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Principles, Data Access, and Basic Processing Techniques
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ABSTRACT

This chapter provides background information and hands-on processing exercises on the main concepts of Synthetic Aperture Radar (SAR) remote sensing.
After a short introduction on the peculiarities of the SAR image acquisition process, the remainder of this chapter is dedicated to supporting the reader in
interpreting the often unfamiliar-looking SAR imagery. It describes how the appearance of a SAR image is influenced by sensor parameters (such as signal po-
larization and wavelength) as well as environmental factors (such as soil moisture and surface roughness). A comprehensive list of past, current, and planned
SAR sensors is included to provide the reader with an overview of available SAR datasets. For each of these sensors, the main imaging properties are described
and their most relevant applications listed. An explanation of SAR data types and product levels with their main uses and information on means of data access
concludes the narrative part of this chapter and serves as a lead-in to a set of hands-on data processing techniques. These techniques use public domain
software tools to walk the reader through some of the most relevant SAR image processing routines, including geocoding and radiometric terrain correction,
interferometric SAR processing, and change detection.

2.1 On the Concepts of
Imaging Radars

2.1.1 AWORD ABOUT HISTORY

The invention of RAdio Detection And Ranging, or
radar, as a concept for detecting and localizing ob-
jects in a three-dimensional space dates back to the
turn of the 20™ century and is typically credited either
to the German inventor and entrepreneur Christian
Huelsmeyer—who proposed the so-called “Telemo-
biloskop” as an active microwave-based system for
detecting distant metallic objects (Vollmar 1960)—
or to the British engineer Robert Watson-Watt, who
in June of 1935 successfully demonstrated an object
detection and ranging system that was capable of
accurately locating airborne objects up to a distance
of about 30 km (Watson-Watt 1946). Once invented,
radar technology developed rapidly during the World
War Il era, motivated mostly by air defense and over-
the-horizon surveillance considerations. By the early
1940s, radars had become small enough to be im-
plemented on airplanes, expanding the application

realm of radar systems into a range of new fields,
including the growing discipline of Earth observation.
This chapter discusses the application of imaging ra-
dar sensors to this discipline.

2.1.2 SIDE-LOOKING AIRBORNE RADARS

The allure of using radar systems for imaging pur-
poses mostly stems from the all-weather and all-day
capabilities that can be provided by this sensor type.
These capabilities are advantageous for many surveil-
lance applications, allowing for regular mapping of
areas affected by heavy cloud cover, persistent rain,
or extended darkness. Additionally, radar signals
interact differently with the surface than most other
sensing systems, providing interesting new informa-
tion about the observed environment.

With the development of Side-Looking Airborne
Radar (SLAR) systems in the 1950s, the first airborne
radar systems with reliable imaging performance
became available. The observation configuration
of a SLAR system is shown in Figure 2.1 and con-
sists of a radar sensor mounted on an airborne (or
spaceborne) platform that, in this simplified exam-

ple, is moving along a straight path at altitude H.
Unlike most optical imaging systems, which point
their sensors towards nadir, the antenna of a SLAR
(and any other imaging radar) system is pointed away
from nadir by a so-called look angle 6, such that it
illuminates a continuous swath on the ground as the
aircraft moves along. .

While flying along its track, the radar system is
transmitting a sequence of short microwave pulses of
pulse length 1, each of which illuminates an instan-
taneous area on the ground that is usually referred
to as the antenna footprint (see darker gray area in
Fig. 2.1). The size $ of this instantaneous footprint
in either the range or along-track (azimuth) direction
is largely defined by the relationship between system
wavelength 4 and the side length of the antenna [
(defining the antenna’s beamwidth through f = A/1)
along this direction, as well as by the distance of the

radar sensor from the ground
Sz%l?: BRMm] . 2.1)

To form a two-dimensional image, the echoes
received from the ground are sorted by their arrival
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Pulse length = range resolum

Pixel in a SLAR image
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Figure 2.1 Observation geometry of a SLAR imager. The radar flies along a straight line at altitude H and
observes Earth at an oblique look angle 6, Instead of the look angle, sometimes the incidence angle 6. =
(90° - 8) is annotated. The size of the illuminated footprint is defined by the antenna beamwidth B and the
distance between satellite and ground R. Note that the radar beam is wide in range direction but narrow in

Pulse footprint
/ = along-track resolution

azimuth. The generation of an image is facilitated by the forward motion of the airborne platform.

time in both range and azimuth direction. In range
direction, echoes from the ground arrive progressive-
ly later from the near-range to the far-range edge of
the swath. Objects at different ranges can be distin-
guished if their range separation is larger than half
the transmitted pulse length. Hence, the range reso-
lution of a SLAR system i(s defined by

T

P

pR:T [(m],

with ¢ corresponding to the speed of light. The vari-
able p, in Eq. (2.2) is usually referred to as the slant
range resolution of a SLAR system as it describes a
SLAR’s ability to distinguish objects at different (slant)
distances from the radar (see “slant range direction”
in Fig. 2.1). While the slant range parameter p, is
useful for many system design questions, remote
sensing is often more interested in the ground range
resolution p,, which describes the ability to discrim-
inate objects that are situated on the ground and is
calculated from p, via the local incidence angle 6

P
pg—ﬁ [m] .

(2.2)

(23)

Eq. (2.3) shows that the ground range resolution

P, is not constant across the swath and actually im-
proves with distance from nadir (due to the increase
of ). This is opposite to the behavior of most optical
systems for which the ground resolution degrades
with increasing 6.

In the along-track (or azimuth) direction, the
ground is scanned by the movement of the radar
along its track. In the case of SLAR systems, the azi-
muth resolution p, (the ability to discriminate objects
in azimuth direction) is defined by the width of the
antenna footprint in azimuth S, , which, in turn, is
limited by the side length L, of the antenna in this
direction. Hence, following Eq. (2.1), the azimuth res-
olution corresponds to

A
py=S,~—R=0, -Rm. (2.4)

A

Eq. (2.4) indicates that the azimuth resolution
p,, is linearly degrading with increasing distance
between the sensor and the ground R. This has two
important implications for SLAR systems: first, as R
changes from the near-range to the far-range edge
of the swath, the azimuth resolution of a SLAR is not

constant across range. Second, and more impor-
tantly, the dependence of p, on the distance to the
ground R makes the application of SLAR systems on
high-altitude or even spaceborne platforms highly
impractical. To illustrate this point, assume a C-band
SLAR system operating at A = 0.03[m] and utilizing
an antenna of £ = 3[m] length. If operated from an
aircraft at # = 3000[m] altitude and observing at a
look angle of ¢, = 30°, this system will achieve an
acceptable azimuth resolution of p, = 0.01 - 3000 -
2 = 60[m]. However, if the same system is operated
from a spaceborne platform at # = 800[km], p,, will
degrade to p, = 16[km], which is below the required
system performance for most Earth observation ap-
plications.

A straightforward approach for keeping the sys-
tem’s azimuth resolution at an acceptable level even
for spaceborne applications is to increase the length
of the antenna used by the system until a desired
value for p, is reached. Simple mathematics show,
however, that this solution is not practical. Using the
numbers from the previous example we find that an
unreasonable antenna length of about £ = 800[m]
would be needed to achieve a p, = 60[m] resolution
from space. An elegant and more practical solution
for the azimuth resolution issue—the synthetic ap-
erture principle—was developed in 1952 and will be
introduced in Section 2.1.3.

Despite their resolution limitations, SLAR systems
remain popular for many ground-based and airborne
applications. This continued popularity is largely due
to the simplicity of SLAR systems in both their system
design and data processing demands.

2.1.3 SYNTHETIC APERTURE RADAR SENSORS

In 1952, Carl Wiley, an engineer with the Good-
year Aircraft Cooperation, made an essential dis-
covery that provided a solution to the azimuth res-
olution problem plaguing existing SLAR technology
(see Sec. 2.1.2). In technical terms, he observed
that a one-to-one correspondence exists between
the along-track coordinate (relative to a transmitted
radar beam) of a reflecting object and the instanta-
neous Doppler shift of the signal reflected back to
the radar by that object. He further postulated that a
frequency analysis of the recorded signals could en-
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able a finer along-track resolution than that achieved
by conventional SLAR systems. Wiley's discovery—
which was originally published under the name
Doppler beam-sharpening but is often referred to
as aperture synthesis—is the key element behind
all modern high-resolution imaging radar systems.
There is a large body of literature on the mathemat-
ical details of Wiley's aperture synthesis solution to
radar imaging. Readers interested in more technical
information should refer to the excellent summary by
Cumming and Wong (2005).

The following conceptual explanations of Wiley's
invention provide a good summary. The aperture
synthesis principle essentially allows one to create
(or “synthesize”) a much longer effective antenna
(the so-called synthetic aperture) from a sequence of
acquisitions made with a shorter antenna as it moves
along its flight line. As antenna length is intrinsically
linked to the resolution capabilities of a radar system
(we know this from Eq. (2.1)), the much longer anten-
na synthesized by Wiley's principle allows high-reso-
ution imaging even from spaceborne platforms using

Figure 2.2 Geometry of
observations used to form
the synthetic aperture
for target P at along-

track position x = 0.

antenna hardware of a manageable size.

Asimplified conceptual illustration of Wiley's con-
ceptis shown in Figure 2.2. There, a radar antenna
(indicated by a gray rectangle) of reasonably short
length is moving at a velocity V along its flight path
from the right to the left. While moving, it is con-
stantly transmitting short radar pulses and receiving
echoes returned from objects on the ground. Each
radar pulse illuminates an instantaneous footprint
of size S on the Earth surface. For spaceborne ap-
plications, the limited length L of the radar antenna
(Eg. (2.1)) results in instantaneous footprints that
typically measure several kilometers in size, resulting
in the typical resolution limitation that plagues SLAR
systems.

To apply Wiley's aperture synthesis concept, we
have to first ensure that an object P on the Earth
surface is imaged by many consecutive radar pulses
as the antenna beam sweeps across the ground. This
requirement is indicated in Figure 2.2 by several
antenna positions that illuminate object P as the sen-
sor moves from point x, (firsttime object Pis seen) to

point x, (last time P is observed). Once the radar data
are acquired, a postprocessing approach is applied to
combine all acquisitions between x, and x, and into
a single dataset that looks like it was acquired with a
much longer antenna. This longer (virtual) antenna is
typically called the “synthetic aperture,” as it was syn-
thesized from a number of acquisitions with shorter
antennas. The length L, of this synthetic aperture can

be calculated via

A
Ly =" Ry~ 04y

and is equivalent to the footprint S illuminated by the
(shorter) real antenna installed on the spacecraft (see
Eq. (2.1).

The dataset resulting from the aperture synthesis
process is typically referred to as a SAR image and has
much higher resolution than SLAR images acquired
from the same distance. An example of a SAR image
acquired by the European Space Agency's (ESA's) ERS-2
sensor is shown in Figure 2.3.

