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Summary

Microwave remote sensing instruments provide another view of the environment
which can augment traditional visible and infrared observations. Microwave sen-
sors can be classified as either passive (radiometers) or active (radars). Each sensor
class provides unique insight into the electrical and mechanical properties of the
sensed environment. This chapter provides a very brief overview of microwave re-
mote sensing along with summaries of the capabilities of major microwave sensors,
particularly space-based sensors.

6.1 Introduction

The electromagnetic spectrum extends from low frequency radio waves up through
high energy gamma waves. Microwaves extend over an important part of the elec-
tromagnetic spectrum. Typically microwaves are defined as frequencies from ap-
proximately 1 GHz to 300 GHz (Fig. 6.1), corresponding to an electromagnetic
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wavelength range of 1 m to 1 mm (Ulaby et al., 1981). At the low end of this
range, the Earth’s atmosphere is transparent, but becomes more opaque with in-
creasing frequencies. Over the range of microwave frequencies, the radiative emis-
sion and absorption of the atmosphere is sensitive to geophysical parameters such
as moisture, rainfall, and temperature. Thus, microwaves play an important role in
remote sensing of the atmosphere as well as the Earth’s surface. Microwaves are
also widely used in astronomy to study cosmic phenomena.
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Figure 6.1: Illustration of the microwave region of the electromagnetic spectrum
with common band definitions shown. The precise band definitions vary among
authors.

Microwave sensors have been flown on aircraft and spacecraft and have be-
come standard instruments for operational observations of the Earth. Extensive
databases of observations made by various types of sensors at different frequencies
have been collected of the Earth, the outer planets, and beyond. This chapter briefly
considers the theory and methods of microwave remote sensing. While the focus
is on airborne and spaceborne observations of the Earth, other sensors and targets
are considered. The primary goal of this chapter is to provide some sensor-specific
information on past, present, and future microwave sensors and summarize a few
key analysis techniques and applications. Major sensors and/or sensor technolo-
gies are briefly described, though only non-military sensors which have provided
data sets available to the general remote sensing community are included.

After this introduction, the next section focuses on passive microwave sensors.
The succeeding section discusses radar systems. In each section the general theory
of operation of the sensor class is provided, followed by a very brief description of
selected sensors. Further information is available in the cited literature. A general
introduction to microwave remote sensing concludes this section.
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6.1.1 Passive versus active microwave sensing

Microwave remote sensing instruments can be divided into two broad classes: pas-
sive, known as radiometers, and active, known as radars, see Fig. 6.2 (Skou and
Le Vine, 2006; Ulaby et al., 1981; Woodhouse, 2006). The latter from radiometers
in that they include a transmitter. Both classes of sensors have been used on aircraft
and spacecraft to study the Earth and the other planets.

Microwalve Sensors

Active (Radars) Passive (Radiometers)
1 1
| 1 | 1
Real Aperture Synthetic Aperture (SAR) Real Aperture  Synthetic Aperture
(Interferometers)
Scatterometers
Altimeters

Weather Radars

Figure 6.2: Organization of the major classes of microwave remote sensors.

Active microwave sensors can be further divided into four general classes: syn-
thetic aperture radar (SAR) systems, scatterometers, altimeters, and weather radars.
The latter systems typically use real-aperture antennas while SAR is based on syn-
thetic aperture antenna processing techniques. Some hybrid systems have been
developed. Inverse synthetic aperture radar has been used for ground-based sens-
ing of extra-terrestrial bodies.

SAR systems are radars designed to make high resolution radar images. They
operate by transmitting modulated pulses and using Doppler/range processing to
construct backscatter images. Typically, they are not as well calibrated as scat-
terometers. Scatterometers are designed to measure radar backscatter very pre-
cisely, but typically have lower resolution than SARs. They tend to be less compli-
cated than SARs. Altimeters are radars designed to measure height or distance,
though other information such as radar backscatter is extracted from the echo.
Weather radars are specially designed scatterometers which have ranging capa-
bility. They are designed to measure rainfall and other meteorological phenomena.

