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Abstract
Interferometric synthetic aperture radar (InSAR) coherence imagery is a powerful
tool for surface random change detection and environmental monitoring. In this
study, the methodology of InSAR coherence imagery has been investigated,
developed and evaluated through several case studies in the Sahara desert, Algeria
and southeast of Spain, using ERS-1/2 SAR data.
InSAR coherence imagery in the Sahara desert reveals various active surface
changes in hyper-arid, flat and stable regions, such as movement of sand dunes,
ephemeral lakes, river channels and human activities, which are not well detected by
other remote sensing methods. An anomalous case in a gully area leads to the study of
topographic decorrelation and the development of a new analytical technique: ratio
coherence imagery. A modified spatial decorrelation function of baseline and terrain
slope explains the total topographic decorrelation phenomenon occurring within a
slope range defined by critical terrain slopes where two SAR signals decorrelate
completely regardless of surface stability. The ratio coherence imagery can
discriminate spatial decorrelation from temporal decorrelation effectively to improve
the accuracy of coherence imagery interpretation.
As a more challenging application for InSAR coherence imagery, the study in
semi-arid, mountainous and actively eroding regions in Almeria, Spain provides
evidence of rapid erosion on unconsolidated marls and human-disturbance from
massive cultivation. Decoherence features with rainfall events in Granada, Spain
reveal complicated relationship between coherence and various environmental factors
such as vegetation, wind, surface moisture and erosion. The Granada case study
triggered the concern of topographic phase fringe effect as a nonstationarity source to
degrade coherence. This effect is numerically analysed, and a new method is
developed for topographic phase-free, unbiased coherence estimation by using multipass differential InSAR (DInSAR) technique. This methodology produces a new byproduct of DInSAR, so called the differential coherence in addition to the differential
interferogram. An example shows up to 16% coherence enhancement selectively on
steep slopes.
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Chapter 1: Introduction

1.1 The Problem Definition
Detection of environmental changes of the land surface is important to understand
and predict the global ecosystem processes and to either avoid or minimise the
potential of catastrophic environmental changes. Spaceborne remote sensing
technologies provided the massive amounts of geo-spatial data required for
characterising the changing ecosystem processes. The recent development of radar
remote sensing technologies enabled scientists to view natural and manmade
environmental changes with an aspect different from optical multi-spectral and
thermal sensors. One such tool is synthetic aperture radar.
Synthetic aperture radar (SAR) is an active microwave imaging method. It
provides cloud-free, all weather, day and night mapping of the scattering properties of
the target surface. It achieves very high resolution from sophisticated system
configuration and considerable amount of signal processing. SAR images from
various systems have contributed to the understanding of the Earth and planetary
surfaces using a different imaging geometry and spectral range from conventional
optical sensors (Bamler and Hartl, 1998).
By combining multiple SAR images of a target area, interferometric synthetic
aperture radar (InSAR) configurations can be achieved. Over the past decade, SAR
interferometry has successfully demonstrated, with unprecedented spatial detail and
scale, its potential in various applications, such as measurement of terrain elevation,
surface motion and deformation, and detection of random land surface changes. SAR
interferometry has been mainly used to obtain accurate and cost-effective surface
digital elevation models (DEM). One such is the recent US spaceborne single-pass
SAR interferometer, Shuttle Radar Topography Mission (SRTM), from which a
global DEM can be produced from interferometric SAR data collected during 11 days
orbital operation in March 2000 (Hilland et al., 1998). Coherent surface movement
can also be detected within an accuracy of a fraction of radar wavelength using
14

repeat-pass SAR acquisitions, which is called the differential SAR interferometry. It
has been used to reveal the co-seismic displacement field (Massonnet et al., 1993;
Zebker et al., 1994a), ice motion (Goldstein et al., 1993), and volcanic deflation
(Massonnet et al., 1995; Rosen et al., 1996), and land subsidence (Massonnet et al.,
1997) within a resolution order of mm to cm.
These achievements of SAR interferometry depend on the phase information from
the complex (real and imaginary, I/Q) cross-correlation of two radar acquisitions of
the same area. Besides the phase information, the amplitude information of this
complex cross-correlation is called coherence. Coherence is a statistical measurement
of the similarity of the radar interactions with the target surface between two SAR
acquisitions. Coherence is sensitive to the surface change so that a half of one
wavelength’s rms (root mean square) change in radar phase will result in total loss of
coherence. Therefore, coherence is a valuable information source with potential for
surface stability study and classification.
Compared with the considerable achievements from study of interferometric SAR
phase information, studies of the interferometric SAR coherence imagery are so far
less reported. The coherence images were initially considered useful only to verify
the quality of interferograms for phase-based applications. The potential of the
interferometric SAR coherence imagery as a powerful tool for random surface change
detection was recognised relatively recently (Ichoku et al., 1998; Liu et al., 1997).
There are several different aspects of InSAR coherence imagery that make it a
more challenging technique for applications compared with other applications of
InSAR techniques such as DEM generation and coherent surface motion
measurement.
Firstly, surface stability and thus coherence is a statistical measurement of
“random” processes while topographic or displacement phase field are the
measurements of “deterministic” values. The physical representation of true
coherence is the temporal stability of dielectric properties and structure of the surface
scatterers. However, coherence derived from the real SAR data is only an estimation
of the true coherence. This fact diversifies the methods for generating coherence
images in both the definition and the approaches of estimation. For example,
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coherence can be defined and estimated in several ways, using either SAR intensity
data or complex data, though the coherence defined as the complex correlation
function gives the most comprehensive information about surface physical stability.
Secondly, because of the nature of SAR data acquisition, that is a single
measurement (sample function) of a random physical process, statistical ensemble
averaging over multiple sample functions for coherence estimation should be replaced
by spatial (or time) averaging over neighbouring pixels in the single sample function
under the assumption of stationary and ergodic random processes. However, these
assumptions are not always valid with real SAR data. For instance, one of the most
technically competing sources of nonstationarity is the topographic phase that tends
to reduce the coherence estimation in a high relief area at a false assumption of
stationarity. Therefore, topographic phase should be removed to satisfy the stationary
and ergodic conditions for the unbiased coherence estimation. As the methods
published so far to tackle the problem are not satisfactory, a more systematic and
reliable method needs to be developed in order to make reliable interpretation of land
surface using coherence image.
Thirdly, the statistics and source of decorrelation that governs coherence imagery
should be better understood. There are several different sources of decorrelation
which can mislead the interpretation of coherence images. Without an understanding
of decorrelation factors, the interpretation of coherence imagery for land surface
random change would be hindered by the factors other than temporal decorrelation. In
fact, a thorough understanding on the decorrelation sources is essential not only for
temporal surface change detection using InSAR coherence imagery but also for other
interferometric SAR techniques.
The typical sources that reduce the coherence level are the thermal noise of the
sensor, temporal surface change, baseline separation, local terrain slope and phase
aberration during image processing. Much effort has been made to reveal the nature
of these decorrelation factors but further investigation is needed to understand them
fully. In particular, spatial topographic decorrelation needs further investigation. In a
side-looking and ranging SAR system, total loss of information along the
foreshortened and layover slopes happens in mountainous areas. A consequence is the
total topographic decorrelation on these slopes in the SAR interferometric products,
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which is a major obstacle in InSAR applications. For DEM generation using
interferometry and deformation measurement using differential interferometry, the
main technical difficulty is the phase unwrapping. Much research in this field is
concentrated on finding efficient ways to avoid low coherence areas during the phase
unwrapping procedure to obtain absolute phase information. For coherence imagery,
the low coherence features from spatial topographic decorrelation can easily confuse
the interpretation for random surface changes. Therefore, analysing the total
topographic decorrelation can help to achieve reliable interpretation of the coherence
imagery as well as to provide valuable information for other InSAR techniques.
Finally, interpretation of coherence is not as straightforward as the topography or
surface motion provided by interferometric phase. The coherence study is highly
target dependent and should be treated with consideration of possible factors such as
weather, soil, geologic, and geomorphologic conditions.
Therefore, InSAR coherence imagery application needs further refinement in
methodology to tackle the problems discussed so far.

1.2 The Objectives of the Research
The main aims of this research are to understand the nature of coherence, to
develop the methodologies of using InSAR coherence imagery, and to apply the
method to the land surface change detection and environmental monitoring. The
detailed objectives of the research are:
•

to investigate the applicability of InSAR coherence imagery to surface change
detection and environmental monitoring through the interpretation of coherence
features on various types of land surface;

•

to investigate topography-induced decorrelation in a stationary scene, i.e., the
spatial topographic decorrelation;
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•

to develop an effective interpretation method for various decorrelation features in
a series of coherence images;

•

to develop a method for coherence estimation in a nonstationary scene, especially
for topographic phase-free, unbiased coherence estimation.

1.3 Approach

1.3.1 SAR Data Selection and Image Processing Facilities
For development and application of the methodologies of InSAR coherence
imagery, careful selection of data sets and proper image processing facilities are
essential. In this research, ERS-1 and ERS-2 SAR raw data were used for the case
studies. The data were collected during the 35 days revisit mode or one day
separation from ERS-1/2 tandem mode. Data sets adequate for interferometric
configuration were selected using the DESCW program of European Space Agency
(ESA). This program shows the spatial distance (spatial baseline) and temporal
separation (temporal baseline) between two arbitrary satellite orbits available for a
specific region. Raw complex SAR data, all from descending orbits, are used in this
research.
Only a limited number of SAR scene combinations from the ERS-1/2 mission
conform to the InSAR configuration because of the criteria on the spatial and
temporal baselines. The spatial baseline is the most important factor in choosing an
InSAR data pair. Short baselines are always preferred for repeat-pass InSAR
coherence imagery. A baseline component perpendicular to the radar look direction,
B⊥ , of no more than 500 m is a general criterion used in this research to avoid spatial
baseline decorrelation (Zebker and Villasenor, 1992). More frequent revisit of
satellite orbit is favoured for intensive surface monitoring, but the available temporal
baseline is virtually limited by the satellite’s revisit period and the mission plan.
Generally, large temporal baseline is not adequate for InSAR coherence imagery,
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especially for unstable areas, due to severe temporal decorrelation. Several years of
temporal baseline, however, may be acceptable for a highly stable area while no more
than one-year temporal baseline is suitable for semi-arid regions. Weather conditions
at the time of SAR data acquisition are another important factor that affect the scene
coherence. Rainfall events, and thus the moisture change of the land surface, must be
particularly accounted for during the interpretation of coherence images.
SAR compression and the subsequent InSAR processing were performed by an inhouse software package and the PULSAR software of Phoenix System Ltd. The inhouse software package was modified from a software package given by Prof. H.
Zebker in Stanford University, USA under the permission from NASA, by the
Remote Sensing unit, Imperial College for education purpose. This program was used
to generate InSAR products from ERS-1 SAR raw data of the Sahara desert scene.
The PULSAR software was then introduced later and used for verification of the inhouse software and the data processing of ERS-1/2 SAR data of SE Spain. Most of
the post-processing steps and visualisation were performed using ERMapper
software.
The computer hardware used for SAR compression and InSAR software are
Silicon Graphics Inc. (SGI) workstations and Sun Ultra Workstations. A SGI Octane
is mainly used for SAR and InSAR signal and image processing. It has 333 MHz dual
CPUs, 640 MB RAM and the hard disk storage of hundreds of gigabytes linked
directly or via network, and is capable of performing SAR compression of one scene
(100 km × 106 km) within 30 minutes. A Sun Ultra60 and an Ultra10 workstations
with one or half of GB RAM were also used for post-processing.

1.3.2 Case Study of InSAR Coherence Imagery in the Sahara
Desert, Algeria – Flat, Hyper-arid and Stable Land Surface
Interpretation of coherence is highly case dependent and should take account of
various environmental factors associated with the specific study areas. In most cases,
decorrelation features are easily detectable with a highly coherent surface as a
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background. Therefore, choosing a stable region as a case study is a good starting
point for the methodology development stage.
The first study region is in the east of the Sahara desert, Algeria. It has been
investigated as a case study for application of the InSAR coherence imagery in a flat,
hyper-arid region. The Sahara study area is an ideal test site for InSAR technology
due to the simplicity of topography and highly stable surface properties over a
considerable period. The location of the study area is named ALG, as shown in Figure
1.1.
Three ERS-1 SAR scenes of the east of the Sahara desert in Algeria were used as a
test dataset for the coherence imagery and also for the development of SAR and
InSAR processing algorithms and calibration (Table 1.1). The land surface of this
flat, hyper-arid area is characterised by massive sand dunes within which coherence is
lost due to micro-scale movement of sand particles and volume scattering by radar
penetration into the dry sand mass. Areas of hard bedrock maintain high coherence
over a long period. The coherence images of this region show many interesting
features such as ephemeral river channel, dry lakes, sand dune migration, and human
disturbance of terrain. The observation of these surface change features demonstrates
the use of InSAR coherence imagery as a powerful and unique tool for surface change
detection and monitoring when the surface background is highly stable. An
anomalous case of gully feature leads to the development of spatial topographic
decorrelation function and ratio coherence imagery.

1.3.3 Spatial Topographic Decorrelation Function and Ratio
Coherence Imagery
There exists a certain topographical condition within which the interferometric
coherence is lost completely and not recoverable. This is the case of the foreshortened
or layover area where the ground reflectivity spectrums of two SAR observations
totally mismatch with each other. Based on a spatial baseline decorrelation function
(Zebker and Villasenor, 1992), a modified spatial decorrelation function from the
geometrical derivation of the correlation is used to describe the topographic
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decorrelation factor, as well as the baseline decorrelation. This function can be
verified from another approach using a spectral method (Just and Bamler, 1994;
Gatelli et al., 1994). A zone of critical terrain slope (or critical incidence angle) can
be defined from the spatial topographic decorrelation function (Lee and Liu, 1999)
within which coherence is lost completely.
A new analytical method, ratio coherence imagery, has been developed in this
study to identify the area where total loss of coherence occurs due to the topography,
so as to reveal various surface characteristics relating to temporal changes. Specific
conditions on data sets and surface characteristics have been analysed for successful
applications of this methodology.

1.3.4 Another Case Study for InSAR Coherence Imagery in
Almeria and Granada regions, Southeast of Spain – Mountainous,
Semi-arid and Unstable Land Surface
Mountainous and wet surfaces have been more challenging for SAR and InSAR
techniques. With the limited acquisition frequency of the existing spaceborne SAR
sensors in monthly order (except for ERS-1/2 tandem mission data of one day
separation), the repeat-pass InSAR can be successfully applied only for a limited
surface of the entire Earth. Most hyper-arid areas with highly stable land surfaces can
be good targets for InSAR technology. However, in a semi-arid area, the choice of
suitable datasets may be limited. Even if InSAR pairs of hundreds days of temporal
baseline are available, many of them may totally lose coherence as the result of rapid
surface changes. Vegetation and humidity variations may result in severe
decoherence in a short time.
As a second case study, a semi-arid and mountainous region was investigated: the
Almeria and Granada regions in southeast Spain. The locations of the study areas are
depicted as ALM and GRA in Figure 1.1. High relief mountainous areas are
challenging for SAR and InSAR techniques due to the heavy geometric distortion of
the topography. The total topographic decorrelation phenomenon in directly radarfacing slopes is more common. The amount of coherence bias due to topographic
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phase can be significant for steep slopes. Therefore, the interpretation of mountainous
areas, which are more common on the earth’s surface than flat regions, is complicated
and should be done with great care.
In the Almeria scene, surface changes by erosion and human activities have been
studied based on the ERS SAR images with the interval of the 35-day repetition
cycles (Table 1.2). In the Granada scene, surface decoherence features, originated
from rainfall events and various environmental factors, have been investigated using
ERS-1/2 tandem data (Table 1.3).
Another reason for choosing this region is that it has been a test site for the remote
sensing group in Imperial College, London, and for Natural Environment Research
Council (NERC) for many years. There is a comprehensive data collection from
archived imagery data (e.g. TM, SPOT, and ATM) to geological and topographic
maps, together with considerable in situ knowledge and data from annual field trips
with MSc. students.
The study of this area will show that the interpretation of coherence images should
be accompanied by other information sources such as topographic maps, Landsat TM
images, geological maps, weather data, and field observation data. This will extend
the utility of coherence imagery for surface change detection, monitoring, and
surveillance.

1.3.5 Topographic Phase-free Coherence: Differential Coherence
Estimation of unbiased coherence from complex SAR data is essential in signal
and image processing for InSAR coherence imagery. To satisfy the stationary and
ergodic random process condition for coherence calculation, nonstationarity should
be removed. Topographic phase fringes are the typical source of nonstationarity that
should be compensated to avoid degradation in coherence estimation.
Topographic phase removal has been addressed by many researchers using an
existing DEM from other sources such as optical stereo image pairs or topographic
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maps. The main common problem of these methods is the coregistration error
between coherence imagery and DEM. Alternatively, topographic fringes could be
removed by estimating the interferometric phase directly from the interferogram
itself. However, this method is very difficult to apply where the phase noise is
significant and the coherence level is low. Considering that the application of
coherence imagery is mainly based on the features with low coherence, the method is
practically not applicable.
Therefore, a novel method is proposed in this thesis, called differential coherence,
and used to remove topographic phase effects in a low coherence image using a good
quality reference interferogram derived from an image pair of the same scene with
high coherence (Lee and Liu, 2000b). The method has been developed using multipass differential InSAR (DInSAR) technology to obtain topographic phase-free
coherence. An extra interferometric image pair of high coherence is essential to the
method for generating a reference interferogram. As the reference interferogram has
to be phase-unwrapped during the process, the phase unwrapping algorithms for
differential coherence image generation has also been investigated.

1.4 The Structure of the Thesis
Chapter 1 introduces objectives, approaches, and structure of the thesis.
Chapter 2 reviews the basic theory of SAR, InSAR, and coherence imagery. The
history, systems, and applications of SAR and InSAR are discussed together with
phase statistics and decorrelation factors that degrade coherence.
Chapter 3 describes the principles and data processing for SAR and InSAR
coherence imagery. It includes descriptions of the data processing procedure and
algorithms from SAR compression to coherence image generation.
Chapter 4 is a discussion of an application example of InSAR coherence imagery
in a hyper-arid, flat area in the Sahara Desert, Algeria. The study of this area exhibits
the potential of coherence imagery for land surface change detection and monitoring
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in a highly stable area. A controversial case found in a gully area stimulated the
research reported in Chapter 5.
Chapter 5 describes methods for analysis of spatial topographic decorrelation. The
origin of total topographic decorrelation has been analysed for foreshortened and
layover slopes showing complete loss of coherence. The research led to the design of
ratio coherence imagery that enables more effective analysis of various coherence
features.
Chapter 6 describes another application example of InSAR coherence imagery in a
semi-arid and mountainous area in Almeria and Granada, southeast of Spain. This
example extends the potential of coherence imagery to regions with more
complicated environment. Postulations on slope dependence of decoherence features
initiates the study of Chapter 7.
Chapter 7 presents a novel method to remove topographic phase fringes using a
DInSAR technique for unbiased coherence estimation. Coherence estimation is
discussed as a statistical measurement of the property of physical stochastic process.
A numerical simulation is shown for analysing the effect of topography as a source of
nonstationarity that reduces the coherence level. A multi-pass DInSAR technique has
been used for topographic phase-free coherence estimation to produce, so called,
differential coherence. The limitations and possibility of this method for further
application are also discussed.
Chapter 8 summarises the conclusions of the research and the suggestions for
future study.

1.5 Summary of the Main Achievements of the Thesis
The main achievements of the author in this thesis are the development of the two
methodologies: ratio coherence imagery and differential coherence, and applications
of these methods to improve detection of random temporal change on land surface in
relief areas in the Sahara desert and SE Spain case studies.
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Ratio coherence imagery effectively separates spatial topographic decorrelation
from temporal decorrelation. The analysis of spatial topographic decorrelation and the
development of a new technique, ratio coherence imagery (Chapter 5), was triggered
by controversial gully features in the Sahara desert scenes (Chapter 4) observed
during a pilot InSAR project jointly carried out by the Remote Sensing unit, Imperial
College and NPA group. As a member of Remote Sensing unit, Imperial College, the
author investigated these features and provided a physical and mathematical proof of
the total topographic decorrelation phenomenon in the Sahara desert scenes.
The field investigation and interpretation of coherence images of the Almeria and
Granada scenes, SE Spain (Chapter 6), were team efforts in the Remote Sensing unit,
Imperial College, through the ESA AO3-113 project. Ratio coherence imagery was
then used to clarify the origin of complicated decoherence features in this high relief
area. A further interpretation of the Granada scenes with rainfall events is also
presented in this thesis. Various decoherence features are interpreted in conjunction
with lithology, vegetation, wind, surface moisture and erosion.
Observation of the slope dependence of decoherence features in the Granada
scenes initiated the development of a new methodology for topographic phase-free
coherence estimation and the concept of differential coherence (Chapter 7).
Coherence estimation is considered as a statistical representation of random physical
processes. For an unbiased coherence estimation, topographic phase fringes should be
removed. Multi-pass DInSAR technique is applied to generate topographic phase-free
coherence image, differential coherence, which is another product of DInSAR
technique in addition to the differential interferogram. Showing up to 16% coherence
enhancement selectively on steep slopes, differential coherence imagery demonstrates
its potential for refined quantitative analysis.
The development of an in-house SAR and InSAR software was carried out by the
author in conjunction with two academic visitors from Japan: Dr. Hiroshi Hanaizumi
and Dr. Yosuke Ito, in a research team led by Dr. J. G. Liu. The software was used to
process the Sahara desert scenes. A commercial software, PULSAR, was then
introduced to process the SE Spain scenes and to qualify the in-house software. A
branch-cut phase unwrapping software for differential coherence imagery was also
developed and compared with a relevant function in PULSAR.
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Figure 1.1 The locations of the ERS-1/2 SAR scenes used for the case studies. The
square boxes (100 km × 106 km) represent the location of scenes named as GRA,
ALM, and ALG, respectively.
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Table 1.1 SAR scenes of the Sahara desert, Algeria (ALG). Track 351, Frame 3051,
descending orbit. (ALG1 as a master image)
Scene
ALG1
ALG2
ALG3

Mission
Date
ERS-1 19920908
ERS-1 19921013
ERS-1 19930928

Orbit
06007
06508
06508

∆T (days)
0
35
385

B// (m)
0
121
175

B⊥ (m)
0
263
368

Weather
dry
dry
dry

Table 1.2
SAR scenes of Almeria, Spain (ALM). Track 237, Frame 2853,
descending orbit. (ALM1 as a master image)
Scene Mission
Date
Orbit
ALM1 ERS-1 19950426 19764
ALM2 ERS-2 19961003 07606
ALM3 ERS-2 19961212 08608
ALM4 ERS-2 19970501 10612

∆T (days)
0
526
576
716

B// (m)
0
20
-108
-34

B⊥ (m)
0
131
-25
-5

Weather
dry
dry
dry
dry

Table 1.3
SAR scenes of Granada, Spain (GRA). Track 051, Frame 2853,
descending orbit. (GRA1 as a master image)
Scene
GRA1
GRA2
GRA3
GRA4

Mission
ERS-1
ERS-2
ERS-1
ERS-2

Date
19960502
19960503
19961024
19961025

Orbit
25089
05416
27594
07921

∆T (days)
0
1
175
176

B// (m)
0
-47
36
-73

B⊥ (m)
0
-91
113
-18

Weather
rain(1mm)
rain(21mm)
dry
dry
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Chapter 2: Review of Synthetic Aperture Radar,
Interferometry, and Coherence Imagery

Synthetic aperture radar (SAR) imaging technology has become established since
the initial concept of SAR emerged in the 1950s. The use of spaceborne SARs as
interferometers became popular relatively recently, although understanding of the
basic principles dates back to the early 1970s (Graham, 1974). For terrestrial
applications, it was only in the 1980s that the first results were published (Gabriel and
Goldstein, 1988; Gabriel et al., 1989; Goldstein and Zebker, 1987; Goldstein et al.,
1988; Prati et al., 1989; Zebker and Goldstein, 1986). Today, it is generally
appreciated that SAR interferometry (InSAR) is a powerful tool for mapping the land,
ice and even sea surface topography. Differential InSAR (DInSAR) provides a unique
method for measuring and mapping of surface displacements over large temporal and
spatial scales, with precisions of centimetres to millimetres. This is of importance for
research into earthquake and volcanic deformation, monitoring glaciology and ice
sheet motion, studying tectonic processes, and for mapping the land subsidence due
to mining, gas, water, and oil extraction. Repeat-pass InSAR coherence imagery
allows the detection of random changes of spatial and dielectric properties of the land
surface by using the temporal and spatial coherence information. Coherence can also
be used for land cover classification, mapping of flooded areas, studying land surface
erosion, and even for detecting human activities (Bamler and Hartl, 1998).
The purpose of this chapter is to review the history, methods, and contemporary
aspects of SAR, InSAR, DInSAR and InSAR coherence imagery. Section 2.1
describes the basics of SAR imaging systems. Section 2.2 gives a summary of various
InSAR methods and applications. Section 2.3 presents the statistical characteristics of
the InSAR system, followed by Section 2.4 in which decorrelation factors of InSAR
are discussed.
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2.1 Synthetic Aperture Radar
Synthetic Aperture Radar (SAR) is an active microwave radar imaging system.
Compared with conventional real aperture radar, it achieves high along-track
resolution by synthesising an artificially long antenna through intensive data
processing of coherent backscattered radar signals. The microwave bands used are
almost free from atmospheric absorption and the radar signal to noise ratio (SNR) is
high enough so that all weather, all time (day and night) imaging is possible. To study
SAR interferometry, it is essential to understand the basic principles of SAR systems
and data processing for SAR image construction. This section briefly describes the
history of SAR system development and SAR imaging geometry. More
comprehensive descriptions on the topic of SAR are well presented in several
textbooks including Curlander and McDonough (1991) and Franceschetti and Lanari
(1999).

2.1.1 History of SAR Systems
The history of Synthetic Aperture Radar (SAR) goes back to early 1950s. The
SAR concept is usually attributed to Carl Wiley of Goodyear Aircraft Corporation in
1951 and subsequently patented in 1965. Its first experimental validation was carried
out in 1953 by a group of scientists at the University of Illinois (Sherwin et al., 1962).
The first operational SAR system was of military purpose. It is believed to have
been an X-band (3 cm wavelength) system built in 1957 for the U.S. Department of
Defence by Willow Run Laboratories of the University of Michigan, predecessor of
Environmental Research Institute of Michigan (ERIM). The successive experiments
on X-/L-band co-/cross-polar SAR systems convinced NASA to include an L-band
SAR sensor in the SEASAT-A experiment launched in June 1978. Although oriented
to oceanographic investigations, the SEASAT-A experiment generated interesting
result in other fields as well, such as polar ice studies, geology, subsurface land
analysis, etc. The experiment was terminated after 100 days operation due to system
failure. Following the SEASAT-A mission, NASA approved the Shuttle Imaging
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Radar (SIR) flight series. After the SIR-A and SIR-B experiments with L-band flown
in 1981 and 1984 respectively, the SIR-C/X-SAR experiment was conducted in 1994.
This is a four-polarisation, C-band and L-band system integrated with an X-band
sensor. The SIR-C/X-SAR can simultaneously acquire data of different bands and
polarisations, and is currently a unique spaceborne sensor of such. During its second
flight in October 1994, successful two-pass interferometric experiments were
performed for terrain model reconstruction. In February 2000, Shuttle Radar
Topographic Mission (SRTM) has successfully flown for 3D mapping of the land
surface between ±60° of latitude representing about 80 % of the overall land surface
of the Earth. The two antennas mounted on the ends of a 60 m boom form a
spaceborne single-pass SAR interferometer.
The European Space Agency (ESA) has also contributed significantly to SAR
technology development with the launch of two Earth Resources Satellites in 1991
and 1995 (ERS-1 and ERS-2), each has a C-band VV-polarised SAR onboard.
Thanks to the precise orbit control of ERS, many technical exploitations of SAR
interferometry have been achieved using these sensors. In particular, by manoeuvring
ERS-2 to follow ERS-1 orbits with one day separation, the tandem mission supplied
good quality data for repeat-pass SAR interferometry until March 2000 when ERS-1
finally went out of operation after its remarkably long service.
Other countries have also been involved in the development of spaceborne SAR
sensors for civilian applications. Russia launched the S-band HH-polarised ALMAZ1 in 1991; Japan, the HH-polarised L-band SAR on board of JERS-1 in 1992; and
Canada, the RADARSAT equipped with a multi-mode C-band HH system in 1995.
New programmes are aimed to make a technological leap and reducing mission
and operational costs: ENVISAT (ESA), LIGHTSAR (U.S.), RADARSAT-2
(Canada), PALSAR (Japan), SMART SAR (Germany), and COSMO-SKYMED
(Italy). Table 2.1 summarises spaceborne SAR systems of the past, current, and
future.
Extraterrestrial applications are very important aspect of SAR. For many years, the
surface of the Venus remained a mystery to planetary astronomers due to the dense
atmosphere surrounding the planet. In the late 1960s, the NASA 64m deep space
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tracking antenna, in conjunction with the 43 m Haystack antenna in Massachusetts
and the 300 m Arecibo radar antenna in Puerto Rico produced the first detailed map
of Venus using radar interferometry (Pettengill et al., 1980). These images along with
the early scientific results from the 1967 Mariner 5 mission to Venus, led to the
approval of the Pioneer mission (1978), and the development of Venus Orbiting
Imaging Radar (VOIR) system. In 1982, VOIR was modified as the Venus Radar
Mapper and renamed as Magellan. During the 1990-1994 mission, Magellan
produced a nearly global map of Venus with 150 m resolution together with even
more detailed maps of the topography covering 20% of the surface of Venus, using
stereo and interferometric SAR imagery data (Roth and Wall, 1995).
The Titan Radar Mapper, the second planetary radar of NASA/JPL, is a major
payload on board the Huygens-Cassini mission to Saturn. It was launched in 1997
and will be in operation in 2004 (Elachi et al., 1991). SAR data will be collected in
35 close fly-bys of Titan during the four-year nominal mission, mapping 30% of the
moon’s surface. Considering the uncertainties on the elevation of the surface and the
orbit ephemeris, multi-mode operations were designed with a very flexible radar
system to operate at 300 to 600 m resolutions, without attempting to interleave the
transmit and receive pulses.
In addition to spaceborne SAR missions, many airborne SAR sensors have also
been developed over the years. Airborne SARs with single-pass interferometer
capability are useful for regional high-accuracy topographic mapping and for ocean
current monitoring by the ATI (Along Track Interferometry) configuration. Today,
several national organisations and private companies own interferometric systems in
operation such as TOPSAR (JPL, USA), IFSARE (ERIM/Intermap, USA), C/X-SAR
(CCRS, Canada), EMISAR (Technical University of Denmark), Ramses (ONERA,
France), ESR (DERA, UK), DO-SAR (Dornier, Germany), E-SAR (DLR, Germany),
AeS-1 (AeroSensing, Germany), AER-II (FGAN, Germany).
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Table 2.1 Spaceborne SAR systems of past, current, and future.
Band;
polarisati
on

Look
angle (°)

Antenna
size (m)

Alt.
(km)

Swath
(km)

Peak
Power
(kW)

Data rate
(Mbps)

L; HH

20

10.8×2.2

795

100

1

110 (5
bps)

L; HH

47

9.4 ×2.2

260

50

1

Optical

10/1984,
8.3 days

L; HH

15-60

10.8×2.2

224,
257,
360

20-40

1.1

30.4
(3-6 bps)

4/1994,
11 days

L, C, X;
Multipol.