The aperture synthesis concept is the basis of all
modern radar systems even though various modifica-
tions of the basic imaging concept are currently used
to maximize either image resolution (Spotlight concept:
Einederetal. 2009, Lanarietal. 2001, Mittermayer etal.
1999) or image coverage (ScanSAR: Bamler and Eined-
er 1996, Bamler and Holzner 2004, Monti Guarnieri
and Prati 1996). Modern spaceborne SAR sensors typ-
ically achieve ground resolutions between roughly 0.5
and 20 m, depending on their specific design. Recent
developments in antenna design and image processing

muth ———

98ues

Figure 2.3 Example of a spaceborne SAR
dataset acquired by ESA’s C-band sensor ERS-2.
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techniques have made high-resolution imaging across
large image swaths possible. These developments rely
on the concept of digital beamforming (Gebert et al.
2009, Krieger & Moreira 2003, Younis et al. 2003) and
have spawned new imaging modes such as Terrain
Observation with Progressive Scans SAR (TOPSAR) (De
Zan & Monti Guarnieri 2006) and SweepSAR (Freeman
etal. 2009). For technical details on these techniques,
please see the literature cited.

2.1.4 GEOMETRIC PROPERTIES OF SAR DATA

Due to the oblique observation geometry inherent
to all imaging radar systems, surface slopes and similar
terrain features lead to geometric distortions in data
acquired by SAR systems. The most relevant of these
distortions are foreshortening, layover, and shadow.
The origins and main characteristics are of these dis-
tortions are summarized in Figure 2.4,

In side-looking viewing geometries, sensor-facing
slopes appear foreshortened such that a symmetric
mountain would appear in the radar image as if “lean-
ing” towards the sensor. The geometric background of
foreshortening is shown in Figure 2.4(a), showing
that the slope between points A and B will get fore-
shortened into the image area A'8". The amount of fore-
shortening depends both on the system'’s look angle 6
and on the slope angle a, and reaches its maximum if 6
— a.Inareaswhere f<a(e.g., in areas of steep slopes
combined with steep incidence angles), foreshortening
turns into layover (see Fig. 2.4(b)). In layover situa-
tions, the tops of mountains are imaged ahead of their
base (see projections of points Band Cin Fig. 2.4(h))
and backscatter from mountain slopes will overlay with
image information at closer and farther image ranges
(see green, red, and gray areas in Fig. 2.4(b)). Both
foreshortening and layover can be reduced if the look
angle @ is increased; however, larger 8 will produce
more image shadow (Fig. 2.4(c)). Hence, topogra-
phy-related image distortions cannot be entirely re-
moved, and image acquisitions from more than one
vantage point may be necessary to jointly minimize all
three imaging effects.

2.1.5 RADIOMETRIC PROPERTIES - THE
SPECKLE EFFECT

Besides these geometric distortions, SAR images
additionally are characterized by a somewhat grainy

FORESHORTENING
« Sensor-facing slope
foreshortened in image
+ Foreshortening effects decrease
with increasing look angle

LAYOVER
+ Mountain top overlain on
ground ahead of mountain
+ Layover effects decrease with
increasing look angle

SHADOW
* Area behind mountain cannot
be seen by sensor
« Shadow effects increase with
increasing look angle

/ radar shadow

ground range

CcD
ground range

ground range
—

Figure 2.4 Main geometric distortions on SAR images with their dependence on acquisition geometry:

(a) foreshortening, (b) layover, and (c) shadow.

appearance that resembles “salt and pepper” noise.
This noise-like pattern can be seen in Figure 2.3
and is usually referred to as “speckle.” The speckle
effect is inherent to all narrow-banded coherent im-
aging systems and is a result of interference from the
many scattering echoes within a resolution cell.

In a medium-resolution SAR image, the scattering
response from one resolution cell (of about 10x 10[m]
in size) is the coherent sum of thousands of individ-
ual scattering events, as shown in Figure 2.5(a).
Imagine the SAR system is imaging a homogeneous
surface, such as a smooth meadow, and assume that
the individual scattering events within one resolution
cell (gray arrows in Fig. 2.5(a)) are all about equal-
ly strong. Due to their different positions within the
resolution cell, the phase of the individual scatterers
will vary randomly, such that the scattering response
from one pixel is the summation of thousands of ran-
dom vectors (black arrow in Fig. 2.5(a)). As the ar-
rangement of scatterers in different resolution cells is
not identical even for homogeneous targets, both the
amplitude and phase of the summation vector (black
arrow) will vary randomly from pixel to pixel, result-
ing in the typical grainy signature shown previously
in Figure 2.3.1f the number of individual scattering
events is large, the distribution of intensities in a SAR
image follows an exponential distribution of the form

0\ L opl_L
pdf(/la )_Jo exp{ UO} . (25)

where / = Re{u}* + Im{u}* is the image intensity in

Im{u} @

> Re{u}

3
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Figure 2.5 (a) Speckle originating from the
coherent summation of many individual scattering
events within a resolution cell and (b) shape of
the speckle pdf for images areas with different
normalized radar cross sections a°.

a pixel. The distribution in Eq. (2.5) is often called
speckle distribution and is a valid description for the
noise patterns observed for homogeneous targets in
medium-resolution SAR images.

Eq. (2.5) shows that the shape of the speckle
distribution depends on the (true) normalized radar
(ross section ¢® of the observed target, such that
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brighter image patches will show more intense noise.
Here, ¢” describes the percentage of incoming radar
energy that is scattered back to the sensor by an object
on the ground. It is a normalized version of Eq. (2.6)
discussed in the next section. The dependence of the
speckle statistics on ¢” is visualized in Figure 2.5(h),
where the speckle distribution pdf(/|¢°) is plotted for
three different o” values. It can be seen that the speck-
le distribution becomes wider with increasing a® and
starts to approximate a uniform distribution for very
high ¢”.

Speckle noise is distinguished from most other
noise sources, which are often constant throughout the
image, by its dependence on image brightness. Mul-
fiplicative noise such as speckle is difficult to treat, as
the true radar cross section ¢® of the target needs to be
known to correctly model paf(/|o°). Hence, throughout
the last decade, a lot of effort has been dedicated to
the development of effective speckle filters, resulting in
a wealth of different filtering methods. While the most
relevant/well known of these filters are listed in Ta-
ble 2.1, readers interested in this topic are referred to
specialized literature such as Bruniquel & Lopes 1997,
Ferretti et al. 2011, Huang et al. 2009, Lee et al. 1991,
Lee etal. 1994, Lopez-Martinez & Pottier 2007, Novak &
Burl 1990, and Sveinsson & Benediktsson 2003.

2.2 How SAR Images the
World

SARs transmit microwave signals at an oblique
angle and measure the backscattered (in the direc-
tion of the sensor) portion of this signal in order to
analyze features on the surface. Mathematically, this
(calibrated) measurement is described using the
term Radar Cross Section (RCS) g, which is defined
as the ratio between the incident and received signal
intensity:

U:/re(e/ved47r/32 m2] ) (2.6)

incident

The RCS recorded by a SAR for a specific surface
feature is not always straightforward to interpret,
as it is influenced both by a range of scene charac-
teristics as well as by the parameters of the imaging
Sensor.

The mostimportant scene parameters driving RCS
are surface roughness . and the dielectric prop-
erties of the imaged object quantified by its complex
relative dielectric constant €. While f, |~ describes
how much of the scattered radar energy is directed
back to the sensor, the dielectric properties guide

whether or not (and how deep) signals may penetrate
into the scattering surface. The fact that both of these
parameters are a function of sensor wavelength (and
to some degree signal polarization) explains why
the characteristics of the sensor play a role when
attempting to interpret the measured signature of
real-life objects in a SAR image.

2.2.1 DIELECTRIC PROPERTIES AND
PENETRATION DEPTH OF RADAR SIGNALS

The dielectric properties of a medium govern how
a microwave signal of wavelength A interacts with a
scattering medium such as the Earth's surface or a
vegetation canopy. These properties dictate how
much of the incoming radiation scatters at the sur-
face, how much signal penetrates into the medium,
and how much of the energy gets lost to the medium
through absorption. While a detailed explanation of
microwave scattering processes is beyond the scope
of this chapter, information is provided on how these
processes change with sensor wavelength. This will
provide the reader with the required background to
interpret differences in the appearance of observed
data from different SAR instruments. For a more de-
tailed discussion on the interactions of microwaves
with media, please refer to the excellent introducto-

SPECKLE FILTERS DESCRIPTION RELATED PUBLICATION(S)

Change-preserving
multi-temporal Speckle filter

Lee filter

Filter for stacks of SAR images; reduces speckle while preserving changes in the time series
(e.g., related to deforestation)

Quegan and Yu, 2001

Enhanced Lee filter

Frost and enhanced
Frost filters

Non-local means filters

Standard deviation-based (sigma) filter, filtering data based on statistics calculated from
the data. Unlike a Gaussian or boxcar filter, the Lee filter and other similar sigma filters
preserve image sharpness and detail while suppressing noise.

The enhanced Lee filter is an adaptation of the Lee filter. Each pixel is put into one of three
classes, which are treated as follows:
Homogeneous: The pixel value is replaced by the average of the filter window.
Heterogeneous: The pixel value is replaced by a weighted average.
Point target: The pixel value is not changed.

The Frost filter is an exponentially damped circularly symmetric filter that uses local statis-
tics. The Enhanced Frostfilter is an adaptation of the Frost filter. It classifies and filters pixels
according to the logic explained in the row above.

The basic idea behind non-local means filters is to provide an estimate of the clean image
via a proper averaging of similar pixels or patches, found in the image. Essentially, the al-
gorithm searches for image patches that resemble the area around the pixel to be filtered.
Using some similarity criterion, these patches are found and averaged together to de-noise
the image without losing resolution.

Table 2.1 Summary of most relevant speckle filters with their properties and related publications.

Lee, 1980

Lopes et al., 1990

Frostetal., 1982; Lopes etal., 1990

Buades et al., 2005; Chen et al., 2014; Di Martino
etal., 2016; Martino et al., 2015
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ry book on microwave remote sensing by lain Wood-
house (2006).

Figure 2.6 provides a conceptual overview of
the influence of sensor wavelength Aon signal pene-
tration into a variety of surface types. The radar sig-
nals penetrate deeper as sensor wavelength increas-
es. Thisis related to the dependence of the dielectric
constant ¢ on the incident wavelength, allowing for
higher penetration at L-band than at G- or X-bands.
For vegetated areas, this implies that X-band SAR
sensors mostly scatter at the tops of tree canopies,
while G and L-band signals penetrate increasingly
deeper into the vegetation volume. Hence, if vegeta-
tion parameters (e.g., vegetation structure, biomass,
etc.) are to be characterized using SAR, longer wave-
length systems should be used (see Table 2.3 to
identify sensors operating at longer wavelengths).
Similarly, users interested in mapping inundation
under forest canopies should select longer wave-
length SAR sensors as their main data source.

In addition to sensor wavelength, the penetration
depth of a SAR signal into a vegetation canopy is also
influenced by the density of this canopy. For exam-
ple, while G:band SAR data may “see” the ground un-
derneath sparse boreal forests, C-band signals will
not be able to fully penetrate the denser and layered
canopy structure of rainforests.

