16jul95
16jul95
20 aug 95
20 aug 95
20 aug 95
I l feb96
10jun95

Date
Slave
03 dec 95
20 aug 95
10jun95
15jul95
19 aug 95
15jul95
19 aug 95
23 sep 95
17 mar 96
15 jul 95

n
Master
1
3
3
3
3
14
14
14
16
5

n
Slave
-

14
5
4
13
4
13
2
17
4

Bx(m)

-46.15
205.10
-61.28
-26.53
286.71
-231.63
81.61
-294.37
-190.95
34.75

timespan
(days)
1
35
-36
-1
34
-36
-1
34
35
35

remarks

tandem

tandem

tandem

The topography results from integrating the phase gradient resulting from with Eq.(6.2), and
transforming the result with Eq.(6.1),. The heights we got were between -0.5 and 6 m, which
seems sensible. As a check we examined the phases of the 10 interferograms.
We first examined the three tandem interferograms Figure 6.2a, Figure 6.2b and Figure 6.2c.
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(c)

Figure 6.2 (a) Phase of interféra gram number i-1 in Table 6.2 with B±=46.15m and a time span of l
day. (b) Phase of interfere gram number i=4 in Table 6.2 with B_L=26.53m and a time span of J day. (c)
Phase of interferogram number i-7 in Table 6.2 with B^Sl.olm and a time span of 1 day. (d) Phase of
interferogram number i-6 in Table 6.2 with B^23L63m and a time span of'36 days.

In Figure 6.2a the phase of the tandem pair consists of atmospheric phase and topographic
phase. The phase of water areas is decorrelated due to the short decorrelation time of water.
The other tandem pairs are for example calculated as follows:

with <p,- q)16and q>i-(p2 phase differences from pre-calculated interferograms all co-registered to
the master (image 1). The result is plotted in Figure 6.2b and Figure 6.2c for the two other
tandem couples. Unfortunately these images do not look at all like the one in Figure 6.2a. Some
fringes are visible but most of the image is noisy. The explanation is that the coregistration of
the interferograms (1,2) and (1,16 ) is not exactly the same. So if the two are combined to form
interferogram (2,16) decorrelation results because of the inaccurate co-registration. The
solution is to coregister the phases of 2 and 16 to each other, and similarly for every new
interferogram. The shortcut of registering all images to a common master does not work. The
tandem pairs are not looking good, so probably the other interferograms are also not
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coregistered properly. Phase differences due to deformation are very small in our case and they
probably disappear due to this bad co-registration.
An example of a non-tandem pair is given in Figure 6.2d. Only the urban areas contain some
phase information, while the other areas are decorrelated. If better (direct) co-registration was
performed there would have been more information in the interferogram. We conclude that we
were not able to compute a reliable topographic map, due to inaccurate co-registration.

6.4 Atmospheric and orbit correction

Since the effects of the atmospheric/ionospheric and orbit errors can exceed the phase effects
of the deformation it is necessary to filter them out as much as possible, stacking as many
interferograms as possible.
The goal is to calculate the atmospheric phase term for every image, and subtract it in creating
an interferogram. To calculate the atmospheric phase of a certain image, new interferograms
have to be made with that image as the master, and all the others as slave. If all these
interferograms are stacked using a similar formula as Eq.(6.2) the atmospheres of the slave
images in the stack average out and the atmosphere of the master will remain in the stacked
phase gradient.
The gradient computation uses a coherence mask. The coherence is computed only for pixels
outside the mask. We used a mask given by an upper limit of the coherence of 0.35. This leads
to a gradient image in which gradients are only available in the reliable, high coherence areas.
These masked gradients are used in the stack. As a consequence few interferograms will
contribute to the stack in low coherence areas.
From every interferogram the topography has to be subtracted. This is done with the
topographic phase gradient calculated in section 6.3. Because this topographic gradient is
baseline weighted the topographic correction for each interferogram is [Sandwell and
Price, 1998]:

The phase gradients are stacked in the following way:

\h "

i j ' *Pattn(iX+(lef(>nn 2ml^&^ i ' ' ^ atmox+ deform

T master _x n n

IN INi=i w
Table 6.3 shows some parameters of the interferograms that could be used to calculate the
atmosphere of the common master (image 10).
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N
Master
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

N
Slave
1
2
3
4
5
6
7
8
9
11
12
13
14
15
16
17

Bi (m)

-140.12
-78.96
10.31
-16.22
-50.97
0.00
-300.58
189.72
-162.01
511.51
217.08
297.02
215.41
358.54
695.75
504.80

Time span (d)

1214
1143
1074
1073
1038
350
315
280
175
70
210
1108
1109
1248
1284
1319

Table 6.3: Interferograms used to calculate the atmospheric image of one image. In this case the
atmospheric image of number 10 in Table 3.1.

Because of the bad co-registration as described in the former section we had no topographic
map, so this calculation could not be done in this study.

Because of the large time decorrelation of most of the interferograms described in the table,
atmospheric information in a fairly limited number of points is present (except in the tandem
air).To see how much interferograms are used in the stack, Figure 6.3 shows the number of
contributing interferograms (maximum 17, minimum 0). A fairly small number of pixels has
more than 6 contributing interferograms. A relatively small number of the pixels is contained in
the subsidence area (located around pixel (300,300)). More tandem pairs could provide more
points with a coherence above 0.35.
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Figure 6.3: Number of times a pixel with a coherence higher than 0.35 is used in a stack

6.5 Deformation

To calculate the deformation the following steps should be performed:

1 . Select interferograms in a timespan of around 2-3 years.
2. Calculate the deformation gradient (i.e., correct for topography, and for the atmosphere in

each image):

3. Stack the deformation gradients [Sandwell and Price, 1998]:

deform _tot

4. Integrate this phase gradient, providing the deformation per year

Again, these four steps were not executed because it was not possible to calculate the proper
topography, nor a proper atmosphere image.
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6.6 Conclusions

The conclusions that can be drawn from this research are:

1. The used interferograms are not co-registered well enough for use in this method.
2. For topographic mapping one should use (highly coherent) tandem pairs, together with

pairs with baselines between 100 and 300 m (to avoid baseline decorrelation but remain
sensitive enough to the topography) and with timespans shorter than 40 days (to avoid
temporal decorrelation).

3. Take care of the signs of the phase gradients, otherwise the interferograms do not add up
properly in the stack.

4. The basic idea to stack interferograms (phase gradients) is a good one, but only if those are
coherent enough. The problem one gets with low coherence is that the separate pixels in a
stack will not be averaged enough (see Figure 6.3) and, e.g., atmospheric effects do not
average out.

5. Use another unwrapping algorithm. The one of [van den Hout, 1997] uses areas of
257x257 pixels which causes the image to split up in four separate images. The boundaries
of those images are not properly connected.

6. The gradient calculation used in this research took a lot of processing time (8 hour per
interferogram). It is easier to use the complex numbers directly as in [Sandwell and Price,
1998].
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7. Setup for deformation estimation processing software

Chapter 2 described the derivation of a levelling based polynomial model giving the
deformation of an area in Groningen as a function of time and space. It clearly demonstrated
that this area is declining at a maximum rate of about 1 cm/year. The model acts as an
averaging filter, because it is based on a least squares fit of 40 parameters to a large number of
data points (obtained from 1992 to 1995).
Compared to levelling, SAR images can in principle be used to get deformation data spaced
closer in time (once every month) as well as in space (50-100 m), at a lower cost. This principle
was tested in chapter 3 with 12 interferograms of an area from which also levelling data were
available. The interferograms had a common master, so the phases (of a common ground
element) should directly reflect any deformation except for phase difference contributions
caused by other phenomena. Unfortunately the deformations found were not in accordance with
the levelling based model was concluded in chapter 4. Obviously, the phase errors caused by
other phenomena were too large to be averaged out by the approach chosen.
The error sources possibly leading to this disappointing result are the subject of chapter 5. They
are listed in Table 7.1.