20-55

12×2.9/
12×0.7/
12×0.4

225

15-90,
225

4.4/1.2/
1.4

S; HH

20-65

12×1.5

300
-70

30-45

C; VV

20

10×1

780

100

C; VV

20

10×1

780

100

L; HH

38

12×2.4

570

75

C; HH

20-60

15×1.5

790
-820

50-500

20-60

12×0.7/
12×0.4

233

56-225

15-45

10×1

800

57-400

0.6-1.3

100

variable

15×1.5

790820

20-500

-

-

8-60

8.9×2.9

692

30-350

variable

-

-

-

-

-

Mission
period

Sensor

Country

SEASATA

USA

SIR-A

USA

SIR-B

USA

SIR-C/
X-SAR

USA/
Germany,
Italy

ALMAZ-1

Russia

ERS-1

EU

ERS-2

EU

JERS-1

Japan

RADARS
AT-1

Canada

11/1995present

SRTM

USA/
Germany

2/2000,
11 days

ENVISAT

EU

RADARS
AT-2

Canada

PALSAR

Japan

LightSAR
(US SAR)

USA

COSMOItaly
SKYMED
SMART
Germany
SAR

6/1978-,
105 days
11/1981,
2.5 days

3/1991-,
2.5 yrs
7/19912/2000
4/1995present
2/199210/1998

C, X;
HH, VV
C; HH,
ca. 2001
VV (VH)
C;
ca. 2003
multipol.
L;
ca. 2003
Multi-pol.
L (C or
X);
Multipol.

90 (4-8
bps)/45
(4-6 bps)
87.5 (5
250
bps, I/Q)
105 (5
4.8
bps, I/Q)
105 (5
4.8
bps, I/Q)
60 (3 bps,
1.3
I/Q)
85, 105
5
(4 bps,
I/Q)
180 (C),
1.2/1.4
90 (X)

120, 240

-

X

-

-

600

-

-

-

-

-

-

-

-

-

-

-

- under development.
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2.1.2 SAR Imaging Geometry
SAR illuminates the target surface obliquely (side-looking), as depicted in Figure
2.1, to avoid equal-range ambiguity. While the sensor is moving along its path at an
altitude H above some reference (x, y) plane, it transmits microwave pulses into the
antenna’s illumination footprint at the rate of the pulse repetition frequency (PRF)
and receives the echoes of each pulse backscattered from the target surface. For a
high slant range resolution and a high SNR, SAR emits a chirp pulse with a
bandwidth Bν of tens of MHz modulating a carrier wave frequency f c . Typical
microwave pulse carrier wavelengths λ used are approximately 2 cm (Ku band), 3
cm (X band), 6 cm (C band), 9 cm (S band), 24 cm (L band), and 64 cm (P band).
The typical PRFs are in the range of 1 – 10 kHz. The returned signal is demodulated
and then is sampled in the order of several tens of MHz for ground signal processing.
The data is configured in relation to two co-ordinates: slant range and azimuth. Slant
range R corresponds to the two-way signal delay time and azimuth x to the pulse
number sequence. The radar beam is nominally oriented orthogonal to the flight path.
This is called the non-squint mode, which is never true in reality. Squint mode with a
slight angle difference from orthogonal can be applied for specific purposes such as
compensation for the effect of the Earth’s rotation.
The commonly used SAR imaging geometry is known as strip mode (e.g., ERS1/2 SAR and JERS-1 SAR). Two other SAR modes are of interest such as scan mode
(ScanSAR) and spot mode (Spotlight SAR). The SAR integration time S is defined as
the duration of a target illuminated by the radar beam. It determines the azimuth
resolution of the SAR image. In the strip mode configuration, the integration time is
given by the azimuth extent of the antenna pattern and the relative speed of the
vehicle. In the scan mode (Ahmed et al., 1990; Bamler and Eineder, 1996; Cumming
et al., 1997; Moore et al., 1981; Moreira et al., 1996; Tomiyasu, 1981), the
integration time is deliberately shortened by operating the SAR in a burst fashion,
where it periodically transmits bunches of pulses. In the time between bursts, the look
angle of the antenna beam is changed in order to illuminate a swath parallel to the
previous one. Following this routine, the SAR sweeps its beam in a stepped manner
from swath to swath before it returns to the first look direction. A scan mode system
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images several, temporarily interleaved swaths at the same time. During data
processing, these swaths can be merged to give a total swath of up to 500 km width.
One consequence of the increased coverage is reduced azimuth resolution.
Another complementary approach is adopted by using spot mode (Carrara et al.
1995; Di Cenco, 1988; Gough and Hawkins, 1997; Munson et al. 1983, Walker
1980). The antenna is continuously steered towards a certain patch on ground in order
to keep it in view over a longer time. The increased integration time results in a
higher azimuth resolution but at the expense of coverage area.

a

H

τp

x
y

a

Figure 2.1 SAR imaging geometry (Olmsted, 1993).
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2.2 SAR Interferometry
This section reviews the history, definitions and configurations of SAR
interferometry for various applications such as topographic mapping, surface
displacement measurement, and the surface random change detection.

2.2.1 History of InSAR
SAR interferometry was first used in observation of the surface of Venus and the
Moon from InSAR configurations using antennas on the Earth’s surface (Rogers and
Ingalls, 1969). Graham (1974) was the first to introduce synthetic aperture radar for
topographic mapping. Zebker and Goldstein (1986) presented the first practical
results of observations with airborne radar. Goldstein et al. (1988) was the first to
apply InSAR technique to the spaceborne observations to generate highly accurate
digital elevation model (DEM) of the Earth’s surface using the SEASAT-A L-band
SAR system. With the launch of ERS-1 (1991), JERS-1 (1992), and RADARSAT
(1995), spaceborne InSAR study has increased dramatically. With the launch of ERS2 in 1995, the feasibility of spaceborne SAR interferometry has been greatly
improved by the use of ERS-1 and ERS-2 in the tandem mission that can provide
interferometric data at only one-day separation (Duchossois and Martin, 1995).
Technical refinement of InSAR for DEM generation can be found in Madsen et al.
(1993) and Zebker et al. (1994b). The concept of DInSAR was established by Gabriel
et al. (1989). Massonnet et al. (1993) used a pre-existing DEM to remove the
topographic phase from interferogram and retrieved the co-seismic displacement field
of the Landers earthquake in California. Zebker et al. (1994a) used three-pass
DInSAR configurations to remove directly the topographic phase without use of the
reference DEM. The use of coherence image for surface stability study is a relatively
recent study area in fast development (Massonnet et al., 1995; Hagberg et al., 1995;
Rosen et al., 1996; Liu et al., 1997).
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2.2.2 Definitions
The relatively recent and rapid development of SAR interferometry has created
untidy and multiple definitions and nomenclatures used independently by different
groups of scientists. A clear specific nomenclature for SAR interferometry is
necessary for this thesis.
Interferometric SAR refers to a SAR system or configuration that incurs coherent
correlation between multiple SAR observations of the same target. Several acronyms
for interferometric SAR are used. These include InSAR, INSAR, IFSAR, or IfSAR,
which are all equivalent. The term “InSAR” is used throughout this thesis. Note that
InSAR normally refers to the across-track interferometric configuration rather than
along-track interferometer (ATI) for moving target detection (Bao et al., 1997;
Carande, 1994) or ∆k -radar for accurate range measurement using different
wavelengths from the same antenna position (Sarabandi, 1997).
InSAR can be operated from either airborne or spaceborne platforms and
configured for single-pass or repeat-pass. A single-pass interferometer is best for
DEM generation while repeat-pass is essential for environmental change monitoring.
Repeat-pass is only possible when vehicle revisit control is of high accuracy. An
airborne system provides more flexible configuration and operation. However, an
airborne repeat-pass interferometer is not operationally feasible at present because
the motion and position control of aircraft is more difficult than spaceborne systems.
An airborne interferometer is usually a single-pass configuration and has been widely
used for DEM generation. Given accurate orbit control, spaceborne repeat-pass
InSAR configuration for change detection of the Earth’s surface is possible. A typical
successful case is ERS-1 and ERS-2. SRTM is, so far, a unique example of a
spaceborne single-pass interferometer.
SAR interferometry (equivalently, the InSAR technique) is a technique to extract
surface physical properties by using the complex correlation coefficient of two SAR
signals. The complex correlation coefficient, γ , of the two SAR observations, u1 and
u 2 , is defined as:
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γ =

E[u1u 2* ]
E[u1u1* ]E[u 2 u 2* ]

(2.1)

where E[] is the mathematical expectation (ensemble averaging) and * represents
the complex conjugate.
The interferometric phase is defined as the phase of the complex correlation
coefficient as:

φ = arg{γ } = arg{E[u1u 2* ]} ,

(2.2)

and its two dimensional map is called the interferogram.
The coherence is the amplitude of the complex correlation coefficient as:

ρ=γ ,

(2.3)

and its two dimensional map is called the coherence image.
An interferogram contains the interferometric phase fringes from SAR geometry,
together with those from topography and displacement of the surface. The level of
coherence can give a measure of the quality of the interferogram. Initially, the InSAR
techniques were mainly dedicated to topographic information retrieval from
interferograms. Further development resulted in techniques to extract interferometric
phase fringes from coherent block displacement of the surface. This is called
differential SAR interferometry (DInSAR). Coherence itself gives valuable
information about the surface temporal stability. This is called InSAR coherence
imagery, which is the main topic of this thesis.

2.2.3 Topographic Mapping
It is a consequence of SAR geometry that surface scatterers at the same distance
from the radar (slant range) but with different look angles are imaged as the same
point by SAR. SAR geometry provides only the slant range of the target but no
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information about its look angle. If this ambiguity of the radar look angle can be
solved, the exact location (elevation and ground range) of each target point can be
calculated. The look angle ambiguity in SAR geometry can be solved from the
following InSAR geometry.
Consider a cross section of the Earth surface as shown in Figure 2.2. This figure is
drawn in a plane perpendicular to the along-track direction. InSAR configuration is
normally achieved by imaging a target point P from two radar positions at S1 and S 2 .
The height of S1 above zero elevation level is H . The radius of the Earth re ,
measured from the Earth’s centre O to the datum, is assumed to be a constant along
the across-track direction. This assumption usually holds for the case of a spaceborne
SAR system with orbit inclination (the angle between the orbit plane and the Earth’s
equatorial plane) around 90° and having side-looking imaging property. The distance
between S1 and S 2 is called baseline, B . The angle of the baseline with respect to
the horizon is β . The look angle is θ l , and the slant ranges from S1 and S 2 to the
target points are R1 and R2 , respectively. If the slant range difference is given by
∆R = R2 − R1 , then the measured interferometric phase is

φ=

4π
∆R
λ

(2.4)

This is 2π times the round-trip distance difference in wavelengths. By applying the
law of cosines in ∆S1 PS 2 , ∆R can be solved as
∆R = R12 + B 2 + 2 R1 B sin(θ l − β ) − R1

(2.5)

From the measurement of the interferometric phase φ and InSAR geometric
parameters, the look angle θ l in equation 2.5 can be solved. Then, from ∆S1OP , the
topographic elevation z is calculated as
z = (re + H ) 2 + R12 − 2 R1 (re + H ) cosθ l − re ,

(2.6)

and the ground range R g is
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Figure 2.2 InSAR configuration.
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 R

R g = re sin −1  1 sin θ l  .
 re + z


(2.7)

From equations 2.4 and 2.6, the height sensitivity of InSAR, i.e., the amount of
change in interferometric phase from the change of surface elevation, can be
calculated as
(re + H ) 2 + R12 − 2 R1 (re + H ) cosθ
∂φ 4π B cos(θ l − β )  R1
=
⋅
⋅
 re + H
λ
R1 sin θ l
∂z
R12 + B 2 + 2 R1 B sin(θ l − β )







(2.8)

Neglecting the minor term in brackets and using a parallel ray approximation (Zebker
and Goldstein, 1986), the height sensitivity can be simplified as
∂φ 4π B⊥
≈
λ R1 sin θ l
∂z

(2.9)

where B ⊥ is the baseline perpendicular component to the radar look direction while
B // is the baseline parallel component, as depicted in Figure 2.2.
Alternatively, the height of ambiguity (Bamler and Hartl, 1998) is
z 2π = 2π

∂z λ R1 sin θ l
,
≈
∂φ 2 B⊥

(2.10)

i.e., the height resulting in a phase change of one fringe ( 2π ) characterises the
resolution of topography derived from InSAR. From equations 2.9 and 2.10, it is
obvious that a sufficiently large B⊥ is necessary for accurate topography mapping.
However, the B⊥ value is limited in practice due to the spatial decorrelation that
reduces the coherence level and the quality of the interferogram (Li and Goldstein,
1990).
Another important property of the interferogram is the interferometric phase fringe
number in slant range, i.e., the number of interferometric phase ( 2π ) fringes in slant
range (Bamler and Hartl, 1998),
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kφ =

2B⊥
1 ∂φ
,
≈
2π ∂R1 λR1 tan(θ i0 − α )

(2.11)

where α is the surface slope measured positive towards the radar look direction, and

θ i0 is the nominal incidence angle when α = 0 °. Alternatively, the interferometric
phase fringe frequency in the range time (fast time) domain is given as (Gatelli et al.,
1994)
fφ =

cB⊥
1 ∂φ
≈
2π ∂t λR tan(θ i0 − α )

(2.12)

by using the 2-way travel time relation, 2 R = ct .

2.2.4 Coherent Surface Displacement Measurement - DInSAR
The DInSAR technique gives the measurement of block displacement of land
surface caused by subsidence, earthquake, glacier movement, volcano inflation, etc.,
to cm or even mm accuracy. If the surface displacement is as a result of single or
cumulative surface movement occurred between the acquisition times of two SAR
images S1 and S 2 , the component of surface displacement in the radar-look direction,

ζ , contributes to additional interferometric phase as
φ=

4π
(∆R + ζ )
λ

(2.13)

For the purpose of surface displacement measurement, the zero-baseline InSAR
configuration is the ideal as ∆R = 0 , so that

φ = φd =

4π
ζ
λ

(2.14)

This zero-baseline, repeat-pass InSAR configuration is hardly achievable in
practice for either spaceborne or airborne SAR system. Therefore, a methodology to
remove the topographic phase as well as the system geometric phase in a non-zero
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baseline interferogram is needed. If the interferometric phase from the InSAR system
geometry and topography can be removed from the interferogram, the remnant phase
would be the phase from block surface movement, providing that the surface
maintains high coherence.
There are two DInSAR techniques to remove topographic phase from the
interferogram: one is the DEM method (Massonnet et al., 1993) and the other is the
three-pass method (Zebker et al., 1994). The first method uses a DEM generated from
existing topographic information obtained from sources other than InSAR, such as a
topographic map or stereo optical imagery. The topographic phase can then be
calculated from the DEM and subtracted from the interferogram. The second method
requires a reference interferogram, which is believed to contain the topographic phase
only. The three-pass approach has the advantage in that all data structure is kept
within the SAR data geometry while DEM method can produce errors by
misregistration between SAR data and cartographic DEM. The three-pass approach is
restricted by the data availability. The three-pass DInSAR technique is further
discussed below.
The three-pass DInSAR technique uses another InSAR pair as a reference
interferogram that does not contain any surface movement event as

φ′ =

4π
∆R′ .
λ

(2.15)

This motion-free interferogram can be achieved from short-revisit repeat-pass InSAR
configuration or single-pass InSAR configuration. Strictly speaking, single-pass
InSAR configuration is the only practical way to achieve motion-free interferogram
where the motion is continuous such as ice sheets.
Incorporating equations 2.13 and 2.15 gives the phase difference, φ d , only from
the surface displacement as

φd = φ −

4π
∆R
φ′ =
ζ.
λ
∆R ′

(2.16)

In this processing, phase unwrapping must be applied to the reference
interferogram. Phase unwrapping is one of the most challenging problems in InSAR
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technology, especially for low coherence areas. Several robust algorithms for phase
unwrapping have been developed that are sufficient even for a highly mountainous
area. The phase unwrapping algorithms will be discussed further in Chapter 7. For an
exceptional case where

∆R
in equation 2.16 is a positive integer number, phase
∆R ′

unwrapping may not be necessary (Massonnet et al., 1996). However, this situation is
not realistic and it is very hard to achieve from the system design for a repeat-pass
interferometer.
From equation 2.16, the displacement sensitivity of DInSAR is given as
∂φ d 4π
.
=
λ
∂ζ

(2.17)

Comparing with height sensitivity of InSAR in equation 2.9, interferometric phase is
much more sensitive to surface geometric change than to topography. Therefore,
DInSAR technique can measure surface displacement to centimetre or millimetre
level while InSAR measures topography to an accuracy of no better than several
metres.
The applications of DInSAR have been successful in measurement of glacier and
ice sheet dynamics (Fahnestock et al., 1993; Goldstein et al., 1993; Hartl et al., 1994;
Joughin et al., 1995; Kwock and Fehnestock, 1996; Thiel et al., 1995; Thiel and Wu,
1996; Wu et al., 1997), seismic deformations (Feigl et al., 1995; Massonnet and
Feigl, 1995; Massonnet et al., 1993, 1996a; Meyer et al., 1996; Reigber et al., 1997;
Zebker et al., 1994a), volcanic activities (Briole et al., 1997; Massonnet et al., 1995;
Roth et al., 1997; Thiel et al., 1997), and land subsidence (Liu et al., 1999c;
Massonnet et al., 1997; Raymond and Rudant, 1997).

2.2.5 Random Surface Change Detection – InSAR Coherence
Imagery
The coherence of two SAR observations represents the similarity of the radar
reflection between them. The main purpose of InSAR coherence imagery is to detect
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and monitor surface random change processes. If the reflection or dielectric property
of a target has been changed during the observation time interval, the coherence of
that target is reduced so that it appears dark in the coherence image.
The coherence image of two time-separated SAR observations provides an
automatic detection of the random change of the target surface. Unstable and
changing ground objects, which are detectable using InSAR coherence imagery,
include lakes, rivers, crop fields, vegetation, surface erosion, sand transformation, and
activities of living creatures. Several successful applications have been published
describing land cover classification and random change detection in forest canopy
(Askne and Hagberg, 1993; Askne et al., 1997; Borgeaud and Wegmuller, 1996;
Wegmuller and Werner, 1997; Wegmuller et al., 1995), sand encroachment (Liu et
al., 1997, 1999a), rapid erosion (Liu et al., 1999b, 1999d), and for seismic hazard
mapping (Ito et al., 2000).

2.3 Phase Statistics of InSAR
This section describes the phase statistics of interferometric SAR signals. It is
assumed that SAR data can be statistically modelled as a complex, circular, stationary
Gaussian process (Just and Bamler, 1994), assuming that the surface target is
spatially homogeneous and the radar backscattering meets Rayleigh approximation
requirement, i.e., the particle size is much smaller than the wavelength of the incident
wave (Hulst, 1957, p. 270).

2.3.1 The System Model
The interferometric signal is composed of a geometrically induced phase that
contains the useful information together with a signal noise (Just and Bamler, 1994).
It is assumed that the geometrical part of the phase from system geometry,
topography, and possible surface displacement are removed by data processing. In
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this case, an undisturbed (noise-free) interferogram will have a constant phase and the
highest coherence level.
A two-step linear filter model is commonly used to describe the SAR imaging
system: the transfer function H 11 represents data acquisition and H 12 models the
processing system as shown in Figure 2.3(a). The input signal x represents the scene
reflectivity. It is contaminated by thermal noise n during the data acquisition process
H 11 . The two-step transfer functions can be combined into a single end-to-end filter
function H 1 with thermal noise n added after signal x has passed the filter, as shown
in Figure 2.3(b). The transfer functions H 1 and H 2 in Figure 2.3(c) describe the two
SAR image processes which are generally different because of the different orbits and
possible differential processor aberrations. Thermal noise n1 and n2 are added after
the transfer functions. Both the signal and the noise are modelled by complex,
stationary, white, circular Gaussian processes with power spectral densities of 2σ 2
and 2σ n2 , respectively. The output signals y1 and y 2 of the two filters form a
complex stationary joint Gaussian process (Papaoulis, 1991).

2.3.2 Statistical Properties of the Interferometric Phase
The joint probability density function (pdf) of the two complex SAR signals
u1 = y1 + n1 and u 2 = y 2 + n 2 is again Gaussian (Papaoulis, 1991),
pdf (u1 , u 2 ) = pdf (u1r , u1i , u 2 r , u 2i )
=

1
(2π ) C
2

12

 1

exp − u *T C −1 u 
 2


(2.18)

where u = (u1r , u1i , u 2 r , u 2i ) T . C is the covariance matrix of the processes u1r , u1i , u 2 r ,
and u 2i . C and C −1 are the determinant and the inverse of C , respectively as
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Figure 2.3 SAR imaging models. (a) Two-step linear filter model. (b) Single filter
model. (c) The formation of a SAR interferogram. (Just and Bamler, 1994)
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C = σ 8 (q − p ) 2

(2.20)

and
2

with
+∞

p = ∫− ∞ H 1 ( f ) H 2* ( f )df ,

(2.21)

q = q1 q 2 ,

(2.22)

+∞

q1 = (1 + SNR1−1 ) ∫− ∞ H 1 ( f ) df ,

SNR1−1 =

2

+∞

2

+∞

2

σ 12 ∫− ∞ H 12 ( f ) df
σ 2 ∫− ∞ H 1 ( f ) df
+∞

(2.23)

,

(2.24)

q 2 = (1 + SNR2−1 ) ∫− ∞ H 2 ( f ) df ,

SNR

−1
2

=

2

+∞

2

+∞

2

σ 22 ∫− ∞ H 22 ( f ) df
σ 2 ∫− ∞ H 2 ( f ) df

(2.25)

.

(2.26)

The pdf of the interferometric phase φ = arg{u1u 2* } can be calculated using from
equation 2.18 to equation 2.26 as (Lee et al., 1994; Tough, 1991; Just and Bamler,
1994)
pdf (φ ) =

1− ρ 2
1
⋅
2
2π 1 − ρ cos(φ − φ 0 )

 ρ cos(φ − φ 0 ) cos −1 [− ρ cos(φ − φ 0 )] 
1 +

[1 − ρ 2 cos 2 (φ − φ 0 )]1 2



.

(2.27)

where
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ρ=γ ,
γ =p

q,

φ0 = arg{γ } = arg{ p} .

(2.28)
(2.29)
(2.30)

It can be shown that γ is identical to the complex correlation coefficient of u1 , u 2
defined in equation 2.1. Equation 2.27 was also derived in the more general context
of second-order speckle statistics (Goodman, 1975, pp. 42-46). The statistics of the
co-polarised phase difference in polarimetric measurements (Sarabandi, 1992) leads
to the same expression of pdf as that presented here.
The mean and variance of the phase can be calculated as (Tough, 1991)
E[φ ] = φ 0 = arg{γ } ,

σ φ2 = E[(φ − φ 0 ) 2 ] =

Li ( ρ 2 )
π2
,
− π sin −1 ρ + (sin −1 ρ ) 2 − 2
3
2

(2.31)

(2.32)

where Li 2 ( ) is Euler’s dilogarithm. Figure 2.4(a) shows pdf (φ ) versus φ for φ 0 = 0
and four selected values of ρ . The distribution of phase is governed by coherence ρ
and mean value φ 0 . When ρ = 0 , the phase is uniformly distributed and carries no
information. When the coherence increases, the pdf is more concentrated around φ 0 ,
and eventually becomes delta-function when ρ = 1 . Figure 2.4(b) shows the phase
standard deviation σ φ versus ρ .
In summary, the mean value φ 0 of the interferometric phase is equal to the phase
of the complex correlation coefficient γ , which in turn can be expressed by the
transfer functions H 1 and H 2 and it is independent of the SNR. The variance σ φ2 of

φ depends on the magnitude of the complex correlation coefficient and it can be
determined for any given H 1 , H 2 , and SNR. Thus the effects of specific transfer
functions and thermal noise on the interferometric phase and coherence can be
statistically evaluated. This will be shown in the next section.
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(a)

(b)

(a) The pdf (φ ) of the interferometric phase for φ 0 = 0 and different
values of ρ . (b) The phase standard deviation σ φ versus ρ . (Bamler and Hartl,
1998; Just and Bamler, 1994)
Figure 2.4
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2.4 Decorrelation Factors in InSAR
SAR is a two-step imaging process that requires coherent radar echo acquisition
and coherent processing of raw data as described in Section 2.3. The results are highresolution complex images that carry not only intensity information but also a phase
structure that can be used for interferometry. The achievable accuracy of
interferometric SAR signal is affected by several decorrelation factors (Just and
Bamler, 1994):
•

thermal noise,

•

errors from SAR and InSAR data processing,

•

spectral misalignment of transfer functions,

•

volume scattering,

•

temporal decorrelation.
The following sections describe the effect of these factors on decorrelation and

phase bias, based on the system model given in the previous section 2.3.

2.4.1 Thermal Noise
For the case of identical transfer functions H 1 = H 2 but finite SNR’s, p in
equation 2.21 becomes
+∞

p = ∫− ∞ H 1 ( f ) df
2

(2.33)

and hence,

γ =ρ=

1
(1 + SNR1−1 )(1 + SNR 2−1 )

.

(2.34)
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The thermal noise does not introduce a phase bias as γ is real. If the SNR’s of both
acquisitions are identical, γ reduces to

γ =

1
.
1 + SNR −1

(2.35)

This thermal SNR can only be improved in the system design and manoeuvring stage.
One common technique for reducing the thermal noise in the InSAR processing is to
spatially average the complex signal values, which is equivalent to the look process
(Curlander and McDonough, 1991).

2.4.2 Errors from SAR and InSAR Data Processing
Assuming that the spectral envelopes of the transfer functions H 1 and H 2 are
identical but their phases are different, H 1 can be modelled as real valued and the
phase difference can be introduced to H 2 . A typical transfer function of rectangular
type can be used as (Just and Bamler, 1994)
 µ
H 1 ( µ ,ν ) = rect 
B
 µ



rect  ν
B

 ν



 ,


(2.36)

H 2 ( µ ,ν ) = H 1 ( µ ,ν ) exp{ jψ ( µ ,ν )} ,

(2.37)

where µ is the azimuth frequency, ν is the range frequency, and ψ ( µ ,ν ) represents
the differential phase aberration between the two imaging processes (Born and Wolf,
1980). Using from equation 2.21 to equation 2.26, the complex correlation coefficient
in equation 2.29 is expressed as
1
γ =
Bµ Bν

+ Bv / 2 + Bµ / 2

∫

∫ exp{ jψ }dµdν

.

(2.38)

− Bv / 2 − Bµ / 2

Assume that the phase aberrations are small enough to be expanded into a Taylor
series as
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ψ ( µ ,ν ) = 2π {ψ 00 + ψ 10 µ + ψ 01ν + ψ 11 µν + ψ 20 µ 2 + ψ 02ν 2 + ψ 21 µ 2ν + "}. (2.39)
The coefficients in equation 2.39 represent the following processor aberrations:

ψ 00 : the constant phase error,
ψ 10 : the geometric misregistration in azimuth
ψ 01 : the geometric misregistration in range
ψ 20 : the defocusing in azimuth
ψ 02 : the defocusing in range
ψ 11 : the uncompensated linear range migration
ψ 21 : the uncompensated quadratic range migration
In the following, the phase bias and decorrelation for each phase aberrations
during data processing are evaluated.

Constant Phase Error (ψ 00 )
It is obvious that ψ 00 simply describes a constant phase factor that adds to any
interferometric phase but does not introduce decorrelation. Hence,

φ 0 = 2πψ 00 , ρ = 1 .

(2.40)

Geometric Misregistration in Azimuth and Range (ψ 10 or ψ 01 )
A possible error in coregistration of the two complex SAR images can be modelled
as a differential linear phase aberration. Only the azimuth misregistration is discussed
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here for simplicity. If ε 10 is the relative shift between the two images in fractions of
azimuth time resolution 1 B µ , i.e., ψ 10 = ε 10 / B µ , then

ψ ( µ ,ν ) = 2πψ 10 µ = 2πε 10

µ
.
Bµ

(2.41)

Hence

γ = ρ = sinc(ε 10 ) , φ 0 = 0 .

(2.42)

Therefore, misregistration does not introduce a phase bias but does introduce
decorrelation.

Defocusing in Azimuth and Range (ψ 20 or ψ 02 )
Again, consider the azimuth case only. Let ε 20 be the phase error at the edge of
bandwidth µ = ± B µ / 2 , i.e., ψ 20 = 2 /(πB µ2 )ε 20 . Then the phase aberration is

ψ ( µ ,ν ) = 2πψ 20 µ 2 = 4ε 20 µ 2 / B µ2 .

(2.43)

Hence,

γ =

1
[C( 2ε 20 / π ) + j S( 2ε 20 / π )] ,
2Ψ / π

(2.44)

where C() and S() denote the Fresnel integrals.
The phase bias is then

φ 0 = arctan

S( 2ε 20 / π )
C( 2ε 20 / π )

,

(2.45)

and the coherence is
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ρ=

1
2ε 20

[C (
/π
2

2ε 20 / π ) + S 2 ( 2ε 20 / π )

]

1/ 2

.

(2.46)

Unlike the other aberrations, defocusing is characterised by an even phase aberration
function and introduces a phase bias as well as decorrelation.

Uncompensated Linear Range Migration (ψ 11 )
Consider the residual range walk in fractions ε 11 of a range time resolution cell
1 / Bν , i.e., ψ 11 = ε 11 /( B µ Bν ) , then

ψ ( µ ,ν ) = 2πψ 11 µν = 2πε 11

µν
.
B µ Bν

(2.47)

Hence

γ =ρ=

Si(πε 11 / 2)
, φ0 = 0 ,
πε 11 / 2

(2.48)

where Si() is the integral sine. Uncompensated linear range migration (range walk)
results in decorrelation but does not introduce phase bias.

Uncompensated Quadratic Range Migration (ψ 21 )
The residual range curvature (Wu et al., 1982) is expressed in fraction of ε 21 of a
range resolution cell 1 / Bν , i.e., ψ 21 = 4ε 21 / B µ2 Bν , then

ψ ( µ ,ν ) = 2πψ 21 µ 2ν = 4πε 21

µ 2ν
.
B µ2 Bν

(2.49)

Hence
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γ =ρ=

1

πε 21

∫
/2 0

πε 21 / 2

sinc( µ 2 )dµ ,

φ0 = 0

(2.50)

Similar to residual range walk, uncompensated quadratic range migration (range
curvature) introduces decorrelation but not phase bias.

2.4.3 Spectral Envelope Misalignment
Even in a noise-free and aberration-free case, signal decorrelation will occur if the
envelopes of H 1 and H 2 are shifted relative to each other, i.e.,
H 2 (µ ,ν ) = H 1 ( µ − µ 0 ,ν −ν 0 ) .

(2.51)

For the rectangular transfer function in equation 2.36, the coherence is then

µ 0  ν 0 
1 −
,
γ = ρ = 1 −



B
B
µ
ν





φ0 = 0 .

(2.52)

The physical reason for spectral misalignment both in azimuth and range is the
different aspect angles of a scene element in the two observations. This type of
decorrelation due to sensor geometry effect is called the spatial decorrelation, in
contrast to the temporal decorrelation.
Decorrelation caused by spectral misalignment can be avoided if the two data sets
are properly band-pass filtered in order to retain only the overlapped part of spectral
range between H 1 and H 2 , at the cost of spatial resolution.
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Azimuth Spectral Misalignment
In the azimuth frequency dimension, different squint angles result in different
Doppler centroid frequencies, f Dc ,1 and f Dc , 2 , for the two data sets. The azimuth
spectral misalignment is then,

µ 0 = f Dc , 2 − f Dc ,1 .

(2.53)

For cross-track interferometry, the Doppler centroid frequency difference µ 0 can be
contrived to approach zero by controlling the antenna squint to be the same for both
observations. The azimuth spectral misalignment from different squint angles can
alternatively be compensated by choosing only the overlapping part of spectrum
centred on the average of two Doppler centroids via azimuth spectral filtering, which
will be described in Chapter 3.

Range Spectral Misalignment
Spectral misalignment in the range frequency dimension, however, is an inherent
feature of cross-track interferometry. Assuming that an area of interest on the ground
is seen at incident angles of θ i ,1 and θ i , 2 in the two orbit paths, then a certain
harmonic ground structure transforms into different echo frequency components
depending on the incident angles. This effect can be interpreted conversely as a
relative shift of H 1 and H 2 in the ν direction by the amount of (Just and Balmer,
1994)
 1
1 
ν 0 = f c sin θ i 
−
,
 sin θ i , 2 sin θ i ,1 

(2.54)

where θ i = (θ i ,1 + θ i , 2 ) / 2 and f c is the carrier frequency of the radar. For the
baseline perpendicular component B⊥ and slant range R , and considering that B⊥ is
significantly smaller than R, then equation 2.54 can be simplified as (Bamler and
Hartl, 1998),
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ν0 ≅

cB⊥
.
λR tan(θ i0 − α )

(2.55)

In fact, the range spectral misalignment ν 0 is equivalent to f φ , the interferometric
phase fringe frequency, as shown in equation 2.12. As the range spectral
misalignment is related to the baseline, it is also called as spatial baseline
decorrelation (Zebker and Villasenor, 1992). Decorrelation from range spectral
misalignment can be partially compensated using range spectral filtering, which will
be discussed in Chapter 3.