The rule of increasing penetration with increasing
sensor wavelength also holds true for bare surfaces
such as alluvium soils or glacier ice; X-band signals
scatter close to the surface, while G- and L-band data
penetrate progressively deeper into the medium. To
quantify penetration depths 6, into bare surfaces,
information about the dielectric properties ¢ of the
medium is needed. If information on ¢ is available,
9, can be approximated by

5,0 ~ /\\/g/(Zws;/) ,

where g} is the real component and g is the
imaginary component of the complex relative dielec-
tric constant. In addition to soil density and sensor
wavelength, s; and s: are strongly dependent on
the moisture content of the medium. Figure 2.7(a)
shows an example of the dependence of dielectric
properties on moisture content for loam soils com-

(2.7)
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Figure 2.6 SAR signal penetration by sensor wavelength A.

posed of a mix of sand, silt, and clay ingredients. The
dielectric properties are plotted as a function of soil
moisture for several sensor wavelengths. It can be
seen that both j and & increase with soil moisture,
leading to a reduction of penetration depth accord-
ing to Eq. (2.7). Also, s: and s depend on sensor
frequency f= ¢/A. With increasing frequency (de-
creasing wavelength), s reduces and g increases
such that penetration depth &, s significantly larger
for low-frequency (long wavelength) SARs. A plot of
the dependence of penetration depth &, on sensor
wavelength 4 is shown in Figure 2.7(b). Penetra-
tion depth is approximated according to Eq. (2.7) for
the soil type shown in Figure 2.7(a) and assuming
a volumetric soil moisture of 0.35. A near-linear in-
crease of penetration depth with increasing sensor
wavelength can be observed.

2.2.2 SURFACE ROUGHNESS

With few exceptions (dry snow, dry sandy soils),
most bare or low-vegetation surfaces allow very little

penetration for microwave radiation (Fig. 2.7(h))
such that surface scattering dominates the measured
radar response. In these cases, the roughness of the
scattering surface is the main driver defining the ob-
served RCS in a SAR scene.

For narrow-band imaging systems like SAR,
whether a surface appears rough or not can only be
decided with the observing sensor wavelength in
mind. If the scale of roughness of a randomly rough
surface is characterized using the standard deviation
of the height deviation 4 from some mean height / of
the surface, then the question of how large / has to
be for a surface to appear rough to an observing SAR
system can be answered. According to the Fraunhofer
criterion, a surface is defined as rough if the height
deviations exceed the value f, ., which is deter-
mined by Eq. (2.8):

hon> A7 (32 cosd)) .

rough

(28)

Note that the relationship in Eq. (2.8) depends on
the signal wavelength A and indicates that a surface
with fixed height variations h may qualify as rough in
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Figure 2.7 (a) Relationship between soil
moisture and dielectric constant and (b)
dependence of penetration depth 6, on sensor
wavelength A for a fixed soil moisture.

X-band but possibly notin C- or L-bands. This concept
of wavelength-dependent roughness is visualized in
Figure 2.8, which shows increasing roughness con-
ditions from left to right and identifies the transition
from smooth (Fig 2.8(a)) to intermediately rough
(Fig. 2.8(b)) to rough surfaces (Fig. 2.8(c)) in ac-
cordance with the Fraunhofer criterion in Eq. (2.8). It
can be seen that the amount of backscatter increases
(length of blue arrows pointing toward the sensor)
as roughness increases such that rough surfaces (at
wavelength 1) have higher RCS than intermediately
rough or smooth surfaces. The wavelength depen-
dence also means that a surface will look increas-

No return:

Smooth surface,
specular reflection

Intermediate
roughness

Moderate return:

Strong return:

Rough surface,
diffuse scattering

Figure 2.8 Conceptual sketch of the dependence of surface roughness on the sensor wavelength A: (a)

smooth, (b) intermediate, and (c) rough.

ingly darker as wavelength increases from X-band
(4=3.1 cm) through C-band (4 =5.66 cm) to L-band
(=24 cm).

2.2.3 THE INFLUENCE OF SIGNAL
POLARIZATION

As SAR is an active instrument with its own
source of illumination, it is one of the few sensing
instruments that allows one to fully control (and
fully exploit) the polarization of the signal on both
the transmit and the receive paths. Polarization de-
scribes the orientation of the plane of oscillation of
a propagating signal. In linearly polarized systems,
the orientation of this plane of oscillation is constant
along the propagation path of the electromagnetic
wave. In other systems, such as circular or elliptical-
ly polarized SARS, the orientation of the oscillation
plane changes, describing geometric shapes such as
ellipses or circles.

The majority of today’s SAR sensors are linearly
polarized and transmit horizontally and/or verti-
cally polarized wave forms. Many of the heritage
SAR satellites carry single-polarized sensors, which
support only one linear polarization. These sensors
predominantly operate in HH- (horizontal polariza-
tion on transmit; horizontal polarization on receive)
or VV-polarization (vertical transmit; vertical re-
ceive), while single-polarized sensors transmitting
one linear polarization and receiving the other (e.g.,
HV (horizontal transmit; vertical receive)) are rare
in practice.

More recent sensors provide either dual-polariza-
tion or quad-polarization capabilities. In the latter,

the sensor alternates between transmitting H- and
V-polarized waveforms and receiving both H and V
simultaneously, providing HH-, HV-, VH-, and VV-po-
larized imagery.

Knowing the polarization from which a SAR image
was acquired is important, as signals at different
polarizations interact differently with objects on the
ground, affecting the recorded radar brightness in
a specific polarization channel. While the details of
polarimetric scattering are beyond the scope of this
chapter, the following paragraph provides rules of
thumb that should aid in the interpretation of pola-
rimetric SAR data.

For simplicity, it is assumed that a natural scene
can be described as a combination of three types
of scatterers: (1) rough surface scatterers, (2) dou-
ble-bounce scatterers, and (3) volume scatterers.
The nature of these scattering types is illustrated
in Figure 2.9. The category of surface scatterers
(shown in blue in Fig. 2.9) is made up of low-vege-
tation fields and bare soils, as well as roads and other
paved surfaces. Double-bounce scatterers (red in
Fig. 2.9) include buildings, tree trunks, light poles,
and other vertical structures that deflect an initial
first forward reflection back to the sensor. Finally,
vegetation canopies belong to the category of volume
scatterers (green in Fig. 2.9) as the signals bounce
multiple times as they propagate through the vegeta-
tion structure.

|t turns out that these Scattering types do not con-
tribute to all polarimetric channels equally. Instead,
each polarimetric channel “prefers” certain scattering
types such that the scattering power |$| in the indi-
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Figure 2.9 Schematic sketch of the three main scattering types considered for SAR data.

vidual polarimetric channels follows the following
general scheme shown in in Table 2.2.

RELATIVE SCATTERING STRENGTH BY POLARIZATION:

Rough Surface Scattering [Sy 17150 1214 1 07 Sy, |

Double Bounce Scattering Sy 12154 12154 1 07 Sy, |

Hv

Volume Scattering Main source of |S,,, | and |S,, |

Table 2.2 Relative scattering strength by polarization

These general rules should help when comparing
the RCS in different polarimetric channels. They can
be applied to perform an automatic classification of
scattering types if data with all relevant polarizations
(i.e., quad-polarization data) are available. For more
information on polarimetric SAR and polarimetric
SAR data analysis, see Pottier & Lee 2009 and Van Zy!
2011,

An example of the information contained in
quad-polarization SAR data is shown in Figure 2.10.
There, the polarimetric scattering power of |S,,|,
S,,], and |S, | are presented in Figures 2.10(a),
(b), and (c), respectively, for an ALOS PALSAR scene
over Niamey, Niger. According to the rule above,
strong scattering in |S,, | indicates a predominance
of double-bounce scattering (e.g., stemmy vegeta-
tion, manmade structures), while strong |S,, | relates
to rough surface scattering (e.g., bare ground, water),
and spatialvariationsin |S,, | indicate the distribution
of volume scatterers (e.g., vegation and high-pene-
tration soil types such as sand or other dry porous
soils) across the scene. To enhance the visibility of
differences between the channels, the HH, VV, and

HV information is often combined into a single RGB
image, with |S,, | inred, |S,,| assigned to blue, and
|S,,| in green. Such an RGB image composite for the
scene over Niamey is shown in Figure 2.10(d). Ex-
tensive red areas can be seen in some urban districts
(buildings) and some agricultural zones (stemmy veg-
etation). A patch of green can be seen to the south
of Niamey, presumably relating to higher penetration
sandy soils and the volumetric scattering on inclusion
within the sand body. Most other areas have a tinge
of blue, indicating bare soils.

2.3 Historic, Current, and
Future SAR Sensors

Amazingly, spaceborne SAR sensors have been
around for more than 40 years. The first SAR was

launched on June 28, 1978, on board NASA's Seasat
satellite, a spaceborne platform aimed at monitoring
oceanographic phenomena. As part of its sensor
suite, Seasat carried an HH-polarized [-band SAR
that was mounted at a fixed angle to observe glob-
al surface wave fields and polar sea ice conditions.
Even though Seasat’s SAR operated for only 106
days (a short circuit in the satellite’s electrical sys-
tem occurred on October 10, 1979), the mission was
deemed an extensive success, demonstrating a SAR
capability both ocean and land surface observation
(Fu &Holt 1982).

Since the days of Seasat, SAR remote sensing has
come a long way. Starting with ERS-1in 1991, sev-
eral SAR sensors with ever-improving imaging char-
acteristics have been launched by an international
community of satellite providers, collectively ensur-
ing continuous coverage of the Earth with SAR data.
Unfortunately, this international constellation of SAR
systems comes with a downside. The SAR satellites
launched by the various agencies vary widely in their
sensor configurations such that data from different
sensors are not always directly comparable (see
Sec. 2.2). Section 2.3.1 outlines the main differ-
ences between different sensors in order to assist
new users in choosing the correct SAR data for an
intended application.

2.3.1 SAR SENSOR WAVELENGTHS

SAR sensors transmit energy in one of the micro-

Figure 2.10 Fully-polarimetric L-band SAR scenes from the ALOS PALSAR sensor over Niamey, Niger:

@ |S,,1, (b) 1S,
shown in (d).

%

|, and (c) |S,,| scattering powers. An RGB color combination of these channels is
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wave frequency bands shown in Table 2.3. Roughly
speaking, radar systems use frequencies from 1 to 90
GHz, a spectral range that is subdivided into the fre-
quency bands shown in the first column of Table 2.3.
These bands were initially defined according to the
different equipment needed to generate and detect
signals at these particular wavelengths, but now, they
can be understood as the equivalent of colors in the
visual range. As microwave remote sensing was de-
veloped largely during World War 11, a rather cryptic
naming convention was used to disguise the meaning
of microwave bands from the enemy. Unfortunately,
this letter-based naming scheme (Ka-band to P-band)
was never modified and may lead to confusion among
new users of SAR.

Not all of the microwave bands shown in Table 2.3
are used for SAR remote sensing. While some exper-
imental airborne Ka- and Ku-band SAR systems exist,
civilian spaceborne sensors have been exclusively using
the lower frequency bands ranging from X- to P-band
(blue shaded region in Table 2.3).