Table 7.1 : Error sources.

thermal noise small
atmosphere/ionosphere large effects, random in time and space
erroneous orbit small for accurate orbit data, it results

in a near linear phase trend in azimuth
and range

topography small error source,because a
topography estimate is always
available (which is used for correction)

temporal decorrelation small for urban areas
baseline decorrelation small for suitable baseline, can be

corrected for by filtering (at the
expense of spatial resolution)

interpolation method small for good method (e.g., with a 4-
or 6-point cubic convolution kernel)

processor errors small for good processor (at least one
commercial one is available)

In order to perform deformation measurements with SAR in the province of Groningen the
algorithm should make use of the SAR and levelling data in such a way that the major error
sources as listed above are effectively reduced. This can be done using more-or-less standard
methods for all error sources listed above with an exception for the atmospheric/ionospheric
effects. The combination of these large atmospheric/ionospheric effects, the slow deformation
rate and the high temporal decorrelation are unfavourable for the application of ESFSAR data in
Groningen. This combination also distinguishes the measurement of deformation in Groningen
from the success stories of the technique presented in literature, see section 6.1. At present no
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commercial software exists which can cope with this combination of conditions. Therefore,
dedicated software will have to be developed for this purpose.

In chapter 6 a possible solution was presented for the purpose of decreasing the influence of the
atmosphere/ionosphere on the estimation of the deformation. It incorporates (dedicated)
averaging of the phase gradients of a sufficiently large number of interferograms. Since the
errors caused by the atmosphere/ionosphere are random in nature averaging of interferograms
decreases the influence of these errors. Phase gradient averaging is used in order to circumvent
unwrapping, and to alleviate baseline decorrelation problems, amongst others. The result of this
procedure is an estimate of the topography, and (per image) an estimate of the combined
atmosphere/ionosphere/orbit induced errors. The estimates are subtracted from the original
images, which can then be used in a deformation estimation algorithm like the one of chapter 3.

In the present project it was not foreseen nor possible (see also the introduction to this report)
to further develop the methodology of estimation and subtraction of the atmospheric errors.
However, one of the goals of the project reported upon here was to devise a processing scheme
with which deformation could be measured in the presence of atmospheric errors. Therefore the
methodology to cope with these errors was investigated within this project and the results of
that research are indeed incorporated in the processing scheme presented in this chapter.
Although we have no experience of our own with the phase gradient filtering methods, we are,
on the basis of the results reported in literature, confident that the phase gradient method is a
potential (if not the only) method to retrieve the small deformation rates present in Groningen.

In the following first the main requirements of the processing software will be presented.
Following on that the requirements will be detailed. Finally the outline of the algorithm will be
given in the form of functional flow charts as well as a description of these.

The main requirement of the processing software is that it should be able to provide the end
user(s) with an as good as possible estimation of the deformation over a limited area in a
certain period for a profitable price/quality ratio. What a profitable price/quality ratio will be is
to be determined from case to case, since the circumstances will change for each case. This
price/quality ratio depends amongst others on the price of levelling measurements, the
influence of the atmosphere, the rate of the deformation and the size of the area that is
deforming. The size of the area over which deformation can be estimated is for the moment
limited to approximately half the size of an ERS image, i.e. -50x50 km2.

Another important requirement is that the deformation estimation process should make use of
as well satellite SAR data as levelling data. The information content of both data sources
should be merged in such a way that optimal use is made of the positive characteristics of each
of the sources and that negative characteristics are compensated as much as possible. As such,
optimal use should be made of the frequency of observation, resolution and low cost provided
by the SAR data and accuracy and data history of the levelling measurements. The cost of using
the additional SAR data should be compensated by a reduced requirement for costly levelling
data acquisitions.

In more detail the software should also be able to cope with temporal decorrelation that will
occur in SAR interferograms made of SAR images with time differences longer than
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approximately one month. Although it is often impossible to extract deformation data from
areas like agricultural fields which (nearly) completely decorrelate after approximately one
month in the growing season, the software should be able to estimate the deformation from
areas which are not prone to temporal decorrelation such as urban areas.

Phase differences in the interferograms caused by topography in combination with a
perpendicular baseline should be corrected for in the software. The software should be able to
correct for these phase differences in two ways, first by using a digital elevation map (if
available) and secondly by estimation of the topographic errors from the interferograms
themselves. If used in sequence, the correction using the digital elevation map can be used for a
first order correction after which the interferometric estimate can be used to correct for details
which are not available in the digital elevation map (such as the specific height of the radar
reflection in urban areas).

The software should be able to use high accuracy orbits such as the ones calculated by the
Delft University for the correct estimation of the baseline of the interferograms. Residual errors
in the interferograms caused by the (small) errors in these orbits should be corrected for by a
procedure that can estimate the orbital errors from the interferograms themselves.

Finally, the software should, as described above, be able to minimise the effects of the
atmosphere and ionosphere in the interferograms by proper averaging of these errors.

Having set the main requirements for the software, the functional diagrams can be set up in
accordance with these requirements. In the following functional flow charts are given which
describe how the requirements can be met. The total description of the software is split up in
the functional flow charts of the:

• overall process
• database creation
• interferometric processor
• atmosphere/ionosphere and orbital error estimation process
• topography estimation (based on the interferometric information)
• deformation estimation procedure

The last section of this chapter summarises the purpose and status of the identified functional
blocks in the software.

7.1 Overview of the overall process

Input to the overall estimation process are:
• selected single look complex (SLC) images from the SAR satellite (at the moment: ERS)
• levelling data
• a parametric model describing the deformation as a function of time and location
• an initial set of model parameters giving a first estimate of the deformation process (if no

prior information exists these parameters can have default values causing the model to be
'neutral', i.e. giving no deformation)
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• accurate orbit information (calculated orbits from the Delft University)
• possibly a digital elevation model

The output will be:
• an updated set of parameters for a polynomial model describing the deformation of the area

in a certain time frame
• estimations of atmospheric/ionospheric and orbital errors of selected SAR images
• an estimation of the topography as measured by the SAR
• interferograms, coherence images and phase gradient images to be stored in a database for

later use

Functional description
Single Look Complex (SLC) images will be acquired using the SAR satellite over the period of
time over which the deformation has to be estimated and also of a limited period before and
after that time frame (TP-1; in Figure 7.1).

* The codes refer to specific functional blocks in the functional flow charts
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The amount of images necessary for a deformation estimation depends heavily on the
magnitude of the deformation, the deformation rate, the temporal decorrelation and the
atmospheric and ionospheric errors. As such it will have to be determined separately for each
area. For the Groningen area the results in this report have made clear that more than the
presently available 12 images are required in order to minimise the errors caused by the
atmosphere and temporal decorrelation. Gaps in data acquisition such as the 1.5 year
acquisition gap of the ERS-1 satellite severely hinder the accurate determination of the
deformation. Therefore such gaps should be avoided as much as possible.

From these images a database will be created in a way as described later on in this chapter (TP-
2) . In this database the satellite images will be aligned to a common grid that is referenced to
the grid in which the levelling data points are known.

From this database the deformation can then be estimated over the period wanted. To do that a
selection of interferograms created from SLC images in the database will have to be made (TP-
3). The selection of these interferograms will be described later on in section 7.2. These
interferograms will be calculated and the results will be stored in a separate database.

After that the spurious effects of the atmosphere/ionosphere and orbit errors will be estimated
and subtracted (TP-4, see for more detail section 7.4). Also topographic effects will be
estimated and corrected for (TP-5, see for more details section 7.5).