2.4.4 Volume Scattering
Volume scattering occurs when the radar signal penetrates into the surface (e.g.,
sand, forest, dry ice), and the returned signal is a summation of the effects of the
compound targets encountered in the radar beam. In natural environments, both the
surface scattering and the volume scattering contribute to the radar backscattering
signals. The inhomogeneity of the medium and the penetration depth determine the
presence of volume scattering that reduces the intensity of radar backscattering. In
radar interferometry, the presence of volume scattering decreases the coherence level.
In particular, the decorrelation from volume scattering increases as the baseline
increases (Gatelli et al., 1994; Hagberg et al., 1995).

2.4.5 Temporal Decorrelation
The temporal decorrelation comes from physical changes in the surface over the
time period between observations. Temporal decorrelation is a complicated function
of detailed change of radar reflectivity between two observations. Individual case
studies of the relationship between temporal decorrelation and mobility of surface
materials are necessary.
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With an assumption of Gaussian random variation of a scatterer, it is possible to
relate the coherence to rms scatterer variation between SAR image acquisitions.
Zebker and Villasenor (1992) presented a sample calculation as

ρ temporal

 1  4π  2 2
= exp−   σ y sin 2 θ i + σ z2 cos 2 θ i
 2  λ 

(



) ,


(2.56)

where σ y is the rms variation in ground range direction, σ z the rms variation in
vertical direction. Obviously, from simple geometry, the sensitivity of temporal
decorrelation is greater to vertical changes than to horizontal changes for incidence
angles less than 45°. As the nominal incidence angle for ERS-1 and ERS-2 SAR is
23°, the contribution to the temporal decorrelation from random change in vertical
direction is greater than that in horizontal direction.
It has been shown that only a half radar wavelength of surface rms random
variation is large enough to totally decorrelate the signals. In general, surface with
significant variation and volume scattering should lose its coherence rapidly with
time. Temporal decorrelation is an important error source to degrade the quality of an
interferogram in the operation of repeat-pass interferometer for topographic or surface
displacement field mapping. In contrast, temporal decorrelation is the main
information source of InSAR coherence imagery for surface random change study.
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Chapter 3: Principles and Algorithms of SAR and
InSAR Data Processing for Coherence Imagery

3.1 Introduction
This chapter describes general processing procedures for generating SAR and
InSAR images from raw signal data. For the major interest of this thesis, discussion
will be focused on the issues relating to the production and quality of InSAR
coherence imagery. The chapter serves as a general reference for the necessary
principles relating to the discussions in the following chapters.
InSAR processing needs to be incorporated in the SAR data compression. For
example, the range and azimuth compression should follow the range and azimuth
spectral filtering, so that only the common part of the ground reflectivity spectrum of
the interferometric SAR image pair is processed. Furthermore, the re-sampling of the
slave image is performed during the range migration process. These processing
schemes are designed to reduce the signal noise during the coregistration of two
single look complex (SLC) images, thus to improve the coregistration accuracy. The
general procedures for SAR compression and successive InSAR processing are
summarised in the flowcharts in Figure 3.1 and 3.2.
The SAR and InSAR data processing steps introduced in this chapter are based on
an in-house software package and the PulSAR/INSAR software package of Phoenix
Systems and Associates Ltd. (Smith, 1998a, 1998b). More detailed description of
various data processing algorithms can be found in textbooks such as Curlander and
McDonough (1991) and Franceschetti and Schirinzi (1990).
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Figure 3.1 Interferometric SAR processing steps: Raw data to coregistered single
look complex (SLC) images.
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Figure 3.2 Interferometric SAR processing steps: Coregistered SLCs to InSAR
products. The steps in bold box will be described in Chapter 7.
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3.2 SAR Compression and Coregistration
SAR compression processing in this research uses a typical rectangular algorithm,
which consists of the range and the azimuth compression processing (Curlander and
McDonough, 1991). This section describes the details of each processing step for
SAR SLC image formation and coregistration for further InSAR processing.

3.2.1 Range Compression
The SAR complex raw data is transformed into the range frequency domain via the
Fast Fourier Transform (FFT). Range spectral filtering is performed to compensate
the spatial baseline decorrelation based on the flat surface (Gatelli et al., 1994).
Range compression is performed by matched filtering the recorded data with the
transmitted chirp pulse (Whalen, 1971, p.167). Hamming weighting function is used
to suppress the sidelobes of the system impulse response function. The data are then
transformed back to the time domain via inverse FFT. The following describes the
detailed procedures for range compression.

Range Matched Filtering
As the vehicle moves along its path, the radar transmits a linear-FM, or “chirp”,
pulse
h(t ) = exp[ j 2π ( f c t + Kt 2 / 2)],

t <τ p 2

(3.1)

with frequency (time derivative of phase) f = f c + Kt , which is a linear function of
time over the pulse duration τ p with chirp rate K . The chirp bandwidth is Kτ p since
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the frequency starts at f c − Kτ p / 2 , sweeps through all intermediate frequencies, and
ends at f c + Kτ p / 2 . The multi-pulse real transmitted signal is then
p (t ) = ∑ h(t − nT p ) ,

(3.2)

n

where T p is the pulse repetition period and the sum includes all pulses for which the
target is in the radar beam.
At an arbitrary time t, the radar is at some slant range R(t ) from the target point
with image coordinates ( x c , Rc ) at the radar beam centre. The received pulse train is
then
v(t ) = ∑ an h[t − nT p − 2 R(t ) / c]

(3.3)

n

where the slant range R(t ) is assumed constant during the time of one pulse width.
This assumption enables the general two-dimensional compression problem to be decoupled into a sequence of two one-dimensional compression operations, one in fast
time (range) and the other in slow time (azimuth). Since slow time measures a
coordinates orthogonal to fast time, this process sequence is called the rectangular
algorithm.
Range compression is to correlate the received pulse with h* (t ) (equivalently
matched filtering with h * (−t ) ) as
∞

g (t ) = ∫−∞ h * (t ′ − t )v(t ′)dt ′

(3.4)

g n (t ) = τ p exp( jω c t ) exp(− j 4πRn / λ )sinc[πKτ p (t − 2 Rn / c)]

(3.5)

which leads approximately to

The envelope of this has a 3 dB width (range time resolution)

δt = 1 K τ p = 1 / Bν ,

(3.6)

which corresponds to slant range spatial resolution
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δR = c / 2 Bν ,

(3.7)

where Bν = Kτ p is the range chirp bandwidth. Therefore, a large chirp bandwidth
gives enhanced range resolution for a SAR system.

Range Spectral Filtering –Flat Surface
Range spectral filtering is necessary to compensate the decorrelation from range
spectral misalignment (or spatial baseline decorrelation) as indicated in section 2.4.3.
This processing step is not necessary for conventional single SAR image processing,
where only the amplitude image is of concern. For InSAR image processing,
however, the spatial baseline decorrelation should be tackled at the SAR compression
stage so as to secure the quality of image coregistration between the two SLC images
generated. Performing range spectral filtering before image coregistration is a
desirable processing scheme in this respect. As shown in equation 2.55, range spectral
misalignment is a function of slope as well as baseline. As the local surface slope is
not a priori information during SAR compression, the range spectral filtering in this
step assumes that the surface is flat. The range spectral misalignment on flat surface
is then

ν0 ≅

cB⊥

λR s tan θ i0

.

(3.8)

The filter bandwidths, W1 and W2 , and central frequencies, v1 and v 2 , for the two
SAR signals can be expressed as (Gatelli et al., 1994)
W1 = W2 = Bν − ν 0 ,

ν1 =

ν0
ν
, ν2 = − 0 .
2
2

(3.9)

The baseline is the most important factor that determines the amount of range
spectral misalignment in equation 3.8. For a repeat-pass interferometer, baseline is
not known a priori. In this case, the baseline has to be estimated based on satellite
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position data. Although ERS-1 and ERS-2 orbit control is very accurate compared to
other SAR satellite systems, the accuracy of baseline is not high enough for InSAR
topography or surface displacement mapping. In this case, tie points are normally
used to improve the estimation of baseline up to cm or mm accuracy (Seymour and
Cumming, 1996; Singh et al., 1997). For the purpose of the range spectral filtering,
however, less accurate estimation of baseline is generally acceptable. Therefore the
baseline calculated from satellite state vectors is normally used here.

Hamming Filtering
The amplitude of the range-compressed data, or the system response function, is a
sinc function with sidelobes, as shown in equation 3.5. The first sidelobes of g (t ) are
merely 13 dB lower than the main lobe. Thus, for example, a target 13 dB stronger
than an adjacent target one-resolution cell away will mask its weaker neighbour. The
usual way to deal with undesirably high levels of range sidelobes in the matched filter
output is to unmatch the filter (Curlander and McDonough, 1991, pp. 149-152). This
is a trade-off between desirable improvement in sidelobe structure and the risk of
broadening the mainlobe of the filter output. For a linear FM transmitted pulse, given
in equation 3.1, of which the bandwidth time product is large, the spectrum has a
constant amplitude over the band Bν , say unity, as
S (ν ) = exp[ jψ (ν )] .

(3.10)

The receiver (matched) filter is taken as
H (ν ) = W (ν ) exp[− jψ (ν )] ,

(3.11)

where W (ν ) is a real weighting function, which is symmetric around the band centre
f c . Thorough evaluation of the use of various weighting functions has been given by
Cook and Bernfeld, 1967; Farnett et al., 1970; Harris, 1978. In this processing, the
Hamming function
W (ν ) = 0.54 + 0.46 cos(2πν / Bν )

(3.12)
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is used. It provides satisfactory sidelobe behaviour with negligible main lobe
broadening. The Hamming filter is also used for azimuth processing as W ( µ ) with
Bµ replacing Bν in equation 3.12.

3.2.2 Azimuth Compression
After range compression, the data is transformed into the azimuth frequency
domain via FFT. The Doppler centroid frequency f Dc is determined from the data
itself via the clutterlock procedure. The Doppler rate f R can be determined by an
autofocus procedure using the azimuth subaperture correlation method. Multiple
pulse repetition frequency (PRF) ambiguity of Doppler centroid, which is important
for range migration, can be solved by the range subaperture correlation method.
Azimuth spectral filtering can be applied on two SAR signals forming an
interferometric pair to compensate decorrelation from different Doppler centroids of
the two images, as described in section 2.4.3. The signal is azimuth compressed using
matched filtering. A Hamming filter can then be applied to reduce the sidelobe effect
similar to the one during the range compression as described in section 3.2. The
following is the detailed procedures for azimuth compression.

Azimuth Matched Filtering
The angular carrier frequency ω c in equation 3.5 can be eliminated by
demodulation. Selecting the value at t = t n that gives maximum g n (t ) , representing t
as slow time s, and dropping the scale factor τ p results in
gˆ ( s x c , Rc ) = exp[− j 4πR( s ) / λ ] .

(3.13)

The range function R(s ) can be expanded as a Taylor series around s c = xc / Vst , the
slow time at which the centre of the radar beam crosses the target, where Vst is the
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speed of the radar platform relative to the target point. Ignoring the terms of order,
higher than the quadratic, gives
## ( s − s ) 2 / 2 .
R( s ) ≈ Rc + R# c ( s − s c ) + R
c
c

(3.14)

By definition, the time rate of phase φ (s ) in the exponential term in equation 3.13 is
the Doppler frequency f D as

φ ( s) = − j 4πR( s ) λ ,

(3.15)

f D ( s ) = φ# 2π = − 2 R# ( s ) λ ,

(3.16)

##( s ) λ .
f#D ( s ) = φ## 2π = − 2 R

(3.17)

Doppler centroid and Doppler rate are thus defined as
f Dc = − 2 R# c λ ,

(3.18)

## λ ,
f R = − 2R
c

(3.19)

R( s ) = Rc − (λf Dc / 2)( s − s c ) − (λf R / 4)( s − s c ) 2 .

(3.20)

so that equation 3.14 becomes

Then, equation 3.13 can be expressed in terms of f Dc and f R as

{

}

gˆ ( s s c , Rc ) = exp(− j 4πRc / λ ) exp j 2π [ f Dc ( s − s c ) + f R ( s − s c ) 2 / 2] ,
s − sc < S 2 ,

(3.21)

where S is the azimuth integration time. This is a linear FM wave with centre
frequency f Dc and frequency rate f R . The azimuth compression is to compute the
correlation
s +S / 2

c
ς ( s c′ s c , Rc ) = ∫s − S / 2 h −1 ( s − s c′ s c , Rc ) gˆ ( s s c , Rc )ds .

(3.22)

c
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Similar to range compression, the azimuth compression can be realised approximately
using a correlator function
h −1 ( s s c , Rc ) = exp[− j 2π ( f Dc s + f R s 2 2)] .

(3.23)

The output of azimuth compression is then

ς ( s c′ s c , Rc ) = Ssinc[πf R S ( s c′ − s c )] .

(3.24)

The peak of this pulse occurs at s c′ = s c , the target azimuth location. The 3 dB width
of this pulse, that determines the azimuth time resolution, is

δs = 1 / f R S = 1 B µ

(3.25)

where B µ = f R S is the Doppler bandwidth. The azimuth spatial resolution is then

δx = V st δs = V st B µ = V st

fR S .

(3.26)

From the simple geometry of a radar antenna, with physical length La along track,
the nominal beam width is θ H = λ La so that any particular target point at range Rc
is illuminated for a nominal time S = λRc Vst La . Given a squint angle θ s , Doppler
parameters can be geometrically determined as
f Dc = (2Vst λ ) sin θ s ,

(3.27)

f R = − 2Vst2 λRc .

(3.28)

The Doppler bandwidth is therefore B µ = 2V st La and the system azimuth resolution
is

δx = L a 2 .

(3.29)

δx changes in proportion to the physical length of SAR antenna. In contrast, δx of a
real aperture radar changes inversely with the physical length of its antenna as

δ x = λR c L a .

(3.30)
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With intensive signal compression processing, high azimuth resolution can be
achieved with a SAR in a significantly smaller physical dimension than that in a real
aperture radar.

Clutterlock
The nominal value of the Doppler centroid f Dc can be obtained from satellite state
vectors via equation 3.27. The satellite height and velocity are calculated by
interpolating at the centre of each image from the orbit parameters (velocity and
position vectors) included in the header files of the SAR raw dataset.
A more accurate Doppler centroid can be determined by a clutterlock procedure
(Curlander and McDonough, 1991, p.223). All SAR clutterlock algorithms for
automatic determination of the centre frequency f Dc of the Doppler spectrum are, in
one way or another, based on the fact that the power of the Doppler spectrum around
the Doppler centre frequency f Dc should form a bell-shaped azimuth power pattern
of the antenna. This pattern has the maximum at the centre and gradually decreases
off the centre, following a sinc 2 function. The azimuth spectrum of the rangecompressed data is used for determination of f Dc at the frequency of the spectral
peak.

Autofocus - Azimuth Subaperture Correlation Method
The nominal Doppler rate f R can be estimated from the orbit parameters using
equation 3.28. The Doppler rate can be refined by autofocusing: an algorithm for
automatic determination of the azimuth chirp constant f R of the azimuth filter
(Curlander and McDonough, 1991, p. 234). Most SAR processors use the subaperture
correlation method (Bennet et al., 1981; Curlander et al., 1982; McDonough et al.,
1985; Wu et al., 1982b). The subaperture method depends on the locking relationship
between azimuth time or position and Doppler frequency as
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x − xc = Vs ( s − s c ) = Vs ( f D − f Dc ) / f R .

(3.31)

Suppose two images are produced from a different part of the Doppler spectrum, as in
multilook processing. The outer two looks of a four-look processing are used with
1
the centres of the subbands f Dc
and f Dc4 , respectively, and some trial value f R′ from

the orbit parameters via equation 3.28 is used. After formation of the two images,
they will be registered in azimuth time by shifting one relative to the other by exactly
the amount of
1
∆s = ( f Dc
− f Dc4 ) f R′ .

(3.32)

If the value f R′ is different from the true value f R , the registration will be incorrect
because the imposed azimuth shift in equation 3.32 will not accord with the actual
relation in the image
1
∆s = ( f Dc
− f Dc4 ) f R .

(3.33)

The two images, registered using ∆s in equation 3.32, will therefore mismatch in
azimuth by the amount of
1
δs = ( f Dc
− f Dc4 )(1 / f R − 1 / f R′ ) .

(3.34)

The procedures described from equation 3.32 to equation 3.34 establish an iteration
mechanism. The autofocus procedure starts from an initial trial value f R′ . Two
subaperture images are generated and coregistered in azimuth to find the offset value

δs to modify f R′ (calculate f R from equation 3.34 and make it the new trial value
f R′ ), and then equation 3.32 and equation 3.34 are applied again to calculate the new

δs . The procedure is repeated until δs becomes small enough so that the true f R is
approached.
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Azimuth Ambiguity Determination - Range Subaperture Correlation Method
The Doppler spectrum, computed as the FFT of the range compressed and basebanded data for an image line, is periodic. The period is the pulse repetition frequency
f p due to the pulsed nature of the radar. The Doppler centroid f Dc determined from
the clutterlock procedure still has an ambiguity of whether it is the true f Dc or one of
′ = f Dc + mf p , m ≠ 0 . This periodicity is of no concern in the
its replications, f Dc
azimuth compression and filtering operations involved in making a full resolution
image, since all calculations are done digitally and all azimuth filter spectra are also
periodic. An ambiguity problem, however, can arise in the range migration correction
(Curlander and McDonough, 1991, p. 238). For instance, suppose that the true range
walk for some particular image range Rc with the true f Dc is described as (Chang
and Curlander, 1992)
R( s ) ≈ Rc − (λf Dc / 2)( s − s c ) .

(3.35)

′ = f Dc + mf p is used, there will be a difference in the range
If a different value f Dc
walk in both the slow time and Doppler frequency domains by
∆R = R − R ′ = −(λmf p / 2)( s − s c ) = −(λmf p / 2)( f − f Dc ) .

(3.36)

Now consider the procedure of registration of the multiple looks of a multilook
1
, will be
image. Each frequency f in the subband of the first-look, centred at f Dc

associated with a frequency in the fourth subband of the 4-look image, for example,
as
1
),
f ′ = f + ( f Dc4 − f Dc

(3.37)

where the look centre frequencies may be ambiguous themselves, but differ by the
same amount for any ambiguity number m. If the true migration locus has been used,
then the range of the points corresponding to f and f ′ are the same, and the points
of the two sublook images superpose, after azimuth registration as described in
equation 3.33. If the wrong Doppler spectral replication is used ( m ≠ 0 ), the ranges
corresponding to f and f ′ will differ by
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1
) / 2 fR .
∆R = −λmf p ( f Dc4 − f Dc

(3.38)

The value of ∆R can be found from the range cross-correlation of the two
subaperture images, just as was done in azimuth subaperture correlation to measure
f R in autofocus process in the previous section. The value of m may be calculated
from equation 3.38, which yields the true value
′ − mf p ,
f Dc = f Dc

(3.39)

allowing the full image to be processed with the proper range migration correction.

Azimuth Spectral Filtering
As in range spectral filtering, the decorrelation from the azimuth spectral
misalignment between the master and slave image should also be compensated before
coregistration. For the difference of the Doppler central frequencies of the two SAR
images µ 0 = f Dc ,1 − f Dc , 2 as shown in equation 2.53, an azimuth spectral filter can be
designed with the bandwidths W1 , W2 , with the centre frequencies µ1 and µ 2 given
by
W1 = W2 = Bµ − µ 0 ,

µ1 =

µ0
,
2

µ2 = −

µ0
.
2

(3.40)

Range Migration and Offset Interpolation
The distance from a radar to a surface target changes during the time of view S
(azimuth integration time), and so the range-compressed point target response occurs
at different ranges for different pulses. This is known as range migration (Curlander
and McDonough, 1991, p. 172). The azimuth signal needed for the azimuth
compression processing must therefore be assembled from different range resolution
cells, depending on the pulse number. The locus of these range cells in the data array
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is just a curve of R(s ) , approximately represented by equation 3.20. The linear part of
the curve represents the range walk and the quadratic part represents the range
curvature. The total change ∆R = R( s ) − Rc is the range migration, which might
involve higher order terms in the expansion of R(s ) , but is usually unnecessary.
The range migration procedure can be applied in the data array in the azimuth
frequency domain after range compression, assuming slow variations in azimuth
compression parameters f Dc , f R with slow time s. Each range bin is interpolated and
shifted by the amount of − ∆R in range direction to assemble the exact locus of each
target point.
For a slave image, any necessary offset in range and azimuth direction with respect
to a master image can be adjusted in Rc and sc using the two dimensional offset
functions ∆Rc ( s c , Rc ) and ∆s c ( s c , Rc ) obtainable from the coregistration process.

3.2.3 Coregistration Offset Functions
For InSAR processing, two or more SAR complex images should be accurately
coregistered. A registration error of the order of a resolution cell results in total loss
of coherence as shown in equation 2.42. Conventionally, one image is set as a master
and other slave images are coregistered to that master image. Since the coordinate
system of each SAR image is related to the satellite orbit, a very good initial
estimation of the coregistration relationship can be achieved from the satellite orbit
data. More accurate coregistration is necessary for InSAR purposes, and this can be
achieved from analysis of the image itself.
There are several coregistration methods available based on either frequency or
spatial data analysis. One efficient method is the amplitude offset method. A small
patch of the scene is initially selected from both master and slave images. For subpixel coregistration accuracy, two SAR complex images need to be interpolated into
the desired sub-pixel. A pixel accuracy of 1/32 is sufficient for most InSAR
processing. The amplitude values of two patches of SAR data are cross-correlated,
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and the offset value in range and azimuth will be decided at the position of the
maximum value of the cross-correlation. This process is performed for several
patches over the entire scene so that the two-dimensional offset functions in range
and azimuth can be obtained by solving the following equations for coefficients a and
b as
N

n

∆Rc ( s c , Rc ) = ∑ ∑ a n − r , r Rcn − r s cr ,

(3.41)

n = 0 r =0

N

n

∆s c ( s c , Rc ) = ∑ ∑ bn − r , r Rcn − r s cr .

(3.42)

n = 0 r =0

Approximation up to quadratic order is accurate enough for most InSAR processing,
so that N = 2 .
Some target points give erroneous offset values. These points are mainly from
mountainous regions, oceans, or corner reflectors and they can be removed by a
number of processing schemes (Smith, 1998b). Firstly, the points having extremely
high values of SAR intensity should be avoided to exclude the corner reflectors.
Secondly, the points having excessive deviations from the estimated offset function
should be removed. The refined offset values are then used to estimate the twodimensional offset function of azimuth and range. The slave image is then shifted and
resampled, according to the offset functions, through interpolation during the range
migration procedure.

3.3 InSAR Coherence Image Generation
From the two coregistered SLCs, an interferogram can be generated by calculating
the phase difference of two signals pixel by pixel. This “raw” interferogram with a
non-zero baseline contains phase fringes mainly from the system geometry and
topography. The system geometric phase fringes and the spatial decorrelation factor
from local slope variation should be removed so that only the temporal decorrelation
can be evaluated from the level of coherence.
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The general data processing procedures for coherence map generation are as
follows. First, the system geometric phase is removed using the Earth flattening
procedure. The remnant phase fringes can be assumed as those from topography. The
topographic phase fringe number is calculated to determine the parameters for range
spectral filtering for local slope variation to compensate the decorrelation from range
spectral misalignment.
The following sections describe in detail the processing for InSAR coherence
image generation

3.3.1 Earth Flattening - System Geometric Phase ( φ 0 ) Removal
The system geometric phase fringe number in slant range can be calculated from
equation 2.11 when α = 0! as
kφ 0 =

2 B⊥
.
λR tan θ i0

(3.43)

The fringe number from InSAR geometry φ0 is strongly dependent on the baseline
perpendicular component B ⊥ . The removal of this phase is essential for coherence
estimation especially when the InSAR image pair was configured with a large enough
baseline to produce sufficient height sensitivity for topographic mapping.
When sufficiently accurate system and orbit data are available, which is generally
true for ERS-1/2, Earth-flattening is a relatively easy task. Since the orbit state
vectors containing the position and velocity information of the satellite are sparsely
time sampled, an orbit propagator program, such as “getorb” of Delft Institute for
Earth-Oriented Space Research (DEOS), is necessary to obtain the precise orbit
parameters for the scene (Scharroo and Visser, 1998).
The system geometric phase can be compensated by considering the elliptical earth
surface (e.g. WGS84) where the surface elevation is zero ( z = 0 ). The look angle on
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zero-elevation surface, θ l0 , is determined from the geometric relations ∆S 1OP in
Figure 2.3 as
 R 2 + (re + H ) 2 − re2
θ l0 = cos −1  1
R1 (re + H )



,



(3.44)

then the phase difference from the system geometric phase is determined as

φ0 =

4π
∆R z = 0 ,
λ

(3.45)

where
∆R z = 0 = R1 + B 2 + 2 R1 B sin(θ l0 − β ) − R1 .
2

(3.46)

The system geometric phase φ 0 is then removed from the interferogram to give the
Earth-flattened interferogram,

φ flat = φ − φ 0 .

(3.47)

3.3.2 Range-varying Spectral Filtering
To compensate for the spatial baseline decorrelation from range spectral
misalignment, the flat-earth approximation, applied in range spectral filtering (section
3.2.1), is not sufficient and the range-varying filter must be used to incorporate the
local topographic variation. Although the spectral misalignment is a function of the
local slope (equation 2.55), knowledge of the local slope information is not necessary
a priori in this processing. The reason for this is that the amount of range spectral
misalignment ν 0 , given in equation 2.55, is equivalent to the interferometric phase
fringe frequency f φ in equation 2.12. The estimation of the interferometric phase
fringe frequency from the interferogram can therefore be used to design the rangevarying spectral filter similar to equation 3.9. The bandwidths and central frequencies
of the filter can be estimated from the fringes of interferogram after Earth-flattening.
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3.3.3 Coherence Calculation
The coherence is the magnitude of the complex correlation coefficient calculated
within an averaging window of the complex Earth-flattened interferogram as
L

ρ=

∑ u1 (l ) u 2* (l ) e

jφ flat

l =1

L

L

l =1

l =1

.

(3.48)

∑ u1 (l )u1* (l ) ∑ u 2 (l )u 2* (l )
For unbiased coherence estimation, it should be assumed that the scene is locally
stationary and ergodic within the averaging window. The size of the averaging
window L is determined by a trade-off between unbiased coherence estimation and
spatial resolution. Selecting a small averaging window ensures high spatial
resolution, but may risk the bias of coherence estimation towards higher values
especially in low coherence area (Touzi et al., 1999). On the other hand, using a large
averaging window may underestimate the coherence when the scene is
inhomogeneous especially on steep slopes. These relations will also be further
explained in Chapter 7.
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3.4 Summary
This chapter presents principles and algorithms of SAR and InSAR data
processing for coherence image generation. SAR compression uses a rectangular
algorithm that consists of range and azimuth compression processing. Range spectral
filtering is followed by matched filtering and Hamming weighting filtering for range
compression. Doppler parameters are refined by clutterlock and subaperture
correlation methods for range migration and azimuth compression. Two SAR SLC
images are coregistered to generate “raw” interferogram. Coherence image is then
produced after Earth-flattening and range-varying spectral filtering procedures.
The principles and algorithms for SAR and InSAR data processing described in
this chapter give a general reference for the interpretation of various surface features
using coherence images in the following chapters. The dedicated procedures for
coherence estimation described in this chapter cannot overcome the total loss of
information on directly radar-facing slopes, which will be investigated further in
Chapter 5. In addition, coherence estimation needs further refinement to eliminate
artefacts from topographic phase fringes that serves as scene nonstationarity, which
will be discussed in Chapter 7.
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Chapter 4: Land Surface Change Detection in the
Sahara Desert, Algeria using InSAR Coherence
Imagery

4.1 Introduction
With the development of radar interferometry techniques, the value of multitemporal coherence imagery as a useful information source for surface change
detection has been widely recognised and many successful application cases have
been reported (Corr and Whitehouse, 1996; Ichoku, et al., 1998; Schwäbisch, et al.,
1997; Smith and Alsdorf, 1997).
The ERS-1/2 platforms have accurate positional data and can revisit the same area
from the same orbit with only a few tens to a few hundred metres drift (baseline). A
spaceborne interferometer mechanism can thus be established using repeated multitemporal SAR imagery data. A SAR image is composed of pixel values recording not
only the intensity but also the phase of the signal. Any pixel of such a complex image
can be regarded as a vector. The magnitude of the vector (intensity) is mainly
dependent on the combined physical properties of the scatterers in a resolution pixel
while the phase is sensitive to scatterer geometry and position.
SAR coherence is defined as the vector local correlation in a small neighbourhood
between two complex SAR images as described in Chapter 3. If there is absolutely no
change on the land surface between two SAR image acquisitions from the same orbit
with minor drift, and the two images are perfectly co-registered, the phase difference
between the two images in a small neighbourhood will be a constant and thus result in
nearly full coherence. Any random changes in scatterers on the land surface during
the two acquisitions will cause irregular variation of phase and reduce the coherence.
If the random variation exceeds a half wavelength of the radar beam in the slant range
direction, the vectors will lose local correlation resulting in decoherence. Therefore,
coherence provides a reliable method for detection of random changes on the land
surface though it does not give direct information of the nature of these changes.
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This chapter presents the results of a case study of land surface change detection
and interpretation in an arid area of the Sahara desert in Algeria using ERS-1 SAR
multi-temporal coherence images. It will emphasise interpretation and some
interesting change phenomena found in these images.

4.2 The Study Area
The area chosen for study is in eastern Algeria near the border with Libya in North
Africa, 100 km ×106 km, at approximately N 27 ! ~ 28 ! , and E8 ! ~ 9 ! . The Atlas
Mountains separate the warm and temperate region along the coast of the
Mediterranean from the vast hot arid or hyper-arid desert: the Sahara. With very low
humidity levels of from 5% to 25%, the rainfall is rare, the solar radiation is intensive
and the diurnal variation of temperature is large in the region (Ahrens, 1994).
The very low precipitation and excessive evaporation make the desert hyper dry,
barren and almost completely devoid of surface vegetative cover. This absence of a
binding agent allows the loose sand or topsoil to migrate according to the prevailing
wind patterns. It has been observed that the desert conditions of this region are
expanding northwards, with the vegetation of marginal lands being stripped for
firewood or animal fodder, further exposing fragile soils to erosion.
As shown in a colour composite of a Landsat TM image in Figure 4.1, the main
geographic features of the study area are large expanses of flat bare rock or gravel
plains broken up by escarpments, gully networks and ephemeral drainage channels,
some of which flow into elongated lakes or depressions. Large parts of the region are
covered with sand of linear, barchanoid, and star dune types, as well as thin sand
sheets.
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Fig. 4.3

Fig. 4.7
Fig. 5.6

Fig. 4.9

Fig. 5.5

Fig. 4.8
Fig. 5.7

Fig. 4.4 &4.5

0

20 km N

Figure 4.1 Study area: Landsat TM band 421 in RGB (100 km × 106 km).
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4.3 Data Processing and Evaluation

4.3.1 Coherence Image Generation
Three scenes of ERS-1 SAR data of a region in the Sahara desert, Algeria,
acquired on 8th September 1992 (ALG1), 13th October 1992 (ALG2), and 28th
September 1993 (ALG3) have been processed to generate coherence images (Table
1.1). These images were all taken during descending orbits in dry weather conditions.
A coherence image between ALG1 and ALG2 is labelled as ALG12_COH (35 days
separation and 263m of B⊥ ) and so on for ALG23_COH (350 days separation and
105m of B⊥ ) as shown in Table 4.1.
A series of signal processing techniques have been applied to produce unbiased
estimations of coherence including accurate image co-registration, range spectral
filtering, and use of an optimised sample average window. Single look complex
(SLC) images were co-registered within 1/32 of a pixel that is accurate enough for
most InSAR techniques. ALG2 was used as a master image to which ALG1 and
ALG3 were coregistered. This scheme gives shortest baseline between three images
that minimises any possible coregistration error. A relatively small window with 10
pixels only in azimuth direction satisfied both requirements of high contrast
coherence image and high spatial resolution in this flat, hyper-arid, and stable region.