As explained in Section 2.2, the wavelength of
a SAR sensor is intrinsically linked to the penetration

capabilities of the transmitted microwave signal, such
that longer wavelength signals (e.g., signals at L- and
P-band) penetrate deeper into vegetation canopies and
soils. Hence, the applications supported by a SAR sen-
sor depend on the SAR frequency band used.

Table 2.3 summarizes typical applications of SAR
as a function of frequency band. It shows that sensors
at X-band are predominantly used for urban and in-
frastructure monitoring. Due to the higher resolution
capabilities of X-band radars, sensors at this frequency
find broad application in surveillance and tracking and
are also often used in the monitoring of industry instal-
lations. Due to the limited penetration into vegetation
covers, X-band is rarely used for characterizing forest
canopies for monitoring activity underneath vegetation.

With the predominate number of legacy systems
operating at this frequency range, (-band sensors have
been the workhorse of SAR monitoring over the last 30
years. With moderate- to high-resolution capabilities
and increased vegetation penetration, -band data can
be seen as a good compromise between X-band and
the longer wavelength L-band sensor classes. Com-
pared to X-band SARs, Gband sensors typically allow

for wider swath imaging, lending themselves to re-
gional- and global-scale applications. While G-band
has improved canopy penetration capabilities, its
signals will typically not penetrate all the way through
a vegetation layer. Especially in regions with denser
vegetation, C-band is of limited use for analyzing ac-
tivity underneath canopy layers.

While S-band SAR sensors were rarely used in
Earth observations in the past, this frequency will have
increased usage in the near future. NovaSAR-S, an
S-band SAR sensor, was launched in September 2018
and while access to NovaSAR-S data may be limited, it
will provide some medium-resolution SAR data to ex-
plore the performance of S-band data for applications
such as hazard monitoring, crop monitoring, forest
monitoring (temperate and rainforests), as well as land-
use mapping. More interesting to most users will be the
upcoming NASA ISRO SAR satellite, NISAR. In addition
to an L-band radar, NISAR will carry a fully polarimetric
S-band SAR. While NISAR's S-band coverage will likely
notbe global, all data will be freely and openly available
to the SAR science and applications community.

While most of the historic SAR systems operated

BAND FREQUENCY WAVELENGTH TYPICAL APPLICATION
27-40 11-08 Rarely used for SAR (airport surveillance)

K 18-27 GHz 1.7'=1.1 m Rarely used (H,0 absorption)

Ku 12-18 GHz 24-17 m Rarely used for SAR (satellite altimetry)

X 8-12 GHz 38-24 High-resolution SAR (urban monitoring; ice and snow, little penetration into vegetation cover; fast coherence decay in
vegetated areas)

C 4-8 GHz 75-38 SAR workhorse (global mapping; change detection; monitor-ing of areas with low to moderate vegetation; improved
pen-etration; higher coherence); Ice, ocean, maritime navigation

S 2-4 GHz 5-75 m Little butincreasing use for SAR-based Earth observation; agriculture monitoring (NISAR will carry an S-band channel;
expands C-band applications to higher vegetation density)

L 1-2 GHz 30-15 m Medium resolution SAR (Geophysical monitoring; biomass and vegetation mapping; high penetration; InSAR)

P 03-1 GHz 100 - 30 m Biomass. First P-band spaceborne SAR will be launched ~2020; vegetation mapping and assessment. Experimental SAR.

Table 2.3 Designation of microwave bands. Spaceborne SARs typically operate in the frequency bands shaded in green. Note: This table uses standard
terminology common to the radar community. This nomenclature is not identical to ones used by other disciplines. For instance, P-band is often referred to
as UHF band. Also note that the actual frequencies allocated for radar use by the International Telecommunications Union are narrower bands within these

broad classifications.
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in G-band, the family of future SAR sensors is largely
focused on the L-band frequency range. While L-band
SARs do not provide the high-resolution capabilities
of shorter wavelength SARs, their ability to penetrate
vegetation holds a number of advantages for Earth
observation. With a higher likelihood of seeing the
ground, L-band SARs are useful for mapping activity
underneath canopies such as flooding. Due to the
high penetration into vegetation covers, L-band SAR
also lends itself well to characterizing canopy struc-
ture, especially in denser forests. Finally, the higher
canopy penetration is also advantageous for users of
Interferometric SAR (InSAR), achieving higher inter-
ferometric coherence (see Sec. 2.6.2.) and better
deformation tracking capabilities.

P-band SAR sensors are currently under devel-
opment. Spaceborne applications at this frequency
are hampered by ionospheric distortions, and only
recent developments in ionospheric correction
(Belcher 2008, Belcher and Rogers 2009, Gomba et
al. 2016, Jehle et al. 2010, Jehle et al. 2009, Kim et
al. 2011, Meyer et al. 2006, Meyer & Nicoll 20084,
Meyer 2011, Meyer et al. 2016, Meyer & Nicoll 2008b,
Pietal. 2012) have allowed spaceborne P-band SAR
missions to go forward. The first spaceborne P-band
SAR—ESA's Biomass mission—is planned to launch
in 2021 and will focus on mapping the status and the
dynamics of Earth's forests, as represented by the
distribution of forest biomass and its changes.

2.3.2 A SUMMARY OF RELEVANT SAR
PLATFORMS WITH THEIR PROPERTIES

Alist of the most relevant past, current, and future
SAR platforms is provided in Table 2.4. The sensors
are sorted by their period of performance. For each
instrument, the sensor wavelength, supported polar-
ization modes, resolution and size of image products,
repeat cycle, and means of data access are listed. This
quick guide may be useful in selecting appropriate
sensors for a specific application.

2.4 SAR Data Types and
Their Applications

Table 2.4 showcases the diversity of SAR sensors
that have been launched since the beginning of the

spaceborne SAR era in 1979. While the deep, mul-
titemporal archive provided by these sensors is of
tremendous value for users interested in long-term
Earth observation, SAR data products from these
various platforms are, unfortunately, plagued by in-
consistent naming conventions and come in a range
of data types and formats, which can cause confusion
even for more senior users of SAR. The following sec-
tions attempt to summarize and categorize the vari-
ous data types and nomenclatures used by different
data providers to provide guidance to users new to
this tremendously useful Earth observation asset. For
every data type, typical naming conventions are listed
and appropriate open source software tools are in-
troduced. Also summarized are the main applications
associated with a specific data type. A concise sum-
mary of all information provided can also be found
in Table 2.5.

The variety of data types provided by a SAR system
are related to the diverse flavors of information that
are captured in every SAR acquisition. In every pixel,
a SAR provides measurements of signal amplitude,
phase, and polarization, all of which are related to
different physical quantities of the observed ground.
As extracting and utilizing these different information
layers is often not straightforward—and as ampli-
tude, phase, and polarization information is often
relevant to different user communities—SAR data
providers have decided to offer their imagery up in
a range of different processing levels, each progres-
sively simplified and tailored to emphasize different
components of the SAR information space.

2.4.1 SAR RAW DATA

General Description: As the purest of all SAR
processing levels, RAW data corresponds to the de-
coded but otherwise unfocused (i.e., Wiley's aper-
ture synthesis processing has not yet been applied;
Sec. 2.1.3) raw observables made by a SAR sen-
sor. Unlike optical sensors, visualizing raw SAR data
does not provide much useful information about the
scene. Only after aperture synthesis processing is the
RAW data transformed into an interpretable image.

Applications: RAW data products are the ba-
sis for all higher level SAR processing levels, and as
such, RAW is an essential data type in every SAR data

archive. Outside of the user community interested in
SAR data processing, however, RAW products find
very little use. Interestingly, while RAW data are an
essential product for every SAR sensor, not every
satellite operator has decided to make his RAW data
products available to the community. For some sen-
sors, satellite data security laws prohibit the publica-
tion of RAW data products. Mostly, however, sensor
providers elect to hide RAW data to retain proprietary
information about their SAR processing routines.

Naming Convention: RAW products are cat-
egorized as processing Level 0 data, a processing
level typically abbreviated as L0. An exception to this
abbreviation exists for data from the ALOS PALSAR
sensor, which uses L1.0 when referring to their RAW
data products.

Open Source Software Tools: There are a
number of open source software tools that can be
used to read and manipulate (focus) RAW SAR data
products. These include the following:

* InSAR Scientific Computing Environ-
ment (ISCE)—Developed by Jet Propulsion
Laboratory (JPL)/Stanford/Caltech. More infor-

mation and download: https://winsar.unavco.

org/isce.html.
*  GMTSAR—Developed by Scripps Institution

of Oceanography. More information and down-
load: http://topex.ucsd.edu/gmtsar/.

* Repeat Orbit Interferometry PACkage
(ROI_PAC)—Developed by JPL/Caltech. More
information and download: https://winsar.un-
avco.org/portal/wiki/ROI_PAC/.

* Delft Object-oriented Radar Interfero-
metric Software (DORIS)—Developed by
Delft University of Technology. More informa-
tion and download: http://doris.tudelft.nl/.

Note that most of these tools are focused on the
SAR expert community and therefore require a con-
siderable amount of expertise to use correctly. Fur-
thermore, these tools predominantly reside on Linux
or UNIX operating systems and use command-line
methods as the means of user interaction.

2.4.2 SINGLE LOOK COMPLEX IMAGE

General Description: Single Look Complex
(SLC) images are fully focused SAR data that are

THE SAR HANDBOOK


https://winsar.unavco.org/isce.html
https://winsar.unavco.org/isce.html
http://topex.ucsd.edu/gmtsar/
https://winsar.unavco.org/portal/wiki/ROI_PAC/
https://winsar.unavco.org/portal/wiki/ROI_PAC/
http://doris.tudelft.nl/