After these corrections, the combined information of the interferograms will be used together
with the parametric model describing the deformation process and the initial set of model
parameters to calculate an updated set of model parameters (TP-6). The updated set of model
parameters can be used together with the model to evaluate the deformation of the area at the
beginning and the end of the period spanned by the interferograms. The difference between
these two evaluations then gives the estimate of the deformation over that period.

The updated set of parameters can be used as an initial set of parameters for estimation of the
deformation in a consecutive time period (TP-7).

7.2 Database creation

In the database creation proces two databases are generated. In the first part a database is
created with SLC SAR imagery all referenced to the same grid. This grid in itself is again
related to the reference system in which the levelling data and model data are known. In this
database as well imagery from ascending, descending as neighboring tracks of the satellite can
be stored. Of course it is only possible to create interferograms between SLC images taken
from the same satellite track. The purpose of using more tracks and/or descending and
ascending tracks is to increase the information through which the deformation can be estimated.
This will eventually lead to higher accuracies because spurious effects such as the effects from
the atmosphere can be averaged out more effectively. Also, in a later stage, the difference in
acquisition geometry of ascending and descending orbits can be used to extend the -in
principle- one dimensional deformation measurement (deformation is by principle only
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measured along the look direction of the radar) to two dimensions. This method is being further
investigated in a separate BCRS project.

IP-2

interferometric
processor

Data base creation

Figure 7.2: Database creation.
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Input:
• SLC images from the satellite
• accurate orbit data from the Delft University
• optionally: a digital elevation model

Output:
• a database with coarse aligned SLC images (typical accuracy 1 pixel)
• a database with selected interferograms

Functional description:
After reading in the tapes/CD's from ESA (DP-1.1), the orbital data in the headers is updated
with the high-accuracy orbit data from the TU Delft. Using this orbit data in combination with
standard alignment tools available in all interferometric processors, the images are aligned on a
common grid (DM.2). This alignment will be based on a nearest neighbour interpolation. As
such, the alignment is not accurate enough to create an interferogram. That is also not the
purpose at this stage. The purpose is to have all the images refer to a common grid rather than
their own slant range/azimuthal grid.

For selected pairs of SLC images in the first database (DB-1) interferograms will be created.
This is performed in the interferometric processor (IP-2), which will be described hereafter.
The output of this interferometric processor is fourfold: it produces three images with reduced
resolution: an interferogram (amplitude and phase), a phase gradient image and a coherence
image. Besides that it also produces a record of auxiliary information on the interferogram. The
images and the auxiliary information are all stored in the second database (DB-2.X).

7.3 Interferometric processor

The purpose of the interferometric processor is to create accurate interferograms, phase
gradients and coherence images and store these in the second database (DB-2) for later use.
This process is, as mentioned before, not performed on all possible interferograms. Only the
interferograms necessary for the deformation estimation will be calculated and stored in the
database.

76



DB-1.3
coarse aligned data

(master)
IP-2.1
input

master/
slave/

DB-1.1
aux. data

DB-1.3
coarse aligned

data (slave) IP-2.2
determination
fine alignment

parameters

IP-2.3
azimuth,

IP-2.4
alignment,

flat earthcorr.
interf.calc.,

IP-2.5.1

read DEM

IP-2.5
DEM

orrectio

IP-2.5.2

execute DEM
correction

DB-2.6
aux. data

DB-2.1
interferogram

IP-2.7

calculate
coherence

DB-2.3
coherence

IP-2.8

calculate
phase gradient

DB-2.2
phase gradient

Interferometric processor stage 2
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Input:
• coarse aligned SLC image from the master and the slave, stored in DB-1
• auxiliary information from both master and slave, including accurate orbit information and

acquisition time and data
• optionally: a digital elevation model

Output:
• an auxiliary information record for this specific interferogram specifying the processing

characteristics
• a complex interferogram in a reduced size through averaging 3 range- and 15 azimuth-pixels

(amplitude and phase)
• a coherence image
• a phase gradient image (x- and y-gradient)

Functional description:
In the first stage the data from the master and slave images are read from the first database (IP-
2.1).
Using standard routines the alignment of these images is precisely determined with an accuracy
better than l/10th of a pixel (IP-2.2). At this stage the non-overlapping parts of the azimuth and
range spectra of the master and slave images are removed (IP-2.3). This will largely increase
the coherence in the resulting interferogram because the incoherent parts are removed by this
filter and only the coherent parts will be taken into account in the calculation of the
interferogram. A disadvantage of these filters is their decreasing effect on the resolution.
However, the initial resolution of the SLC imagery (6 x 20 m) has enough margin to be still
useful for the purpose of deformation measurements over large areas. In stage 2.4 the
alignment, filtering and flat earth correction are applied to the SLC data and the interferogram
is calculated. The processing parameters determined and used in the filters and for the flat earth
correction, are stored in the auxiliary information record in the database. If a DEM is available,
then the phase effects caused by the topography can in first order be subtracted. A second order
topography correction will be applied later as well. The interferogram and this auxiliary
information record are stored in the second database (DB-2) in step IP-2.6.
From the interferogram the coherence will be estimated (IP-2.7). The coherence will also be
stored in the database. From the interferogram the phase gradient will be estimated using the
procedure of section 6.2 (IP-2.8). The methodology of phase gradient estimation is based on a
multi-look method [van den Hout, 1997], which adaptively increases the estimation window
based on the local coherence. In this way serious errors caused by phase noise is prevented.
Finally also the phase gradient of the interferogram is stored in the database.

7.4 Estimation procedure for atmospheric/ionospheric and orbit induced
phase errors

In chapter 5 the distorting effects of the atmosphere, ionosphere and orbit errors (hereafter
referred to as A/I/O errors) were discussed. In chapter 6 a procedure was described with which
these effect could be estimated for a singular SAR image, using a stack of interferograms with
the same master and different slave images. This section describes how the estimation process
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should look like. After the estimation of these errors, the imagery can be corrected for the
spurious effects of A/I/O errors by subtraction of the estimated phase gradient from the phase
gradient of the inteferogram. This correction will be applied in the deformation estimation
process (see section 7.6).
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Input:
• auxiliary information of the available SLC imagery in the primary database (DB-1)
• selection criteria for the estimation procedure
• inteiferograms from the secondary database (DB-2)

Output:
• if the estimation passes the quality assessment: a phase gradient image describing the A/I/O

induced phase effects on a specific SAR image; if it does not pass the quality assessment:
information that the specific SLC image is not suited for deformation estimation.

Functional description:
The purpose of this procedure is the estimation of the phase gradient caused by the A/I/O errors
in a certain SAR image. This phase gradient will be stored in the secondary database to be used
later for correction of these errors. Since the A/I/O errors are very specific for each SAR image,
this estimation procedure will have to be performed on each SAR image which is to be used in
the deformation estimation. Furthermore since the atmospheric and ionospheric induced errors
are the largest source of errors in the deformation estimation, this procedure is of the utmost
importance for the succesful application of the technique.
In order to estimate the A/I/O induced errors for a specific SAR image a selection is made of all
possible interferograms which can be made with this specific SAR image (A/I/O-1). These
interferograms are selected such that the master image is always the image for which the A/I/O
errors will have to be estimated. The slave images should have a short time difference (less than
approximately six months) with the master image. Furthermore, the slave images should
preferably have a time distribution around the master, meaning that equal numbers of slave
images acquired prior to the master and slave images acquired after the master image be
selected. This latter condition is important in case of a time dependent deformation process.
The phase gradient caused by the deformation should not be filtered out by this A/I/O errors
estimation process. This can be circumvented using the described symmetrical time
distribution. Since the procedure is based on estimating the A/I/O errors of the master image by
averaging out the A/I/O errors of all slave images enough interferograms should be available to
perform a proper avarage. How many interferograms are needed is a topic for future research. It
will of course depend heavily on the magnitude of the -to be expected- A/I/O errors in the SAR
imagery and as such also on parameters such as the regional climate and weather conditions.
After a selection of interferograms has been made the secundary database DB-2 is inquired to
determine whether some of the interferograms have already been processed (A/I/O-2.1). If so,
these are recovered from the database (A/I/O-2.1.1), if not they will be created using the
interferometric processor (IP) described above (IP-2).
The phase gradients of these interferograms are put on the phase gradient stack for the purpose
of averaging out all of the A/I/O errors from the slave images. Since the master image is the
same in all the interferograms on the stack, the A/I/O errors of the master are not averaged out.
Weighting is performed using the estimated coherence as guidance for the quality of the area in
the interferogram (A/I/O-2.2).
After stacking all of the interferograms, the resulting phase gradient is assessed by the user of
the system. Interferograms which show an average remaining phase gradient larger than a -to be
determined- maximum, are rejected (A/I/O-4.2). These interferograms most probable suffer
from large A/I/O errors. Keeping these inteiferograms in the database could significantly
influence the final result. The A/I/O errors of the other interferograms are stored in the
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secundary database (DB-2) for later use in the topography and deformation estimation process
(A/I/O-4.1).