Table 4.1 Theoretical and actual coherence ( ρ ).
Coherence
Image

∆T
(days)

B⊥
(m)

ρ theory

ALG12_COH

35

263

0.80

ALG23_COH

350

105

0.92

ALG13_COH

385

368

0.71

ρ actual ± std. ( ρ actual ρ theory )
Stable area
Full scene Gully area
0.65 ±0.13
0.52 ±0.21 0.39 ±0.18
(0.81)
(0.65)
(0.49)
0.75 ±0.13
0.56±0.24 0.61 ±0.18
(0.81)
(0.61)
(0.67)
0.52 ±0.15
0.43 ±0.19 0.35 ±0.16
(0.73)
(0.60)
(0.49)
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4.3.2 Evaluation
There are several decorrelation factors that cause the loss of coherence in multitemporal coherence imagery. In addition to temporal change of the land surface,
which is the objective of the study, a major factor reducing coherence level is the
baseline distance. Spatial decorrelation caused by baseline separation is an inherent
factor of the multi-pass, multi-temporal interferometric SAR system. The baseline
component perpendicular to the radar look direction ( B⊥ ) decides the difference in
view angles for the same ground target between the two tracks. The phase of a radar
return signal is decided by the vector summation of all the scatterers within a pixel
area corresponding to a radar sampling time interval. These scatterers react to radar
beams differently depending on the illumination angle. If B⊥ is significant, the radar
beam will illuminate the same ground target at quite different angles and the
collective effects of the relevant scatterers will result in a certain degree of random
phase change. Thus the coherence decreases with the increase of B⊥ as characterised
in the formula below (Zebker and Villasenor, 1992),

ρ theory = 1 −

2 cos θR y

λR

B⊥ ,

(4.1)

where θ is the incidence angle, R y the ground range resolution, λ the radar
wavelength and R the distance from the radar sensor to the centre of a resolution
element. (Details of this relationship are in Chapter 5.)
These data together with the actual average coherence values of the whole scene, a
high coherence area, and an area with gully features are shown in Table 4.1 and
Figure 4.2. The theoretical coherence value declines steadily with the increase of B⊥ .
The average coherence for the whole scene is much lower than the theoretical values
for all the three coherence images because of very low coherence in the large areas
covered by mobile sand. The average coherence over a stable barren land surface is
0.74 for ALG23_COH while those for ALG12_COH and ALG13_COH are 0.65 and
0.43, respectively, as the result of spatial baseline decorrelation. The standard
deviation of ALG23_COH over the whole scene is the highest (0.24) among the three
coherence images due to the shortest B⊥ (105 m) resulting in the highest image
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contrast. The average coherence over a stable and flat land surface for ALG23_COH
is about 30% higher than that for ALG13_COH.
The ratios between the actual and the theoretical coherence values for a coherence
image give an evaluation of the relationships between B⊥ , the local slope and
coherence level. In an area of very stable flat surface, ρ actual ρ theory is nearly a
constant for all the three coherence images as is expected. In the gully area, however,

ρ actual ρ theory

values drops down suddenly (26%) as B⊥ increases between

ALG23_COH and ALG12_COH (from 105m to 263m) due to the decorrelation effect
on a directly radar-facing slope (Lee and Liu, 2000a). This phenomenon will be
discussed further in section 4.4.5.

1.0

0.8

coherence
Coherence

Theoretical
0.6

High Coherence Area
Full Scene

0.4

Gully area
0.2

0.0
0
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Bperp (m)

B⊥ (m)

Figure 4.2 Comparison of coherence levels between the three coherence images.
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4.4 Image Interpretation for Change Detection

4.4.1 Interpretation Principle
The study area has a very stable climatic environment. The factors causing random
changes of land surface are sand movement, erosion and deposition by wind or
occasional flash flooding, and very limited human activities mainly relating to oil
exploration. These changes will cause the decrease and loss of coherence and form
dark features remarkably obvious against the high coherence background of a stable
barren land surface. With three images taken with 35, 350 and 385 day temporal
separation, simple logical analysis is effective for interpreting the nature of the
changes. Typically, there are 6 possible scenarios, as shown in Table 4.2.

Table 4.2 Possible coherence scenarios.
Level of coherence

1

ALG12_COH
8/9/92 -13/10/92
(35 days)
High

ALG23_COH
13/10/92-28/9/93
(350 days)
High

2

High

Low

3

Low

High

4

Low

Low

5

Medium

High

6

Medium

Low

Scenario

Interpretation
Stable, no change.
Stable, then substantial change
after 13/10.
Sudden change within 35 days
then stable in the following 350
days.
Continually substantial change
over whole period. OR Sudden
change in 35 days followed by
substantial change in 350 days.
Slight change until 13/10, then
stable.
Slow and progressive change over
a whole period.
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4.4.2 Sand Movement
Several types of sand dunes are present in the area, including transverse barchan
and linear types, and star dune networks. These are generally evident on TM imagery
(Figure 4.1), which shows the morphology and structure of individual dune features.
To define the boundaries of a dune or dune-field and to identify thin sheets of mobile
sand are not always possible using TM or other types of optical imagery, particularly
when the spectral properties of sand are very similar to solid basement, as shown in
Figure 4.3(a). SAR amplitude imagery is even less satisfactory for the task as shown
in Figure 4.3(b) because the tone variation of the image is relevant to surface
roughness rather than spectral or dynamic properties.
In contrast, coherence imagery is very effective for dune boundary delineation and
mobile sand sheet identification, enabling assessment of dune movement and sand
encroachment. The loose sand grains on dune surfaces or thin sand sheets on a solid
basement plain are subject to a continuous movement by the wind even though the
dune is static as a whole. The sand movement causes random changes of the microgeometry of volume scatterers on the sand covered land surfaces and thus results in
loss of coherence over a very short period (Liu et al., 1997) as characterised by
scenario 4 in Table 4.2. The very dark decoherence features of mobile sand over a
bright high coherence background are not only direct evidence of sand mobility but
also effectively delineate the outlines of active dunes and optically indiscernible thin
sand sheets. These data are not easily obtainable over a large region using
conventional means and other earth observation techniques.
As illustrated in Figure 4.3(c), complex boundaries of three chains of dunes
(barchan and linear types) in the region are sharply defined in the ALG12_COH
image as decoherence patches over a high coherence background. The boundaries are
distinctive and definite. With 350 day temporal separation, ALG23_COH in Figure
4.3(d) reveals a thin sheet of mobile sand spreading into the inter-dune areas making
the whole dune field a nearly continuous decoherence patch. The central part of the
dune-field is typically characterised by scenario 6 in Table 4.2 as medium coherence
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in ALG12_COH and low coherence in ALG23_COH indicating continuous transport
of the sand sheet as it is swept over the barren land surface.
The dune positions are defined effectively in coherence images of 35, 350 and 385
days temporal separation. As the three coherence images are very accurately coregistered to sub-pixel level, a colour composite of them may reveal possible dune
migration, which occurred during the 385-day period. For a colour composite of
ALG12_COH in red, ALG23_COH in green and ALG13_COH in blue, a migrating
barchan dune would be presented as a dark decoherence feature with narrow trailing
edge in red and windward edge in green. As illustrated in Figure 4.4(a), this
diagnostic pattern is not evident for following reasons:
•

The large formations of approximately 1 km wide are static as a whole, as
confirmed by comparison between the SAR multi-look amplitude images and the
TM image. These large formations consist of small barchanoid ridges 50m wide,
which themselves are likely to be the migrating features but the migration cannot
be detected in the largely decoherent background of the sand sea.

•

Even dunes migrating rapidly at 20 m per year would not produce a substantial
signal on images of 35- and 350-day intervals, at a coarse pixel resolution of
around 30m.
In order to make a serious attempt to identify dune migration, coherence imagery

with a temporal separation of at least two years and a very short B⊥ are suggested.
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Figure 4.3 Dune boundary definition and mobile sand detection. (a) Landsat TM
band 421 in RGB. db: barchan dune, dl: linear dune. (b) Multi-look amplitude image
of ALG1 scene. (c) ALG12_COH: the coherence image of 35-day separation. (d)
ALG23_COH: the coherence image of 350-day separation.

88

4.4.3 Ephemeral Lakes and Water Bodies
The RGB colour composite of coherence images is an effective aid for logical
analysis of various land surface changes events. The area indicated by a box in the
coherence colour composite in Figure 4.4(a) presents several well-defined red
patches. They appear to correspond closely with the distribution of bright cyan
features on the Landsat TM 421 colour composite in Figure 4.4(b), which are defined
as shallow ephemeral lakes in a reference map of the area (DMAAC, 1981).
However, the analysis of TM multi-spectral information indicates that the lakes were
nearly dry when the TM image was taken on 10 February 1987. As shown in Figure
4.5(a) and 4.5(b), the lake patches are not particularly dark in near infrared band TM4
and very bright in the thermal band TM6. This characteristic is contradictory to the
typical water spectral signature: strong absorption in TM4. The area in fact presents
an unusual spectral property: high albedo and high thermal emission. In general cases,
high albedo objects would have low thermal emission (Liu et al., 1997). The
exceptional cases may occur for crystallised transparent material with strong internal
scattering such as snow, gypsum and salt. It is reasonable to presume that this dried
lake basin is covered with salt deposits.
Red pixels in Figure 4.4(a) are those coherent in ALG12_COH (Figure 4.5c), but
not in ALG23_COH (Figure 4.5d), logically implying a slow changing environment
that appears relatively stable in the short-term (35 days) but the accumulated
progressive change is substantial over a much longer period (350 days). It is therefore
suggested that the lake basin was dry during the initial 35 days with a relatively stable
surface. This condition allows medium to high coherence in ALG12_COH. Then in
the following 350 days, the lake possibly experienced recharges of floodwaters,
temperature variation over a considerable range and repeated salt mineral
crystallisation due to the water level change. Any of these processes can produce
random changes significant enough to result in decoherence in ALG23_COH. This
explanation is supported by monthly average precipitation data (Rudolf et al., 1994;
GPCC, 1998) of the area during the period as shown in Figure 4.6. There was 6-10
mm precipitation in the winter 1992 and 5-6 mm in the autumn 1993, which is
adequate to cause seasonal recharge to the lake.
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Numerous similar features can be identified in the whole ALG scene using the
same logic and methodology, which correspond well with ephemeral lakes in the
Landsat TM421 RGB colour composite (Figure 4.1). Reliable identification of these
desert lakes cannot be achieved without the TM colour composite. The extra
contribution of the multi-temporal SAR coherence imagery is the detection of the
ongoing change in these lakes.
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(a)

(b)
Figure 4.4 Dune migration and change in ephemeral lakes. (a) Colour composite of
ALG12_COH, ALG23_COH, and ALG13_COH in RGB. (b) Colour composite of
Landsat TM band 421 in RGB.
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(a)

(b)

(c)

(d)

Figure 4.5 The spectral and coherence properties of an ephemeral lake. (a) TM band
4. (b) TM band 6. (c) ALG12_COH . (d) ALG23_COH .
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Figure 4.6 Average monthly precipitation from September 1992 to September 1993
for the study area in the Sahara desert (E7°-9°, N27°-28°) (Rudolf et al., 1994;
GPCC, 1998).

4.4.4 Drainage Pattern and Erosion
The dominant erosional agent in the Sahara desert is the prevailing wind, but
occasional and isolated intense rainstorms can cause local flooding and rapid fluvial
erosion/deposition. Multi-temporal SAR coherence imagery provides direct evidence
of erosion. As information on the spatial location and temporal frequency of such
erosion events is lacking, coherence imagery is a valuable potential source of such
data.
As shown in Figure 4.7(a), the coherence image ALG12_COH illustrates an area
with high coherence over the initial 35-day period. There are no obvious water
channel features except for a small section of channel approximately 30 m wide near
the southeast corner with low coherence. The subsequent ALG23_COH image in
Figure 4.7(b), on the other hand, exhibits two separate major channels as obvious
decoherence features in a high coherence background. These features are very
prominent from the east and gradually become less pronounced further downstream
towards the west. This characteristic supports a hypothesis of localised flooding from
isolated storms, coupled with high transmission losses and evaporation causing
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surface flow to diminish downstream. Therefore, it can be assumed that the channels
were dry and stable in the initial 35 days, and then in the subsequent 350 days there
was active erosion and deposition caused by rainfall (possibly as well as the
prevailing wind).
The erosion characteristics of wind and water are very similar, and can be
confused. In the case of Figure 4.7, due to the apparent decoherence of tributary
stream networks, the braided pattern of the southernmost channel, and the assumption
that aeolian erosion would be more constant and less constrained by existing water
channels, seasonal flooding is more likely the major cause of these decoherence
features.
It is interesting to notice the coherence features in a boxed area in Figure 4.7. The
stream-like features can be easily misunderstood as those from temporal decorrelation
in river channels. Comparing two coherence images reveals that it has low coherence
in 35-day coherence image (ALG12_COH) but high in 350-day coherence image
(ALG23_COH). This controversial phenomenon is not easily explicable in terms of
temporal surface change relationship. Similar features are found in some other areas,
which will be shown in detail in the following section.
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(a)

(b)
Figure 4.7 Drainage channels. Two major rivers in the region are not visible in (a)
the 35 day separation coherence image ALG12_COH but clearly shown in (b) the 350
day separation coherence image ALG23_COH as decoherence features. The boxed
area shows a controversial case: low coherence in ALG12_COH but high coherence
in ALG23_COH.
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4.4.5 Gully Features – Radar-facing Slopes
Similar to the case shown in the box in Figure 4.7, Figure 4.8 presents an
interesting and controversial case of drainage patterns. The ALG12_COH in Figure
4.8(a) illustrates very distinctive gullies which are typical fluvial erosion features in
arid lands. These decoherence gully features contrast sharply with a high coherence
background, providing evidence of rapid fluvial erosion over a 35-day period in this
arid region! Detailed observation does not support this conclusion. The bottoms of
major valleys to which the gullies are attributed show high coherence. If there was
significant erosion in the gullies, the material transported to the valleys should have
caused the valley bottoms to lose coherence.
The ALG23_COH image of the same area in Figure 4.8(b) reveals the other side of
the coin: the same gully patterns show much higher coherence. The decoherence
features along many gully walls in ALG12_COH appear in very high coherence in
ALG23_COH. These gully walls are highlighted in bright green in a colour
composite of ALG12_COH in red, ALG23_COH in green and ALG13_COH in blue
as shown in Figure 4.8(c). This evidence eliminates the possibility of intensive fluvial
erosion in 35 days as well as in the subsequent 350 days.
So, what is the cause of the gully decoherence in ALG12_COH? Referring to the
amplitude image in Figure 4.8(d), it is obvious that the gully decoherence features in
ALG12_COH mainly occur along east-facing slopes where the foreshortening effect
is significant under direct radar illumination. As discussed in section 4.3.2, a longer
B⊥ between two SAR images means a greater difference in view angles to the same
target. On a foreshortened slope, the return radar signals from nominal equal range
positions will be recorded as one point with enhanced intensity. The phase of such a
point is decided by the vector summation of all the overlapping return signals. The
change of view angle will change the combination of equal range positions along a
foreshortened slope and thus the composition of the overlapped return signals. As a
result, the phases of pixels on a foreshortened slope are subject to random variation
with the slight change of view angles. The random phase variation is not significant
for a short B⊥ and the signal can result in strong coherence as in the case of
ALG23_COH. However, with a long B⊥ , the random phase variation becomes
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significant and thus results in a dramatic drop of coherence on foreshortened slopes,
as in the case of ALG12_COH (as well as ALG13_COH). This explanation is
supported by the data in Table 4.1 and Figure 4.2, showing that the decrease of
coherence with the increase of B⊥ is more significant in this gully area than in other
areas. The physical and mathematical proof of this phenomenon will be shown in
Chapter 5.
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(a)

(c)

(b)

(d)

Figure 4.8 Gully features – decorrelation on radar-facing slopes. (a) ALG12_COH.
(b) ALG23_COH. (c) Colour composite of ALG12_COH, ALG23_COH, and
ALG13_COH in RGB. (d) SAR intensity image of ALG2 scene.
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4.4.6 Geophysical Survey Lines
An unexpected finding of this study is the straight-line network shown in Figure
4.9. Obviously, these are the results of anthropogenic disturbance over the periods
between the repeated SAR image acquisitions. These features are not present in the
relevant SAR intensity images or Landsat TM image.
The coherence image ALG12_COH observed between 8 September and 13
October 1992 faintly reveals a few long, straight lines of low coherence (Figure 4.9a).
The image ALG23_COH observed between 13 October 1992 and 28 September 1993
(Figure 4.9b) shows a much greater number of mostly parallel straight lines in a
complex matrix, but with different orientations from those observed in ALG12_COH.
They are clearly visible over this approximately 40 km × 40 km sub-scene area, with
single lines up to 40 km long at a spacing of 2~3 km.
It is known that an oil company has been working in the area and several oil wells
are located in the region of study. Thus a logical conclusion is that these straight lines
are geophysical seismic survey transects. As the tracks of Vibroseis trucks did not
change the average spectral property at a scale relevant to SAR spatial resolution, the
features cannot be detected in the intensity image (Figure 4.9c). The disturbance has
randomly altered the ground scatterers at a scale much greater than half a wavelength
of the radar carrier wave (2.83 cm for C-band), causing decoherence along the survey
lines between the SAR images taken before and after the events.
A map depicting all of the observed survey lines deduced from coherence imagery
is presented in Figure 4.9(d). The survey engineering work might have been started
well before 8 September 1992 but the survey lines generated before this date would
not be evident on either ALG12_COH or ALG23_COH. ALG12_COH shows only a
few survey lines, produced in the 35 days from 8 September 1992 to 13 October
1992. After 13 October 1992, a matrix of many survey lines was completed in a year.
Straight lines in ALG12_COH do not occur in ALG23_COH because the survey lines
dug after 8 September 1992 and completed before 13 October 1992 would be left
undisturbed in the following 350 days. However, in the sub-scene of Figure 4.9, a few
lines appearing in ALG12_COH can be faintly seen as discontinuous segments in
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ALG23_COH. One possible explanation is that the seismic surveys along these lines
were half way through on the date of 13 October 1992. The further engineering work
to complete the survey and recover the land surface disturbed the ground and left a
low coherence mark on ALG23_COH.
Besides straight lines, other low coherence linear features can also be observed in
Figure 4.9(b). Some curved lines are obviously drainage patterns. A few slightly
curved lines may be roads whose surface had been disturbed by vehicles.
This case demonstrates coherence imagery as a tool for monitoring environmental
impact of human activities.
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(a)

(b)

Lines in (a)
Lines in (b)

(c)
(d)

Figure 4.9 Geophysical (seismic) survey lines. (a) ALG12_COH. (b) ALG23_COH.
(c) SAR 4-look intensity image of ALG3. (d) Interpretation of linear features.
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4.5 Discussion

4.5.1 Advantages and Potentials of InSAR Coherence Imagery
The primary value of the InSAR coherence imagery lies in its ability to record
subtle random changes on the land surface in an otherwise stable environment.
Changes at this small scale (random change of more than 2.83 cm rms for C-band in
the direction of slant range will in theory cause total decorrelation) cannot be detected
on conventional optical imagery or SAR intensity image. The change detection
technique based on multi-temporal InSAR coherence imagery is fundamentally
different from the DInSAR based measurement technique. DInSAR technique is
capable of measuring centimetre to millimetre-level land surface deformation but the
application is limited only for a highly coherent area. On the other hand, coherence
imagery is applicable for more SAR scenes that constitute the InSAR configuration
regardless of surface stability.
In an arid environment such as the Sahara example explored here, the bare desert
surface is an extremely stable landscape, which retains high coherence over very long
periods (over several years). The contrast between this bright background and the
dark decoherence signatures of any change elements permits immediate detection and
delineation of unstable features. It is this property that permits the spatial and
temporal mapping of surface processes with a confidence unrivalled by other earth
observation techniques over areas too large or inaccessible for practical field surveys.
The results described in this chapter demonstrate the potential of SAR coherence
imagery to detect and interpret changes in a desert environment. For example,
persistent decorrelation over short time intervals is a direct evidence of sand mobility.
Lack of rainfall data in remote desert regions hampers attempts to research the
contribution of sporadic, catastrophic fluvial erosion to arid landscapes. A sequence
of short time scale (monthly), frequent coherence images could provide information
on the temporal and spatial distribution of the effects of localised sporadic flood
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events. Coherence imagery also enables detection of human-induced surface change
with time.

4.5.2 Limitations
A multi-temporal InSAR coherence image presents an objective record of
unsystematic land surface changes between two SAR image acquisitions.
Decoherence phenomena, however, can be presented as meaningful features only
when they contrast with highly coherent background. The average stability of the
environment limits the nature of processes that can be investigated using this
technique. The technique is most effective in detecting changes in a largely stable
environment, such as desert. It is not useful particularly in a highly unstable
environment with many decorrelation factors, e.g., in tropical areas. Vegetation
growth, variation of soil and air moisture, and frequent rainfall can result in
decoherence, making interpretation for particular thematic information difficult if not
impossible. On the other hand, with a very short time interval (e.g., ERS-1/2 tandem
pairs), decoherence phenomena could be used to study vegetation growth (Hagberg et
al., 1995), soil moisture change and rainfall/erosion events but the data availability is
very restricted.
The length of the baseline is an important factor in image quality. An InSAR
image pair with large baseline will show degradation of coherence level especially in
radar-facing slopes. Decoherence features from topography complicates the
interpretation of InSAR coherence imagery. A zero B⊥ would be ideal for coherence
based change detection though it is not desirable for DEM generation from SAR
interferometry.
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4.6 Summary
The results of a comprehensive interpretation of multi-temporal InSAR coherence
images derived from three ERS-1 SAR images of eastern Algeria taken on 8
September, 13 October 1992 and 28 September 1993 are summarised as below.
1)

Decoherence of individual dune features was due to micro-scale surface
transport of mobile sand and volume scattering from radar penetration into the
dry sand, but not dune migration. Micro-scale movement of sand particles is
active over all the dune surfaces in the study area, allowing identification over
short time intervals. With 30 m resolution coherence images in just over one
year period, there was no definite evidence of any traverse dune migration.
Analysis of coherence imagery is an effective and efficient tool in the
mapping of mobile sand and dune distribution over large desert areas.

2)

Ephemeral lakes and temporary water bodies in desert areas can be
detected by coherence images and characterised as medium coherence features
over a relatively short period (35 days in this study) and decoherence features
over a long period (e.g. a year). The lake features detected in coherence
images matched accurately with those in a Landsat TM image of the same
area. The spectral and thermal properties of a major lake basin imply that the
lake is saline. Coherence imagery cannot provide information of the mineral
composition of the lake, but it shows evidence of changes of these ephemeral
lakes.

3)

Ephemeral flood courses and streams can be identified by channels which
are clearly defined as decoherence features on the coherence image showing
change over a year period (350 days) but present no obvious features on the
coherence image of 35 days. The decoherence over the longer period is due to
either fluvial erosion or deposition, or aeolian dry riverbed activity.

4)

A long baseline can cause severe decoherence features on foreshortened
slopes, resulting in prominent gully patterns which complicate the
interpretation of coherence image. An InSAR image pair with a short baseline
is therefore preferred for the coherence study.
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5)

Human-induced disturbances such as geophysical seismic survey lines can
be identified as decoherence features on InSAR coherence imagery.
Coherence images with different time intervals show different seismic lines
dug over these periods. The phenomena are not shown in the relevant SAR
multi-look intensity images and would probably be less obvious in TM
imagery of the relevant date. This unique function of coherence imagery
shows that it is a useful reconnaissance tool for monitoring environmental
impact of human activities.

The methods used in this research are applicable to other arid desert regions.
Recognising the controversial cases in the gully features, a physical and mathematical
explanation of the spatial topographic decorrelation phenomenon in the radar-facing
slopes and a method to identify such features will be presented in Chapter 5.
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Chapter 5: Analysis of Topographic Decorrelation in
SAR Interferometry using Ratio Coherence Imagery

5.1 Introduction
Multi-temporal Interferometric SAR (InSAR) coherence imagery is a useful tool to
detect and monitor randomly changing land surfaces by measuring the degree of
temporal decorrelation between the time-separated multiple SAR acquisitions. This
technique has been refined by separating the temporal decorrelation factor from other
possible decorrelation sources such as thermal noise, baseline, topography,
misregistration, bias on coherence estimation, and atmospheric effects. Among these
decorrelation factors, baseline and topographic factors are often called spatial
decorrelation because they are relevant to the geometric relations of sensor position
and target distribution.
In terrain with strong relief, topographic decorrelation due to the slope is often the
dominant decorrelation factor. This type of decorrelation is an intrinsic property of a
side-looking and ranging SAR system. It is so overwhelming, particularly on a
foreshortened or layover slope that the coherence drops down dramatically towards
zero. The low coherence features on these slopes can easily be misinterpreted, in the
InSAR coherence imagery, as an unstable land surface subject to rapid random
change even for a highly stable slope. The total topographic decorrelation, especially
in an area where the local terrain slope is equal or similar to the radar look angle, is
generally regarded as an obstacle for SAR interferometry and has not yet been fully
investigated. In fact, this particular type of low coherence, once identified, can give
useful information on surface topography.
There have been two different approaches to characterizing spatial decorrelation
due to the baseline and the local terrain slope: the geometrical method (Zebker and
Villasenor, 1992) and the spectral method (Gatelli et al., 1994). In the geometrical
method, a baseline decorrelation function is derived by cross-correlating two SAR
signals with a given baseline length. This function is simply a Fourier transform of
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the radar impulse response. It shows the relationship between the baseline and the
coherence level, and gives a criterion for choosing the satellite orbits with baselines
suitable for InSAR configuration. However, the effect of local terrain slope, which is
the major factor causing the total decorrelation phenomenon on a directly radarfacing slope, has not been fully addressed in this method. In the spectral method, the
frequency shift of the ground reflectivity spectrum between two SAR observations
explains spatial decorrelation caused by both the baseline and the terrain slope.
Applying range-varying spectral filtering by using terrain slope information derived
from interferogram or pre-existing Digital Elevation Model (DEM), the local
coherence can be enhanced at the expense of range resolution. The spectral method
has provided a different aspect of understanding spatial decorrelation and has been
used to improve the quality of coherence. However, it does not give a quantitative
measure of coherence, which is essential for the analysis of the coherence image.
Moreover, the spectral method cannot deal with the situation when the shift of the
ground reflectivity spectrum exceeds the radar bandwidth, which is the case of total
topographic decorrelation.
This chapter presents the study of identification and analysis of the total
topographic decorrelation to provide a refined technique for change detection and
environmental monitoring using InSAR coherence images. This study will show the
critical conditions for the total topographic decorrelation to occur and how to benefit
from this intrinsic limitation on the SAR system by turning it into useful information
for the analysis of the coherence image.
A modified spatial decorrelation function will be derived geometrically as a
function of both the baseline and the local terrain slope. This function will be verified
by proving that the geometrical method leads to the same spatial decorrelation
function as that derived from the spectral method. From the modified spatial
decorrelation function, a critical terrain slope (or critical incidence angle) and a slope
of total topographic decorrelation can be defined within which the image of the slope
surface completely loses its coherence under any circumstance. The width of the
slope of total topographic decorrelation is proportional to the baseline. A new
technique, the ratio coherence imagery is then introduced to separate the spatial
decorrelation from temporal decorrelation for more effective and reliable
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interpretation of coherence images. This new technique is then applied to the same
ERS-1 data of the case study in Chapter 4, a hyper-arid and relatively flat land surface
in the Sahara desert, Algeria.

5.2 Theory

5.2.1 Spatial Decorrelation Function of Baseline and Topography
Decorrelation from spectral misalignment in range frequency, discussed in section
2.4.3, is also called the spatial baseline decorrelation (Li and Goldstein, 1990;
Rodriguez and Martin, 1991; Zebker and Villasenor, 1992). The spatial baseline
decorrelation function can be obtained directly from the imaging geometry of an
InSAR configuration. Consider a radar interferometer operating with geometry shown
in Figure 5.1. The along-track (azimuth) distance is x and the across-track distance
(ground range) is y . Two antennas S1 and S 2 illuminate the same ground patch
centred at ( x 0 , y 0 ) , with different incidence angle of θ i ,1 and θ i , 2 , respectively. The
averaged distance from the sensor to the centre of a resolution element is R . The
returned signals u1 and u 2 are the summations of radar backscattering from the
targets P( x, y ) on the Earth’s surface to each antenna, which can be represented as
(Zebker and Villasenor, 1992)
u1 = ∫∫ σ ( x − x 0 , y − y 0 ) exp{− j

4π
( R + y sin θ i ,1 )}h( x, y )dxdy + n1 ,
λ

(5.1)

u 2 = ∫∫ σ ( x − x 0 , y − y 0 ) exp{− j

4π
( R + y sin θ i , 2 )}h( x, y )dxdy + n 2 ,
λ

(5.2)

where σ ( x, y ) is the complex backscatter function, h( x, y ) is the system impulse
response, and n1 and n2 are the noise associated with the receivers.
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Figure 5.1 Simplified InSAR configuration.

The cross-correlation of the two signals is
u1u 2* = ∫∫ ∫∫ σ ( x − x 0 , y − y 0 )σ * ( x ′ − x 0 , y ′ − y 0 )
4π


exp− j
y (sin θ i ,1 − sin θ i , 2 )h( x, y )h * ( x ′, y ′)dxdydx ′dy ′
λ



(5.3)

If the interferometer is arranged so that the range R is unequal at the two antennas,
only the mean phase of the correlation changes but not the correlation magnitude.
In general, the input signal may consist of both deterministic and random parts but
only the latter is considered here in order to represent natural scenes where the
surface is assumed to consist of uniformly distributed and uncorrelated scattering
centres. Then the complex backscattering is a zero-mean circular Gaussian white
noise process with an autocorrelation given by
E[σ ( x, y )σ * ( x ′, y ′)] = σ 0δ ( x − x ′, y − y ′) ,

(5.4)

where σ 0 is the average radar cross section and δ ( x, y ) is the two dimensional Dirac
delta function. Then, equation 5.3 is simplified as
E[u1u 2* ] = σ 0 ∫∫ exp{− j

4π
2
yδθ i cosθ i } h( x, y ) dxdy ,
λ

(5.5)
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where θ i = (θ i ,1 + θ i , 2 ) / 2 and δθ i = θ i ,1 − θ i , 2 . The exponential term can be
interpreted as a Fourier kernel as it is linear in y. Therefore, the correlation function is
simply the Fourier transform of the intensity impulse response.
The typical radar impulse response function is
h( x, y ) = sinc( x δx)sinc( y δy ) ,

(5.6)

where δx and δy are the azimuth resolution and ground range resolution,
respectively, and the sinc function is taken as

sin πx
. Evaluation of equation 5.5
πx

followed by normalisation leads to the spatial baseline decorrelation function (Zebker
and Villasenor, 1992)

ρ spatial = 1 −

2 cos θ i δθ i δy

λ

.