Passive microwave sensors rely on the thermal emission of microwave signals
from objects. The emission is related to the physical temperature and electrical
properties of the sensed surface (Fung, 1994), with modulation by the intervening
atmosphere (Ulaby et al., 1981). Since they contain no transmitter, passive sensors
typically require less power to operate. To reduce the noise level of the measure-
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ments they typically operate over a broader frequency range (band) than do radar
sensors, which tend to be narrow band. While most radiometers use real-aperture
antennas, radiometer-interferometers often rely on multiple antennas (Goodberlet,
2000; Ruf et al., 1988; Wohlleben et al., 1991).

6.1.2 Airborne Versus Spaceborne Sensing

The first microwave sensors were ground-based, but aircraft-based applications
quickly followed. Microwave radar systems were first deployed on aircraft in
World War II and microwave sensors flew aboard spacecraft early in the space
age. Ground-based microwave sensors have been widely used in astronomy and
weather.

Currently, some of the most important Earth sensing microwave instruments
are based on spacecraft. Spacecraft basing offers a number of advantages over
aircraft-basing, including much broader spatial (often global) and temporal cover-
age. However, operational costs are much higher for orbiting sensors than flying
them on aircraft. Government agencies such as the U.S. National Oceanic and
Atmospheric Administration (NOAA), the U.S. National Aeronautics and Space
Administration (NASA), the Russian Space Agency (RKA), the European Space
Agency (ESA), and the Japan Aerospace Exploration Agency (JAXA) operate a
fleet of spacecraft carrying a variety of microwave sensors. The Indian and Chi-
nese governments are also rapidly developing spaceborne microwave sensors. Data
from past and present sensors have been archived and are readily available to re-
searchers.

6.1.2.1 Spaceborne Microwave Sensors

A variety of active and passive microwave remote sensing instruments have
flown in space. The landmark Seasat-1 mission was probably the most impor-
tant early spacecraft-based microwave remote sensing missions (Barrick and Swift,
1980; Born et al., 1979). It flew in 1978 and carried a microwave radiometer, an
altimeter, a scatterometer, and a SAR. The Seasat-1 mission clearly demonstrated
the utility of these sensors, and lead to multiple follow-on missions.

Some of the most important of these have collected long time series. These
include include the Special Sensor Microwave Radiometer (SMMR) first flown
aboard NIMBUS and Seasat-1 in 1978; the Special Sensor Microwave Imager
(SSM/I) radiometer (Hollinger et al., 1990, 1987), continuously flown on Defense
Meteorological Satellite Program (DMSP) spacecraft since the early 1980’s; the
Earth Resources Satellite (ERS-1/2) Active Microwave Instrument (AMI) (At-
tema, 1991), which operated from 1982 through 2001 in scatterometer and SAR
modes; the SeaWinds instrument(Spencer et al., 2000) which has operated aboard
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QuikSCAT since 1999; the Advanced Microwave Sensor Radiometer (AMSR) op-
erating on several spacecraft; the precipitation radar and radiometer aboard the
Tropical Rain Mapping Mission (TRMM) satellite; the polarimetric WindSat ra-
diometer, and a series of ocean altimeters that began with Topex/Poseidon.

A number of synthetic aperture radar (SAR) systems have flown in space in-
cluding a SAR aboard Seasat in 1978, the Shuttle Imaging Radar (SIR) series (SIR-
A, SIR-B, SIR-C/X-SAR, and SRTM), ERS-1/2, Radarsat-1, and Envisat. Altime-
ter missions include the Seasat altimeter, the landmark Topex/Poseidon altimeter
mission that operated from 1989-2005, the ERS-1/2 altimeters, and Jason-1/2. To-
gether these instruments have demonstrated the utility of microwave sensors in the
study and monitoring of the Earth’s land, ocean, and atmosphere.

For space-based Earth sensing, SAR systems are generally very high resolu-
tion (often 100 m and finer) but low coverage while spaceborne radiometers and
scatterometers have lower resolution sensors (12 to 75 km) but broader coverage.
The resolution of these low resolution sensors is suitable for the oceanic and atmo-
spheric applications for which they were designed, but there is growing interest in
applying such microwave sensor data in new applications requiring higher resolu-
tion.