7.5 Topography estimation procedure

The estimation of the surface topography is an application of SAR interferometry in itself. As
was shown in section 6.3 the topography shows up as phase differences in SAR interferograms
whenever the perpendicular baseline is not zero. The magnitude of the effect of the topography
on the interferogram is proportional to the perpendicular baseline. Since we have no control
over the perpendicular baseline, also in interferograms which are used for the deformation
estimation, phase gradients caused by topography will show up. In order to prevent these phase
gradients to be mistakenly interpreted as deformations, the topography phase gradients will
have to be removed prior to the deformation estimation process.
The effect of the topography can be removed either by the use of a digital elevation model
(DEM) or by estimation and subtraction of the phase gradient of the topography or by both. If
an accurate DEM of the area exists, one can subtract the phase gradient of the topography
already in the calculation of the interferograms, see procedure IP-2.5.2. However, the usually
available digital elevation models are often created using completely different methods, such as
laser altimetry or levelling measurements. The height in these models represents the surface of
the earth rather than the height at which the backscattering takes place. For instance, in a city,
the DEM height will represent the street level, whereas the radar backscatter height can be
anywhere between the street level and the top of the roofs of the buildings. The differences
between these two heights can range between zero and several tens of meters.
In areas suffering from large temporal decorrelation, like Groningen, the deformation can only
be estimated using the backscattering from long-term coherent targets. It turns out that over a
period of several years only man made targets (houses, factories etc.) remain coherent. As
reasoned above, these objects not necessarily backscatter at the level of the conventional DEM.
So, for accurate correction of the height of the backscattering, the DEM is a first step, but
further correction using the topography determined with SAR is also necessary in order to
obtain the highest possible accuracy in the deformation estimation.
The estimation procedure for the topography is described below.
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Input:
• auxiliary information of all available SAR images in the primary database
• selection criteria to filter suitable interferograms for topography estimation
• selected interferograms in the secundary database
• A/I/O induced phase gradients for each of the master and slave images in the selected

interferograms

Output:
• a phase gradient image describing the topography induced phase gradient for a default

perpendicular baseline.

Functional description:
First a selection of SAR interferograms is made based on the auxiliary information (acquisition
time, baselines etc.) of SAR images which are suited to be used for topography estimation
(TOP-1). The criteria are: a high coherence and therefore a short time difference between
master and slave data acquisition. Secondly a variety of baselines, ranging from a few tens of
meters up to 600 or 700 meter. Further, small A/I/O errors associated with all of the master and
slave images.
After selection of the proper interferograms, the database is requested whether these
interferograms are already available (TOP-2, TOP-2.1.1) or have to be calculated (IP-2).
If A/I/O errors are available they will be directly subtracted from the phase gradient of the
interferogram (TOP-2.2). Otherwise, the A/I/O errors will first have to be estimated using
procedure A/I/O.
After correction for A/I/O errors, the phase gradients of the interferograms are (implicitly)
weighted using the coherence and stacked (see section 6.3; TOP-2.3).
This procedure is repeated until all selected interferograms have been stacked. The resulting
stack is then stored in the database (TOP-3). Using this phase gradient the topographic phase
gradient can be estimated and subtracted from the overall phase gradient of each interferogram
in order to remove the effects of the topography.

Stacking the interferograms as described above has the advantage, that the spurious effects of
the atmosphere and orbit errors on the topography estimation are minimised. Furthermore, the
information on the large scale topography is provided by interferograms with small baselines
whereas the fine details in the topography are provided by the interferograms with large
baselines. The latter interferograms are much more accurate for height determination, but suffer
in areas with large topography from phase discontinuities. For Groningen this latter point is not
of much importance since the topography in the area is very flat.

Having procedures for setting up the databases, calculating interferograms and estimating the
spurious effects of A/I/O and the topography, all tools are now available to start the main job:
the estimation of the deformation. How this can be done is described in the next section.

7.6 Estimation of the deformation

In this final procedure for the estimation of the topography all results of earlier procedures are
combined to make an as good as possible estimation of the deformation of a certain area over a
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period of time. All known spurious phase effects are corrected for prior to the estimation of the
deformation. This procedure will be described in the following:
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Figure 7.6: Deformation estimation procedure.
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Input:
• auxiliary information of all SLC images in the primary and secondary database
• a series of interferograms and their respective coherence and phase gradient images
• for each of the interferograms: phase gradient images for correction of the

atmospheric/ionospheric and orbit error
• for each of the interferograms: a phase gradient image for the topographic correction
• levelling data points (if available)
• a polynomial deformation model
• an initial solution to the deformation model.

Output:
• model parameters describing the deformation of the area within the timeframe of the

interferograms taken into account.

Functional description:
1. First a selection is made for interferograms which are to be used for the purpose of

estimation of the deformation process (DEP-1). The selected interferograms should serve a
number of conditions. First of all the time span between master and slave should overlap for
a large part with the period over which the deformation should be estimated. For instance if
one wants to estimate the deformation in 1998, one should use interferograms with images
starting from the end of 1997 up to the beginning of 1999. Secondly the time elapsed
between the data acquisition of the master and the slave should be large enough for the
deformation to cause a significant effect on the phase of the interferogram. For the
Groningen area, with a small deformation rate of less than 8 mm/yr this period should be in
the order of six months. For other areas, with larger deformation rates, this period can be
shorter. Thirdly, in order to avoid ambiguities, the time span should be no longer than the
time in which the deformation causes a phase change of 180 degrees (which is equivalent
with a deformation of approximately 1,3 cm). And finally, the baseline between master and
slave should be as short as possible and preferably not larger than 400 m.

2. After selecting interferograms with the above mentioned criteria, the secondary database
(DB-2) is inquired whether these interferograms have already been processed (DEP-2.1). If
so, then the phase gradient, coherence and interferogram are recovered from the database
(DEP-2.1.1). If this is not the case, then the interferogram will have to be calculated using
procedure IP-2.

3. Also the A/I/O correction phase gradients will be recovered from the database (if available)
or otherwise calculated using procedure A/I/O.

4. Similarly the phase gradients caused by the topography are recovered from the database or
otherwise estimated using procedure TOP.

5. In step DEP-2.3 the spurious effects from the A/I/O and the topography are subtracted from
each interferogram. The resulting -clean- phase gradient of this interferogram is then added
to a stack in order to be averaged using proper weighting for the deformation estimation
(DEP-2.4). The proper weighting for the deformation measurement is described in section
6.5. In this procedure it is implicitly assumed that over the period of observation the
deformation is approximately linear with time.