WAVELENGTH/

Seasat

ERS-1

JERS-1

ERS-2

ENVISAT

ALOS-1

Radarsat-1

TerraSAR-X
TanDEM-X

Radarsat-2

COSMO
-SkyMed

ALOS-2

PALSAR-2

Sentinel-1

SAOCOM

PAZ SAR

RCM

NISAR

BIOMASS

TanDEM-L

1978

1991-2001

1995-1998

1995-2011

2002-2012

2006-2011

1995-2013

2007-
2010-
2007-

2007-

2014-

2014-

2018-

2018-

2019

2021

2021

2023

[-band
\=24.6cm

(-band
\=05.6cm

[-band
\=24.6cm

(-band
\=05.6cm

(-band
\=05.6cm

[-band
\=24.6cm

(-band
\=05.6cm

X-band
\=03.5cm

(-band
\=05.6cm

X-band
A=03.5cm

L-band
\=24.6cm

(-band
A=05.6cm

L-band
\=24.6cm

X-band
A=03.5cm

(-band
A=05.6cm

L-band
\=24.6cm

P-band
A=70.0cm

[-band
\=24.6cm

HH

W

HH, W, W/HH,
HH/HV, W/VH

FBS: HH, W

FBD: HH/HV, HH/VH
PLR: HH/HV

/NH /W

ScanSAR: HH, W

HH

Single: HH, W
Dual: HH/W, HH/HV, W/VH
Twin: HH/W, HH/VH, W/VH

Single: HH, W, HV, VH
Dual: HH/HV, W/VH
Quad: HH/HV/VH/W

Single: HH, W, HV, VH
Dual: HH/HV, HH/W, W/VH

Single: HH, W, HV, VH
Dual: HH/HV, W/VH
Quad: HH/HV/VH/W

Single: HH, W
Dual: HH/HV, W/VH

Single: HH, W
Dual: HH/HV, W/VH
Quad: HH/HV/VH/W

*See TerraSAR/TanDEM-x

Single: HH, W, VH, HV

Dual: HH/HV, W/VH, HH/W
Compact

Quad

Single: HH, W, VH, HV
Dual: HH/HV, W/VH, HH/W
Quad

Quad

Single, dual, quad modes

Az 25m
Rg: 25m

Az 6-30m
Rg: 26m

Az 18m
Rg: 18m

Az 6-30m
Rg: 26m

Az 28m
Rg: 28m

FBS: 10x10m
FBD: 20x10m
PLR: 30x10m
ScanSAR: 100m

Standard: 25x28m

Fine: 9x9m

Wide: 35x28m

Wide2: 35x28m

ScanSAR: 50x50-100x100m

Spotlight: 0.2x1.0-1.7x3.5m
Stripmap: 3x3m
ScanSAR: 18-40m

Spotlight: ~1.5m
Stripmap: ~3x3-25x25m
ScanSAR: 35x35-100x100m

Spotlight: <Tm
Stripmap: 3-15m
ScanSAR: 30-100m

Spotlight: 1x3m
Stripmap: 3-10m
ScanSAR: 25-100m

Stripmap: 5x5m

Interferometric Wide Swath (IW):

5x20m
Extra Wide Swath (EW): 20-40m

Stripmap: 10x10m
TopSAR: 100x100m

*See TerraSAR/TanDEM-x

Very high, high, medium, and
low-res modes (3-100m)

3-20m (mode dependent)

<60x50m

12x12m

100km

100km

75km

100km

100km

FBS: 70km
FBD: 70km
PLR: 30km
ScanSAR: 250-350km

Standard: 100km
Fine: 45km

Wide1: 165km
Wide2:150km
ScarSAR: 305-510km

Spotlight: 3-10km
Stripmap: 50x30km
ScanSAR: 150x100-200x200km

Spotlight: 18x8km

Stripmap: 20-170m

ScanSAR: 300x300- 500x500km
Spotlight: 10x10km

Stripmap: 40x40km

ScanSAR: 100x100 -
200x200km

Spotlight: 25x25km
Stripmap: 55x70-70x70km
ScanSAR: 355x355km

Stripmap: 375km
[W: 250km
EW: 400km

Stripmap: >65km
TopSAR: 320km

*See TerraSAR/TanDEM-x

20x20-500x500km

250km

160km

350km

Table 2.4 List of past, current and upcoming spaceborne SAR sensors with their properties.

35 days

44 days

35 days

35 days

46 days

24 days

11 days

24 days

Satellite: 16 days
Constellation: ~hrs

14 days

Satellite: 12 days
Constellation: 6 days

Satellite: 16 days
Constellation: 8 days

11 days

Satellite: 12 days
Constellation: ~hrs

12 days

17 days

Satellite: 16 days
Constellation: 8 days

Free &open

Restrained

Restrained

Restrained

Restrained

Free &open

1995-2008: Restrained
2008-2013: Commercial

Application-dependent;
restrained scientific, commercial

Commercial

Commercial; imited proposal-
based scientific

Commerdial; limited proposal-

based scientific

Free &open

8D

Commercial

TBD

Free &open

Free &open

Free &open
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m FORMAT PRODUCT NAME PRODUCT FILES PROCESSING LEVEL OPEN SOURCE TOOLS APPLICATIONS

CURRENT SPACEBORNE SENSORS

Seasat HDF5 LT HDF5 Image
GeotTIFF L1 GeoTIFF
ERS-1&2 EOS L0
Envisat
Radarsat-1 L1 Image
JERS-1
ALOS-1 CEOS L1.0
L1.1 Complex
L1.5
TerraSAR-X  COSAR L15SC (Single Look Slant
TanDEM-X  fomat Range Complex)
GeoTlFF L1 MGD (Multi Look
Ground Range Detected)
GeoTIFF L1 GEC (Geocoded
Ellipsoid Corrected)
GeoTIFF L1 EEC (Enhanced

ellipsoid corrected)

Radarsat-2  GeoTlFFor  L1SLC
NITF2.1

with XML
L1 Ground Range (SGX;

SGF; SCN; SCW; SCF;
SCS)

L1 Geocorrected (SSG;
SPG)

Ccosmo HDF5 L0 RAW

-SkyMed m

L1B MDG (Multi-look
Detected Ground Range)

L1CGEC

11D GTC (Geocoded
Terrain Corrected)

h5, xml, kml, jpg, qc_report
tif, xml, kml, jpg, qc_report
D,L,P, kml, jpg

LED, IMG, VOL, TRL

Various higher-level products

ALOS-2
PALSAR-2

L1.1SLC

L1.5 (slant-range
detected)

2.1 GIC

13.1(Quality corrected
[1.5)

Sentinel-1  SAFE L0 raw data

GeoTlFF L1SLC

GeoTIFF L1 Detected High-Res
Single- & Dual-Pol
GeoTIFF L1 Detected Single- &

Dual-Pol

tiff, xml, xsd, kml, html, png,
pdf, safe

Amplitude
Geocoded amplitude

Raw
Amplitude

Raw

SLC

Amplitude
SLC

Amplitude

Amplitude

Amplitude

SLC

Amplitude

Amplitude

Raw

SLC

Amplitude

Amplitude
Amplitude

SLC

Amplitude

Geocoded amplitude

Enhanced amplitude

Raw

SLC

Georeferenced Amplitude

Georeferenced Amplitude

Table 2.5 Current and upcoming spaceborne SAR sensors with their properties.

ASF MapReady, QGIS
QGIS; graphics software
N/A

ASF MapReady; STTBX

N/A

SNAP; ROI_PAG; DORIS; PolSARpro;
GMTSAR

ASF MapReady; STTBX; PoISARpro

SNAP; ROI_PAG; DORIS; PolSARpro;
GMTSAR

ASF MapReady; SNAP; PolSARpro
ASF MapReady; SNAP; PolSARpro
ASF MapReady; SNAP; PolSARpro
SNAP; ROI_PAC; DORIS; PolSARpro;

GMTSAR
SNAP; PolSARpro

SNAP; PolSARpro

SNAP; ROI_PAC; DORIS; PolSARpro;
GMTSAR

SNAP; PolSARpro

SNAP; PolSARpro
SNAP; PolSARpro

SNAP; ROI_PAG; DORIS; Pol-SARpro;
GMTSAR

SNAP; PolSARpro

SNAP; PolSARpro
SNAP; PolSARpro

N/A

STTBX; ROI_PAC; DORIS; PolSARpro

ASF MapReady; Google Earth Engine;
S1TBX; PolSARpro

ASF MapReady; Google Earth Engine;
S1TBX; PolSARpro

Visualization; GIS-compatible
Visualization; GIS-compatible

Production of higher-level products
Visualization, mapping, change detection

Production of higher-level products

Interferometry

Visualization, mapping, change detection

Interferometry

Visualization, mapping, change detection

Visualization, mapping, change detection

Visualization, mapping, change detection

Interferometry

Visualization, mapping, change detection

Visualization, mapping, change detection

Production of higher-level products

Interferometry

Visualization, mapping, change detection

Visualization, mapping, change detection

Visualization, mapping, change detection

Interferometry

Visualization, mapping, change detection

Visualization, mapping, change detection

Visualization, mapping, change detection

Production of higher-level products

Interferometry

Visualization, mapping, change detection

Visualization, mapping, change detection
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https://www.asf.alaska.edu/get-data/get-started/data-formats/data-formats-in-depth/
https://www.asf.alaska.edu/data-tools/mapready/
https://www.asf.alaska.edu/get-data/get-started/data-formats/data-formats-in-depth/#geotiff
http://www.qgis.org/en/site/
https://www.asf.alaska.edu/get-data/get-started/data-formats/data-formats-in-depth/
https://www.asf.alaska.edu/get-data/get-started/data-formats/data-formats-in-depth/
http://step.esa.int/main/download/
http://www.openchannelfoundation.org/orders/index.php?group_id=282
http://doris.tudelft.nl/Doris_download.html
https://earth.esa.int/web/polsarpro/home
http://topex.ucsd.edu/gmtsar/downloads/
https://www.asf.alaska.edu/get-data/get-started/data-formats/data-formats-in-depth/#safe
https://earthengine.google.com/
https://earthengine.google.com/

m FORMAT PRODUCT NAME PRODUCT FILES PROCESSING LEVEL OPEN SOURCE TOOLS APPLICATIONS

RECENT AND FUTURE SPACEBORNE SENSORS

SAOCOM
PAZ SAR
RCM Formats and data types yet to be determined
NISAR pesy
BIOMASS
TanDEM-L
AIRBORNE SENSORS
UAVSAR UAVSAR Ground Projected Com-  grd, ann Georeferenced Amplitude ASF MapReady; PolSARpro Visualization
PoISAR plex [full-res; 3x3; 5x5]
Multi-Look Complex mic, ann MLC ASF MapReady; PolSARpro Polarimetry
Compressed Stokes dat, ann AIRSAR compressed stokes ~ ASF MapReady; PolSARpro Polarimetry
Matrix matrix
GeoTlFF Pauli tif MLC pol. decomposition QGIS; graphics software Visualization, GIS compatible
Decomposition
KMz Google Earth KMZ kmz KML compressed Google Earth Visualization
UAVSAR UAVSAR Amplitude amp1, amp2, ann Amplitude ASF MapReady; PolSARpro Visualization
InSAR
Ground Projected amp1.grd, amp2.grd, hgt. Georeferenced Amplitude ASF MapReady; PolSARpro Visualization
Amplitude grd, ann
Interferogram int, unw, cor, ann Interferogram ASF MapReady; PolSARpro
Ground Projected cor.grd, hgt.grd, int.grd, Interferogram ASF MapReady; PolSARpro
Interferogram unw.grd, ann
Kmz Google Earth KMZ amp.kmz, Google Earth Visualization

cor.kmz, hgt.kmz, int.kmz,
osr.kmz, unw.kmz

Table 2.5, continued

provided at the full native resolution (single look)
with both amplitude and phase information stored
in each (complex) pixel. SLC products are typically
provided in the original slant-range observation ge-
ometry (Fig. 2.1) and are therefore not geocoded or
terrain-corrected. In contrast to most optical sensors,
the native resolution of SAR sensors is often signifi-
cantly different along the azimuth and range image
directions. Hence, SLC images often look geomet-
rically distorted when viewed in image processing
software. While SLCs usually come with radiometric
calibration factors already applied, speckle noise re-
mains unmitigated in these full-resolution products.
For polarimetric data, separate SLC products are pro-
vided for each polarimetric channel.