Scatterometers operate by transmitting a pulse of microwave energy towards
the Earth’s surface and measuring the reflected energy. The backscattered energy
is related to the normalized radar cross-section (o) via the radar equation (Ulaby
et al., 1981). The spatial response function of the sensor determines the spatial
resolution of the o observation, with typical resolutions varying from 25 to 50 km.
Originally designed for retrieval of near-surface winds over the ocean (indirectly
via measurements of the Bragg scattering from the wind-generated wave field of
the surface (Naderi et al., 1991; Ulaby et al., 1981; Elachi and van Zyl, 20006)),
scatterometer data is now being applied to the study of tropical vegetation, polar
ice, and global change, e.g. (Ashcraft and Long, 2004; Attema et al., 1998; Forster
et al., 2001; Lecomte et al., 1993; Long and Drinkwater, 1999; Long et al., 2001;
Remund and Long, 1999; Wisman et al., 1995). Scatterometer data is also being
operationally used in weather forecasting and sea-ice monitoring (Ashcraft and
Long, 2004).

Radiometers are passive, receive-only sensors which measure the thermal emis-
sion (brightness temperature) of the target in the microwave band (Fung, 1994;
Tsang et al., 1985; Ulaby et al., 1981; Woodhouse, 2006). The apparent scene
brightness temperature is related to the emissivity and temperature of the surface
and is modified by moisture content (Kraszewski, 1996) and temperature of the
intervening atmosphere. By appropriate selection of operating frequencies in sev-
eral microwave bands, the temperature and moisture content of the atmosphere
(Jones and Haar, 1990), as well as key surface properties such as land surface tem-
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perature (McFarland et al., 1990), soil and plant moisture (Jackson and Schmugge,
1989; Pampaloni and Paloscia, 1986), sea-ice mapping (Thomas et al., 1985), snow
cover classification (Grody et al., 1991), and wind speed (over the ocean) (Wentz,
1991), can be retrieved. Radiometer data is being operationally used in weather
forecasting and sea-ice monitoring. Radiometers are also used for correcting path
length variations in altimetry (Bernard et al., 1993; Fu et al., 1994; Ruf et al.,
1995). Ground-based radiometers are used for measuring meteorological variables
(Janssen, 1993) and radio astronomy (Burke and Graham-Smith, 2002; Verschuur
et al., 1987; Rohlfs and Wilson, 1996). Microwave limb sounders are specialized
radiometers which measure vertical profiles of atmospheric brightness temperature
by looking horizontally through the atmosphere. From this data, vertical profiles of
temperature, pressure and moisture can be extracted. Limb sounders are not treated
in this chapter.

Altimeters are ranging radars designed to measure the distance from a space-
craft or aircraft to the ground. With a carefully measured spacecraft orbit, height
accuracies to a few cm are possible (Fu et al., 1994). From the altimeter height
measurements, surface topography can be measured. Over the ocean the surface
topography can be related to ocean currents and undersea topography. Other in-
formation such as ocean wave height and near-surface wind speed can also be
extracted. Altimeter data has also been used for creating digital elevation maps of
polar regions, e.g., (Bamber, 1994; Zwally et al., 1983).

Weather radars are ranging scatterometers designed to measure rainfall (Doviak
et al., 1979; Doviak and Zrnic, 1984; Meneghini and Kozu, 1990). Some weather
radars can measure radial velocity and thus can determine wind as well as rain.
Ground-based weather radars (i.e., NEXRAD) have been extensively deployed and
data from them are often displayed on television news and weather broadcasts.
To-date, the only space-based orbital weather radars have been the Tropical Rain
Mapping Mission (TRMM) Precipitation Radar (PR) and Cloudsat. TRMM also
carried a radiometer, the TRMM Microwave Imager (TMI) (Awaka et al., 1997;
Meneghini et al., 2000).