6. All steps in process DEP-2 are repeated for each selected interferogram.
7. After adding all phase gradients in the stack, this stack must be unwrapped in order to

convert the phase gradients into phases which can be interpreted in terms of deformation
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(DEP-3). The phase unwrapping of this type of noisy data is a difficult process. For this
purpose a weighed multi-grid method was developed by [Kreuwel 1996; van den Hout,
1997]. This is an efficient phase gradient integration method which is capable of
unwrapping the phase in a robust manner for accidented terrain with coherence values down
to 0.5 and down to 0.3 for non-accidented terrain. Areas with lower coherence than specified
above can be masked out in a weighing mask. The word "multi-grid" in the name of the
algorithm refers to an efficient method of integration of the phase gradients through
processing of the data at several resolution levels in an iterative manner. For more details on
this method the reader is referred to the references.

8. The output of the unwrapping stage is a phase image in which the phase differences are
related to the deformation of the surface. This resulting phase image is used to estimate and
update the parameters of the deformation model (DEP-4). In this process, the result of the
previous deformation estimation is being used as an initial solution (EDB-3).

9. The updated result of the deformation model is in stage DEP-5 compared with earlier
results. The differences are presented to the end-user who can then assess them based upon
information from different sources such as knowledge on location and/or cause of the
deformation. If, for some reason the result is questionable to the end user, a re-assessment
should be made of the interferograms which were selected for the deformation estimation
process. The quality of these interferograms should be assessed again and outliers should be
removed.

lO.Finally the end-result of the deformation estimation process, being the model parameters
describing the deformation over this period are stored in the third database (DB-3), together
with the auxiliary information which describes how this information was obtained.

This completes the functional description of the foreseen software set-up. In the next section
the present status of the functional software blocks is assessed.
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7.7 Status of the software

This section assesses the purpose and present status of the identified functional blocks in the
flow charts of the deformation estimation procès. An overview in the form of a table is
presented in appendix B, where each of the functional blocks is listed and categorized using the
following codes:

status status description
code
"F" (final), code is available in commercial software
"P" (prototype), a prototype of the software is available. This s/w quite often has been

written in fourth generation programming languages such as MATLAB. Some
experience has been gained with these prototype software using representative data.

"E" (experimental), code is available in an experimental form. Some limited tests have been
performed.

"n.a." (not available), no code exists for this part.

The following table summarizes the result of the status assessment:

total nr. of functional blocks
nr. of blocks rated "F"
nr. of blocks rated "P"
nr. of blocks rated "E"
nr. of blocks rated "n.a."

IP
13
12
1
0
0

A/I/O
6
3
0
1
2

TOP
5
2
0
2
1

DEP
9
2
2
2
3

It can be said, that "final" software exists for some of the well defined processing blocks such
as the reading and writing of tapes and CD's, the processing of the SLC images to
interferograms and the creation of databases. These are all functionalities of presently available
commercial interferometric processor software packages. Within this project use was made of
the PCI INSAR software which was developed by the university of Stuttgart. Half-way through
the project the support for this software package was withdrawn by PCI. The new
interferometric software supported by PCI is now based on the IFSAR processor which was
developed by Atlantis corp. (Ottawa, Canada). At this stage of the project this switch of
supported software does not make a big difference since the functionality of both software
packages is very similar. The new IFSAR software is in certain aspects even more advanced
than the INSAR software. With time more interferometric processing packages become
available which all share the necessary basic functionalities. In a later stage a definite choice
will have to be made for the interferometric software which is most suited to be integrated into
our deformation estimation software package. Then of coarse, the continuing support of the
provider becomes an important factor.
For some of the key processes like the deformation estimation in itself, "prototype" software
exists in the programming language "MATLAB". Since the data used in this project could not
be corrected for A/I/O errors and fine scale topography, this software could not be tested



thoroughly because the results were too poor to give proper feed back on the process. Therefore
also for the prototye software some further development and fine tuning is needed. After that
the prototype software will have to be re-designed in order to be integrated with the other parts
of the deformation estimation software.
Some "experimental" software exists for parts of the A/I/O estimation proces and the
topography estimation. These are mainly software routines which were initially developed for
the purpose of phase unwrapping interferograms. After some modifications the routines turned
out to be also very suitable for the stacking of interferograms which is a central part of all of the
(A/I/O, topography and deformation) estimation processes. Within the scope of the present
project these routines could not be converted to "prototype" software. Therefore only very
limited experience is gained sofar with these routines.
The blocks listed as "not available" are mainly those functional blocks which are supposed to
bind together the other essential functional blocks. They will have to be written once the
present, isolated, routines are going to be integrated into a total software package.



8. Conclusions and recommendations

In this report research has been described towards the application of interferometric,
spaceborne SAR techniques for the measurement of deformation of the surface of the Earth
under difficult circumstances. The difficulties referred to here are the size of the deformation
(less than 1 cm/yr) in combination with a humid climate that causes large atmospheric effects in
the interferogram and large temporal decorrelation in the interferogram.

The primary conclusions of the research are the following:

1. Even with the analysis of the 3-year timeseries of interferograms, the phase effects in the
interferograms caused by the deformation in the province of Groningen are too small to be
measured in the presence of the large atmospheric effects and temporal decorrelation. Proper
filtering techniques which can distinguish between signals from the deformation and those
from spurious effects are necessary.

2. Atmospheric signal in SAR interferograms remains one of the major sources of error. Case
studies reported here show that 86 percent of the interferograms over the Netherlands
include atmospheric signal which exceeds 1.5 cm of equivalent vertical deformation. This
study shows that the distribution of water vapor is the dominant driving force causing
coherent phase changes. It also shows that standard meteorological observations can be used
to estimate the type and magnitude of the expected anomalies. Similar scaling behavior is
observed for most cases, which could be used for future error estimation.

3. Temporal decorrelation is a major problem in SAR interferometry. However, patches of
coherence can be observed in interferograms even over more years, mainly corresponding to
urban areas and man-made features in general. This information can be very stable in time,
and it is in principle possible therefore, by connecting these patches, to determine their
relative vertical displacement.

4. With proper weighting and stacking of interferograms, filters can be created which
distinguish deformation signals from atmospheric errors, residual orbital errors and errors
caused by topography. Based upon this a methodology was developed which can be used to
develop algorithms to determine the deformation in adverse circumstances.

6. In our approach we used levelling measurements in order to create an emprical model for the
deformation process. It was foreseen that the model parameters could be updated more
frequently using SAR inteferometry, thereby reducing the demands on the frequency of
costly levellings. Because of the quality of the deformations derived from the
interferograms this approach could not be verified.

The following secundary conclusions can be drawn:

1. Concerning the severe temporal decorrelation:
a) Methods have to be developed for patch-unwrapping. Over long time intervals,

decorrelation causes deterioration of most of the land surfaces. Only small
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patches with a relatively high coherence are useful for the analysis of
deformation processes. Although phase unwrapping is relatively
straightforward inside these patches, the relation between different patches is
characterized by an integer cycle ambiguity. In combination with atmospheric
signal, which can easily yield localized phase biases with a magnitude of a half
phase cycle, the "patch-unwrapping" becomes ambiguous. In terms of error
propagation, this effect causes the combination of a probability density function
for the float-phase-solution and a probability mass function for the integer
solution.

b) The "patches" approach for long term interferometric SAR requests a certain
number of images in order to be applied: the database of interferograms should
be as large as possible

c) Not all the features showing high coherence are sufficiently phase stable in
time. In order to select them, their interferometric characteristics have to be
examined in a series of interferograms. So again: it is essential to have as much
interferograms as possible.