(5.7)

The correlation falls off linearly as δθ i increases. This effect can be described
equivalently in terms of the antenna baseline. The difference of incidence angles δθ i
can be approximated as the ratio between the perpendicular component of the
baseline B⊥ , and the averaged slant range R as

δθ i =

B⊥
.
R

(5.8)

Substituting equation 5.8 for δθ i in equation 5.7 gives

ρ spatial = 1 −

2 cos θ i δyB⊥
.
λR

(5.9)

The correlation decreases linearly as B⊥ increases, and falls to zero at the critical
baseline
B ⊥,c =

λR
.
2δy cos θ i

(5.10)
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Therefore, the effect of spatial decorrelation can be minimised by choosing SAR
observations nearly repeating the same orbit positions. On the other hand, a short B⊥
will reduce the height sensitivity of the interferogram to the variation of elevation
change according to equation 2.9 for DEM generation.
Note that the spatial baseline decorrelation function in equation 5.9 is not only
inversely proportional to B⊥ , the baseline component perpendicular to radar look
direction, but also δy , the ground range resolution.
Let θ i = θ i0 − α , where θ i0 represent the nominal incidence angle of the radar on
the ellipsoidal Earth (23° for ERS-1 and ERS-2 at the image centre) and α the local
terrain slope measured upward from the horizon away from the radar direction. The
ground range resolution is a function of the local terrain slope as (Curlander and
McDonough, 1991, p. 15)

δy =

c
2 Bν sin(θ i0 − α )

,

(5.11)

where c is the speed of light, Bν the frequency bandwidth of the transmitted chirp
signal. The magnitude of ground range resolution δy increases rapidly when the
surface is nearly orthogonal to the radar beam and becomes infinite if the terrain slope
is equal to the nominal incidence angle (i.e., α = θ i0 ). Note that δy is practically
limited to a finite length even when α = θ i0 because the terrain is not an infinite
plane. However, the effect of a large value of δy on the decorrelation is significant in
the case of the surface slope facing the radar.
According to equation 5.9, the correlation linearly decreases as the magnitude of
ground range resolution increases. SAR achieves resolution by emitting a chirp pulse
and then sampling the returned signal with a time sampling interval no longer than
the theoretical pulse width after range compression. In each slant range resolution cell
of a SAR image, the total scattered field is a coherent summation of radar
backscattering from many scatterers within the ground range resolution cell. As the
ground range resolution cell increases, the width of the main lobe of the impulse
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response function broadens and thus the correlation between two SAR signals
diminishes.
Substituting equation 5.11 into equation 5.9 results in a modified spatial
decorrelation function of baseline and topography

ρ spatial = 1 − AB⊥ cot(θ i0 − α ) ,

(5.12)

where A = c λRBν , a constant for a SAR system. This spatial decorrelation function
describes the behaviour of topographic decorrelation as well as baseline
decorrelation. For a given baseline, the correlation decreases as the local terrain slope
approaches the value of the nominal incidence angle, and the increase of baseline will
speed up the deterioration of the correlation (Figure 5.2).
The spatial decorrelation function above can be verified by deriving it from a
different approach based on the spectral shift in the ground reflectivity spectrum
between two radar signals in equation 2.55,

ν0 ≅

cB⊥
cot(θ i0 − α ) .
λR

(5.13)

Substituting equation 5.13 into equation 5.12 gives an alternative spatial decorrelation
function,

ρ spatial = 1 −

ν0
.
Bv

(5.14)

If the spectral shift ν 0 , a function of the baseline and the local slope, exceeds the
bandwidth of a radar chirp signal Bν , the two SAR spectra become totally disjointed
with each other and thus result in total decorrelation. This function is identical to
equation 2.52, the correlation function derived from range spectral misalignment of
transfer functions. This means that the two different approaches – the geometrical and
the spectral methods – reach the same relationship for the spatial decorrelation
function in terms of the baseline and topography.
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Figure 5.2

Spatial decorrelation ρ spatial with B⊥ = 100 m (upper curve) and

B⊥ = 300 m (lower curve) in case of ERS SAR (θ i0 =23°).

It should be noted that the radar impulse response is assumed as a square
frequency weighting function (equation 5.6) that is a typical radar model in derivation
of equation 5.12. For a different type of impulse response, these equations need to be
modified but the basic relationships remain the same.

5.2.2 Critical Terrain Slope (or Critical Incidence Angle)
From equation 5.12, critical incidence angle, θ i,c (or critical terrain slope, α c ,
where α c = θ i0 − θ i ,c ) and slope of total topographic decorrelation, θ d , can be
defined within which the spatial decorrelation function falls to a meaningless value
(below zero):

θ d ≤ θ i ,c , where θ i ,c = tan −1 ( AB⊥ ) .

(5.15)

The width θ d becomes wider as B⊥ increases, as shown in Figure 5.3. The definition
of A = c λRBν suggests that a SAR system with wider chirp signal bandwidth Bν or
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a longer wavelength λ can reduce the slope range of total topographic decorrelation.
At the image centre (mid-swath), for example, A = 0.4041 × 10 −3 [m −1 ] for the C-band
SAR on board ERS-1 and ERS-2, and A= 0.1174 × 10 −3 [m −1 ] for the L-band SAR on
board JERS-1. This simple calculation indicates that an ERS-1 and ERS-2 InSAR
coherence image is about 4 times more likely to produce the total topographic
decorrelation phenomenon than that of JERS-1.
The total topographic decorrelation is most relevant to the interferometric
measurements where the incidence angle equals the actual terrain slope. For example,
ERS-1 and ERS-2 SAR have a nominal incidence angle range across the swath of
19.4° - 26.5°. This angle range coincides with slope angles of moderate relief terrain,
a common case of land surface, and therefore the ERS SAR is very likely to produce
the total topographic decorrelation. Aircraft measurements, on the other hand, may
have a mid-swath look angle of 45° and a range of look angles across the swath of
20° - 70°. Terrain slope angles equalling the critical incidence angle, in this case, are
only in a particular range of the image. In practice, the total topographic decorrelation
is a problem mainly for interferometric measurements from satellite SAR systems
such as SEASAT, ERS-1, ERS-2, JERS-1 and RADARSAT with a relatively narrow

Terrain Slope (degree)

incidence angle coinciding with common slope angles of terrain.

60
40

Critical
terrain
slope
Total
topographic
decorrelation

20 23
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Critical terrain slope

-40
-60
0

200

400

600

800

1000

Baseline perp. (m)
Figure 5.3 Critical terrain slopes α c as a function of baseline B⊥ . Note that the
width of the slope of total topographic decorrelation increases with B⊥ .
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5.2.3 Ratio Coherence Imagery: A New Analytical Imagery using
Two Coherence Images
A new method is introduced in this section for analysing coherence images.
Ignoring other competing decorrelation factors such as thermal noise, misregistration,
and atmospheric effects, the total observed correlation of the returned radar signals
can be generalized as a product of temporal and spatial correlation as

ρ total = ρ temporal ⋅ ρ spatial

(

)

= ρ temporal ⋅ 1 − AB⊥ cot(θ i0 − α ) .

(5.16)

Now, consider three SAR observations named 1, 2, and 3 in time sequence. A ratio
coherence image can then be established by dividing a coherence image with long
temporal separation by the other with relatively short temporal separation as
13
13
1 − AB⊥13 cot(θ i0 − α )
ρ temporal
ρ total
,
= 12
⋅
12
ρ total
ρ temporal 1 − AB⊥12 cot(θ i0 − α )

(5.17)

where the superscripts represent the SAR image pair for each coherence image.
Alternatively, it can be said that the total ratio coherence, η , consists of a temporal
ratio part and a spatial ratio part as

η total = η temporal ⋅ η spatial .

(5.18)

Assuming that the temporal change is a cumulative process and as the temporal
separations are ∆T 13 > ∆T 12 , the temporal ratio part generally satisfies η temporal ≤ 1 as
13
12
. If the baselines are B⊥13 ≥ B⊥12 , the total ratio is η total < 1 for all
ρ temporal
≤ ρ temporal

slopes. For the case of B⊥13 < B⊥12 ( α c12 < α c13 as shown in Figure 5.2 and 5.4,
excluding layover zone where α > θ 0 for simplicity), however, the spatial ratio part is
abnormally high ( η spatial >> 1 ) when the terrain slope approaches from zero slope (flat
surface) to the critical terrain slope α c12 , thus producing very high total ratio
coherence ( η total >> 1 ) as shown in Figure 5.4. For flat areas and slopes facing away
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from the radar, η spatial ≈ 1 and ηtotal ≈ 1 for stable surface (grey in ratio coherence
image) and ηtotal < 1 for temporally changing surface (dark in a ratio coherence
image).
Within the slope range of α c12 < α < α c13 , the theoretical spatial decorrelation
function ρ 12
spatial falls down to below zero but the actual coherence level is limited to
13
ρ 12
spatial = 0 , while ρ spatial > 0 (Figure 5.2). In this case, the spatial ratio part in

equation 5.18 may not be well defined theoretically (Figure 5.4), but the ratio
coherence will always result in η total >> 1 by protecting computational division from
overflow.
The behaviour of the spatial ratio part within the slope of total topographic
decorrelation of the shorter baseline ( α > α c13 ) is ambiguous and cannot be clearly
defined because the spatial decorrelation functions of the two coherence images both
fall down to below zero. Considering that the estimation of the coherence is an
ensemble averaging process with neighbouring pixels, the effect of this ambiguity in
the theoretical spatial ratio coherence function (equation 5.18) can be averaged out
and becomes negligible if the critical terrain slope zone of the coherence image with
the shorter baseline is very narrow. Otherwise the ratio coherence will show random
mixtures of white and black spots due to the singularity problem of the ratio
calculation in the spatial ratio part.
In summary, the feasible working condition for the ratio coherence is as follows:

η total =

Coherence of large ΔT and short B⊥
.
Coherence of small ΔT and long B ⊥

(5.19)

If the baseline of the larger temporal separation coherence image (numerator) is
shorter than that of the smaller temporal separation coherence image (denominator),
the abnormally bright feature in the ratio coherence image provides an effective
identification of the total topographic decorrelation along the radar facing slopes in
contrast to the dark temporal decorrelation features over a stable background in grey.
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It is not always possible to acquire an adequate dataset satisfying the temporal and
baseline conditions necessary to establish the ratio coherence imagery in (5.19).
Alternatively, one may use two coherence images of which the temporal separations
23
12
do not overlap with each other (for example, η total = ρ total
where ∆T 23 > ∆T 12
ρ total

and B⊥23 < B⊥12 ) taking the risk of η temporal > 1 . For an area where surface change
processes can be considered as gradually progressive and continuous so that temporal
decorrelation is proportional to the temporal separation, the temporal ratio part can
then be assumed to be η temporal < 1 , and the above discussions of ratio coherence
imagery will hold.
However, the assumption between temporal separation and the degree of temporal
decorrelation could be overturned by some environmental factors. For example, if an
erosion event by an unusual storm or human disturbances occurrs between the first
and second image acquisitions and only, then the coherence between 1 and 2
12
23
) would be poor, while the coherence ρ temporal
might be fine even if
( ρ temporal

∆T 23 > ∆T 12 . In this case, the non-overlap temporal separation approach for ratio
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coherence is not desirable.
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Figure 5.4 Spatial ratio coherence ( η spatial = ρ 13
spatial ρ spatial ). Note the abnormally
high value within the zone of critical terrain slope centred at the nominal incidence
angle of 23°.
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5.2.4 Decorrelation from Volume Scattering
So far, it is assumed that backscattering from each resolution cell is dominated by
scatterers on a tilted plane in an open terrain. In practice, there may be a significant
contribution from volume scattering effects such as penetration into dry sand or forest
canopy. It is known that the presence of volume scattering reduces coherence level
(Gatelli et al., 1994; Hagberg et al., 1995). Moreover, decorrelation from volume
scattering also increases as the baseline increases. This relationship can be derived by
expanding the spatial baseline decorrelation from surface scattering defined in
equations 5.1-5.9 to the three dimensional case as
u1 = ∫∫∫σ ( x − x0 , y − y 0 , z − z 0 ) ⋅
exp{− j

4π
( R + y sin θ i ,1 − z cosθ i ,1 )}h1 ( x, y, z )dxdydz + n1
λ

u 2 = ∫∫∫σ ( x − x0 , y − y 0 , z − z 0 ) ⋅
exp{− j

4π
( R + y sin θ i , 2 − z cosθ i , 2 )}h2 ( x, y, z )dxdydz + n 2
λ

(5.20)

(5.21)

Note that different system impulse response functions h1 and h2 are used for u1 and
u 2 , respectively. This is because the volume scattering is of temporal as well as of
spatial due to possible changes of target condition such as penetration depth between
two time-separated SAR observations for repeat-pass InSAR. The cross-correlation of
the two signals is then,
u1u 2* = ∫∫∫

∫∫∫σ ( x − x0 , y − y 0 , z − z 0 )σ * ( x ′ − x0 , y ′ − y 0 , z ′ − z 0 ) ⋅

 4π

 4π

exp− j
y (sin θ i ,1 − sin θ i , 2 ) exp j
z (cosθ i ,1 − cosθ i , 2 ) ⋅ (5.22)
λ


 λ

h1 ( x, y, z )h2 * ( x ′, y ′, z ′)dxdydzdx ′dy ′dz ′
Again, the complex backscattering is assumed to be a zero-mean circular Gaussian
white noise process with autocorrelation given by
E[σ ( x, y, z )σ * ( x ′, y ′, z ′)] = σ 0δ ( x − x ′, y − y ′, z − z ′) ,

(5.23)
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where σ 0 is the average radar cross section and δ ( x, y, z ) is the three dimensional
Dirac delta function. Then, equation 5.22 reduces to
4π
4π
yδθ i cosθ i } exp{− j
zδθ i sin θ i } ⋅
λ
λ
h1 ( x, y, z )h2 ( x, y, z )dxdydz

E[u1u 2* ] = σ 0 ∫∫∫ exp{− j

(5.24)

The exponential terms can be interpreted as a Fourier kernel as they are linear in y
and z, respectively. Therefore, the correlation function is simply the Fourier transform
of the intensity impulse response.
The typical radar impulse response function in 3D is
h( x, y, z ) = sinc( x δx)sinc( y δy ) sinc( z δz ) ,

(5.25)

where δz is the rms penetration depth. For further simplification, temporal
penetration depth change is excluded in the following evaluation to let h1 = h2 = h .
Evaluation of equation 5.24 followed by normalisation leads to the spatial
decorrelation function both from surface scattering and volume scattering as

ρ spatial = ρ surface ⋅ ρ volume
(5.26)
 2 cosθ i δyB⊥  2 sin θ i δzB⊥ 
= 1 −
1 −

λR
λR



If the penetration depth is equal to zero ( δz = 0 ), then the spatial decorrelation
function from surface and volume scattering (equation 5.26) is simplified to the form
of equation 5.9 for surface scattering only. The penetration depth is dependent on the
surface dielectric properties as well as surface geometry, and needs to be modelled
specifically for individual cases.
Similar to the effect of surface scattering, the correlation from volume scattering
effect decreases linearly as B⊥ increases. Therefore, the phenomenon of the high
values of ratio coherence on radar facing slopes becomes more significant in the
presence of volume scattering and the principle and application of ratio coherence
imagery are valid.
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Finally, it is important to note that both temporal and spatial decorrelation features
can only be highlighted over a stable background. If a region is subject to rapid
temporal decorrelation everywhere, any two coherence images of the region will both
be dominated by low values and the ratio coherence image between the two will be a
mixture of randomly distributed black and white spots as the result of the singularity
problem of ratio processing in the temporal ratio part. Therefore, the ratio coherence
is only applicable to the area where temporal and volume scattering decorrelation
factors only affect specific targets over a largely stable background. This condition is
usually satisfied in arid to semi-arid areas where the InSAR coherence technique is to
be used to detect temporal changes.
The weather conditions at the time of image acquisition are another complex factor
for correct interpretation of ratio coherence imagery. For instance, if there is rainfall
at the time of the second image acquisition and dry and stable weather conditions for
the first and third images, the coherence between 1 and 2 could be lower than that
between 1 and 3. The low coherence between 1 and 2 is largely due to the scattering
properties of the microwave for penetration that decreases quickly with the increase
of moisture. The volume scattering between wet and dry land surface can therefore be
considerably different. Therefore, it should be emphasised that the ratio coherence
imagery should be applied in conjunction with adequate information of precipitation
and weather conditions on the days of SAR image acquisitions.

5.3 Case Studies of Ratio Coherence Imagery in the Sahara
Desert, Algeria
As a further development of the case study in the Sahara desert, Algeria, described
in Chapter 4, the ratio coherence imagery was tested and evaluated using the same
dataset: three scenes of ERS-1 SAR data acquired on 8 September 1992 (ALG1), 13
October 1992 (ALG2), and 28 September 1993 (ALG3).
The critical incidence angles and the slopes of total topographic decorrelation of
these coherence images are shown in Table 5.1. Among three possible coherence
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images, a ratio coherence image ALG23_COH/ALG12_COH satisfies the condition
stated in (5.19). This ratio coherence configuration is ideal for the discrimination of
topographic and temporal decorrelation phenomena because the temporal separation
of ALG23_COH is significantly greater than that of ALG12_COH while the baseline
B⊥ of ALG23_COH is much shorter than that of ALG12_COH. Though it is not a
time-overlapping configuration, the temporal ratio can be generally assumed to be

η temporal ≤ 1 in this hyper-arid and stable region.
Several interesting coherence features have been shown in Chapter 4 in this hyperarid desert: 1) a gully area subject to topographic decorrelation showing higher
coherence level for longer temporal separation coherence image as the result of a
shorter baseline; 2) ephemeral flood streams having lost coherence gradually, and
stream-like topographic decorrelation features on steep slopes; and 3) low coherence
of the sand dunes due to the micro-scale rapid movement of sand particles driven by
the wind and the volume scattering from radar penetration into the dry sand.
The following sections describe and explain how these features appear in the ratio
coherence image, and show the advantages of using the ratio coherence imagery in
terms of methodology verification.

Table 5.1 Coherence images and the slope range of total topographic decorrelation
of the Sahara Desert, Algeria data.
Coherence
image

∆T
(days)

B⊥
(m)

Critical
incidence
angle ( θ i,c )

Slope range of total
topographic decorrelation,
θ d ( θ i0 = 23! )

ALG12_COH
ALG23_COH
ALG13_COH

35
350
385

263
105
368

6.0°
2.4°
8.4°

17.0°∼ 29.0°
20.6°∼ 25.4°
14.6°∼31.4°
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5.3.1 Topographic Decorrelation Effects in the Gully Area
Figure 5.5 shows the decorrelation features of radar-facing slopes in a dense gully
network. The radar facing (east facing) slopes have high backscattering in the SAR
intensity image (a) ALG3, but low coherence in (b) ALG_COH12 and (c)
ALG_COH23. Having high coherence on the bottom of the valleys both in
ALG12_COH and ALG23_COH excludes the possibility of rapid fluvial erosion in
this hyper arid region between three SAR observations. Furthermore, the coherence
on these radar facing slopes in ALG23_COH ( ∆T =350 days) is much higher than
that in ALG12_COH ( ∆T =35 days), which cannot be explained in terms of temporal
changes. This is a typical case of the total topographic decorrelation on radar-facing
slopes. The theoretical slope range of total topographic decorrelation for
ALG23_COH (20.6°∼25.4°) is less than half of that for ALG12_COH (17.0°∼29.0°) as
shown in Table 5.1. Comparing the topographic decorrelation features on Figure
5.5(b) and 5.5(c), it is obvious that the wider the critical terrain slope range, the wider
the slope area of total decorrelation. On these stable radar-facing slopes, the temporal
ratio part can be assumed to be η temporal ≈ 1 while the spatial ratio part is η spatial >> 1 .
This results in the highlighted spatial decorrelation features in the ratio coherence, i.e.

η total >> 1 . The network of high ratio coherence values along the east-facing sides of
the gullies forms eminent bright features over a grey background in Figure 5.5(d)
ALG23_COH/ALG12_COH, isolating the total topographic decorrelation on the
radar-facing slopes over the flat and stable bedrock.
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(a) ALG3

(b) ALG12_COH

(c) ALG23_COH

(d) ALG23_COH/ALG12_COH

0

coherence

1

0

ratio coherence

2.7

Figure 5.5 Topographic decorrelation effect in a gully area (8 km × 8 km). (a) SAR
amplitude image (ALG3), (b) coherence image ALG12_COH with 35 days separation
and 263m of B⊥ , (c) coherence image ALG23_COH with 350 days separation and
105m of B⊥ , and (d) ratio coherence image ALG23_COH/ALG12_COH. The low
coherence along the gully edges in the coherence images (b) and (c) could be easily
mistaken as a temporal decorrelation effect. In the ratio coherence image (d), it is
clear that the total topographic decorrelation effects along the radar-facing slopes are
dominant and highlighted as bright features over a grey background.
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5.3.2 Discrimination of Topographic and Temporal Decorrelation:
Ephemeral Rivers vs. Radar-facing Slopes
Figure 5.6 shows an example of separating topographic decorrelation features from
temporal decorrelation features. The coherence images (b) ALG12_COH and (c)
ALG23_COH show the decorrelation features that cannot be seen in the SAR
amplitude image (a) ALG3. These are the temporal decorrelation features of erosion
process in ephemeral river channels in the upper part of the image, as well as some
unknown stream-like decorrelation features in the middle to right of the coherence
images. These unknown features, possibly the results of a different decorrelation
factor, are not distinguishable from the river channel features in the two coherence
images.
Comparing the variation of the coherence features of the river channels in the two
coherence images, it is obvious that surface change caused by episodic rainfall had
occurred mainly between ALG2 and ALG3 SAR observations. For these relatively
flat river channels, the temporal ratio part is η temporal < 1 , while the spatial ratio part is

η sptial ≈ 1 , resulting in a low value of the ratio coherence η total < 1 . On the stable radar
facing slopes near or within the slope of total topographic decorrelation, the temporal
ratio part is η temporal ≈ 1 while the spatial ratio part is η spatial >> 1 , resulting in a high
value of the total ratio coherence η total >> 1 . As shown in the ratio coherence image
(d) ALG23_COH/ALG12_COH, the total topographic decorrelation in the radarfacing slopes in the middle to right part of the image is convincingly recognised as
bright features against dark features of river channels over a stable and flat
background in grey. This example has demonstrated the effectiveness of the ratio
coherence imagery for the discrimination between topographic and temporal
decorrelation features.
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(a) ALG3

(b) ALG12_COH

(c) ALG23_COH

(d) ALG23_COH/ALG12_COH
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coherence

1

0

ratio coherence

2.7

Figure 5.6 An example of discriminating the total topographic decorrelation from
the temporal decorrelation features (13 km × 13 km). (a) SAR amplitude image
(ALG3), (b) coherence image ALG12_COH with 35 days separation and 263m of
B⊥ , (c) coherence image ALG23_COH with 350 days separation and 105m of B⊥ ,
and (d) ratio coherence image ALG23_COH/ALG12_COH. Two different
decorrelation effects are not distinguishable from each other in both coherence
images (b) and (c), though the gradually decreasing coherence along major river
channels is obvious. In the ratio coherence image (d), these are clearly discriminated
as dark river channels of temporal decorrelation (upper left part) and bright radarfacing slopes of the total topographic decorrelation (middle to right) on a stable
background in grey.
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5.3.3 Rapid Decorrelation from Temporal Change and Volume
Scattering on Sand Dunes
Figure 5.7 shows linear type sand dunes on stable flat bedrock. Since three SAR
scenes were acquired in dry weather conditions, there was a considerable amount of
radar penetration into the dry sand causing volume scattering. The sand dunes show
low radar backscattering in the SAR amplitude image (a) ALG3 due to the volume
scattering. As shown in the coherence images (b) ALG12_COH and (c)
ALG23_COH, the sand dunes also have consistently low coherence level due to both
rapid temporal decorrelation and volume scattering. The micro-scale movement of the
sand particles driven by the wind continuously changes the distribution of scatterers
resulting in rapid temporal decorrelation. The volume scattering also has contributed
to decorrelation in the sand dunes.
On these sand dunes, the temporal ratio part η temporal can have random spatial
distribution of values from extremely high to extremely low because of the singularity
behaviour of the ratio operation. The slope of each sand dune can also be regarded as
continuously varying in micro-scale, which results in a random variation of the spatial
ratio part η spatial , thus producing random values of the ratio coherence η total . In the
ratio coherence image (d) ALG23_COH/ALG12_COH, the sand dunes appear as a
random mixture of bright and dark spots over grey background of stable and flat
bedrock.
To conclude the case study of the Sahara desert, Table 5.2 summarizes the
contribution of the temporal and spatial part of the ratio coherence for the several
surface types in the region discussed so far.
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(a) ALG3

(b) ALG12_COH

(c) ALG23_COH

(d) ALG23_COH/ALG12_COH
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Figure 5.7 Rapid temporal decorrelation in the linear type sand dunes due to the
continuously moving sand particles and volume scattering (18 km × 18 km). (a) SAR
amplitude image (ALG3), (b) coherence image ALG12_COH with 35 days separation
and 263m of B⊥ , (c) coherence image ALG23_COH with 350 days separation and
105m of B⊥ , and (d) ratio coherence image ALG23_COH/ALG12_COH. The nearly
zero coherence level of the sand dunes in the coherence images (b) and (c) results in
random spatial distribution of bright and dark spots over a grey stable background in
the ratio coherence image (d).
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Table 5.2 Ratio coherence features in the Sahara Desert, Algeria.
Surface type

η temporal

η spatial

ηtotal

Feature on
ratio coherence image

Flat bedrock
1.198 1.176 homogeneously grey
≈1
(highly stable)
Radar-facing slope
bright
≈1
>> 1
>> 1
(total topographic decorrelation)
Flood stream
dark
<1
≈1
<1
(gradual temporal decorrelation)
Sand dunes
random bright and
(rapid temporal and volume random random random
dark spots
scattering decorrelation)

5.4 Summary
Topographic decorrelation due to local terrain slope is a dominant decorrelation
factor on a surface under direct radar illumination. A highly stable surface may lose
its coherence completely when the terrain slope angle is near or within the critical
terrain slope zone. This phenomenon can mislead the interpretation of a coherence
image.
The topographic decorrelation has been analysed by deriving a modified spatial
decorrelation function using the geometrical approach. This function was verified by
the fact that the same result can also be derived based on the spectral approach. The
definition of the critical terrain slope (or critical incidence angle) is then proposed,
which, for a given baseline, defines the criterion angle between radar illumination and
terrain slope for total decorrelation to occur. It has been shown that the slope range of
total topographic decorrelation broadens as the baseline increases.
A new technique, ratio coherence imagery, is proposed as a further development of
this study. A ratio between a short-baseline, long-temporal separation coherence
image (numerator) and a long-baseline, short-temporal separation coherence image
(denominator) can effectively enhance and separate topographic decorrelation in
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white (high ratio values) from temporal decorrelation in black (low ratio values) on a
grey background (stable areas).
Volume scattering is a complicated factor that should be dealt with in analysing
coherence imagery. Similar to spatial decorrelation from surface scattering, volume
scattering degrades the coherence level as the baseline increases. Therefore, volume
scattering affects the ratio coherence imagery in a similar way to surface scattering.
Application examples using ERS-1 SAR data in a hyper-arid flat area in the Sahara
desert, Algeria have demonstrated that the technique is useful to eliminate incorrect
interpretation of coherence images for detection of random temporal changes on land
surface. Weather data, geological information, and adequate temporal and baseline
separations between SAR data sets are needed for correct interpretation and effective
use of the ratio coherence imagery.
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Chapter 6: Erosion, Land-use and Change Detection
in SE Spain using InSAR Coherence Imagery

6.1 Introduction
Soil erosion is a widespread problem in Mediterranean countries. Irregular and
often intense rainfalls in this semi-arid region can result in rapid erosion in areas
where the slope is steep, the lithology is soft and the vegetation is sparse.
Tremendous damage to the vulnerable ecosystems can be triggered by inappropriate
land use (e.g., excessive cultivation) and engineering work (e.g., road cut). For
environmental management in the region, it is important to detect and monitor the
areas subject to rapid erosion.
Multi-temporal interferometric SAR (InSAR) coherence imagery is a useful
technique for detection of erosive land surface changes by measuring temporal
decorrelation. The erosion process randomly changes the micro-topography of the
slope surface and thus the geometry of radar scatterers. As a result, the phase and
amplitude of the signal from each pixel are randomly altered. The signal coherence, a
measure of consistency of the average random signal between the initial and the later
state, estimated over a convenient number of neighbouring pixels, will therefore be
gradually reduced. Eventually coherence will be lost completely when the average
random phase change among pixels in a neighbourhood exceeds half the radar
wavelength. It has been shown that erosion can be effectively detected using ERS
SAR coherence imagery (Liu et al., 1999d, 1999e).
This chapter reports part of the research results of the ESA ERS AO3-113 project
on rapid erosion detection based on the above principle. The study area is in SE Spain
(Almeria and Granada Provinces), which is one of the most arid areas in Europe,
where the annual precipitation is less than 300 mm. In this semi-arid region, badlands
are eroded from poorly cemented Tertiary molasses debris, marls, and thin soils
derived from mica-schist and phyllite. They are vulnerable to flash flood erosion
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caused by occasional torrential storms (Harvey, 1984, 1987). Rapid erosion will occur
especially when the natural land surface is disturbed and vegetation is destroyed.
Three case studies are presented: 1) rapid erosion along a road cut in the Rio de
Aguas valley near Sorbas in ALM scene; 2) recent massive plantation and its possible
consequences for erosion on the southern flank of Sierra de Las in ALM scene; and 3)
rainfall events caught by an ERS-1/2 tandem pair, east of Jaén in GRA scene.

6.2 Case I: Rapid Erosion along the Rio de Aguas Valley
Raw SAR data of ERS-1/2 for Almeria region is shown in Table 6.1. The scenes
are chosen based on temporal separation, perpendicular baseline and weather
conditions. Weather data (The Weather Underground, Inc.) shows that there was no
precipitation on any of the dates when these images were acquired. Dry weather
conditions are essential to eliminate the decorrelation caused by moisture change,
which is a key factor to affect the dielectric property of the surface scatterers. These
images were used for the studies of Case I and II.
The ERS SAR raw complex data were processed using a SAR processor to
produce Single Look Complex (SLC) images. For interferometric processing, the
SLC images were accurately co-registered to no less than 1/32 pixel accuracy.
Coherence images and interferograms were then derived from pairs of co-registered
SLC images. In this study, coherence images were produced by ensemble averaging
4×16 pixels in range and azimuth direction, respectively, after Earth-flattening. Note
that range spectral filtering has not been applied for spatial decorrelation
compensation here because analysis of the spatial decorrelation effect itself is another
object of this research.
The study area is within the ALM scene. The location is shown in Figure 6.1
together with a simplified geological map illustrating the main lithologies. Coherence
and ratio coherence images were analysed in conjunction with Landsat TM images
and stereo air-photos, topographic maps (1:10,000; ICA, 1997a) and geological maps

131

Table 6.1 ERS SAR scenes of Almeria area.
Scene Mission
ALM1
ALM2
ALM3
ALM4

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

Date
19950426
19961003
19961212
19970501

Wind
B⊥ (m)
Weather Speed
∆T (days)
(kph)
dry
17.8
131
526
dry
13.5
156
70
136
210
dry
15.7
20
140
dry
21.9

(1:50,000; IGME, 1975a). The TM images were used to illustrate the environment of
the study area and to verify decoherence features of dense vegetation. Stereo airphotos and topographic maps provide slope information that is useful for separating
erosion from deposition and for eliminating decoherence features caused by spatial
topographic decorrelation. Air-photos also show details of sparse natural vegetation.
The image interpretation was checked in a field investigation.

6.2.1 Interpretation of the Coherence Features
Erosion phenomena appearing in coherence images are expected to be features
gradually losing coherence with time. Vegetation and human activities (e.g.,
agriculture) are the other two major temporal decorrelation factors in the study area.
Dense vegetation can result in total loss of coherence within a few days or even
shorter time lapse. On the other hand, according to field investigation, sparse and dry
natural vegetation (shrubs) typical in the region does not expose a significant effect to
coherence level for months to even a year. Human activities such as field ploughing,
engineering construction and quarrying can result in sudden loss of coherence in a
specific period in clearly defined shapes illogical to natural processes. The general
guidance for interpretation is summarised as below.
•

Rapid erosion: High to intermediate coherence in a few days to months depending
on if there are rainfall events. Gradually lost coherence over a long period (several
months to more than a year).
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•

Dense vegetation: Lost coherence in very short period (within a few days).