Applications: The phase information stored in
SLC products is an essential prerequisite for InSAR
processing (Sec. 2.6.2), which is used for mapping
surface topography or surface deformation. In addi-
tion to its use in InSAR, SLCs are also the basis for

higher level image products such as amplitude imag-
es, polarimetric products, and geocoded images. See
Tahle 2.5 for more information.

Naming Convention: In the SAR world, SLC
products are categorized as processing Level 1 data,
typically abbreviated as LT or L1 SLC data. An excep-
tion to this abbreviation exists for data from the ALOS
PALSAR sensor, which uses L1.1 when referring to its
SLC products.

Open Source Software Tools: SLC data can
be read and further processed by a series of open
source software tools. These include (but are not lim-
ited to) the following:

* All previously named RAW data tools (ISCE,
ROI_PAC, GMTSAR, DORIS)

* MapReady: Developed by the Alaska Satel-
lite Facility. More information and download:
https://www.asf.alaska.edu/data-tools/ma-

pready/.
* Sentinel Application Platform

(SNAP): Developed by ESA. More
information and download: http://
step.esa.int/main/download/.

While all of these tools are capable of processing
SLC products, not all tools work with all sensors. Us-
ersshould refer to the links above to ensure that their
data can be successfully processed with a particular
tool choice.

2.4.3 DETECTED (AMPLITUDE) IMAGES

General Description: Amplitude products are
fully focused SAR images that have been stripped
of phase information and are typically multi-looked
(spatially averaged) to reduce speckle noise and to
(reate pixels of approximately square size. While
useful for a range of mapping and monitoring appli-
cations, amplitude products unfortunately come in a
variety of geocoding stages. Most legacy SAR systems
(e.g., ERS-1/2, Envisat, Radarsat-1, JERS-1, and ALOS
PALSAR) provide non-geocoded amplitude products

THE SAR HANDBOOK


https://www.asf.alaska.edu/data-tools/mapready/
https://www.asf.alaska.edu/data-tools/mapready/
http://step.esa.int/main/download/
http://step.esa.int/main/download/
https://www.asf.alaska.edu/get-data/get-started/data-formats/data-formats-in-depth/#UAVSAR

that are left in the original acquisition geometry, and
it is upon the user to geocode these datasets man-
ually. Other sensors (e.g., Sentinel-1) make georef-
erenced amplitude products available. While these
products remain in their native acquisition geometry,
information needed to link the image coordinate sys-
tem to geographic coordinates is stored within the
image file. Currently, only the recently reprocessed
archive of Seasat (available at the Alaska Satellite Fa-
cility) provides data in full geocoded formats.

Note that amplitude products are typically geo-
referenced or geocoded to an ellipsoidal approxima-
tion of the Earth. This means that image distortions
caused by surface topography (see Fig. 2.4) are not
corrected in amplitude products.

Applications: In their original form, the main
applications of amplitude images are limited to visu-
alization and data inspection. Only after an end user
applies geocoding and terrain correction steps do
these products have relevance in mapping, change
detection, hazard monitoring, and other Earth obser-
vation disciplines.

Naming Convention: Amplitude products
belong to the L1 family of products. To distinguish
them from SLCs, they are often referred to as L1.5
(ALOS PALSAR) or LT Detected (Sentinel-1, ERS-1/2,
Envisat, Radarsat-1, JERS-1). While data are provided
in a range of custom formats, most modern sensors
increasingly favor standard formatting such as Geo-
TIFF or HDF5. For more information, please refer to
Table 2.5.

Open Source Software Tools: Amplitude
products can be read and further processed by all of
the software tools mentioned in Section 2.4.2 and
Table 2.5.

2.4.4 POLARIMETRIC PRODUCTS

General Description: Most SAR sensors pro-
vide the different channels (i.e., HH, HV, VH, and
VV; see Sec. 2.2.3) of multi-polarization data as
separate layers, processed to either an L0, L1 SLC,
or L1 Detected product. There are, however, some
exceptions to this general approach. The NASA JPL-
run airborne remote sensing system UAVSAR offers
two product types (the Compressed Stokes Matrix
and Pauli Decomposition products) that are true po-

larimetric products. The Compressed Stokes Matrix
captures information about the polarization state of
the measured polarimetric signal, while the Pauli De-
composition provides information on the polarimetric
scattering properties of an observed surface. Polari-
metric products are also planned for upcoming SAR
missions NISAR and TanDEM-L.

Applications: Polarimetric data are useful for
studying the structure of the observed surface and
performing unsupervised image classifications. Pola-
rimetric products have been used extensively in ag-
riculture monitoring (crop classification, soil moisture
extraction, and crop assessment) (Alemohammad et
al. 2016, Jagdhuber et al. 2013, Liu et al. 2013, Quegan
et al. 2003, Xie et al. 2015), oceanography (surface
currents and wind field retrieval) (Hooper et al. 2015,
Latini etal. 2016, Migliaccio & Nunziata 2014), forestry
(forest monitoring, classification, and tree height esti-
mation) (Banqué et al. 2016, Mitchard et al. 2011, Shi-
mada et al. 2016, Walker et al. 2010), disaster moni-
toring (oil spill detection and disaster assessment),
and military applications (ship detection and target
recognition/classification).

Naming Convention: Due to the recent devel-
opment of standalone polarimetric products, no nam-
ing convention has been established thus far.

Open Source Software Tools: Polarimetric
data can be processed with the following software
packages (sorted in ascending order of sophistication
of available polarimetric processing):

* MapReady—Developed by the Alaska Sat-
ellite Facility. More information and download:

https://www.asf.alaska.edu/data-tools/ma-

pready/.
* SNAP (Sentinel Application Platform)—

Developed by ESA. More information and down-
load: http://step.esa.int/main/download/.

* PolSARpro—Developed by ESA. More infor-
mation and download: https://earth.esa.int/

web/polsarpro/home.
2.4.5 LEVEL 2 AND HIGHER LEVEL PRODUCTS

General Description: For the sake of this hand-
book, Level 2 data are defined as all data products
that are projected to the ground, gridded in regular
grids, and transformed into physical variables such as

a calibrated radar cross section (e.g., the radiometric
terrain-corrected data generated via the processing
flow described in Sec. 2.6.1), line-of-sight deforma-
tion, or polarimetric decomposition variables.

While Level 2 products are offered by only a few
missions at this point in time, an increasing number
of future sensors will offer products at advanced
processing levels. Currently, operationally produced
Level 2 products are only provided for the Seasat and
the UAVSAR archive and include geocoded amplitude
images (both sensors) as well as polarimetric and in-
terferometric products (UAVSAR; Table 2.4).

Several data formats have been used for Level 2
and higher products from SAR, as no common data
format has been established yet for this still uncom-
mon product type. Currently used formats include
GeoTlFF, HDFS, and KMZ.

Applications: Level 2 SAR data products facil-
itate a wide range of applications. Calibrated am-
plitude images find use in a range of fields such as
general mapping, land-use classification, change
detection, and hazard analysis. Interferometric data
may be used in damage mapping, geophysical analy-
ses of surface deformation, and more.

Naming Convention: Various.

Open Source Software Tools: The geocoded
products can be used in most Geographic Informa-
tion System (GIS) tools. While GeoTIFF products are
natively compatible with GIS tools, readers may have
to import HDF5 formats with their respective meta-
data information.

2.5 Accessing SAR Data

While an increasing number of satellite systems
are operating under a free and open data policy,
many legacy sensors and some currently operating
higher resolution sensors are still providing data
under a restricted or commercial paradigm. The fol-
lowing sections provide information on how, where,
and under which conditions data from these different
types of sensors can be accessed.

2.5.1 FREE AND OPEN DATA POLICY
MISSIONS

Past and current SAR missions that have (at the
writing of this chapter) adopted a free and open data
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policy include the spaceborne sensors Seasat, ERS-
1/2, ALOS-1, and Sentinel-1, as well as the NASA-op-
erated airborne SARS AirSAR, UAVSAR, and AIRMOSS.
Upcoming missions also expected to provide data in
a free and open manner include the Canadian Ra-
darsat Constellation Mission (RCM), NASA's NISAR,
DLR’s TanDEM-L, and ESA's Biomass mission. Means
of data access for these sensors is briefly described
in the following sections. A summary of data access to
free and open SAR sensors is provided in Table 2.6.

2.5.1.1 Accessing Data from the ERS-1/2
and Envisat Missions

With a combined lifetime from 1991 until 2011,
the ERS system (composed of ERS-1 and ERS-2) pro-
vides unique insights into 20 years of changes on the
Earth's surface. Therefore, it remains a relevant data
source for those interested in climate change, hazard
monitoring, and environmental analysis.

Two means of accessing data from this long-lived
legacy SAR system are:

* ESA Simple Online Catalogue—The glob-
al archive of the ERS and Envisat systems can be
searched and ordered via the ESA-maintained
Simple Online Catalogue. ESA SOC replaced the
EOLi-SA (Earth Observation Link — Stand Alone)
browser in early 2019. Once relevant data are
identified, images can be downloaded by the
user free of charge once reproduction is com-
pleted, with the possibility of additional data
downloads depending on overall system avail-
ability.

* ASF Vertex—Alternately, a subset of the avail-
able ERS SAR data is available through the ser-
vices of the NASA Alaska Satellite Facility (ASF)
Distributed Active Archive Center (DAAC). Level
0 and L1.5 data over North America (ASF station
mask) are freely and openly available through
ASF's Vertex client forimmediate download. See
Figure 2.11 for a view of the ASF Vertex inter-
face. Note that the ASF archive does not include
data from the Envisat mission.

2.5.1.2 ALOS-1 PALSAR

Data from JAXA's ALOS-1 PALSAR sensor are avail-
able through a distributed set of data nodes that

Seasat Global ASF Vertex One-time registration
ERS-1&2, ENVISAT  Global ESA Simple Online Catalogue Pl proposal
ASF Station Mask (ERS only) ASF Vertex One-time registration
ALOS-1 PALSAR Americas/Antarctica ASF Vertex One-time registration
Europe/Africa/Greenland ALOS PALSAR On-The-Fly Pl proposal
Asia AUIG2 Pl proposal
Australia/Oceania Unknown Unknown
Sentinel-1 Global ASF Vertex One-time registration
ESA's Copernicus Open Access Hub
AIRSAR, UAVSAR Limited extent ASF Vertex One-time registration
AirMOsS Limited extent ORNL DAAC One-time registration

Table 2.6 List of free and open SAR sensors with modes of data access.

Figure 2.11. Alook atthe interfaces of two major SAR data search clients: (a) ASF Vertex client and (b)
ESA Copernicus Open Access Hub. Both clients allow for convenient data search via a map interface.
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were originally established to make access to ALOS
data more effective for end users. Separate data
centers are available for the Americas (data located
at ASF; free and open access via ASF Vertex), Europe
and Africa (ESA; Principal Investigator (P1) proposal
needed; access via ALOS PALSAR On-The-Fly web
interface), Asia (JAXA; Pl proposal needed; access
via ALOS User Interface Gateway (AUIG2)), and Aus-
tralia/Oceania (Geoscience Australia; data access via
JAXA'S AUIG2).