1. Concerning the atmospheric effects:
a) Simultaneous meteorological observations must be used in order to obtain some

coarse a-priori information on the state of the atmosphere during the SAR
acquisitions. SAR data have to be weighted before being used in a stacking
procedure as described in this report. Weighting needs to be based on baseline
considerations, as well as the predicted amount of atmospheric disturbance. The
main atmospheric parameters for this weighting are temperature, water vapor,
and convectivity. Surface temperature can give some initial indication on the
amount of water vapor the atmosphere can hold. Water vapor distribution and
convectivity measures can be infered from cloud observations (surface
observations or spaceborne radiometry), precipitation, and wind direction.
Power-law behavior of atmospheric signal can be used to assess the covariance
between resolution cells with a specific distance.

2. Concerning the data, data processing and filtering techniques:
a) The orbit changes of the ERS-1 satellite have a large impact on the ability of

the ERS-1 to measure slow deformation processes through discontinuities in the
interferometric observations.

b) The primary idea to create interferograms by combination of two slave images,
each co-registered on a common master image, did not work out as expected.
Coherence losses were too high, due to, amongst others, the necessary
interpolation of each of the images forming the interferogram. Each
interferogram which will be used in the determination of the deformation will
therefore have to be processed and filtered separately (interpolation of the slave
image only). This increases the coherence of the interferograms at the cost of a
significant increase of processing time. A methodology to do this was
described.

c) By using proper stacking techniques, the topography can be estimated carefully
and phase effects from topography can be subtracted from the interferograms.
For topography determination one should use preferably (highly coherent)
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tandem pairs, together with interferometric pairs with baselines between 100
and 300 m (to avoid baseline decorrelation but remain sensitive enough to the
topography) and with elapsed times between acquisition of master and slave
less than 40 days (to avoid temporal decorrelation).

d) The phase unwrapping algorithm used [van den Hout, 1997] causes boundary
errors in the resulting unwrapped image. The boundaries are caused by the
limited size of the sub-areas of 257x257 pixels.

e) Errors caused by the applied method for interpolating the Single-Look-
Complex data have a modest effect on the final solution. However, as temporal
decorrelation deteriorates the obtained interferograms significantly, optimal
interpolators need to be used. It is shown in this study that 6-point cubic
convolution kernels have sufficiently good characteristics in terms of the
efficiency and accuracy.

f) A stochastic model should be used in combination with a functional model
(describing the relation between the unknown deformation parameters and the
phase measurements) in order to assess also the accuracy of the deformation
measurement. The stochastic model will have to be created using proper error
propagation models.

Recommendations

The research conducted has shown that the determination of the deformation in the province of
Groningen with interferometric SAR techniques is not feasible without the application of
dedicated filters which can separate the small deformation signal from disturbing effects from
the atmosphere, orbits and topography. In this report a method to develop such filters has been
described. It is therefore recommended to proceed with the implementation of these filters and
an assessment into their effectiveness.

It is furthermore recommended to evaluate and improve this INSAR technique, including the
mentioned filters, at first in an area with similar atmospheric effects, but a larger deformation
rate than the province of Groningen. In a second stage the data from Groningen can be re-
assessed using the improved methodology.

In order to determine small deformation signals like the signals in Groningen, in the presence of
large disturbing effects from the atmosphere, as much SAR imagery should be acquired as
possible.

In order to obtain deformation maps from radar interferometry and assess its feasibility for
specific subsidence processes, it is necessary to develop stochastic models which correctly
describe local and spatial variance of the data. An important part of this model consists of
stochastic expressions of the atmospheric behavior on different scales.

GPS measurements can be used to probe the atmospheric propagation delays, thus giving an
indication of the influence of the atmosphere on SAR images This indication can then be used
to assign a weight to the specific SAR image used in the deformation estimation chain.
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It should be communicated to the European Space Agency, that long duration orbit changes
(longer than a few months) severely decrease the ability of the satellite to monitor slow
deformation processes. For the same reason systems with many operating modes (e.g., ASAR)
should be operated in a single mode as much as possible. Every change of the system from
master to slave acquisition decreases the coherence.

The question arises which frequency is better for interferometry, C-band (ERS: 5.66 cm
wavelength) or L-band (JERS: 23.5 cm). The following observations can be made:

1. The coherence increases with larger wavelengths, because the 'relative size' (importance)
of a certain movement decreases with larger wavelengths. So small movements (e.g., of
grass) influence the coherence less at larger wavelengths.

2. A second additional coherence increasing effect is the larger peneration depth at longer
wavelengths: the backscatter originates for a larger part from the more static lower layers
(instead of the upper layer) compared to shorter wavelengths.

3. Accurate phase measuments are easier the shorter the wavelength, because for equal radial
displacements the phase increases with decreasing wavelength (example: a radial 1 cm
movement generates a 2.2 rad in a C-band, but only 0.53 rad in an L-band interferogram).
Larger phases are easier to measure because of their larger signal to noise ratio (SNR).

4. Deteriorating effects in the troposphere do not differ for C- or L-band. Shorter wavelengths
are better due to ionospheric properties, but the influence is unimportant in practice.

Item 1 and 2 are in favour of an L-band system, item 3 is in favour of a C-band system, and
item 4 has no influence. Because lack of coherence (item 1 and 2) is a larger problem than a
bad SNR (item 3), L-band is to be preferred. It is obvious that even an L-band system cannot do
without good quality orbit data.
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APPENDIX A - BACKGROUND AND PHYSICS OF
ATMOSPHERIC SIGNAL

The standard interferometric repeat pass configuration is shown in Figure A. 1. At positions 1
and 2, a phase measurement is made for a specific resolution cell. If the baseline B between the
two antennas is divided into a perpendicular component B± and a parallel component BH, these
phase measurements can be written as

Vi -~T^i and (A>1)/i

4n

where RI is the slant range, measured by the propagation time of that resolution cell, and A. is
the wavelength of the signal. The far field approximation is used, implicating that the look
angle 0 is considered equal for sensor 1 and 2. No surface deformation terms are included in
these equations.

The interferometric phase (p of the resolution cell is found by multiplying the complex value of
image 1 with the conjugated complex value of image 2, which yields a phase difference

47T
c> = Vi-V 2 =—J-^i (A.3)

A value for B n can be found using the geometric relationship

£„ =5sin(0-a), (A.4)

where a is the orientation of the baseline with length B.
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Bpar

Figure A. J (left): Interferometric configuration.
Figure A.2 (right): A localised inhomogeneity

The relationship with the topographic height is found using the height H of sensor 1 above a
reference surface, i.e., a best fitting ellipsoid. The sensor height is given by H=R, cos 0. The
slant range R], however, cannot be used to uniquely determine the position of the resolution cell
on earth, see Figure A. 1 .Therefore, the change in look angle dQ related to the topographic
height dH needs to be determined from the interferometric measurement, using dH= -R,
sinQdQ

A change in look angle dQ yields a slight difference in the parallel baseline dB»,

(A.5)

which is related to the observed change dq> in the interferometric phase:

—
A,

(A.6)

Using these equations, the relation between d(p, which is the measured phase difference
between the reference phase and the observed phase of the resolution cell, and the topographic
height dH, which is the height difference between a reference ellipsoidal height and the height
of the resolution cell, can be written as

dH =
R, sin0

Bcos(Q-a)
d(p =

B,
-d(p (A.I)
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The topographic height is therefore inversely proportional to the perpendicular baseline Bj_.

A.I The influence of an atmospheric inhomogeneity

The slant ranges in Eqs.(A.l)and (A.2) are determined using the travel time t of the signal and
the velocity of light c, with

R = Tc/2. (A.8)

However, since the true velocity v of the radio waves in the atmosphere is slower than the
velocity of light in vacuum c, an additional atmospheric delay term needs to be added, which
can be translated to an (imaginary) excess distance &Re

47C
W\ = ~r(Ri + ^Re, ), and (A.9)

A

.