•

Human activities: Usually not relevant to the length of the temporal separation.
The decoherence features often show regular spatial patterns. Agriculture related
decoherence features are controlled by seasons.
As shown in the Landsat TM 432 RGB colour composite and NDVI (Normalized

Difference Vegetation Index; Rouse et al., 1974) image in Figure 6.2, the Rio de
Aguas valley cuts through a sequence of Tertiary strata tilting toward the west. On the
western side of the valley, there are steep slopes of marls capped by thick block layers
of gypsum. The eastern side of the valley is mainly composed of thick limestone with
several fossil landslides. The bottom of the valley (low terraces) is covered by dense
vegetation mainly of orange orchards, and farmhouses. A motorway (the dark curved
line in the NDVI image), built in the middle of the 1990s based on limestone, cuts
through the marls on high terraces. Gypsum and limestone are very resistant
lithologies especially in arid regions where there is little surface and shallow
groundwater. The marls are loose and soft and nearly completely barren. Marls are
therefore vulnerable to erosion when heavy rainfalls happen.
Figure 6.3 shows ALM23_COH, ALM34_COH, ALM24_COH and the RGB
colour composite using the three coherence images. The dense vegetation in the
valley bottom shows persistently low coherence in 70, 140 and 210 days intervals as
very dark patches in all the coherence images. These dark patches accurately match
the bright patches of TM NDVI image in Figure 6.2. However, there are several
persistently low coherence patches in the upper-left part of coherence images that are
not shown in the TM NDVI image. These patches correspond to a large gypsum
quarry and the quarry dumps in operation.
The gypsum plateau to the west of the valley is the most stable feature in the area
retaining high coherence in 210 days. The limestone on the eastern side of the valley
also shows considerable stability. These features appear as bright tones in each
individual coherence image and bright grey to white in the coherence colour
composite. The distribution of these features generally matches with the geological
map in Figure 6.1.
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The western side of the valley is seen to have lost coherence gradually from an
intermediate level in 70 days (average coherence of 0.42) to low coherence in 140
days (average coherence of 0.25) and nearly complete loss of coherence in 210 days.
This progressive change is effectively recognised in red colours in the coherence
colour composite shown in Figure 6.3(d). Comparing the coherence colour composite
with the geological map, the gradually changing area matches well with the
distribution of the marls (Figure 6.1). This progressive change is believed to be
caused by rapid erosion.
Most temporal changes are accumulative with time. Therefore, the coherence level
in ALM23_COH (70 days) is generally higher than ALM34_COH (140 days).
However, there are exceptional cases such as sudden temporal changes during the 70
days of ALM23_COH and then stable in the 140 days of ALM34_COH. These
features are presented as bright green in the coherence colour composite shown in
Figure 6.3(d), and are a result of high coherence only in ALM34_COH and usually
correspond to human activities such as newly ploughed fields appearing as small
regular or irregular patches.

6.2.2 Ratio Coherence Imagery and Analysis of the Topographic
Decorrelation
For further study on the temporal changes relating to possible rapid erosion in the
region, it is essential to separate spatial decorrelation from temporal decorrelation. In
this section, the topographic decorrelation features on steep slopes will be analysed
using the ratio coherence technique.
There are distinctive linear features in bright green in Figure 6.3(d). These features
appear along east facing steep slopes of valleys and cliffs, which are produced by the
much shorter baseline of ALM34_COH (20 m) compared to ALM23_COH (156 m)
and ALM24_COH (136 m). In a high relief terrain, the spatial topographic
decorrelation due to the terrain slope and baseline may overwhelm other decorrelation
factors including the temporal decorrelation. This effect is dominant particularly on
directly radar-facing foreshortened slopes and layover zones. For a foreshortened
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slope, the width of spatial decorrelation zone increases with the increase of baseline
(Lee and Liu, 1999, 2000a; Chapter 5). As a result, the spatial decoherence zones
along east-facing slopes are significantly narrower in the case of ALM34_COH than
that of ALM23_COH and ALM24_COH, producing bright green edge features in
Figure 6.3(d).
Among the three possible coherence images listed in Table 6.2, the ratio coherence
image of ALM34_COH/ALM23_COH meets the condition of ratio coherence
imagery in equation 5.19. Figure 6.4 shows two coherence images (a) ALM34_COH
and (b) ALM_COH23, the ratio coherence image (c) ALM34_COH/ALM23_COH,
and the SAR amplitude image (d) ALM4 of the Rio de Aguas valley nearby Sorbas
town. Coherence images show complex features of decorrelation from either temporal
decorrelation or spatial topographic decorrelation.
It is not really possible to distinguish the two using a single coherence image. For
instance, the curved linear features of low coherence in Figure 6.4(a) ALM23_COH
can be easily misinterpreted as temporal decorrelation in streams. With the aid of the
ratio coherence image, one can confidently recognize them as the topographic total
decorrelation features along the foreshortened or layover slopes of cliff scarps
because they are highlighted in white in the ratio coherence image in Figure 6.4(c)
ALM34_COH/ALM23_COH. The dark areas in Figure 6.4(c) are the temporal
decorrelation features possibly related to progressive erosion in the unconsolidated
Tertiary molasses debris and marls. The rapid temporal decorrelation of vegetation in
the agricultural field in the valley shows randomly distributed black and white spots,
while grey in the upper left part of Figure 6.4(c) corresponds to the stable gypsum
plateau. Table 6.3 summarizes the contribution of the temporal and spatial part of the
ratio coherence for several surface types in this region.

Table 6.2 Coherence images and the critical terrain slopes (Almeria, Spain).
Coherence
image

∆T
(days)

B⊥
(m)

Critical incidence
angle ( θ i,c )

Slope range of total
topographic decorrelation,
θ d ( θ i0 = 23! )

ALM23_COH
ALM34_COH
ALM24_COH

70
140
210

156
20
136

3.6°
0.5°
3.1°

19.4°∼ 26.6°
22.5°∼ 23.5°
19.9°∼26.1°
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Table 6.3 Ratio coherence features in Rio de Aguas valley.
Surface type

η temporal η spatial

ηtotal

Feature on
ratio coherence image

Gypsum plateau
1.152 1.003 homogeneously grey
≈1
(highly stable)
Radar facing slope
bright
>> 1
>> 1
≈1
(topographic decorrelation)
Unconsolidated Tertiary marls
dark
<1
≈1
(gradual temporal decorrelation) < 1
Vegetation and agriculture
random bright and dark
random random random
(rapid temporal decorrelation)
spots

It is interesting to notice that the location of the total topographic decorrelation
features partially matches the high backscattering area (the usual case for
foreshortened slopes) in the SAR amplitude image in Figure 6.4(d). Furthermore,
comparison of the two coherence images Figure 6.4(a) and (b), ALM34_COH is little
affected by topographic decorrelation. This is because of the very short baseline of
ALM34_COH ( B⊥ = 20 m). However, it is difficult to say that the low coherence
features appearing in ALM23_COH but absent in ALM34_COH are the features of
topographic decorrelation without using the ratio coherence image. It is more difficult
to pin-point the features of such kind in practice. In this case, the ratio coherence
image Figure 6.4(c) gives a definite identification and it is much easier to interpret
than by comparing two coherence images or SAR amplitude images side by side.
As a further enhancement, a colour composite of ALM23_COH in red,
ALM34_COH in green and ALM34_COH/ALM23_COH in blue is produced (Figure
6.5). In this image, spatial decorrelation effects are shown as bright edges in cyan
because of the high values in both ALM34_COH and ALM34_COH/ALM23_COH
and low values in ALM23_COH. Stable land surfaces (gypsum and limestone)
correspond to yellow tones because of the high coherence in both ALM23_COH and
ALM34_COH and intermediate values in ALM34_COH/ALM23_COH. The dense
vegetation appears as blue tones as a result of consistently low coherence and
intermediate ratio values. The large area of marls in the middle part of the image is
distinctively illustrated as reddish orange tones as a result of gradual temporal change
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characterised by intermediate coherence in ALM23_COH, low coherence in
ALM34_COH and low ratio values in ALM34_COH/ALM23_COH.
In field investigations conducted in May 1999 and 2000, fresh rills and gullies
were observed on the marl slopes. The rills on the surfaces of steep slopes along the
road cut present firm evidence of erosion and give an estimation of the erosion rate.
When the motorway was completed in 1993, these man-made slope surfaces should
be smooth. After six years, the accumulated erosion process has produced dense rills
with depths ranging from a few centimetres to 70 centimetres. Erosion at this rate will
significantly reduce the coherence in a few months. Supported by the field
observation (fresh erosion evidences and acute lack of vegetation), it is obvious that
rapid erosion is the only major factor causing the temporal change that has gradually
reduced the coherence. Figure 6.5 presents a convincing detection of rapid erosion
occurring in the marls situated in the study area.
Comparing Figure 6.5 with the TM NDVI image shown in Figure 6.2(b), the
geological map (Figure 6.1) and topographic maps, it becomes clear that rapid erosion
is most likely to happen in soft lithologies where the slope is relatively steep and
vegetation cover is very poor. The rapid erosion detected in this case study happens to
be along a new motorway road cuts. It implies that there is a direct or indirect impact
of this large-scale engineering work to the rapid erosion. Outcrops of marls with
similar topography in an undisturbed environment are often protected by thin
calcareous crusts from rapid erosion so that they may show high coherence in an
equivalent period (Hilton, 2000)
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river

Sorbas
Carboneras

Figure 6.1 The location map together with a simplified geological map (IGME,
1975a) of the study area of Case I (10 km × 10 km). The large square represents the
locations of the ALM whole scene (100 km × 106 km).
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(a) Landsat TM 432

(b) NDVI
Figure 6.2 (a) Landsat TM standard false colour composite (band 432 in RGB,
1987). (b) TM NDVI image.
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(a) ALM23_COH

(c) ALM24_COH

(b) ALM34_COH

(d) RGB

Figure 6.3 (a) ALM23_COH. (b) ALM34_COH. (c) ALM_24_COH. (d) Colour
composite of ALM23_COH in red, ALM34_COH in green and ALM_24_COH in
blue.
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(a) ALM23_COH

(b) ALM34_COH

(c) ALM34_COH/ALM23_COH

(d) ALM4

0

coherence

1

0

ratio coherence

2.7

Figure 6.4
Ratio coherence imagery in Almeria, Spain. (a) Coherence image
ALM23_COH with 70 days separation and 156m of B⊥ . (b) Coherence image
ALM34_COH with 140 days separation and 20m of B⊥ . (c) Ratio coherence image
ALM34_COH/ALM23_COH. (d) SAR amplitude image (ALM4). Complex features
of decorrelation of different natures in the coherence images (a) and (b) can be clearly
discriminated in the ratio coherence image (c). The curved linear features of low
coherence highlighted in white are the total topographic decorrelation along the
foreshortened slopes. The dark features are of gradual temporal decorrelation. The
black and white noisy spots are from rapid temporal decorrelation of vegetation and
agriculture, while grey indicates stable surface.
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(a)

(b)

Figure 6.5 (a) The colour composite of ALM23_COH in red, ALM34_COH in
green and ALM34_COH/ALM23_COH in blue. 1: Marls subject to rapid erosion. 2:
Dense vegetation. 3: Gypsum. 4: Gypsum quarries and dumps. 5: Limestone. 6:
Foreshortened slopes (spatial topographic decorrelation effect). (b) Field photo of
rapid erosion of Marls (Photo from J. G. Liu)
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6.3 Case II: Massive Plantation and Decoherence
This case study is mainly based on field investigation. The study area is in the
north region of Almeria from Rio Almanzora in the south to the mountain range of
Sierra de Las in the north. A Landsat TM 541 RGB colour composite (Figure 6.6)
shows the topography, lithology and vegetation in the area clearly. From the northwest to south east, the main rock types are dolomite mountains in orange, mica-schist
range land in deep blue, the highly dissected Pliocene alluvial plain in purple to
brown and Quaternary badlands in white (IGME, 1975b). The vegetation is in green.
Figure 6.7 is a colour composite of ALM34_COH in red, ALM23_COH in green
and ALM12_COH in blue with temporal separation of 140, 70 and 526 days (Table
6.1). A long temporal separation coherence image ALM12_COH was used to present
highly stable areas. Dense vegetation along the Rio Almanzora and other rivers is
black because of coherence loss in each time period. The white areas are sparsely
vegetated Permian-Triassic dolomites and marbles, such as the mountain range of
Sierra de Las and hills along the both sides of Rio Almanzora. The red edge features
are spatial decorrelation on foreshortened slopes as the result of a very short baseline
of ALM34_COH ( B⊥ = 20m ) that is displayed in red. The ratio coherence image is
not shown because the major decoherence features are in a gentle undulated terrain
with no confusion from spatial decorrelation along steep east-facing slopes.
The most significant features are the green patches which coincide with the
distribution of badland in the Albox area and a belt of mica-schist and phyllite
forming the southern flank of Sierra de Las. The colour indicate that these areas had
quite a high coherence in the 70 days from October to December 1996 but lost
coherence completely in the following 140 days from December 1996 to May 1997.
What is the principal cause for this phenomenon? The initial interpretation was that it
is possibly a rapid erosion event particularly in the hilly region of soft lithology like
mica-schist and phyllite. However, the field investigation provided an unexpected
answer. The green belt in the southern flank of Sierra de Las accurately defines a
massive plantation of olive and almond trees planted recently, as shown in a field
photo (Figure 6.8). These trees were planted in the thin soil developed from micaschist and phyllite. Field observation indicates that the terrain is vulnerable to erosion
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once the natural sparse vegetation is stripped off. The decoherence effects may be
partially due to the irrigation and ploughing in spring and partially due to natural
erosion. This case study demonstrates that coherence imagery can reliably detect and
define temporal changes.
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Figure 6.6 Landsat TM bands 541 in RGB and the location of case study II (20 km ×
24 km). The large tilted square represents the ALM whole scene (100 km × 106 km).

145

Badland

Albox

Cantona

ALM12
1
ALM
∆T (days)
B⊥ (m)
Date
Apr’95

526
131

Arboleas

ALM23 ALM34
2
3
4
70
140
20
176
Oct’96 Dec’96 May’97

Figure 6.7
Coherence colour composite of ALM34_COH, ALM23_COH, and
ALM12_COH in RGB respectively.
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Figure 6.8 Massive plantation (Field photo of southern flank of Sierra de Las, from
J. G. Liu).
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6.4 Case III: A Rainfall Event in the Granada Scene
An area southeast of Jaén in the Granada scene was selected for the third case
study. The study area, measuring 28 km by 28 km, is shown in a Landsat TM band
432 in RGB colour composite, together with a location map (Figure 6.9). Figure 6.10
illustrates a simplified geological map of this area (IGME, 1970). Figure 6.11 shows
Landsat TM band 531 in RGB for more detailed interpretation of lithology,. The
massifs to the north and south (red to purple) are the Jurassic basement rock of the
South Iberian Domain composed of limestone, dolomite and marls. Between them is
a broad basin of Cretaceous marls, limestone and dolomite (light blue). The basin is
partially filled with Neogene and Quaternary sediments.
Raw data of two ERS-1/2 tandem pairs of Granada area were acquired as shown in
Table 6.4. The first tandem pair brackets a rainfall event. At the weather station in the
city of Jaén, 1 mm of precipitation was recorded on 2 May 1996, the acquisition date
of GRA1, and 21 mm on 3 May 1996, the acquisition date of GRA2 (The Weather
Underground, Ltd.). The wet weather conditions significantly altered the moisture
and micro-geometry of the radar scatterers to reduce coherence during the first
tandem pair GRA12_COH, shown in Figure 6.12(a). In comparison, the second
tandem pair GRA34_COH acquired under dry condition is shown in Figure 6.12(b).
The average coherence level of GRA12_COH (0.46) is significantly lower than that
of GRA34_COH (0.72), as shown in Table 6.5. It is particularly low in most regions
of the GRA12_COH image, except the spatial topographic decorrelation phenomena
in the mountainous area in GRA34_COH due to its larger baseline (131 m) than that
of GRA12_COH (91 m).
Four possible major causes that may have reduced the coherence in GRA12_COH
are to be discussed here: 1) vegetation & wind, 2) surface moisture change, 3)
rainfall/erosion, and 4) bias of coherence estimation from topographic phase fringes.
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Table 6.4 ERS SAR Granada scene and weather data of the city of Jaén.
Scene

Mission

Date

Weather

GRA1
GRA2
GRA3
GRA4

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

19960502
19960503
19961024
19961025

rain (1 mm)
rain (21 mm)
dry
dry

Average
wind speed
(kph)
20.4
6.3
4.3
1.1*

Maximum
wind speed
(kph)
24.1
14.8
7.6
7.6*

* data measured at the city of Granada.

Table 6.5 Two ERS tandem-pair InSAR coherence images for the case study III in
Granada, Spain.
Scene

B⊥ (m)

GRA12_COH
GRA34_COH

91
131

Average
coherence
0.46
0.72

Standard
deviation
0.21
0.12

6.4.1 Vegetation & Wind
According to the Landsat TM band 432 in RGB colour composite, in Figure 6.9,
many parts of the study area are covered with vegetation. Dense vegetation (bright
red) is concentrated along the river channels while forest (dark red) is also
widespread over the entire region. Vegetation may have a considerable effect to
reduce the coherence level in GRA12_COH in these areas.
To localise the low coherence areas affected by vegetation and to visualise the
slope dependence of them, Landsat TM NDVI and GRA12_COH are overlain by
topographic contours derived from GRA34_INF, as shown in Figure 6.13.
GRA34_INF is a good quality interferogram that presents topographic variation in
SAR geometry. Red colour represents vegetated area in (a) NDVI-contour image and
low coherence area in (b) GRA12_COH-contour image.
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The coregistration error between the TM NDVI image and the interferogram
GRA34_INF is significant in mountainous regions. The SAR image of this high relief
area is severely distorted, resulting in foreshortening and layover effects. This local
geometric distortion is due to the fact that the SAR (actually any radar) is a ranging
device and therefore generates a cross-track reflectivity map based on the sensor to
target range distance. For instance, the topographic contours are foreshortened on the
east side slope of Monte Prieto, located in the upper left part of the study area, while
expanded on the west side as ERS SAR looks from the east. The actual vegetation
cover in Monte Prieto is wider than that shown in Figure 6.13(a) NDVI-Contour
image. It should spread over all contours of the west side slope to the top of this
mountain. Correction of SAR geometric distortion needs an accurate DEM and
computer software, which was not available during this research period. For
qualitative comparison to verify the concept of the application, the dataset is adequate
though caution must be applied in interpretation. In the interpretation of NDVIcontour image, a rule of thumb is that vegetation cover over the contours of the west
side slope should be expanded towards the contours of uphill while those of the east
side slope should be shrunk towards the east. The coregistration is relatively accurate
in flat region where the effects of geometric distortion can be ignored.
Two images show high correlation with each other. The distribution of forest on
mountain slopes and dense vegetation along rivers in NDVI-contour image matches
most of the decoherence patches in the GRA12_COH-contour image. The existence
of vegetation alone cannot provide evidence of low coherence. Vegetated areas can
sustain high coherence in dry and calm (low wind speed) weather conditions, as seen
from GRA34_COH. It can, therefore, be assumed that all the vegetated areas in
GRA12_COH lost coherence due to movement of tree canopies caused by rainfall
and wind.
Wind accompanying rainfall event can significantly change the stability of the
surface covered with vegetation. According to the weather data in Table 6.4, the wind
speed was relatively high at the acquisition day of GRA1 (20.4 kph) compared with
the others: GRA2 (6.3 kph), GRA3 (4.3 kph), and GRA4 (1.1 kph). High wind speed
in GRA1 swung vegetation canopies thus intensified decoherence phenomena in the
areas covered with vegetation. The higher wind speed of GRA1 compared to that of
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GRA2 can be verified by observing the high radar intensity of a lake in GRA1 near
the study area. An example is shown in Figure 6.14. The smooth water surface in
calm weather acts as a specular reflector that reflects most of the energy away from
the radar, resulting in a very low return signal. The lake appears dark in (b) GRA2.
Rough water surfaces in windy condition return radar signals of varying strengths
resulting much brighter lake surface in (a) GRA1. The difference image between
GRA1 and GRA2 in (c) GRA1-GRA2 shows higher radar intensity in GRA1 than
GRA2, indicating higher wind speed in GRA1.

6.4.2 Surface Moisture Change
Surface moisture is an important factor that changes the radar backscattering
properties of the target surface, thus changing coherence level as well as radar
intensity. Most natural surfaces are subject to penetration by the electromagnetic
wave. The penetration depth is dependent on both the surface condition and the
wavelength of the electromagnetic wave. Thus the scattering from natural terrain is
generally a combination of surface scattering and volume scattering. A useful
quantity for characterising the volume scattering is the penetration depth. Given a
wave incident on a surface, the depth at which the refracted portion of the wave is
attenuated by 1 e of its value at the layer boundary is given by (Ulaby et al., 1982)

δz = λ ε ′ (2πε ′′)

(6.1)

where the relative dielectric constant, a complex number ε r = ε ′ + jε ′′ , must satisfy

ε ′′ ε ′ < 0.1 for equation 6.1 to be valid.
The volumetric content of the water in the soil, for example, is directly related to
the dielectric constant. When water is added to the soil, the real part of the relative
dielectric constant increases more rapidly than the imaginary part as shown in Figure
6.15(a). The net effect is that the penetration depth δz decreases as the soil moisture
increases according to (6.1). Thus, the signal received by the radar is a result
predominantly from surface scattering of the non-refracted portion of the incident
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wave. The backscattering coefficient, therefore, increases as the soil moisture volume
content mv increases as shown in Figure 6.15(b).
A SAR intensity image is brighter in wet weather conditions than in dry weather
conditions, as the result of stronger surface scattering. This general observation is
supported by the fact that GRA1 and GRA2 SAR intensity images, obtained in wet
condition, show higher intensity than GRA3 and GRA4 (Figure 6.16). In the areas of
soft lithology, penetration depth was reduced significantly by the rainfall event so that
surface scattering dominates volume scattering, resulting in high radar backscattering
in GRA1 and GRA2 compared with GRA3 and GRA4, shown as bright in a
difference image (a) GRA1-GRA4 and (b) GRA2-GRA4 in Figure 6.17. In the areas
of hard lithology, penetration depth was not changed by the rainfall events, shown as
grey in (a) GRA1-GRA4 and (b) GRA2-GRA4. No change of radar intensity was
found between GRA3 and GRA4 both obtained in dry condition, as shown in (c)
GRA3-GRA4.
If two SAR scenes of an area are obtained in a similar wet condition, then radar
intensities and coherence between them will be high. This is the case of the basins
showing high intensity both in GRA1 and GRA2 and high coherence in
GRA12_COH. High wind speed of GRA1 did not contribute to decoherence in this
barren surface (nearly no vegetation cover). The rainfall events, occurred both in
GRA1 and GRA2 of these regions, gave more or less the same effect on radar
backscattering coefficient. The absence of volume scattering due to wet surface
conditions and no significant surface moisture change in two images resulted in high
coherence in GRA12_COH in these areas. It implies that 1 mm precipitation of
GRA1 was sufficient to increase the soil moisture to the level that hindered the C
band radar penetration. Therefore, there was no further increment of radar intensity
even though 21 mm rainfall was added in the next day when GRA2 image was taken.
This is in accordance with a laboratory experiment performed by Nesti et al. (1998),
which indicated that the scattering property and coherence becomes insensitive to
further moisture change for an initially wet surface.
Change of moisture content on tree canopy and trunk, as well as the soil moisture
under the trees, may have caused different radar reflectivity between GRA1 and
GRA2, resulting in decoherence in GRA12_COH. According to Figure 6.17,
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however, SAR intensity images of GRA1 and GRA2 in the vegetated areas show no
change of radar reflectivity between wet and dry conditions, shown as grey in (a)
GRA1-GRA4 and (b) GRA2-GRA4. The same phenomenon is also shown in the
difference image (d) GRA2-GRA1indicating no difference between GRA1 and
GRA2. As most vegetated areas are based on hard lithology with thin soil in this
study area, there was no significant change surface moisture or change of radar
intensity even in case of rainfall events. Areas of resistant lithology without
vegetation cover also show no change in radar intensity but have high coherence.
Moisture may not be relevant in this case because there is no radar penetration to
solid rock surface in whatever weather conditions. Therefore, it can be concluded that
low coherence of GRA12_COH on vegetated surface, mostly based on stable
lithology, was not affected by decoherence from surface moisture change. Movement
of trees by high wind speed in GRA1 is the main cause of decoherence in the
vegetated area, as discussed in the previous section.
An area is detected that shows significantly different radar intensities between
GRA1 and GRA2, in the right bottom of the study area. This is shown as bright in a
difference image of (d) GRA2-GRA1 in Figure 6.17. Figure 6.18 (a) shows a zoomed
image of this area. The SAR intensity of GRA1 was low in this area, but increased
the next day (GRA2). The southern part of this patch is covered with vegetation while
the northern part is not, as shown in (b) NDVI-Contour. If the rainfall events are not
localised in this area, it can be concluded that surface lithology and soil type in this
area must be sensitive enough to react differently between 1 mm (GRA1) and 21 mm
(GRA2) precipitations, resulting in low coherence in (c) GRA12_COH. Surface
moisture change is the major decoherence factor in this area, while wind also
contributed to decoherence in the vegetated area in the southern part. In the case of
very localised rainfall, this interpretation may not be valid. For example, if there were
no rainfall in GRA1 in this area but GRA2, one cannot conclude that the lithology of
this area is different from that of other areas. Therefore, more localised weather
conditions is needed for interpretation of coherence images.
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6.4.3 Rainfall/Erosion
Figure 6.19 shows a patch of area in the upper right part of the study area, having
low coherence in (a) GRA12_COH-Contour image. This area is not covered with
vegetation as shown in (b) NDVI-Contour. Wind could not be a contributing factor in
this barren area. Responses of radar reflectivity are similar to those of areas with hard
lithology, which have consistently low reflectivity regardless of rainfall event, as
shown in (c) GRA2-GRA1 image. Soil moisture change is therefore not an effective
decoherence factor in this area. From the geological map and (d) TM 531 RGB
image, this area is covered with soft lithology (mica-schist and phyllite) vulnerable to
erosion. Rapid erosion associated with rainfall event could be a major factor to lose
coherence in GRA12_COH in this specific area. Further verification is necessary
from field investigation.

6.4.4 Bias in Coherence Estimation from Topographic Phase
Fringes
It is known that coherence estimation is biased towards lower value in the presence
of topographic phase fringes (Touzi et al., 1999). Topographic phase fringes within
the averaging window during the coherence calculation will act as a scene
nonstationarity that causes degradation of coherence level. Therefore, in principle, it
is necessary to remove topographic phase fringes in the coherence calculation.
The coherence degradation effect of topographic phase is expected more
significantly in GRA34_COH than in GRA12_COH because the baseline
perpendicular component of GRA34_COH (131 m) is longer than that of
GRA12_COH (93 m). This is shown as denser topographic phase fringes in the
interferogram GRA34_INF than in GRA12_INF. Therefore, if the effect of
topographic phase fringes on degrading coherence level on a steep slope is
significant, GRA34_COH should have more serious coherence degradation than
GRA12_COH on steep slopes. As the argument here is to find the explanation of low
coherence features on steep slopes which are selectively in GRA12_COH but not
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obvious in GRA34_COH, the possibility of coherence bias from topographic phase
fringes as a reason of these low coherence features can be easily ruled out.
However, this study raised an important issue: coherence imagery would be more
objective and reliable for temporal change detection in a relief area if the bias (or
degradation) in coherence estimation from topographic phase fringes can be removed.
This is the topic of Chapter 7.

6.4.5 Interpretation and Discussion
It is found that different decoherence factors contributed to different areas of low
coherence in GRA12_COH, as summarised in Table 6.6. Lithology, vegetation cover
characterises the surface feature. Wind, surface moisture change, and erosion are
possible decoherence factors. Figure 6.20 shows interpretation results of decoherence
features of GRA12_COH.
Most vegetated areas (A, green) are believed to have lost coherence from high
wind speed on the day of GRA1. Based on hard lithology, these areas show no
change of radar reflectivity in all Granada scenes, indicating that surface moisture
change was not significant in this area even in the case of rainfall events. It was found
that many areas of low coherence coincide with steep slopes. In the early stage of the
research, the roles of this widespread forest vegetation (dark red in Landsat TM band
432 in RGB composite, see Figure 6.9) to decoherence of GRA12_COH were
overlooked. This led to an incorrect interpretation that decoherence features of
GRA12_COH, selectively on steep slopes, were possibly caused by rapid erosion
from a rainfall event from an assumption that the non-vegetated, bare surface with
high gradient is more vulnerable to erosion (Liu et al., 1999e). Vegetation of such
kind tends to remain only in high relief regions while flat areas are cultivated. The
distribution of vegetation, therefore, coincides with slopes in high relief areas, and
decoherence effect of vegetation is not negligible in the rainy and windy weather
condition. Assumption of the slope dependence of rainfall/erosion rate (Liu et al.,
1999e) is also proved inappropriate by observing the high coherence areas of steep
slope with no vegetation cover. These areas, having resistant lithology with no
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vegetation cover were not affected by surface moisture change (B, pink) because
radar penetration into solid rock surface is irrelevant to surface moisture.
In areas of soft lithology (C, blue), 1 mm precipitation changed soil moisture
significantly, resulting in high radar reflectivity in GRA1 compared with GRA4
obtained in dry surface condition. No further change of soil moisture and radar
reflectivity was produced when 21 mm precipitation was added in the next day
(GRA2), resulting in high coherence in GRA12_COH. However, there are
exceptional cases. An area is found showing significant changes in radar reflectivity
between GRA1 and GRA2 (D1 and D2, yellow). Soil moisture change between
GRA1 and GRA2 is possibly the main cause of decoherence in GRA12_COH in this
area. The southern part of this patch (D2), covered with vegetation, may have also
been affected by high wind in GRA1. This phenomenon could be from moderately
resistant lithology of this area that did not allow significant change of surface
moisture with 1mm rainfall, and allowed significant change when 21mm rainfall was
added. However, the possibility of the localised rainfall only in GRA2 in this area
cannot be excluded. In the upper-right part of the study area (E, red), a low coherence
area was detected, which is non-vegetated, showing no radar intensity change.
Erosion from rainfall in this soft lithology may have caused decoherence in this
limited area.
It should be noted that the amount of rainfall was assumed to be evenly distributed
over the study area. In the case of localised rainfall events, the interpretation of
coherence images, discussed so far, could be changed accordingly. More localised
weather conditions as well as detailed surface morphological information should be
taken account of during the interpretation of coherence images.
This case study shows how interpretation of coherence images becomes
complicated when a rainfall event has occurred. Interpretation of coherence images
should be incorporated with many other environmental factors such as vegetation
cover, wind speed, precipitation, land-use, and lithology. InSAR coherence images,
together with images from optical sensors, topographic map, geological map,
meteorological data, and field investigation, enables comprehensive study of
environmental surface change and morphology.
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Table 6.6 Interpretation of various decoherence features in GRA12_COH.
Land Surface
Area
Code
Lithology Vegetation
(colour)
A
Hard
(green)
B
Hard
(pink)
C
Moderate
(blue)
D1
Moderate
(yellow)
D2
Moderate
(yellow)
E
Soft
(red)

Wind

Yes

Yes

No

No

No

No

Yes

Yes

No

No

No

No

Decoherence Factors
Coherence
Surface moisture
change
Erosion GRA12_COH
(GRA1 – GRA2)
No
No
Low
(low–low)
No
No
High
(low–low)
No
No
High
(high–high)
Medium to
Yes
No
(low–high)
Low
Medium to
Yes
No
(low–high)
Low
No
low
Yes
(low–low)
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Figure 6.9 Study area of Case III and Landsat TM bands 432 in RGB colour
composite (28 km × 28 km). The large tilted square represents the location of GRA
whole scene (100 km × 106 km).
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Neogene: Marl, limestone and
sandstone
Cretaceous-Neogene:
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Jurassic: Limestone and marl

Triassic: Marl and gypsum
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Figure 6.10 A simplified geological map of the Case III study area (28 km × 28 km;
IGME, 1970).
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Fig. 6.19(d)

Fig. 6.18(d)

Figure 6.11 Landsat TM bands 531 in RGB colour composite (28 km × 28 km). Red
and purple: Jurassic dolomite, limestone, and marls. Light blue: Cretaceous marls
and limestone. (Yellow boxes are the locations sub scenes.)
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(a) GRA12_COH

(c) GRA12_INF

(b) GRA34_COH

(d) GRA34_INF

Figure 6.12 Coherence images and interferograms of GRA scenes (28 km × 28 km).
(a) GRA12_COH, (b) GRA34_COH, (c) GRA12_INF, and (d) GRA34_INF.
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(a) NDVI-Contour

(b) GRA12_COH-Contour
Figure 6.13 (a) NDVI-Contour image. Red represents vegetation. (b) GRA12_COHContour image. Red represents low coherence. Contours are generated from
GRA34_INF.
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(a) GRA1

(b) GRA2

(c) GRA1-GRA2

Figure 6.14 Wind effect on a lake (11 km × 11 km). (a) GRA1 shows higher radar
intensity on the lake surface than that in (b) GRA2. (c) a difference image GRA1GRA2 that shows higher radar intensity in GRA1 on the lake surface, indicating
higher wind speed in GRA1.
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(a)

(b)

Figure 6.15 (a) Dependence of complex dielectric constant on soil moisture. (b)
Dependence of backscattering coefficient on incidence angle and soil moisture
(Curlander and McDonough, 1991).
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(a) GRA1

(b) GRA2

(c) GRA3

(d) GRA4

Figure 6.16 SAR intensity images of the study area (28 km × 28 km).
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(a) GRA1-GRA4

(b) GRA2-GRA4

Fig. 6.18(a)
(c) GRA3-GRA4

(d) GRA2-GRA1

Figure 6.17 Difference of SAR intensity images (28 km × 28 km): (a) GRA1-GRA4,
(b) GRA2-GRA4, (c) GRA3-GRA4, and (d) GRA2-GRA1.
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(a) GRA2-GRA1

(b) GRA12_COH-Contour

(c) NDVI-Contour

(d) TM 531

Figure 6.18 Decoherence from soil moisture change (9 km × 9 km): (a) GRA2GRA1, (b) GRA12-Contour, (c) NDVI-Contour, and (d) Landsat TM bands 531 in
RGB.