In 2015, data from the ALOS-T PALSAR sensor
became unrestricted, enabling all ALOS data nodes
to provide data freely and openly to its users. While
ASF has fully implemented this data policy—ALOS
PALSAR data over the Americas are now freely and
openly available through ASF's Vertex client—other
data nodes are still working on implementing this
unrestricted data policy.

2.5.1.3 Sentinel-1

The Sentinel-1 mission is the first of the six Sen-
tinel-dedicated missions operated by the European
Copernicus programme. Sentinel-1 is based on a
constellation of two SAR satellites to ensure conti-
nuity of C-band SAR observations across the globe.
Sentinel-1A was launched on April 3, 2014, and
the second Sentinel-1 satellite, Sentinel-1B, was
launched on April 25, 2016.

The operational nature of Sentinel-1 is a game
changer in a number of application domains thanks
to the large-scale mapping capability and revisiting
frequency of the two identical satellites, together
with a high-capacity ground segment that system-
atically processes, archives, and makes available
all the generated data products to users online in a
routine operational way (Potin et al. 2016).

The growing global archive of Sentinel-1 is acces-
sible through two freely available search clients:

* ESA’s Copernicus Open Access Hub: The
global archive of the Sentinel-1 SAR constel-
lation can be accessed via ESA's Copernicus
Open Access Hub. Requiring only a simple,
one-time registration, this hub allows for quick
and easy data download via an interactive map
interface. In addition to Sentinel-1, the Coper-
nicus Open Access Hub also provides access

ALOS-2 Commercial: PASCO Price list

PALSAR-2 cloba Science: AUIG2 Proposal to JAXA

Radarsat-1&2  Global Commercial: MDA MDA price list

North America Science: ASF Vertex Proposal to NASA

COSMO- Commercial: e-goes e-goes price list
SkyMed Global o

Science: ASI Proposal to ASI

TerraSAR-X, Commercial: Airbus Airbus price list

TanDEM-X Global Science (reduced cost): TSK / TDX Proposal to DLR

Archived data (free): TSX

(TSX/ 1DX)
Proposal to DLR

Table 2.7 List of restricted/commercial SAR sensors with modes of data access.

to all other Sentinel missions (at the time of
writing, access to Sentinel-1 to Sentinel-3 is
possible), making it a convenient one-stop-
shop for users interested in multi-sensor Earth
observation data. A screenshot of the Coper-
nicus Open Access Hub interface is shown in
Figure 2.11.

o ASF Vertex: The global Sentinel-1 archive
is also available through the previously men-
tioned ASF Vertex client (Fig. 2.11). Similar
to the Copernicus Open Access Hub, data can
be searched via a convenient map interface.
In addition to Sentinel-1, ASF Vertex provides
free and open access to other SAR data such
as those from the ERS, UAVSAR, AirSAR, and
Seasat missions.

* Google Earth Engine: In addition to the
previous options, geocoded Sentinel-1 De-
tected (Amplitude) products are now available
through Google Earth Engine (GEE). While
GEE does not allow downloading of Senti-
nel-1image products, it provides a convenient
cloud-based analysis platform within which
Sentinel-1 data can be analyzed together with
data from optical sensors. Hence, GEE may al-
low new users of SAR to gain experience with
this dataset without requiring local software
installs and without having to download large
volumes of SAR data.

2.5.1.4 NASA’s Open Access Airborne SAR
Sensors

Data from the NASA airborne SAR sensors AIR-

SAR (G, L+, and P-bands; 1990-2004) and UAVSAR
(L-band; 2008—present) are accessible through the
ASF Vertex client (Fig. 2.11). While covering only
limited areas, the versatility and high resolution of
these sensors make them interesting for a range of
Earth observation disciplines. UAVSAR data are also
available at JPL, which is also operating the mission.
To download data directly from JPL, please visit
https://uavsar.jpl.nasa.gov/.

Currently, AirMOSS data (P-band; 2012—present)
are being offered through the NASA Oak Ridge Na-
tional Laboratory (ORNL) DAAC. To access AirMQSS
data from ORNL, please visit https://daac.ornl.gov/

(gi-bin/dataset_lister.pl?p=36.

2.5.2 RESTRICTED-ACCESS AND
COMMERCIAL SAR MISSIONS

Despite their largely commercial nature, there are
means to access certain data from the Radarsat-1
and -2, TerraSAR-X, TanDEM-X, COSMO-SkyMed, and
ALOS-2 PALSAR-2 missions at low cost. Detailed in-
formation on these individual sensors is provided in
Table 2.7 and the following paragraphs.

2.5.2.1 Radarsat-1 and -2

Radarsat-1and -2 are Canada’s staple SAR sensors
which have been continuously providing G-band me-
dium- to high-resolution SAR data since 1995. Since
the launch of Radarsat-2 in 2007, most of the com-
bined Radarsat archive has migrated to a commercial
data policy with data access fees above $1,000 CAD
per image frame. Information on the data costs for
Radarsat-1and -2 datasets can be found from the com-
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mercial distributor MDA. On occasion, low-cost data
access is granted to Canadian and European Pls under
the Science and Operational Applications Research for
Radarsat-2 (SOAR) program after a competitive PI pro-
posal is approved.

Outside of this general agreement, some limited
Radarsat-1 data (from the period of 1995-2009) are
also available through the NASA ASF DAAC under a re-
stricted data access agreement and can be discovered
through its ASF Vertex search client. To access ASF-held
Radarsat-1 data, a proposal to NASAs necessary. Once
approved, data can be accessed free of charge. More
on ASF's Radarsat-1 restricted data use agreement
here at this link.

2.5.2.2 ALOS-2 PALSAR-2

While ALOS-2 PALSAR-2 data are distributed com-
mercially by the PASCO Corporation, a limited amount
of data is provided for free to the science community.
To apply for limited free data access (50 scenes per
year), look for regularly released ALOS Research An-
nouncements. A proposal describing the research ef-
fortis needed and is reviewed for validity. If approved,
free data access to up to 50 scenes per year is granted
via the AUIG2 interface. Information about the data
costs for commercial ALOS-2 PALSAR-2 data can be
found here.

2.5.2.3 High-Resolution X-band SAR Data
from TerraSAR-X, TanDEM-X, and COSMO-
SkyMed

While the high-resolution X-band SAR sensors
TerraSAR-X, TanDEM-X, and COSMO-SkyMed provide
most of their data under a commercial license, similar
to ALOS-2 PALSAR-2, some limited data can be ac-
cessed at a low cost (or for free) once a Pl proposal is
reviewed and approved.

Information on how to access commercial data from
the TerraSAR-X and TanDEM-X missions (including
pricing information) is available from the Airbus De-
fense and Space Company website. For information on
how to apply for access to low-cost science use data,
see the TerraSAR-X Science Server or, accordingly, the
TanDEM-X Science Server. While proposals to access
archived TerraSAR-X data can always be submitted,
look for special announcements of opportunities to

apply for access to newly acquired or special mission
phase data. Through the TanDEM-X Science Server, us-
ers can also apply for segments of the TanDEM-X Digital
Elevation Model (DEM) in addition to the SAR images
themselves.

Information on commercial access to COS-
MO-SkyMed data can be retrieved from their commer-
cial vendor, e-geos. Reduced-rate science data access
is available regularly through COSMO SkyMed Constel-
lation Data Utilization announcement of opportunities.
Please check for upcoming opportunities on the Italian

Space Agency (ASI) webpage.

2.6 SAR Image Processing
Routines - Theory

2.6.1 GEOCODING AND RADIOMETRIC
TERRAIN CORRECTION

2.6.1.1 Theoretical Background

Due to the side-looking observation geometry,
SAR images are subject to geometric and radiometric
distortions (Sec. 2.1.4). In addition to the geometric
mislocation of pixels in topographically inclined areas,
the oblique angle of the illuminating radar energy adds
topographic shading to the true surface RCS, giving the
sensor-facing side of hill slopes a radiometrically “over-
exposed” appearance (see Figure 2.12(a)). Both of
these effects hamper the use of SAR for many applica-
tions. The radiometric modulations often disguise the
true radar reflectance of the observed scene, reducing
the applicability of SAR for studying the properties of
the surface. Furthermore, geometric and radiometric
distortions make the application of SAR for change
detection more difficult, as these highly incidence an-
gle-dependent artifacts lead to classification errors if
images with different observation geometries are com-
bined. Hence, correction of geometric and radiometric
distortions is advisable if SAR data are to be analyzed
together with other image data or across datasets with
varying incidence angles.

The RCS of a pixel in a calibrated SAR image is com-

posed of:
0=0"6)-A(0) , (2.9)

where ¢”is the (incidence angle-dependent) normal-
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Figure 2.12 Example of geometric (b) and
radiometric (c) normalization applied to an
ALOS PALSAR image over Alaska (a). The applied
corrections enable the use of SAR data in GIS
environments (geometric correction step),
provide physically correct RCS values for every
pixel, and enable unbiased change detection
from multiple observation geometries.

ized RCS, 6is the local incidence angle, and A is the
surface area covered by a pixel. Following Eq. (2.9),
two images acquired from different geometries will
differ due to the incidence angle dependence of ¢” and
A, even if the observed surface remains unchanged.
Hence, to enable unbiased analysis of SAR images
ina GISand to allow for a joint change detection anal-
ysis of SAR amplitude images acquired from different
observation geometries, geometric and radiometric
distortions in these images need to first be removed.
To retrieve the true RCS of the imaged surface ¢” from
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the observed radar data g, the geometry dependence
of 0 needs to be removed by correcting for A (6). The
process of correcting for A (6) is called Radiometric
Terrain Correction (RTC) (Small 2011). RTC includes
both geometric terrain correction (geocoding) and
radiometric compensation and is typically performed
using the following steps:

+ Geometric terrain correction (geocoding) is
conducted to remove geometric image distor-
tions. A DEM is needed to correct the location
of topographically inclined pixels. In areas be-
tween +60° geographic latitude, the DEM pro-
vided by the Shuttle Radar Topography Mission
(SRTM) should be sufficient (Gesch et al. 2014).

*Radiometric terrain normalization is performed
to remove geometry-dependent radiometric
distortions corresponding to a pixel-by-pixel
estimation and compensation of A () using a
DEM. The radiometric normalization technique
in Small (2011) is applied.

Figure 2.12 shows an example of the effects
of geometric and radiometric normalization. Fig-
ure 2.12(a) shows an original ALOS PALSAR image
over an area near the Denali fault in Alaska. The ef-
fects of geometric correction are shown in Figure
2.12(h), and the effects of radiometric normalization
are presented in Figure 2.12(c). The normalized
data are now largely devoid of geometric influences,
reducing radiometric differences between images ac-
quired from different geometries. As a consequence,
the RTC-corrected image data show improved perfor-
mance when combined with other remote sensing
datasets and in multi-geometry change detection.

2.6.1.2 More Information on Geocoding
and RTC Processing

To learn more about the theory behind geocod-
ing and RTC processing please visit Lecture 9 of UAF's
Online Class on Microwave Remate Sensing. You can
find Lecture 9 in Class Module 2 “Imaging Radar Sys-
tems.” To go directly to the slide deck, click here.