Typical values for the excess distance are 2.5-3 meters. In the interferometric phase, cf.
Eq.(A.S), this results in

ç = — (-*, + Mel - Me 2). (A.10)
A

Assuming that the atmospheric delay is homogeneous for the whole SAR scene, the
consequence of these excess distances is limited to a biased interferometric phase. As noted in
Eq.(A.6), the main interferometric observable is a phase change, dq>, and therefore the
atmospherically induced bias is eliminated.

However, the assumption of a homogeneous atmosphere is not valid for most of the areas in the
world, were mixing processes cause localised temperature and humidity gradients, hereby
inducing local differences in signal delay.
Figure A.2 shows the same configuration as Figure A.I with a localised atmospheric
inhomogeneity at the time of the first SAR acquisition. It is assumed that the inhomogeneity is
characterised by an increase in refractivity. This results in a slower propagation velocity, or an
increase in the excess distance A/?e,7, with respect to the reference phase. Using Eq.(A.7) and
Eq.(A.lO), the interferometric phase can now be described by

In the example of Figure A.2, d&Re,2=Q, and therefore a localised signal delay at the first SAR
acquisition will result in a positive phase change in the interferogram. A similar effect during
the second SAR acquisition would cause a negative phase change. In contrary to the phase sign
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resulting from topographic height, atmospheric phase signs are independent of the parallel
baseline. Eq.(A.l 1) clearly shows that the influence of localised signal delays on the
interferometric phase is not related to the perpendicular baseline, in contrary to topographic
height.

If the value for dH in Eq.(A.l 1) is obtained from an a priori reference elevation model, the first
term in the brackets is known, and the topographic phase can be subtracted from the total phase,
leaving

dq> = —(d&R ,-dAR 2), (A.12)
A

which is referred to as the differential interferogram. This equation describes the response of
the interferometric phase q> on a signal delay AReii, for image i. It shows that, due to the relative
character of the observations, it is only possible to measure spatial variations in signal delay.

A.2 Signal delay

The influence of the atmosphere on electromagnetic waves in the microwave band (1-30 GHz)
can manifest itself in two forms [Hall et al., 1996], if we limit ourselves to earth-space
configurations. First, there are the clear air effects of atmospheric gases and their associated
refractive index changes, like signal delay, ray bending, absorption, reflection, and tropospheric
scattering. Secondly, there are the effects of liquid and solid particles (clouds, precipitation,
aerosols), like attenuation, cross polarisation and scattering.

For radio signals propagating through the atmosphere, the velocity and ray curvature is affected
by variations in the refractive index n along the path. The refractive index is only slightly
higher than the vacuum value (n=l), and therefore often the scaled-up refractivity, N, is used,
where N=(n-l)l06. In the following sections, the refractivity is expressed for the neutral
atmosphere and the ionosphere. Since the neutral atmosphere cannot be modelled as a clear gas
only for the purposes of this study, we will discuss the influence of clouds and precipitation as
well.

A.2.1 The refractive index

For radio frequencies up to 30 GHz in the troposphere, the refractivity N can be written as
[Smith and Weintraub, 1953]

_ ' e e

where P is the total atmospheric pressure in mbar, e is the partial pressure of water vapour in
mbar, and T is the absolute temperature in degrees Kelvin. The constants kj, k2, and k3 have
been first determined by [Smith and Weintraub, 1953].

[k,= 77.6 K mb'1, k2 = 23.3 K mb'1, and k3 = 3.75-105K2 nib'1].

These constants are considered to be accurate to 0.5 % of N. The first term at the right hand
side of Eq.(A. 13) is often labelled as the "dry' delay, the two other terms as the "wet' delay.
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At saturation, the partial pressure of water vapour is typically less than 2.5% of the total
atmospheric pressure, as given by the Clausius-Clapeyron equation. For a temperature 7=20°C
this equation yields the saturated partial water vapour pressure es =23.7 mbar. A standard total
atmospheric pressure P=1013 mbar would now give the following components for Eq.(A.13):
N= 268.3 - 0.5 + 103.5 =371, or (72% -0.1% + 28%). Using the total atmospheric pressure in
the first term at the right hand side we can estimate the one-way range delay in zenith direction
using a simple barometric measurement.

The refractive index of the ionosphere can in first order be expressed by [Jakowski, 1992} :

40.28
n = l- —EC, (A.14)

where EC is the content of free electrons per cubic meter, and ƒ is the frequency of the signal.
Note the dispersive (frequency dependent) character of the ionospheric refractive index, as
opposed to the non-dispersive neutral atmosphere.

A.2.2 The range error

The difference between the measured radio range Re and the true slant range R0 is called the
range error A/?e, with

R = R 0 + A R . (A.15)c \J t

The total range error in Eq.(A.15) is given by [Bean and Dutton, 1968]

H ,,

AR =10"6f dh. (A.16)J
0 cos0

where N is the refractivity and O is the radar look angle. The omission of factor 10" and the
integral over dh gives a convenient rule of thumb:

N
ARe [in mm] = [per km] (A. 17)

cos©

where the factor N can be used as an approximation for the one-way path delay in mm, per km
of signal path.

Using Eq.(A.lS) in Eq.(A.16), we find

1 r\~6 // H10 r r , e i
l

The first term in the brackets is only dependent of the total density, and can be integrated
assuming hydrostatic equilibrium. The total surface pressure P, can be written as
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where gm is the approximate local gravity at the centroid of the atmospheric column
[Saastamoinen, 1972], given by

gm =9.784-(l-0.0026cos2<p-0.00028z0) [m/s2], (A.20)

dependent of surface height zo and latitude (p. Using this quantity, we can write the
first term of Eq.(A.lS) as the zenith (0=0) hydrostatic delay (zhd):

AK.^MO-6 —/>, (A.21)
o m

Using these parameters, and a surface pressure Ps measured with an accuracy of 0.4 mbar or
better, this delay can be predicted with an accuracy of 1 mm or better [Bevis et al., 1996]. For
this study, M<,,zhd=2.275-10"3 P,

The second term, the wet path delay, is dependent on the water vapour density and the
temperature along the ray path. Without the term for the look angle, the zenith wet delay (zwd)
is

H

ï2~ + k^)dh (A.22)
\>

This expression can directly be used for computing A/?ejZwd from radiosonde observations [Bevis
et al, 1996]. Note that the water vapour density along the ray path is difficult to measure by
traditional meteorological surface measurements, since there is little correlation between the
water vapour density at the ground with that at higher altitudes, or at other positions
horizontally [Reber and Swope, 1972].

For the range error caused by the ionosphere we find using Eqs.(A. 14) and (A. 16):

(A'23)

Note that an increase in the number of free electrons per m2 causes an advance of the signal.
The integration of the free electron density EC along the ray path represents the total electron
content TEC, per m2. Therefore we can express (A.23) as

-40.28

The range error for the ERS SAR frequency can now be approximated by

AK,,«™ = -0-015 • IQ"16 • TEC. (A.24)

with TEC values vary between 0 at night to 20 • 1016 m"2 at the minimum of the solar
cycle to 100 • 1016 m"2 at the maximum of the solar cycle, which corresponds to
maximum delays of -30 cm and -1.5m respectively.

Using the Eqs.(A.21) , (A.22), and (A.24), the total clear air radio delay is found to be:

103



tM + A* „„„ + A/?,,„„„ . (A.25)

The radio delay effect of clouds is not as well accepted as the clear air components of the delay.
This uncertainty is based on (a) the fact that droplets induce a forward scattering effect, which
is frequency dependent, and (b) only theoretical studies have been published so far. However, it
is well accepted that the effect of water vapour strongly exceeds the effect of droplets. It is
possible to approximate the dielectric refractivity of clouds to within 1% [Solheim et al., 1997]
as:

AU* =1.45- W (A.26)

where Wis the liquid water content in the cloud, expressed in g/m3. Eq.(A.lV) can be used to
determine the additional delay A/?CjC,oud caused by the liquid water in clouds:

[in mm] = - W [per km]. (A.27)

Note that cloud droplet refractivity is in fact dispersive. However, since the dispersive
part of the refractivity is much smaller than the non-dispersive part it can be ignored
for C-band frequencies.