167

(a) GRA12_COH-Contour

(c) GRA2-GRA1

(b) NDVI-Contour

(d) TM 531

Figure 6.19 Erosion from rainfall (6 km × 6 km): (a) GRA12_COH-Contour image
indicates an area of low coherence from rainfall/erosion. (b) NDVI-Contour shows no
vegetation in this area. (c) GRA2-GRA1 indicates no soil moisture change between
GRA2 and GRA1. (d) Landsat TM 531 in RGB shows lithology of this area.
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Figure 6.20 Schematic interpretation map of identified decoherence features of
GRA12_COH (28 km × 28 km). A (green): Low coherence from wind in vegetated
area. B (pink): High coherence area with hard lithology. C (blue): High coherence
with soft lithology. D1 (yellow): Soil moisture change in barren area. D2 (yellow):
Soil moisture change in vegetated area. E (red): Erosion in barren, soft lithology.
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6.5 Summary
This chapter presents three case studies of applications of ERS InSAR coherence
imagery for erosion and land-use change detection in Almeria and Granada, southeast
of Spain.
In the Case I study, evidence of rapid erosion was found on steep slopes of marls
along a motorway cut. A new technique, the ratio coherence imagery presented in
Chapter 5, was applied to separate the spatial decorrelation from decoherence features
caused by rapid erosion that is characterised as areas losing coherence gradually over
several months. Field observation provided direct evidences of active erosion such as
gullies on the man-made smooth slopes along the motorway.
In the Case II study, large patches of de-coherence features in the coherence image
from an SAR image pair taken in December 1996 and May 1997 were found to
coincide with a massive plantation of olive and almond trees, discovered during a
field investigation. Young trees with little canopy leave the large proportion of thin
soil above mica-schist and phyllite unprotected and vulnerable to erosion though the
de-coherence effects may not necessarily be the result of erosion but the irrigation
and ploughing in spring.
In the Case III study, coherence image of a tandem pair that brackets a rainfall
event (GRA12_COH) is compared with that of a tandem pair taken in dry conditions
(GRA34_COH). The main decoherence factor of vegetated areas was proved to be
the relatively high wind speed of GRA1 (21 kph). Soil moisture change from rainfall
events did not occur in the areas of resistant lithology, which coincide with vegetation
cover. Areas of moderately resistant lithology without vegetation cover show high
coherence in GRA12_COH, indicating that 1 mm of precipitation was enough to raise
soil moisture to the level preventing effective penetration in GRA1, so that there was
no further decoherence effect for the further increase of soil moisture content when
21 mm precipitation was added in the next day when the GRA2 image was acquired.
Only very limited areas show evidence of moisture change causing decoherence. For
instance, an area was found to have different radar backscattering coefficient between
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GRA1 and GRA2, resulting in low coherence in GRA12_COH due to soil moisture
change. Rapid erosion due to one rainfall event in this region is rare. An area of soft
lithology without vegetation cover, showing no sign of soil moisture change, was
detected to have lost coherence in GRA12_COH. For this specific case, the most
convincing explanation so far is rainfall/erosion but field investigation is needed. It
should be noted that the interpretation of coherence images above could be changed
in the case of localised rainfall events. More localised weather conditions and detailed
surface environmental information must be used for accurate interpretation of
coherence images.
Postulations on slope dependence of degradation of coherence estimation in this
high relief region lead to the development of a new method for topographic phasefree coherence estimation in Chapter 7.
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Chapter 7: Topographic Phase-free Coherence
Estimation for SAR Interferometry

7.1 Introduction
The development of techniques for coherence estimation has been focused on
isolating only the effects of temporal surface stability from other decorrelation factors
such as thermal noise, baseline, terrain slope, co-registration, and even atmospheric
refraction. Apart from these decorrelation factors, scene homogeneity also affects the
coherence estimation which is defined as an ensemble average, i.e., the average over
multiple observations of a physical random process at a specific time or spatial
coordinates. Coherence of InSAR data is conventionally estimated by calculating the
cross-correlation of two radar echoes over neighbouring pixels (averaging over time
or space, rather than ensemble average), under the assumptions that the scene is
stationary and ergodic (Touzi et al., 1999). In a non-homogeneous area where
topographic phase is dominant, these assumptions are not generally valid and the
coherence estimation will be biased. In this case, the data can be treated as a
nonstationary random process that contains the topographic phase as a deterministic
value. Only after the topographic phase has been removed, can the process be
considered as stationary for unbiased coherence estimation.
Many researchers have proposed methods to compensate topographic phase by
simulating it from a DEM or estimating local slope based on interferometric phase
fringe frequency (equation 2.12). The latter approach has the advantage of not
depending on a DEM from a different data source that may introduce co-registration
errors and may not be available in some areas. However, it cannot provide adequate
topographic information in the case where temporal decorrelation is significant,
which is a common case for a scene with the purpose of random change detection
using coherence imagery.
This chapter presents the stochastic view of coherence estimation as a statistical
representation of stationary and ergodic random processes. A numerical simulation
172

shows the degrading effects of topographic phase to the coherence estimation. A new
method is then proposed to generate topographic phase-free coherence, so called
differential coherence, by using multipass differential interferometry (DInSAR). This
method can benefit from the recently on-going development of SAR interferometry;
for example, the advent of spaceborne single-pass SAR Interferometer i.e. SRTM.
This method is a short cut for topographic phase removal compared with the DEM
method because there is no need to use DEM taking the risk of co-registration error
when image pair preserving SAR coordinates is available.

7.2 Coherence Estimation for a Stationary Scene
Any observed data representing a physical phenomenon can be broadly classified
as being either deterministic or nondeterministic. Deterministic data are those that can
be described by an explicit mathematical relationship, while nondeterministic data
cannot (Bendat and Piersol, 2000). InSAR data contain information of both
deterministic and nondeterministic types. Topography and surface displacement are
deterministic information that can be extracted from the deterministic part of InSAR
data defined explicitly from InSAR geometry in the form of interferograms, as
described in Chapter 2. On the contrary, the coherence is a statistical representation of
surface disturbance derived from the nondeterministic part of InSAR data. Compared
to other InSAR applications, many different aspects arise in coherence estimation due
to the fact that the coherence is a statistical expectation value of a nondeterministic,
random physical process.
InSAR coherence is a mathematical expectation E (⋅) of the physical processes
u1 (t ) , u 2 (t ) , and u1 u 2* (t ) . It should be noted that two time-separated SAR
observations for InSAR configuration u1 u 2* (t ) are considered as one single
observation for coherence estimation. Also, the physical dimension of observation, t,
can be considered in either the time or space domains. This is true for SAR
observations where the slow time (s) or fast time (t) data sampling is the measurement
of slant range (R) or azimuth distance (x). The mathematical expectation should be
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calculated by averaging multiple observations, i.e., ensemble average. As InSAR data
has only one single observation, ensemble averaging is intrinsically not applicable for
InSAR data. Instead of an ensemble average, the coherence is conventionally
estimated using a local correlation approach by averaging over the data itself (time or
space domain) in a limited neighbourhood from a single observation. Two important
assumptions make this operation valid: stationarity and ergodicity.
In this section, coherence estimation is discussed from the viewpoint of random
data measurement. The definition of the stationary and ergodic random process is
introduced in section 7.2.1, and applied to InSAR coherence estimation in 7.2.2.

7.2.1 Stationary and Ergodic Random Processes
A single time history representing a random phenomenon is called a sample
function (or a sample record when observed over a finite time interval). The
collection of all possible sample functions that the random phenomenon might have
produced is called a random process or a stochastic process (Bendat and Piersol
2000).
When a physical phenomenon is considered in terms of a random process, the
properties of the phenomenon can be hypothetically described at any instant of time
by computing average values over the collection of sample functions that describe the
random process. For example, consider the collection of sample functions (also called
the ensemble) x k (t ) , k = 1, 2, ... N , that forms the random process. For the random
process {x(t )} , where the symbol {} is used to denote an ensemble of sample
functions, the mean value (first moment), µ , and the autocorrelation function (joint
moment), R , of the random process at some t1 can be computed as

µ x (t1 ) = lim

N →∞

1
N

N

∑ x k (t1 ) ,

(7.1)

k

N

Rxx (t1 , t1 + τ ) = lim ∑ xk (t1 ) xk (t1 + τ ) .
N →∞

(7.2)

k =1
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where τ is the time displacement.
For the general case where µ x (t 1 ) and R xx (t1 , t1 + τ ) vary as time t1 varies, the
random process {x(t )} is said to be non-stationary. For the special case where µ x (t1 )
and R xx (t1 , t1 + τ ) do not vary with time t1 , the random process {x(t )} is said to be
weakly stationary or stationary in the wide sense. For weakly stationary random
processes, the mean value is a constant and the autocorrelation function is dependent
only on the time displacement τ , that is,

µ x (t1 ) = µ x ,

(7.3)

R xx (t1 , t1 + τ ) = R xx (τ ) .

(7.4)

An infinite collection of higher-order moments and joint moments of the random
process {x(t )} could also be computed to establish a complete family of probability
distribution functions describing the process. For the special case where all possible
moments and joint moments are time invariant, the random process {x(t )} is said to
be strongly stationary or stationary in the strict sense. For many practical
applications, verification of weak stationarity will justify an assumption of strong
stationarity.
The properties of a stationary random process can be determined by computing
ensemble averages at specific instants of time. In most cases, however, it is also
possible to describe the properties of a stationary random process by computing time
averages over a specific sample function in the ensemble. The mean value and the
autocorrelation function of the kth sample function are given by

µ x (k ) = lim

1
T

1
T →∞ T

∫0

T →∞

R xx (τ , k ) = lim

T

T

∫0

xk (t )dt ,

x k (t ) x k (t + τ )dt .

(7.5)

(7.6)

If the random process {x(t )} is stationary, and µ x (k ) and R xx (τ , k ) defined in
equations 7.5 and 7.6 do not differ when computed over different sample functions,
the random process is said to be ergodic. For ergodic random processes, the time175

averaged mean value and autocorrelation function are equal to the corresponding
ensemble averaged values. That is,

µ k (k ) = µ x ,

(7.7)

R xx (τ , k ) = R xx (τ ) .

(7.8)

Note that only stationary random processes can be ergodic. Ergodic random
processes are an important class of random processes since all properties of ergodic
random processes can be determined by performing either time averages over a single
sample function or sample function averages at an instant time. Fortunately, in
practice, random data representing stationary physical phenomena are generally
ergodic. It is for this reason that the properties of stationary random phenomena can
be measured properly, in most cases, from a single observed time history record.
Now, consider two arbitrary random processes {x(t )} and { y (t )} . The ensemble
means at an arbitrary fixed value of t, where x k (t ) and y k (t ) are random variables
over the index k, are defined as below:

µ x (t ) = E[ x k (t )] ,

(7.9)

µ y (t ) = E[ x y (t )] ,

(7.10)

where E[] represents the expected value, averaged over each sample function of the
ensemble. The covariance functions at arbitrary fixed values of t1 = t and t 2 = t + τ
are defined by
C xx (t , t + τ ) = E[( x k (t ) − µ x (t ))( x k (t + τ ) − µ x (t + τ ))] ,

(7.11)

C yy (t , t + τ ) = E[( y k (t ) − µ y (t ))( y k (t + τ ) − µ y (t + τ ))] ,

(7.12)

C xy (t , t + τ ) = E[( x k (t ) − µ x (t ))( y k (t + τ ) − µ y (t + τ ))] .

(7.13)

In a special case when τ = 0 ,
C xx (t , t ) = E[( x k (t ) − µ x (t )) 2 ] = σ x2 (t ) ,

(7.14)
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C yy (t , t ) = E[( y k (t ) − µ y (t )) 2 ] = σ y2 (t ) ,

(7.15)

C xy (t , t ) = E[( x k (t ) − µ x (t ))( y k (t ) − µ y (t ))] = C xy (t ) ,

(7.16)

Thus the covariance functions C xx (t , t ) and C yy (t , t ) represent the ordinary variances
of {x(t )} and { y (t )} at a fixed value of t, whereas C xy (t , t ) represents the covariance
between {x(t )} and { y (t )} .
If the mean values µ x (t ) and µ y (t ) , together with the covariance functions
C xx (t , t + τ ) , C yy (t , t + τ ) , and C xy (t , t + τ ) , yield the same results for all fixed values
of t, then the random processes {x(t )} and { y (t )} are said to be weakly stationary. If
all possible probability distributions involving {x(t )} and { y (t )} are independent of
time translations, then the random processes are said to be strongly stationary. If the
mean values and the covariance functions calculated from time averages are
independent of sample functions, then the random processes are said to be ergodic.

7.2.2 Stationary and Ergodic Coherence Estimation
For an InSAR configuration, two SAR observations x(t ) ( = u1 (t ) ) and y (t )
( = (u 2 (t ) ) can be considered as arbitrary sample functions of random processes
{x(t )} and { y (t )} , respectively. From the definitions in equations 7.14-7.16, the
complex coherence can be defined as the complex correlation coefficient function
(normalised cross-correlation function) of two random processes {x(t )} and { y (t )} of
zero-time (equivalently zero-position) shift ( τ = 0 ) as,

γ xy (t ) =

C xy (t )

σ x (t )σ y (t )

.

(7.17)

As only one single sample function exists for each random process, ensemble
averaging over sample functions is not applicable. Here lies the importance of ergodic
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random process because all properties of ergodic random processes can be
determined by performing time averages over a single sample function.
Coherence defined as an ensemble average in equation 2.1 can be estimated by
time (or space) averages over a single sample function. Time (or space) averaging in
InSAR scene corresponds to the averaging of L independent neighbouring pixels as
L

γˆ =

∑ u1 (l )u 2* (l )
l =1

L

∑ u1 (l )u
l =1

*
1

(l )

L

∑ u 2 (l )u
l =1

.
*
2

(7.18)

(l )

The estimated phase and coherence are,
L

φˆ = arg{γˆ} = arg ∑ u1 (l )u 2* (l )
 l =1


(7.19)

ρˆ = γˆ .

(7.20)

As discussed so far, this estimation is only valid under the assumption that the
processes u1 (t ) and u 2 (t ) are stationary and ergodic random processes. Ergodic
random processes are an important class of random processes since all properties of
ergodic random processes can be determined by performing time (or space) averages
over a single data acquisition. Thus the mean value and autocorrelation of a process
do not differ when computed over different data acquisitions. Note that only
stationary random process can be ergodic. These conditions are generally met in
homogeneous scenes. In the case of an inhomogeneous scene, the stationary condition
is broken and the coherence estimation in equation 7.18 will be biased.
The pdf of the multi-look phase estimation is (Joughin et al., 1994; Lee et al.,
1994; Touzi and Lopes, 1996)
Γ( L + 1 2)(1 − ρ 2 ) L ρ cos(φˆ − φ 0 ) (1 − ρ 2 ) L
1 2
2 ˆ
ˆ
pdf (φ ) =
+
2 F1 ( L,1; ; ρ cos (φ − φ 0 )) ,
2
2 ˆ
L +1 2
2π
2
2 π Γ( L)(1 − ρ cos (φ − φ 0 ))
(7.21)
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where 2 F1 is the hypergeometric function and L the look number.
The pdf of coherence estimation is (Touzi and Lopes, 1996; Touzi et al., 1999)
pdf (ρˆ ) = 2( L − 1)(1 − ρ 2 ) L ρˆ (1 − ρˆ 2 ) L − 2 2 F1 ( L, L;1; ρ 2 ρˆ 2 ) ,

(7.22)

and the moments of order k is
E ( ρˆ k ) =

Γ( L)Γ(1 + k 2)
2
2 L
3 F2 (1 + k 2 , L, L; L + k 2 ;1; ρ )(1 − ρ ) .
Γ( L + k 2)

(7.23)

As shown in Figure 7.1 for the case of k=1, i.e., E (ρ̂ ) , the coherence estimation is
biased. It tends to overestimate the low coherence part. For large value of L, it
becomes asymptotically unbiased. Therefore, choosing a large value of L is preferred
for unbiased coherence estimation in homogeneous scene for stationary and ergodic
data. However, in practice, the large averaging window size underestimates the true
coherence due to the nonstationary of the real SAR data. Therefore the
nonstationarity should be removed before coherence estimation, and the proper
window size should be taken to ensure local stationarity within the averaging
window.

Figure 7.1 Coherence bias for various number of L (Touzi et al., 1999).
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7.3 Coherence Estimation for a Nonstationary Scene
For the study of coherence imagery as a tool for surface random change detection
and monitoring, it is obvious that coherence should be the representation of surface
temporal changes only. If two observations are made in the same sensor position
(zero baseline) at different times, stationary coherence estimation in (7.18) can be
used as a surface physical parameter relating to the surface temporal stability,
ignoring the minor bias caused by the effect of atmospheric phase. However, this is
not a usual case. Time-separated observations are often acquired at slightly different
sensor positions (non-zero baseline), which lead to decorrelation of the
interferometric signals and bias in the coherence estimation as the result of scene
nonstationarity relating to radar geometry and topography. For the purpose of the
coherence imagery as a tool to detect and monitor surface random changes, these
deterministic factors should be eliminated.
This section starts with discussion on the nonstationary random process followed
by the removal of the deterministic phase from an interferogram to make the scene
stationary for unbiased coherence estimation.

7.3.1 Nonstationary Random Process and the Product Model
Nonstationary random processes include all random processes that do not meet the
requirements for stationarity. Unless further restrictions are imposed, the properties of
a nonstationary random process are generally time-varying functions that can be
determined only by performing instantaneous averages over the ensemble of sample
functions forming the process. Under certain conditions, the nonstationary random
process {x(t )} of particular physical phenomena can be simplified as a product of a
stationary random process {u (t )} and a deterministic multiplication factor a (t ) as
given by (Bendat and Piersol, 2000)
x(t ) = a (t )u (t ) .

(7.24)
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In other words, the data might be represented by a nonstationary random process
consisting of sample functions with a common deterministic time (or spatial) trend. If
nonstationary random data fit a specific model of this type (product model), ensemble
averaging is not always necessary to describe the data. The statistical properties can
be estimated from a single sample record as in the case for ergodic stationary data.

7.3.2 Coherence Estimation by Removing the Deterministic Phase
The interferometric phase with a non-zero baseline contains contributions from
InSAR geometry, target topography, and possibly the surface displacement field. As
all of these nonstationary factors are deterministic values of an InSAR system, the
process fits the product model. If these sources of nonstationarity are all removed, the
properties of the random process can be considered to satisfy the assumption of
stationarity and ergodicity for unbiased coherence estimation.
Therefore, equation 7.18 should be modified to compensate the phase fringes from
InSAR system geometry ( φ 0 ), topography ( φ topo ), block surface displacement ( φ d ),
and even atmosphere-induced phase ( φ a ) as (Touzi et al., 1999),
L

γˆ =

∑ u1 (n)u 2* (n)e − jφ
n =1

L

L

n =1

n =1

,

(7.25)

∑ u1 (n)u1* (n) ∑ u 2 (n)u 2* (n)
where

φ = φ 0 + φ topo + φ d + φ a .

(7.26)

The system geometric phase is routinely removed by the Earth-flattening
procedure during InSAR coherence image generation as described in Chapter 3. Here,
the discussion is focused on removal of the other deterministic phase fringes
remained in the Earth-flattened interferogram.
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Topographic Phase Removal ( φ topo )
The topographic phase is the source of information and development of InSAR
technology for topographic mapping. However, for the sake of coherence estimation,
it is a source of nonstationarity that should be removed. One method to remove the
topographic phase from the interferogram is the case when the topographic elevation
z is known as a priori (Massonnet et al., 1995). Digital elevation models (DEM) can
be used to compensate topographic phase. From Figure 2.2, the topographic phase is

φ topo =

4π
λ

[R

2

]

+ B 2 + 2 RB sin(θ l − β ) − R 2 + B 2 + 2 RB sin(θ l0 − β ) , (7.27)

where
 R 2 + (re + H )2 − (re + z )2
θ l = cos 
2 R(re + H )

−1


.



(7.28)

Therefore, if the elevation z is available from a DEM, the topographic phase can be
calculated and removed from the interferogram.
The other method is to use the surface slope as a priori. The topographic phase
fringe number in range is given from equations 2.11 and 3.41 as
k φtopo = k φ − k φ0 =

2 B⊥ sin α
.
sin θ i0 sin θ i0 − α

(

)

(7.29)

If the local slope α can be estimated from a topographic map or DEM, the
topographic phase can be estimated and compensated. These methods using DEM or
slope information are restricted by the limited availability of such information and the
difficulty of accurate co-registration with SAR data.
Additionally, topographic phase fringes can be detected and removed directly from
the interferogram itself (Hagberg et al., 1995). This method is effective only for
highly coherent surfaces, as the data in a low coherent area cannot produce clear and
continuous topographic fringes. Since the main interests of coherence imagery
application are related to the features of low coherence or the variation from high
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coherence to low coherence, a method that is only usable at the condition of high
coherence does not help much for practical applications of coherence imagery.
Acknowledging the limitations of existing methods, an efficient approach to
generate topographic phase-free coherence estimation has been developed using
multi-pass DInSAR techniques, which will be fully discussed in section 7.4.

Coherent Surface Displacement Phase Removal ( φ d )
Surface coherent movement such as the displacement from earthquake, volcano,
and land subsidence also generates interferometric phase. This phase is highly
sensitive to the surface displacement compared with the topographic phase, as shown
in section 2.2.4. For unbiased coherence estimation, the surface displacement phase is
again a factor causing nonstationarity that deteriorates the coherence estimation.
Therefore, the surface displacement phase should be removed. The removal of the
phase from surface displacement needs an accurate displacement field map obtained
from an independent source. However, the data collection is often too sparse (e.g.
GPS) to be useable for the InSAR purpose. One practical way is to estimate the phase
fringes directly from the differential interferogram showing the displacement. This
has the same problem as the topographic removal discussed previously because the
phase fringes are hardly detectable in low coherence areas. There is so far no
effective solution for this problem, which remains as a topic for further research.

Atmospheric Phase Removal ( φ d )
The underlying hypothesis in the InSAR techniques is that wave propagation
through the atmosphere/ionosphere of the earth follows a straight line. However, it is
reported that the atmosphere and ionosphere have a non-negligible influence on the
quality of the interferogram (Tarayre and Massonnet, 1994). The refraction of the
rays in the atmosphere can cause pixel misregistration and phase artefacts. In the
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worst case, the misregistration can be as large as about 15m and the phase artefacts
about 6 fringes for a full scene area of the ERS SAR scene.
For the purpose of coherence estimation, only a few phase fringes over the entire
scene can hardly affect the quality of coherence estimation, and are generally
negligible. However, misregistration caused by atmospheric refraction can result in
the decrease of image correlation as discussed in section 2.4.2. This error could be
reduced to some extent by simulating the phase from atmospheric physical data.
However, the attempt is hindered because the atmospheric data available usually have
much less density of spatial sampling than the satellite radar itself. This is one of the
ongoing research fields of InSAR technology and applications.

7.4 Topographic Phase-free, Unbiased Coherence
Estimation

7.4.1 Simulation of Coherence Degradation from Topographic
Phase Fringes
Coherence of complex radar signals u1 = u1 e iφ1 and u 2 = u 2 e iφ 2 can be estimated
by
L

∑ u1 (l ) u 2 (l ) e jφ

12

ρ=

l =1

L

∑ u1 (l )
l =1

2

L

∑ u 2 (l )

,

(7.30)

2

l =1

where φ12 = φ1 − φ 2 and L is the number of averaging pixels. After spectral filtering
to compensate for baseline decorrelation, the phase factor φ12 is usually Earthflattened as discussed in Chapter 3.
A numerical simulation is presented in this section to demonstrate the effect of
topographic phase fringes on the degradation of coherence. Consider an averaging
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window of L = M × N pixels in range and azimuth direction, respectively, for
coherence estimation. A linear topographic phase at a pixel (m, n) can be modelled as

φ (m, n) = 2π (k msim m + k nsim n )

(7.31)

where k msim and k nsim are the simulated topographic phase fringe number per pixel in
m and n direction, respectively. Assuming u1 = u 2 = 1 for simplicity, coherence at
a pixel ( p, q) can be estimated as

ρ ( p, q ) =

=

1
MN

∑ ∑ exp[2πjk msim m]exp[2πjk nsim n]

M −1 N −1
m = 0 n =0

sinc(πk msim M ) sinc(πk nsim N )
.
⋅
sinc(πk msim )
sinc(πk nsim )

(7.32)

Note that the coherence is independent of the pixel position ( p, q ) for this linear
topographic phase fringe. For simplicity, let k msim = k nsim = k sim , a diagonal phase, and
M = N , a square averaging window, then

ρ=

sinc 2 (πk sim N )
.
sinc 2 (πk sim )

(7.33)

Figure 7.2 shows a numerical evaluation of ρ as a function of k sim with various N
values. Coherence decreases as k sim increases and becomes zero at
k csim = 1 N ,

(7.34)

the critical topographic fringe number of simulation. The condition of having more
than 10% degradation of coherence from topographic phase can be found numerically
as
k sim >

1
.
5.5 N

(7.35)

This condition is depicted in Figure 7.3.
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Figure 7.2
number k sim

Coherence ρ as a function of the simulated topographic phase fringe
when window size N=2,3,4, and 5.

2π

Figure 7.3 Fringes of the diagonal topographic phase and an averaging window
(square box) that result in 10 % degradation in coherence estimation when
1
.
k sim =
5.5 N
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For an InSAR system, topographic phase fringe number per pixel k sys in range
direction for Earth-flattened phase φ flat can be derived similarly to equation 7.29 as

k sys =

2δRB⊥ sin α
δR dφ flat
,
=
2π dR
λR sin θ i0 sin(θ i0 − α )

(7.36)

where δR is the slant range pixel size (not necessarily equivalent to slant range
resolution). As shown in Figure 7.4, there is no topographic fringe for a flat surface
( k sys = 0 when α = 0 ) while k sys = ∞ on a directly radar facing slope ( α = θ i0 ). In
practice, k sys is limited to k csys , critical topographic phase fringe number of InSAR
system, by the critical terrain slope α c (Lee and Liu, 1999; Chapter 5) as

k csys =

2δRBν
c



 ± 1 − B⊥  ,
!

B⊥ ,c 


(7.37)

where,

Topographic phase fringe number

critical terrain slope
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visible slope

shadow
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Figure 7.4 Topographic phase fringe number k sys of an InSAR system as a function
of terrain slope α in the Earth-flattened interferogram, where θ i0 = 23! and
B ⊥ = 200m of ERS system (see Bamler and Hartl, 1998, Fig. 25 for comparison).
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B⊥! ,c = λRBν tan θ i0 c ,

(7.38)

the critical baseline for flat surface. The sign +1 is for non-layover angles of
incidence and –1 for layover cases.
From equations 7.34 and 7.37, topographic phase fringe number of an InSAR system
k sys in the range of
k csim < k sys < k csys

(7.39)

will deteriorate coherence estimation completely (excluding layover where –1 applies
in equation 7.37).
For an ERS InSAR pair of B⊥ = 200m and N = 4 (i.e., 4×4 averaging window),
for example, topographic phase fringe number of k sys > 0.045 (i.e., topographic
phase fringe length smaller than 22 pixels per one phase fringe ( 2π )) will degrade
sample coherence by more than 10%, according to equation 7.35. The topographic
phase fringe number in the range of 0.25 < k sys < 0.66 will cause complete
deterioration of coherence estimation unless removed, according to equation 7.39.
Substituting k sys in equation 7.36 for k sim in equation 7.32 gives the coherence as
a function of terrain slope as


2πδRB⊥ sin α
sinc 2 
N 
0
0
 λR sin θ i sin(θ i − α )  .
ρ (α ) =


2πδRB⊥ sin α

sinc 2 
0
0
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sin(
)
λ
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θ
θ
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−
i
i



(7.40)

Figure 7.5 shows the coherence of an InSAR system as a function of terrain slope

α in the Earth-flattened interferogram where N = 4 and B⊥ = 200m of ERS system
(thick curve). For a flat surface ( α = 0 °), there is no degradation of coherence due to
topographic phase. As the slope approaches towards the critical terrain slope, the
sample coherence drops down to zero very rapidly. As the slope approaches the
shadow area, the coherence also decreases but relatively slowly. Obviously, the
topographic phase fringes should be removed to obtain the unbiased coherence
estimation. The thin curve shows the spatial decorrelation function of terrain slope for
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a comparison, which has been discussed in Chapter 5 (Lee and Liu, 2000). The spatial
(topographic and baseline) decorrelation and the coherence bias due to the terrain
slope are in principle different from each other. Even after the range spectral filtering
to compensate for the spatial decorrelation (Chapter 3), the topographic phase fringes
still remain and the problem of nonstationarity in coherence estimation exists.
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Figure 7.5 Coherence of an InSAR system as a function of terrain slope α in the
Earth-flattened interferogram where N=4 and B⊥ = 200m of ERS system (thick curve).
Thin curve is the spatial decorrelation function of terrain slope (Lee and Liu 2000, or
Chapter 5).

189

7.4.2 Differential Coherence
To remove topographic phase in calculating sample coherence, a method using
multi-pass differential SAR interferometry is proposed. Consider three SAR
acquisitions 1, 2 and 3 in time sequence. Let 1 and 2 be the InSAR pair to analyse
surface random change and ground deformation. If the temporal separation between 2
and 3 is short enough to assume that there is no surface change, then the phase is
determined only by topography (for example, ERS-1 and ERS-2 tandem pair or a
single-pass interferometer, e.g., SRTM). This interferogram is called a reference
interferogram. Topographic phase-free differential interferometric phase can be
approximately derived from equation 2.16 as (Zebker et al., 1994)

φ d = φ 12flat −

B⊥12 23
4π
φ flat =
ζ,
23
λ
B⊥

(7.41)

where ζ is the displacement in the radar look direction caused by either coherent
block or decoherent random surface movement between 1 and 2. For the purpose of
differential interferometry to detect surface block displacement, the condition that
multi-pass radar echoes have to be correlated restricts its application only to relatively
stable areas. For InSAR coherence imagery, however, decoherent random change of

ζ will result in low coherence that enables us to detect surface instability.
Substituting the phase term in equation 7.41 for equation 7.30 results in the
topographic phase-removed coherence estimation, so called, differential coherence:
L

ρd =

∑ u1 (l ) u 2 (l ) e jφ

d

l =1

L

∑ u1 (l )
l =1

2

L

∑ u 2 (l )

.

(7.42)

2

l =1

Differential coherence, in conjunction with the differential interferogram, can be
considered as an additional product of DInSAR processing, which is a function of
coherent surface displacement and/or decoherent random surface change. If the
surface is subject to block movement, φ d changes accordingly and ρ d will be
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reduced depending on the scale of deformation (displacement phase fringe frequency)
as depicted in equation 7.32. If the surface is subject to random change, φ d varies
randomly, however, without further degradation by topographic phase. Therefore,
differential coherence selectively improves coherence on terrain slopes by removing
topographic phase fringes and retains temporal decorrelation effects and it will help
the study of surface stability using coherence imagery.