2.6.2 THEORY OF INTERFEROMETRIC SAR

InSAR processing exploits the difference between
the phase signals of repeated SAR acquisitions to
analyze the shape and deformation of the Earth's

Supplemental materials on InSAR

The Principles and Applications of Interferometric SAR (InSAR):

Interferometric SAR (InSAR) analyzes phase differences between two or more SAR acquisitions with the goal of
measuring surface topography and/or surface deformation. While the quality of derived topographic information
depends on the relative observation geometry of the SAR acquisitions used, surface deformation can be measured
ata fraction of the signal wavelength and, hence, with millimeter to centimeter accuracy. In this lecture, you will
hear about the concepts of InSAR and the general processing approaches to arrive at either surface topography

or surface deformation. Limitations of InSAR as well as advanced processing concepts will be covered in future
lectures.

Link: https://radar.community.uaf.edu/files/2017/03/Lecture12_ConceptsAndGeneralApproachesOfinSAR.pdf

Phase Unwrapping & Limitations of Traditional InSAR Methods:

The first part of this lecture will deal with the problem of phase unwrapping. As InSAR phase measurements are ini-
tially only available wrapped into the value range, a phase unwrapping process has to be applied to create an un-
ambiguous phase map ready for topography or deformation analysis. You will be introduced to the general process
of phase unwrapping and learn about several popular solutions to this problem. In the second part of this lecture,
we will look into the main limitations of the traditional two-image InSAR approach. These identified limitations will

set us up for future lectures, which will describe advanced processing techniques (e.g., PS- and SBAS InSAR).

Link: https://radar.community.uaf.edu/files/2017/03/Lecture13_PhaseUnwrappingandLimitationsofinSAR.pdf

The Role of InSAR in Geophysics:

Intrinsically, InSAR is a geodetic discipline, providing accurate measurements of surface deformation. While this is
interesting by itself, geoscientists are typically more interested in the geophysical source that causes an observed
deformation rather than the deformation itself. Using volcanic activity as an example, this lecture will provide you
with some insight on how geophysical parameters can be determined using InSAR measurements in combination

with inverse modeling.

Link: https://radar.community.uaf.edu/files/2017/03/Lecture14_UsingInSARinGeophysics.pdf

surface. While the principles and processing flows of
InSAR will not be described here in detail, is recom-
mended to look through the following material that is
available freely and openly online. The lecture mate-
rials listed are part of a full-semester, graduate-level
class on microwave remote sensing offered by the
University of Alaska Fairbanks, listed in the "Supple-
mental materials on InSAR" callout.

2.6.2.1 A Word on Sentinel-1
Interferometric Wide Swath Data

The Interferometric Wide (IW) swath mode is the
main acquisition mode over land for Sentinel-1. It ac-
quires data with a 250-km swath at 5-x-20-m spatial
resolution (single look). Interferometric wide mode

Figure 2.13 TOPSAR acquisition principle.

captures three sub-swaths using the TOPSAR acqui-
sition principle. With the TOPSAR technique, in addi-
tion to steering the beam in range as in ScanSAR, the
beam is also electronically steered from backward
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to forward in the azimuth direction for each burst,
avoiding scalloping and resulting in homogeneous im-
age quality throughout the swath. A schematic of the
TOPSAR acquisition principle is shown in Figure 2.13.

The TOPSAR mode replaces the conventional
ScanSAR mode, achieving the same coverage and res-
olution as ScanSAR, but with nearly uniform image
quality (in terms of signal-to-noise ratio and distrib-
uted target ambiguity ratio).

Interferometric wide SLC products contain one
image per sub-swath and one per polarization chan-
nel, for a total of three (single-polarization) or six
(dual-polarization) images in an IW product. Each
sub-swath image consists of a series of bursts, where
each burst has been processed as a separate SLCim-
age. The individually focused complex burst images
areincluded, in azimuth-time order, into a single sub-
swath image with black-fill demarcation in between.

2.6.3 CHANGE DETECTION USING SAR

2.6.3.1 Problem Statement

Detecting changes in land-use/land-cover is one
of the most fundamental and common uses of remote
sensing image analysis. One of the most rudimentary
forms of change detection is the visual comparison of
two images by a trained interpreter. With an effective
display system large enough to display both images
simultaneously and to explore and digitize with a cur-
sor tracking to the same location in both images, this
is a quick method that can be used to locally collect
valuable GIS-compatible data while streaming the
images themselves over a relatively low-bandwidth
Internet connection.

In an attempt to automate change detection (and
hence make it available for large-scale and more op-
erational implementation), a wealth of digital change
detection algorithms have been developed over the
last decade that operate on a range of different sen-
sors and are grouped into “supervised” and “unsu-
pervised” categories. While a great many methods
for detecting changes from remote sensing data are
available in literature, this short introduction is limit-
ed to methods that are used in reference to SAR.

2.6.3.2 Summary of SAR-Based Change

Detection Techniques

Even when limiting research to SAR-based change
detection only, the number of algorithms proposed in
recent years can seem overwhelming. Hence, instead
of providing an extensive summary of all available
techniques, this section attempts to categorize tech-
niques to help in choosing the right method for an
envisioned application. Methods will be categorized
using several indicators such as by the type of input
information needed, the required amount of training
data, and the amount of processing expertise needed
to implement the algorithms.

2.6.3.2.1 Input Data Used for Change Detection

SAR-based change detection techniques can be
categorized by the type of SAR information used
for change identification. Categories include “am-
plitude-based methods,” “phase/coherence-based
techniques,” and “polarimetric techniques.”

Amplitude-based methods focus on the RCS
information contained in the data, initially ignoring
information coming from phase and polarization.
One of the advantages of amplitude-based methods
lies in their ability maximize the temporal sampling
that can be achieved with SAR-based change detec-
tion information. Amplitude information is available
for every SAR collection, making every new image
useful for change detection. As not all SAR acquisi-
tions allow for the use of phase and/or polarization,
amplitude data naturally lead to better temporal
sampling. This benefit can be further enhanced if RTC
is applied to all images. As RTC processing removes
most geometry-dependent distortions from the mea-
sured SAR RCS, it allows for combining SAR data ac-
quired from multiple incidence angles, leading to fur-
ther improvements in temporal sampling. However, a
disadvantage of amplitude-based methods relates to
its limited sensitivity, which often increases the like-
lihood of false negatives, in which true changes are
erroneously missed in the classification.

Phase/coherence-hased techniques utilize
the fact that significant surface change results in a
significant reduction of interferometric coherence,
enabling the automatic detection of change via coher-
ence thresholding. Coherence-based techniques are

highly sensitive to change, which interestingly is both
the main advantage and disadvantage of this catego-
ry. On one hand, the high sensitivity is an asset, as it
reduces the likelihood for false negatives. On the oth-
er, coherent change detection methods tend to have
very large false positive rates, where change is vastly
overestimated. While methods have been developed
to combat these problems, the need for false positive
correction makes coherence-based methods appear
very complicated and non-straightforward for the
uninitiated user. Coherent image pairs are required
for these methods to be applicable, which somewhat
limits the temporal sampling that can be achieved.

Polarimetric techniques are often highly
capable, as they can analyze surface changes across
several polarimetric channels. This maximizes the
likelihood of change detection and allows one to
associate those changes with scattering types (e.g.,
changes associated with double-bounce, roughness,
and volume scattering). The latter is especially rel-
evant, as it enables one to ascertain as to whether
a change signature is related to vegetation or the
ground, enabling change classification. However, the
main disadvantage of polarimetric change detection
is related to its reliance on multi-polarization data,
which are not always available. Furthermore, polari-
metric processing theory may be a bit overwhelming
to uninitiated readers.

Independent of change detection methods, the
proper choice of sensor is essential to optimizing
change detection performance. In particular, the
choice of sensor wavelength should be appropriate
given the surface and vegetation characteristics of
an area of interest. If changes underneath vegetation
canopies are the target, longer wavelength sensors
are preferred. For bare surfaces, shorter wave-
lengths often have an advantage. This is because
shorter wavelength sensors often increase the RCS
associated with rough surfaces and provide more
dynamic range that can be used for the identification
of change.

2.6.3.2.2 Supervised vs. Unsupervised Methods

Change detection can be performed either un-
supervised (Bruzzone & Prieto 2000) or supervised
(Huoetal. 2010). In unsupervised change detection,
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a change map is generated by comparing objects in
two images with a similarity metric. The change map
then undergoes thresholding to classify each pixel
into changed and unchanged classes (Bruzzone &
Prieto 2000, Otsu 1979). In supervised change de-
tection, training samples are selected from the avail-
able dataset and are used to train a classifier, which
is then used to classify an image into changed and
unchanged classes (Huo et al. 2010).

Supervised methods are useful, as radar signa-
tures associated with change do not always have
to be theoretically understood to be able to detect
them. Instead, the impact of a surface change on the
signal observed by a SAR is learned using training
data, reducing the need for sophisticated modeling.
The reliance on reference data, however, is also the
main downside of these methods, as training data
are sometimes hard to come by and are seldom free

AMPLITUDE-BASED PHASE-BASED POLARIZATION-BASED

Super- White, 1991 Gamba etal., 2007
vised Gongetal., 2016 Pulvirenti et al., 2016
Liuetal., 2016
Gongetal., 2017
Unsuper-  Meyeretal., 2014 Yunetal., 2015a

vised Ajadietal., 2016
Bruzzone and Prieto, 2000
Bazi et al., 2005
Celik, 2010
Bovolo and Bruzzone, 2005

Yunetal., 2015b
Sharma etal., 2017

of errors. Some recent supervised algorithms based
on amplitude, phase, and polarization data are list-
edinTable 2.8.

Unsupervised methods have the advantage that
no reference data are required to arrive at a classifi-
cation result. Instead, signal models are used to en-
code the impact of surface change on the observed

SARsiAN - A free and open SAR Operating System:

Table 2.8 List of
change detection
methods categorized
by source data

and need for
reference data.

Marino and Hajnsek, 2014

Akbari et al., 2016

data. Unsupervised techniques are particularly
beneficial in hazard monitoring, where changes are
often unanticipated and training data are typically
not available in time. Selected recent unsupervised
change detection methods are listed in Table 2.8
as a function of input data type.

SARbian is an easy-to-use, Linux-based SAR processing virtual machine provided by the
group behind the EO-College initiative (https://eo-college.org) that comes loaded with a

SARbian can be downloaded from https://eo-college.org/sarbian, and comes with the
following list of software tools:

wide range of currently-available, free-and-open SAR processing and GIS software tools.
The virtual machine is completely pre-installed, ready for use in research, education, or
operational applications. No knowledge of installation steps is needed. Hence, SARbian is a
convenient resource for researchers and decision-makers that are looking

for a hassle-free start with SAR.

SAR Processing Tools: ESA STTBX; ASF MapReady; pyroSAR

SAR Polarimetry: PolSARPro

SAR Interferometry: DORIS; SNAPHU (phase unwrapping); PyRAT
GIS Tools: GDAL; QGIS; GRASS GIS

Supporting Tools: A number of Python, R, and Octave resources
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