Table A..1: Liquid water content in clouds, after [Hall, et al., 1996] and [Bean and Dutton,
1968].

Type of cloud
Stratiform clouds
Small cumulus clouds
Cumulus congestus and cumulonimbus
Ice clouds

Liquid water content [g/m3]
0.05-0.25
0.5
0.5-2.0
<0.1

Zenith delay mm/km]
0.1-0.4
0.7
0.7-3
<0.1

Table A..1 shows the zenith delay for four cloud groups. For repeat pass SAR interferometry,
stratiform clouds and ice clouds do not cause large phase disturbances, due to their large
horizontal extent and small additional delay. However, especially the cumulus type of clouds
can result in significant additional phase delay, as they have a relatively limited horizontal size
combined with a large vertical height and liquid water content.
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APPENDIX B - PROCESSING SOFTWARE DESCRIPTION

This appendix summarises the functional blocks of the deformation estimation processing
software set up. It also provides an overview of the databases used in the software set-up.

Table B.3 summarizes the description and status of the functional software blocks. The first
column refers to the flow chart (DP, A/I/O, TOP and DEP). The second column gives the
subcode of the functional element as used in the flow chart and as referred to in the text.
Column 3 gives the name, column 4 the purpose and column 5 the status, hi the status column
the following coding is being used:

Table B.2: Coding explanation.

code descri£tion
"F' (final), code is available in commercial

software
"P" (prototype), a prototype of the software

is available. This s/w quite often has
been written in fourth generation
programming languages such as
MATLAB. Although experience exists
with these prototype software, it has not
been tested thoroughly.

"E" (experimental), code is available in an
experimental form. Some tests have been
performed, but this is only limited.

"n.a." (not available), no code exists for this
part.
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Table B.3: Description and status of the functional software blocks.

Main
code
DP

A/I/O

subcode name

Interferometric processor
.1 Stage 1 interferometric

processor
1.1 Input
1.2 Coarse alignment

2 Stage 2 interferometric
processor

2.1 Input master / slave / aux
2.2 Determination fine alignment

parameters

2.3 Azimuth / range filtering

2.4 Alignment / flat earth
correction / interferogram
calculation

2.5 Optional: DEM correction
2.5.1 Read DEM
2.5.2 Execute DEM correction

2.6 Save interferogram

2.7 Calculate coherence

2.8 Calculate phase gradient

Atmosphere/Ionosphere/Orbit
error estimation
Selection of interferograms for
A/I/O

2 Stacking (averaging) procedure
2.1 Reading and calculation of

interferogram

2.2 Weighed phase gradient
stacking

3 Quality assessment

purpose status

creation of interferograms
Creation of intermediate F
database
reads ESA/SLC imagery F
reads accurate orbit, aligns F
images with 1 pixel accuracy,
creates database-1
creation of interferograms,
phase gradients, coherence in
database-2
Input data from database-1 F
Procedure to determine relative F
position of slave to master with
1/10 pixel accuracy
Improvement of coherence F
through filtering
Interpolate slave on master; F
calculate interferogram; correct
for flat earth phase trends

F
F
F

Read DEM from EDB-2
Subtract topographic phase
from interferogram
Saves aux. data and
interferogram to DB-2
Calculation and storage of the
coherence of the interferogram
Calculation and storage of the
phase gradient of the
interferogram

Select a number of possible n.a.
interferogram for A/I/O error
estimation based upon certain
criteria

Read interferogram from F
database or calculates it if
necessary
Creates a stack of the selected E
phase gradients of the
interferogram.
Visual inspection of the n.a.
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4 Selection
4.1 Store phase gradient in

database
4.2 Remove master from database

TOP Topography estimation
procedure

1 Selection of interferograms

2 Creation of the stack
2.1 Input and creation

2.2 A/I/O correction

2.3 Weighed phase gradient
stacking

3 Store topographic gradient

DEP Deformation Estimation
Procedure

1 Selection of interferograms

2 Creation of the stack for the
deformation estimation

2.1 Exists in database

2.1.1 Input from database

2.2 Estimation of phase corrections
for the atmosphere and the
topography

2.3 Correct interferogram

2.4 Add to stack

resulting phase gradient stack.

for other images the phase
gradient is stored in DB-2.4
Images with large A/I/O errors
are removed from the database
1;

Selection of interferogram
suited for calculation of the
topography

Input interferogram from
database 2 or create using the
processor
Correct master and slave for
respective A/I/O errors
Add the phase gradient of the
interferogram to the stack
Store the resulting and
averaged phase gradient stack
in database 2.5

Selects a number of possible
interferograms on certain
criteria for deformation
estimation

selects input from database or
creation by the interferometric
processor
reads interferograms, phase
gradient and coherence from
DB-2

Subtracts the phase gradients
from A/I/O and topography
from the interferogram's phase
gradient
Adds the corrected phase
gradient of the interferogram to
the deformation stack

n.a.

E

E

F

n.a.

n.a.
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5.1

Unwrap deformation stack

Estimate model parameters

Compare result with earlier
solutions

Edit the selection

Converts the averaged
(stacked) phase gradient from
the stack to a phase image
Estimation of the parameters of
the deformation model with the
stacked phases
Quality control by the end user,
comparison of deformation
with earlier results and other
sources
Adjust the selection of
interferograms if considered
necessary

n.a.

Table B.4 gives an overview of the database structure for each of the three databases as well as
the three external databases.

Table B.4: Database structure overview.

Description

Database 1 :

Database 2:

Database 3:

Ext. Database 1:

Ext. Database 2:

Ext. Database 3:

Ref.code

DB-1.1

DB-1.2

DB-1.3

DB-2.1

DB-2.2

DB-2.3

DB-2.4

DB-2.5

DB-2.6

DB-3

EDB-1

EDB-2

EDB-3

Content(s)

auxiliary information on the SLC images in the DB

accurate orbit information on the SLC images

coarse aligned SLC images, aligned with 1 pixel accuracy

interferogram phase + amplitude

phase gradients

coherence

A/I/O phase gradients

topography phase gradient

auxiliary information on

History of model parameters

Accurate orbital data

Digital Elevation Model

Levelling data

Size

< 1 Mb/image

< 1 Mb/image

+/- ISOMB/image

2 MB interf.

2MB / interf.

1 MB / interf.

2 MB/interf.

1 MB

< 100 kB

<1 Mb

< 1 kB/image

100MB

<10MB

Format

PCI

PCI

PCI

PCI

PCI

PCI

PCI

PCI

PCI

PCI

PCI

t.b.d.

PCI

Medium

Disk

Disk

CD ROM

Disk

Disk

Disk

Disk

Disk

Disk

Disk

Disk

CD-ROM

Disk

108



The User Support Programme 1996-2005
(USP-2) is implemented under the responsib
of the Netherlands Remote Sensing Board
(BCRS) and the Space Research Organization of
The Netherlands (SRON).

The objectives of the USP-2 are: to support
Dutch users of information from future European
earth observation systems in the development of
applications for operational and scientific use; to
develop the required national infrastructure and
to support users in developing countries with
applications for the purpose of sustainable deve-
lopment, in connection with activities carried out
by ESA and EUMETSAT.

The USP-2 is financed from the national space
budget. During the period 1996-2000 the USP-2
element under the responsibility of the BCRS is
executed in connection with the National
Remote Sensing Programme 1996-2000.
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