6.2 Passive Systems (Radiometers)

6.2.1 Background

Microwave radiometers measure the thermal emission, sometimes called the Plank
radiation, radiating from natural objects (Ulaby et al., 1981; Woodhouse, 2006).
As passive sensors they require no transmitter but are receive-only. As a result,
radiometers require less power to operate than radars.
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6.2.1.1 Radiometer Fundamentals

In a typical radiometer, an antenna is scanned over the scene of interest and the
output power from the carefully calibrated receiver is measured as a function of
scan position. The observed power is related to the receiver gain and noise figure,
the antenna loss, the physical temperature of the antenna, the antenna pattern, and
the scene brightness temperature. In simplified form, the output power Pgyg of
the receiver can be written,

where k = 1.38 x 10~2® is Boltzmann’s constant, B is the receiver bandwidth and
Tgyg is the system temperature,

Tgys = mTa+ (1 —m)Tp + (L — 1)T, + LTRgc (6.2)

where 7); is the antenna loss efficiency, T, is the physical temperature of the antenna
and waveguide feed, L is waveguide loss, TRgc is the effective receiver noise
temperature (determined by system calibration), and 7'y is the effective antenna
temperature. The effective antenna temperature is dependent on the direction the
antenna points and the scene characteristics.

The effective antenna temperature, 74 can be modeled as a product of the
apparent temperature distribution 74 p (6, ¢) in the look direction 6, ¢ (see Fig. 6.3)
the antenna radiation gain F'(#, ¢) which is proportional to the antenna gain pattern
G(9,9).

T4 (in K) is obtained by integrating the product of apparent temperature dis-
tribution T4p (60, ¢) (in K) at the antenna pattern G(6, ¢):

1
Ta== [ [ GO.0Tar(6,0)d0d0 6.3)

where
G- / / (6, 6)d6de (6.4)

where integrals are over the range of values corresponding to the non-negligible
gain of the antenna. Note that the antenna pattern acts as a low pass filter of the
surface brightness, limiting the effective spatial resolution of the measurement to
approximately the 3 dB beamwidth. The observed value can be split into contribu-
tions from the mainlobe and the sidelobes,

To=nuTmr + Q1 —num)Tsi (6.5)

where 7)), is the main lobe efficiency factor

1
= G //main lobe Gi(6, 9)dbd¢ (6.6)
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Figure 6.3: The apparent temperature distribution and some of its contributions.
The antenna temperature 7’4 is the normalized integral of product of the tempera-
ture distribution and the antenna gain pattern. The apparent temperature of the sur-
face seen through the atmosphere includes the upwelling radiation, 7,,, from the
atmosphere plus the attenuated surface brightness temperature, 73, and the surface-
scattered brightness temperature, T.. Brightness temperature contributions from
the extra-terrestrial sources are grouped in Tsy,,.

and

— 1
Tur = G //main lobe G0, 9)Tap (0, 9)dbds ©D

_ 1
Tso = = [[ . GO.0)Tap(6.0)dds. 638)

For downward -looking radiometers, the apparent brightness temperature dis-
tribution includes contributions from the surface and the intervening atmosphere
(Ulaby et al., 1981). For a spaceborne sensor this can be expressed as,

Tap(0,0) = [Tp(8, ¢) + Tse(0, 9)]e ™% + T,,,(0) (6.9)
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where T3 (0, ¢) is the surface brightness temperature, Ts.(6, ¢) is the surface scat-
tering temperature, 7 is the total effective optical depth of the atmosphere and T',,
is the effective atmospheric upwelling temperature. 17, is the effective radiomet-
ric temperature of the atmosphere which depends on the temperature and density
profile, atmospheric losses, clouds, etc. (Janssen, 1993). The situation is modified
somewhat for upward-looking radiometers since there is little surface contribution.
Ignoring incidence and azimuth angle dependence, the surface brightness tem-

perature is given by,
T, =€lp (6.10)

where € is the emissivity of the surface and T'p is the physical temperature of the
surface. The emissivity is a function of the surface roughness and the permittivity
of the surface which are related to the geophysical properties of the surface (Ulaby
et al., 1981).

The surface brightness temperature, Ts.(6, ¢), is the result of downwelling at-
mospheric emissions which are scattered off of the rough surface toward the sensor.
This signal depends on the scattering properties of the surface (surface roughness
and dielectric constant) as well as the atmospheric emissions directed toward the
ground. Note that azimuth variation with brightness temperature has been observed
over the ocean (Wentz, 1992), sand dunes (Stephen and Long, 2005), and snow in
Antarctica (Long and Drinkwater, 2000).