7.4.3 Phase Unwrapping
Phase unwrapping is an important processing step to generate a topographic map
or surface displacement field map using InSAR or DInSAR techniques. It is also
essential for the development of the new method to refine coherence estimation by
removing topographic decorrelation using DInSAR techniques. In calculation of
equation 7.41, the phase of the reference interferogram φ 23
flat should be unwrapped
before it is scaled by the factor of

B⊥12
. For successful application, a robust phase
B⊥23

unwrapping algorithm is essential. A general introduction of phase unwrapping
methods is therefore necessary.
SAR interferometry makes use of the phase difference to measure the actual slant
range difference between two slightly separated observations of the same target.
However, the measured phase φˆ is within one cycle ( 2π ). The absolute phase can be
described as

φ = 2πn + φˆ

(7.43)

where 0 ≤ φˆ < 2π , which is called as local phase obtained from the interferogram,
and n is the value that needs to be determined by phase unwrapping process. To find
the absolute phase, the 2π -fold measured phase must be unwrapped into continuous
phase values beyond 2π .
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Various phase unwrapping methods has been developed recently such as a region
growing method (Xu and Cumming,1999), multi-grid or multi-resolution method
(Pritt, 1996; Davidson and Bamler, 1999), Green’s function method (Fornaro et al.,
1996), local frequency estimation method (Spagnolini, 1995; Trouve et al., 1998), a
finite element method (FEM) based technique (Fornaro et al, 1997), and one using
network programming (Costantini, 1998).
The review of all of those methods is out of the scope of this research. However, in
principle, all these various phase unwrapping methods belong to either the least
squares type (Pritt and Shipman, 1994) or the branch-cut type (Goldstein et al., 1988).
The least squares method is a kind of statistical iterative approach that needs an initial
model to ensure the convergence of iteration. This method does not produce global
error propagation. However, the convergence is highly dependent on the proper
choice of the initial model, as is always the case for iterative solutions to inverse
problems. Another problem of the least squares method is that it may introduce local
deviation into the absolute phase deviation. This means that φˆ values may be
changed after phase unwrapping. This is not an appropriate result especially for the
purpose of this chapter for topographic phase-free coherence estimation. On the
contrary, the branch-cut method may cause propagation of local error to global error
that results in 2πn discontinuity in unwrapped values φ where the branch cuts are
not neutral. However, it at least produces accurate values of local estimation φˆ ,
which is desirable for the purpose of topographic phase-removal for unbiased
coherence estimation. Therefore, the branch-cut method is used in this study.

Branch-cut Phase Unwrapping Method
The branch-cut phase unwrapping method consists of three major processing steps:
residue detection, define and connect branch-cuts, and integration (Goldstein et al.,
1988).
The residue detection process is relatively straightforward. The differences of the
interferometric phase are calculated through the four neighbouring pixels following a
given direction, making a complete closing path. The direction of integration is
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clockwise by convention. Assuming that the phase is smoothly changing and that the
phase changes are no greater than π between two adjacent pixels, the phase
difference between any two of the neighbouring pixels is adjusted within this limit by
adding or subtracting 2π . If the four pixels are analytical, (i.e. the values and their
derivatives are piecewisely continuous) then the sum of the phase differences is zero
by the law of Cauchy’s integration theorem (Kreyszig, 1988). Otherwise, the phase
difference integration along a closed path will produce a non-zero value that is a
residue. The residual value of this integration of phase difference will be any integer
fold of π . The residue is called positive or negative depending on the sign of the
integration result. The number of residues of a scene depends on the SNR of the
image that affects the spatial continuity of phase pattern in the interferogram. In
particular, temporal and spatial coherence and layover effects in high relief
topography can cause frequent discontinuity in phase. A region of high residue
population is difficult to unwrap properly. The number of residues can be reduced
significantly by averaging with neighbouring pixels in the interferogram.
Once residues are defined, the next step is to connect the residues as a branch-cut
to make it uncharged. The integration path is not allowed to penetrate the branch-cut.
Determining branch-cut is a crucial procedure that affects the result most
significantly. The residues are caused by either noisy fluctuation of phase or real
discontinuity of layover effect of side looking antenna in high relief mountainous
region. Spectral filtering in range and azimuth, as discussed in section 3.2 and 3.3,
can reduce the number of residues. On the other hand, residues of real discontinuity
should be maintained so that there is real discontinuity in unwrapped phase for such a
case.
The algorithm starts by scanning the image to find a residue. Once found, the
algorithm searches for another residue nearby. If another residue is found, a branch
line is connected between the two residues. If the two residues have opposite signs,
then the net charge of the branch line is zero. In this case the branch-cut is closed and
the algorithm continues from the beginning for another new residue pixel. If the net
residue is not zero, the algorithm searches for another residue until the net charge of
the branch-cut is zero. If the length of a branch-cut exceeds a certain limitation or
there are no more residues within a given limitation, the algorithm ceases and
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declares this branch line “charged”. A charged branch line should be either connected
with another charged branch line that has preferably opposite charge, or extended to
the nearest image border with a criterion of the shortest branch line.
The next step is integration of phase difference. Once the branch-cuts are well
defined so that they have zero net charge, the result of integration of phase difference
is consistent everywhere and independent of the integration path (Kreyszig, 1988).

Absolute Phase Determination
At least one ground true value (seed) for each area isolated by branch-cuts is
necessary to reconstruct the absolute phase. The branch-cuts can be determined by the
criteria of minimising branch-cut length, and maximising the open space that is
reachable from the minimum number of seed values. A seed value can be obtained
during co-registration of interferometric SAR image pairs or ground control points
(GCP) as a priori information.
To obtain a seed value from image coregistration within the accuracy of SAR
interferometry, the accuracy of the coregistration should be sub-wavelength. During
coregistration, the image shift in slant range ∆R is the measurement of the absolute
phase as shown in equation 2.4. The accuracy of the co-registration σ ∆R is therefore
related to the accuracy of the absolute phase determination σ φ as

σφ =

4π
σ ∆R
λ

(7.44)

For example, 2π accuracy in phase determination ( σ φ = 2π ), which can resolve
2πn ambiguity for absolute phase, requires

σ ∆R =

λ
2

(7.45)

This means, for the case of ERS C-band ( λ = 5.6 cm) SAR where the nominal
slant range per pixel is 7.9 m, 1/282 of a pixel size (2.8 cm) accuracy of co-
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registration is necessary. However, the current co-registration algorithm ensures only
1/32 of pixel accuracy practically, which corresponds to the phase error,

σ φ = 2πn = 2π × 4.3 . Though the current co-registration algorithm is not accurate
enough to determine the absolute phase or an exact seed value, it may constrain the
global propagation of the phase error in the branch-cut phase unwrapping algorithm
within approximately n = 4.3 cycles of 2π in this particular case.

7.5 Application Experiment
An example of differential coherence imagery in Granada, Spain using ERS-1 and
ERS-2 SAR data (Table 7.1) is presented here. This area mainly consists of relatively
stable dolomite with high relief. GRA32 is the interferometric pair of GRA3 and
GRA2. The ERS-1/2 tandem pair GRA34 from GRA3 and GRA4 is used as a
reference interferogram.
Figure 7.6 shows the production sequence of a differential coherence image and its
evaluation. Figure 7.6(a) is the coherence image GRA32_COH generated without
compensating topographic phase fringes shown in its interferogram (b) GRA32_INF.
As the coherence has been calculated in the presence of many topographic phase
fringes, coherence estimation is intrinsically biased and degraded in high relief areas
because of the nonstationarity of the scene. The topographic phase fringes in the
interferogram (b) need to be removed before calculating the coherence. Though large
parts of the area consist of stable dolomite, this interferometric pair contains a noisy
phase and low coherence features due to large temporal separation ( ∆T = 174 days).
Direct detection and removal of topographic phase fringes from this noisy
interferogram is not feasible in this case, as discussed in section 7.3.2.
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Table 7.1 Three SAR scenes of Granada, Spain used (Track 051, Frame 2853).
Scene Mission
Date
GRA2 ERS-2 19960503
GRA3 ERS-1 19961024
GRA4 ERS-2 19961025

Orbit
5416
27594
7921

Weather
rain(21mm)
dry
dry

B⊥ (m)
204
0
131

The unbiased estimation of coherence can be achieved by removing topographic
phase using the multi-temporal DInSAR technique as described in the previous
section. A tandem pair of GRA3 and GRA4 was used for a reference interferogram.
A short temporal separation ( ∆T = 1 day) between GRA3 and GRA4 obtained during
ERS-1/2 tandem mission enables high interferogram quality. The reference
interferogram is phase unwrapped using the branch-cut method. Figure 7.6(c) is the
reference interferogram GRA34_INF (rewrapped for illustration purpose).
A topographic phase-removed differential interferogram is derived according to
equation 7.41 as shown in Figure 7.6(d) GRA32_DINF. Due to errors of the branchcut method used for phase unwrapping, there are many ill posed branch-cuts in this
image that appear as a sudden change of differential phase between two areas
dissected by the linear branch-cuts. There also exists approximately one-cycle ( 2π )
remnant phase fringe over the study area (10 km × 9 km). One-cycle phase fringe in
the differential interferogram (d) corresponds to 2.8cm range difference between
GRA2 and GRA3, according to equation 7.41. The origin of this remnant phase
fringe could be the change of atmospheric conditions or surface displacement.
However, one cannot exclude the possibility of the effect from inaccurate baseline
information in calculating equation 7.41. This remnant phase is so sparse that it can
hardly affect the quality of coherence estimation, according to the discussion in
section 7.4.1.
Now, the phase of the differential interferogram in (d) is then used as a phase term
in the coherence estimator (equation 7.42) to generate differential coherence
GRA32_DCOH in Figure 7.6(e). Figure 7.6(f) is an evaluation image showing the
improvement of coherence level from (a) GRA32_COH to (e) GRA32_DCOH, by
differencing the two images. It shows that there is up to 16 % coherence improvement
selectively on steep terrain slopes (white). These areas correspond to dense
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topographic phase fringe areas in the original interferogram GRA32_INF as shown in
Figure 7.6(b). The coherence of the flat surfaces with sparse topographic phase
fringes remains unchanged (grey).
In some areas, coherence degrades due to the low quality of the reference
interferogram and the phase unwrapping errors that appear as black in Figure 7.6(e).
The degradation of the differential coherence occurs mainly in the areas having
topographic total decorrelation along the foreshortened slope, temporal decorrelation
on the reference image, and errors of the phase unwrapping algorithm.
It is interesting to notice that the degradation of coherence from inappropriate
branch-cut lines happens only on these very lines. Other areas are not affected by the
ill posed branch-cuts. This is because, even though the absolute phase determination
from the branch-cut method fails, the locally true phase gives accurate compensation
of topographic phase fringes in the area that is not on the branch-cut lines. Though the
quality of this differential interferogram is poor because of errors in phase
unwrapping and inaccurate baseline information, it is still adequate for the purpose of
removing topographic phase for unbiased coherence estimation.
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(a) GRA32_COH

(b) GRA32_INF
0

coherence

1

0

interferogram

2π

Figure 7.6 Generation of differential coherence image of Granada, Spain (10 km × 9
km). (a) GRA32_COH: Coherence image between GRA3 and GRA2, (b)
GRA32_INF: Interferogram of GRA3 and GRA2.
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(c) GRA34_INF: Reference interferogram

(d) GRA32_DINF
0

differential interferogram

2.8 cm

Figure 7.6(continued) (c) GRA34_INF: Reference Interferogram generated from
GRA3 and GRA4. (rewrapped after phase unwrapping for illustration purpose) (d)
GRA32_DINF: Topographic phase-removed differential interferogram to be used as a
phase term in coherence estimator to generate differential coherence.
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(e) GRA32_DCOH: Differential Coherence

(f) Evaluation: (e)-(a)
-0.2

0

0.2

Figure 7.6(continued) (e) GRA32_DCOH: differential coherence image (the final
product). (f) Evaluation: a difference image between (e) and (a). It shows up to 16 %
rms coherence improvement on steep terrain slopes (white), degradation in some
areas due to low quality in the reference interferogram and phase unwrapping error
(black), while other areas remain the same (grey).
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7.6 Summary
Coherence is a representation of a physical random process. Ensemble averaging
can be substituted by averaging over neighbouring SAR image pixels within an
averaging window where the scene can be regarded as homogeneous so that the data
are stationary or locally stationary and ergodic.
Topographic phase fringes are the main source of nonstationarity in coherence
estimation that should be removed for unbiased coherence estimation. Numerical
simulation shows that topographic phase fringe degrades coherence level significantly
especially when the surface slope is steep and facing the radar illumination.
Using multi-pass differential SAR interferometry, a novel method to calculate
topographic phase-removed sample coherence, so called, differential coherence in
conjunction with a differential interferogram, has been proposed and applied to
Granada, Spain using ERS-1 and ERS-2 SAR data. A differential coherence image
shows improved coherence (up to 16%) and image contrast on steep terrain slopes.
A reference interferogram of high quality and a robust phase unwrapping
algorithm are essential for this method as is also the case for other InSAR techniques.
For coherence estimation, the locally true phase should be retained but the absolute
phase is not essential. Therefore, the branch-cut method for phase unwrapping is
preferred to the least square method. Ill-posed branch-cuts may not be avoidable, but
it results in degradation of coherence only on branch-cut lines leaving adjacent areas
not affected.
Only one successful application example was available during this research period
due to limited dataset suitable for DInSAR technique. More experiments on
generating differential coherence using DInSAR technique should be followed to
verify whether this technique is applicable to different areas, datasets, and systems.
This remains as a future work.
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Chapter 8. Conclusions and Recommendations

8.1 Conclusions
The primary goal of this research project is to explore and to evaluate the potential
of InSAR coherence imagery for the detection of random changes on land surface.
After a comprehensive review of theory and data processing algorithms and
experiments on change detection applications, several new functions and algorithms
have been developed for unbiased coherence estimation and interpretation including:
•

spatial topographic decorrelation function,

•

ratio coherence imagery, and

•

differential coherence.

The potential of InSAR coherence imagery as a powerful tool for land surface
random change detection and monitoring has been successfully demonstrated in the
following application examples in:
•

the Sahara desert, Algeria and

•

the southeast of Spain (Almeria and Granada).

The major findings and contributions of the research are as follows.

Application in the Sahara Desert, Algeria – Hyper-arid, Flat, and Stable Region
The results in Chapter 4 show the possibility of InSAR coherence imagery for
surface random change detection and monitoring in hyper-arid, flat, and stable areas.
A comprehensive interpretation of multi-temporal InSAR coherence images derived
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from three ERS-1 SAR images of the Sahara desert, Algeria revealed several
interesting surface characteristics such as the decoherence pattern of sand dunes,
ephemeral lakes, ephemeral flood streams, and human-induced disturbances, which
can not be easily detected by other remote sensing techniques.
The location of sand dunes are positively identified in coherence images due to
decoherence features from the micro-scale movement of sand particles and volume
scattering effects. Evidence of erosion is found along ephemeral flood courses and
streams by comparison between coherence images of short and long temporal
separations. Dynamic seasonal changes of ephemeral lakes are detected by observing
medium to low coherence over a year together with spectral analysis using a TM
image. Geophysical seismic survey lines are clearly detected and mapped using a
long temporal separation coherence image. This unique function of coherence
imagery implies that it can be used as an effective reconnaissance tool for monitoring
environmental impact of human activities.
A controversial case is then revealed in a gully area that cannot be explained from
the temporal relationship of coherence images, showing low coherence in short period
(35 days) and high coherence in long period (350 days). The finding led to the
investigation on topographic decorrelation and the development of a new algorithm,
ratio coherence imagery in Chapter 5.

Topographic Decorrelation Function & Ratio Coherence Imagery
The analysis of spatial topographic decorrelation in Chapter 5 refines the
methodology of InSAR coherence imagery especially in high relief areas where the
interpretation of coherence features is more complex than in a flat surface. A
modified spatial decorrelation function (equation 5.12) was derived as a function of
the baseline and topography. This function explains the origin of the total topographic
decorrelation phenomenon on slopes directly facing radar illumination and layover.
Based on this function, the critical terrain slope (or critical incidence angle) and the
slope range of total topographic decorrelation are defined as the slope for which two
SAR signals completely decorrelate regardless of surface physical conditions. It is
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found that the slope range of total topographic decorrelation increases with the
increase of the component of the baseline perpendicular to the radar look direction.
A new analytical method, the ratio coherence imagery, was then developed and
applied to highlight topographic decorrelation against the temporal decorrelation
features. A ratio coherence image between a long temporal separation and short
baseline (numerator) and a short temporal separation and long baseline (denominator)
will separate spatial decorrelation in bright tones and temporal decorrelation in dark
tones leaving stable areas as grey background. The effectiveness of this methodology
has been demonstrated successfully in selected locations in the Sahara desert, Algeria.

Application in the Southeast of Spain (Almeria and Granada): Semi-arid,
Mountainous and Unstable Region
The results in Chapter 6 extend the application potential of multi-temporal InSAR
coherence imagery as a tool for surface change detection and monitoring to
environmentally unstable and technically challenging semi-arid and mountainous
region in the southeast of Spain. Coherence images derived from ERS-1/2 InSAR
pairs with temporal separation from 70 to 526 days of the Almeria region and from
two one-day tandem pairs of Granada region were analysed in conjunction with
interferograms, topographic maps, TM images and geological maps.
Evidence of rapid erosion were found on the slopes of marls in the Sorbas area,
Almeria, where the vegetation cover is sparse. Ratio coherence imagery was used to
identify the spatial topographic decorrelation features on critical terrain slopes,
making the interpretation of the complicated coherence features in this high relief
region reliable.
Large areas of disturbed lands in the Almeria scene were defined by image
features with high coherence in 70 but decoherence in 140 days. These features
closely correspond to the recent massive plantation of olive and almond trees on
gentle slopes of phyllites and schists. Stripping off the natural vegetation and surface
crust of the land makes the thin soil vulnerable to erosion.
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The comparison between two coherence images of tandem pairs in the Granada
scene, one taken across a rainfall event and the other in dry conditions, revealed the
rainfall/decoherence features in relation to vegetation cover, wind, surface moisture
change, and erosion. It was proved that vegetated areas on resistant lithology lost
coherence from relatively strong winds of GRA1. Moisture change of thin soil on
hard lithology did not seem to change radar penetration depth because there is no
penetration to solid rock. In a relatively soft lithology, soil moisture changed
significantly by 1 mm precipitation in GRA1 to prevent radar penetration into the
ground completely. Therefore, no further change of radar backscattering occurred
when 21 mm precipitation was added in GRA2, resulting in high coherence in
GRA12_COH. A region of exception was identified that shows difference in radar
intensity between GRA1 and GRA2, resulting in low coherence from soil moisture
change. A patch of unvegetated area with soft lithology and steep slope was also
found to have lost coherence from rainfall/erosion. Further field investigation and
intensive studies are needed to verify the vegetation status, lithology and soil types in
the areas of these decoherence features and to reveal the nature of coherence as a
result of combined effects of these environmental conditions and processes.
Postulations on slope dependence of degradation of coherence estimation in this case
study triggered further study and development of a new method for topographic
phase-free coherence estimation in Chapter 7.
These case studies show that InSAR coherence images, together with images from
optical sensors, topographic map, geological map, meteorological data, and field
investigation, enables comprehensive study of environmental surface changes.

Differential Coherence: Topographic Phase-free Coherence Estimation using a
DInSAR Technique
Coherence estimation is reconsidered as a statistical representation of random
processes in Chapter 7. For unbiased coherence estimation, stationary and ergodic
assumptions in InSAR data are necessary to allow “averaging over neighbouring
pixels” instead of “ensemble average” for coherence calculation. Topographic phase
in the interferogram is the main source of nonstationarity that should be removed for
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unbiased coherence estimation. A new method was then developed to remove
topographic phase from the interferogram so that the scene is homogeneous and the
processes are stationary and ergodic. In this method, multi-pass differential SAR
interferometry (DInSAR) is applied to produce topographic phase-corrected
coherence estimation, so called differential coherence. The topographic phase can be
removed using a high quality reference interferogram scaled by the ratio of baselines
after phase unwrapping. It has advantages that the data is kept within the SAR
geometry without causing a coregistration problem as in the approach of using DEMs
from other sources. On the other hand, compared with a method that directly detects
and removes topographic phase fringes in the interferogram, which is only applicable
to high coherence areas, differential coherence is a more adequate method for InSAR
coherence imagery application where both low and high coherence regions are of
concern.
An example using ERS-1 and ERS-2 SAR data of Granada, Spain, shows up to
16% rms improvement of coherence on steep terrain slope compared with the
coherence in the presence of topographic phase and the overall contrast of the
coherence image is slightly enhanced. The phase unwrapping for differential
coherence requires locally true phase values while the absolute phase in global sense
is not essential. The branch-cut method for unwrapping is therefore preferred as it
preserves local true phase. Differential coherence degrades in the areas where phase
unwrapping cannot proceed properly because of low coherence of the reference
interferogram.
The concept of differential coherence and the methodology presented here is
currently limited by the availability of proper DInSAR datasets as well as robust
unwrapping algorithms. However, the arrival of new SAR and SAR interferometer
systems will make this new method more practical.
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8.2 Recommendations for Future Study

8.2.1 Laboratory Experiments of Coherence Change from Rainfall
/Erosion
An intensive laboratory experiment will give more concrete results. For surface
erosion study using InSAR coherence imagery as discussed in Chapter 6, for
example, a laboratory experiment can be designed to simulate rainfall/erosion process
over a slope soil surface under the simplest repeat radar observation condition: zero
baseline and in an isolated environment. An experimental study of decoherence
induced by moisture changes was performed by Nesti et al. (1998) at the European
Microwave Signature Laboratory (EMSL). An experimental setting similar to this can
be used for the rainfall/erosion study, but now changing the micro-scale geometry of
soil, i.e. erosion, by artificial rainfall irrigation steps. The laboratory experiment
allows a full control to eliminate certain parameters so as to derive the possible
quantitative relationship between radar back-scattering signal coherence level and
scale of random disturbance (micro-geometric change of scatterers) caused by
erosion. Several scientific issues can be clarified based on laboratory data as below.
These issues are essential to make an optimal choice of radar configuration and to
develop operational methodology for monitoring erosion processes in various
landscapes using coherence imagery.

Coherence vs. Noise
Though it is presumed that the minor moisture change between different
observation cycles impose negligible effects to coherence for a wet surface (Nesti et
al. 1998), the radar observation data may still be affected by other unknown
parameters. These effects form a minor random variation in coherence. In order to
remove this noise thus refining the coherence data, a method based on a accumulative
approach can be applied. Two groups of plots will be produced: one for the coherence
between the initial status and each erosion cycle, the other for the coherence between
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every two different erosion status (including the initial status). Numerical analysis of
these data will enable us to minimise the random noise and produce a refined
coherence dataset. With this dataset, coherence can be plotted against the volume of
soil loss and the standard deviation of differential micro-DEM for every wavelength,
look angle and polarisation. The two groups of plots will be used to verify each other.
Depending on the shapes of these plots, linear or higher order statistical fitting will be
applied to characterise the relationship as functions. If plots show systematic shapes
but cannot be easily characterised to a function, LUTs (Look-Up-Table) can be
generated alternatively.

Coherence vs. Incidence Angle
The main purpose for using different incidence angles is to simulate general cases
of topography. The land surface is generally regarded as a rough surface (nonLambertian) to radar radiation. The intensity of the back-scattered return signal is
known to be affected by the actual incident angle (topography). However the
dependence of the phase and thus the coherence (for zero baseline) on different
incidence angle is unknown. From the experience of ERS SAR coherence imagery,
coherence will be significantly reduced only on steep slopes. The comparison of
coherence/erosion plots of different look angles can reveal the relationship. If look
angle does not affect coherence within a considerable angle range, then the erosion
monitoring using coherence imagery can be relatively independent of topography in a
low relief area. If the plots are similar in shapes but different in values, then offset
values can be interpolated for every incident angle as a LUT. If the plots are different
in shape, then functions (or LUTs) have to be interpolated for every incident angle.
For the last two cases, coherence imagery must be used in combination with
topographic information in an operational method.
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Coherence vs. Polarisation
Coherence/erosion plots for co- and cross-polarisation (HH, VV, HV, and VH)
will reveal differences between the two modes and which mode is more sensitive to
erosion. The data are essential as standard references for the evaluation of the
coherence data especially for a sparsely vegetated land surface.

Coherence vs. Soil Type
With different soil types, erosion will be developed at different rates under the
same rainfall intensity. The less resistant soil should lose coherence more rapidly than
the more resistance one. However, considering the coherence as a function of the
micro-geometrical change of (or the total soil loss from) the sample surface, which is
irrelevant to the time (erosion speed), this function should be independent of soil
samples. An experiment using two soil samples will verify this assumption.
Coherence can be considered as a measure of erosion only when it is independent of
soil/regolith types.

Coherence vs. Radar Wavelength
Current spaceborne and airborne SAR systems use various ranges of microwave
bands such as P-, L-, C-, X-, and S-band. In general, a longer wavelength will allow
greater tolerance of radar signal decorrelation factors. For the same time interval,
coherence images derived from SAR systems of different wavelength can reveal
different erosion rates. Possible quantitative coherence/erosion functions for various
radar wavelengths are essential for the study of InSAR coherence imagery.
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8.2.2 The Arrival of New SAR Systems
InSAR coherence imagery will become more important for the new SAR systems
that are designed for environmental change monitoring with intensified spatial and
temporal data coverage. Further development of applications and algorithms of
InSAR coherence imagery is expected with the arrival of future SAR and InSAR
systems aimed at smaller, lighter, cheaper, and more flexible design as well as shorter
revisit cycles such as ESA’s ASAR onboard ENVISAT (Karnevi et al., 1994), the
Starlite concept (Fulghum and Anselmo, 1997), and NASA’s LightSAR (Hilland et
al., 1998).
One of the most exciting results concerning InSAR is the establishment of a new
discipline: polarimetric interferometry (Cloude and Papathanassiou, 1997, 1998;
Hellman et al., 1997; Papathanassiou and Cloude, 1997). Coherence study using
multi-polarization SAR and InSAR system are still under development due to the lack
of data sources currently, but will be increased with the arrival of new SAR systems
in the near future.
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Appendix A. Mathematical Symbols
Symbol

Description

Units

A

A constant ( = c λRBν )

m-1

B

Baseline

m

Bµ

Azimuth (Doppler) bandwidth

Hz

Bν

Range (chirp) bandwidth

Hz

B//

Baseline parallel component

m

B⊥

Baseline perpendicular component

m

B⊥ ,c

Critical baseline perpendicular component

m

B⊥0 ,c

Critical baseline perpendicular component on flat surface m

c

Speed of light = 2.998 × 10 8

m/s

D

Antenna length in range direction

m

E[]

Mathematical expectation operator

f

Frequency

Hz

fc

Carrier frequency

Hz

f Dc

Doppler centroid frequency

Hz

fp

Pulse repetition frequency (PRF)

Hz

fR

Doppler rate

Hz/s

fφ

Interferometric phase fringe frequency ( = ν 0 )

Hz

gˆ ( s | x c , Rc )

Range compressed complex data at ( x c , Rc )

H

Altitude

H1 , H 2

System transfer function

I1 , I 2

Image intensity

K

Frequency rate of linear FM waveform (chirp rate)

Hz/s

k csim

Critical topographic phase fringe number of simulation

m-1

k msim , k nsim , k sim

Simulated topographic phase fringe number in pixel

m-1

m
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kφ

Interferometric phase fringe number

m-1

k φ0

System geometric phase fringe number

m-1

La

Antenna length in azimuth direction

m

R

Slant range

m

Rc

Slant range at radar beam centre

m

Rg

Ground range

m

re

Earth radius

m

S

Azimuth integration time

s

s

Azimuth time (slow time)

s

sc

Azimuth time at radar beam centre

s

t

Range time (fast time)

s

Vst

Relative speed between platform and target

m/s

W ( µ ) , W (ν )

Hamming filter in azimuth and range

W1 ,W2

Bandwidth of range (or azimuth) spectral filter

Hz

x

Azimuth spatial coordinate

m

xc

Azimuth coordinate at radar beam centre

m

y

Ground range coordinate

m

z

Target elevation (earth centred)

m

α

Terrain slope

degree

αc

Critical terrain slope

degree

β

Angle of baseline from horizon

degree

γ

Complex correlation coefficient

∆R

Slant range difference

m

∆s

Azimuth time shift

s

∆T

Time separation

s

δR

Slant range spatial resolution, or
Slant range pixel size

δs

m

Azimuth time resolution, or
Azimuth time offset

s

δt

Range time resolution

s

δx

Azimuth spatial resolution

m
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δ ( x, y )

Two-dimensional Dirac delta function

δy

Ground range spatial resolution

m

δz

Penetration depth

m

δθ i

Difference of incidence angle

degree

ε 10

Azimuth misregistration

ε 20

Phase error from azimuth defocusing

ε 11

Residual range walk (linear range migration)

ε 21

Residual range curvature (quadratic range migration)

εr

Relative complex dielectric coefficient ( = ε ′ + jε ′′ )

ζ

Surface displacement

ς ( s c′ s c , Rc )

Azimuth and range compressed complex data

η spatial

Spatial ratio coherence

η temporal

Temporal ratio coherence

η total

Total ratio coherence

θd

Slope of total topographic decorrelation

θi

Incidence angle

degree

θ i0

Nominal incidence angle at beam centre

degree

θ i,c

Critical incidence angle

degree

θl

Radar look angle

degree

θ l0

Radar look angle at zero elevation

degree

θs

Squint angle

degree

λ

Carrier wavelength

m

µ

Azimuth frequency

Hz

µ0

Azimuth spectral envelope misalignment

Hz

µ1 , µ 2

Centre frequency of azimuth spectral filter

Hz

ν

Range frequency

Hz

ν0

Range spectral envelope misalignment ( = f φ )

Hz

ν 1 ,ν 2

Centre frequency of range spectral filter

Hz

ρ

Coherence

m
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ρ spatial

Spatial decorrelation function

ρ surface

Spatial decorrelation from surface scattering

ρ temporal

Temporal decorrelation function

ρ total

Total decorrelation function

ρ volume

Spatial decorrelation from volume scattering

σ0

Mean specific backscatter coefficient

σy

rms surface motion in ground range direction

m

σz

rms surface motion in vertical direction

m

σ ∆R

Coregistration error

m

σφ

Phase error

τp

Radar pulse length in time

φ

Phase

s

Phase difference of InSAR image pair

φ0

System geometric phase

φa

Atmospheric phase

φd

Differential phase (coherent surface displacement phase)

φ flat

Earth-flattened phase

φ topo

Topographic phase

ψ

Phase aberration coefficient

ωc

Angular carrier frequency = 2πf c
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Appendix B: Abbreviations and Acronyms
ALG

Algeria SAR scene

ALM

Almeria SAR scene

ASAR

Advanced Synthetic Aperture Radar (of ESA)

ATI

Along-Track Interferometry

CCRS

Canadian Centre for Remote Sensing

DEOS

Delft Institute for Earth-Oriented Space Research

DEM

Digital Elevation Model

DInSAR

Differential Interferometric Synthetic Aperture Radar

DN

Digital Number (or Data Number)

EMSL

European Microwave Signature Laboratory

ERIM

Environmental Research Institute of Michigan

ERS

Earth Resources Satellite (ESA)

ESA

European Space Agency

FFT

Fast Fourier Transform

FM

Frequency Modulation

GCP

Ground Control Point

GRA

Granada SAR scene

InSAR

Interferometric Synthetic Aperture Radar

JERS-1

Japanese Earth Resources Satellite (NASDA)

JPL

Jet Propulsion Laboratory (NASA)

LUT

Look Up Table

NASA

National Aeronautics and Space Administration (U.S.A)

NASDA

National Aeronautics and Space Development Agency

PRF

Pulse Repetition Frequency

RGB

Red, Green, and Blue colour composite

SAR

Synthetic Aperture Radar

SIR

Shuttle Imaging Radar

SLC

Single Look Complex (SAR intensity image)

SNR

Signal to Noise Ratio

VOIR

Venus Orbiting Imaging Radar
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