The total effective optical depth of the atmosphere, 7, corresponds to the sig-
nal loss from the surface vertically through the atmosphere. This depends on the
frequency, density profile, and other atmospheric factors. Given the atmospheric
density, temperature, cloud and liquid water profile, 7, T', and 717, can be com-
puted using radiative transfer techniques (Ulaby et al., 1981). Note that these are
dependent on frequency and polarization. By making multiple channel (i.e. sev-
eral measurements at different frequencies and electromagnetic polarizations), key
parameters of the atmospheric profile can be determined by inverting the radiative
transfer equations (Cherny and Raizer, 1998; Janssen, 1993; Ulaby et al., 1981).

Radiometer measurements are “noisy” due to the limited integration time avail-
able for each measurement. The uncertainty is expressed as A7T’, which is the stan-
dard deviation of the temperature measurement. A7 is a function of the integration
time and bandwidth used to make the radiometric measurement and is typically in-
versely related to the time-bandwidth product (Ulaby et al., 1981). Increasing the
integration time and/or bandwidth reduces AT'. High stability and precise calibra-
tion of the system gain is required to accurately infer the brightness temperature 7}
from the sensor power measurement Pqyg.

A wide variety of techniques are used to provide the required calibration (Ulaby
et al., 1981). A Dicke radiometer periodically switches a known power noise
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source into the receiver to measure the gain. Total power radiometers avoid the
switching but use antenna rotation to point the antenna at deep space (which is cold)
and/or warm calibration targets to provide reference calibration measurements.

6.2.1.2 Polarimetric Radiometry

In polarimetric radiometry multiple polarization emissions are measured and
cross-correlated. In polarimetric radiometry the observed brightness temperature
Ty, at polarization p is related to the physical temperature (radiance) T'p by the
polarization-dependent emissivity €, according to

Typ = €p(0,9)TP 6.11)

where 6 and ¢ are the viewing geometry parameters. The emissivity depends on
the physical properties of the medium, including the dielectric constant and sur-
face roughness. In this expression, p can be v, h, 45, —45, lc, or rc, corresponding
to vertical, horizontal, plus 45°, minus 45°, left-hand circular, and right-hand cir-
cular polarizations, respectively. These polarizations are computed by taking the
appropriate averages of the observed electric field correlations.

The modified Stokes vector I,

I Tv (EUE1T>
|1 Q] _ T _ | (EnE})
L= U Tys —T_us5 | 2Re(E, E}) 6.12)
Vv Tie — Tre 21m<EvEZ>

where the () denotes averaging of the enclosed emitted electric fields, provides
a full characterization of the electromagnetic signature of the surface. The vari-
ous terms (I, (), U, V') depend on both the electrical and mechanical properties
(roughness) of the scene (Piepmeier et al., 2007).

An important application of polarimetric radiometry is in ocean wind retrieval
(Yueh et al., 1994). The microwave emission from the ocean is wind speed de-
pendent due to the roughening of the surface caused by wind-generated waves.
The wave structure also leads to (small) sinusoidal dependence of the emission on
the wind direction. While the H and V' components of the Stokes vector are in
phase, the third (U) and (V') components are out-of-phase with the H and V' com-
ponents, making it possible to retrieve the wind direction with a single azimuth
look. Because of the small modulation (a few degrees K), however, the U and V'
components must be very precisely measured (Gaiser et al., 2004; Hudson et al.,
2007; Piepmeier et al., 2007).
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6.2.1.3 Scanning Methods

The resolution of a radiometer is defined by the antenna gain pattern, specifi-
cally the extent of the mainlobe. Motion during the integration period can smear
and degrade the resolution. Radiometric interferometers employ multiple antennas
and use the interference patterns to improve the resolution (Wohlleben et al., 1991).
In either case, to provide greater angular and/or spatial coverage, the antenna is
scanned, either mechanically or electrically. A number of scanning schemes are
employed on spacecraft for Earth remote sensing. The three most important are
multiple fixed beams, cross-track scanning, and helical scanning, illustrated in
Fig. 6.4. In a helical scanning sensor, the antenna is pointed off-nadir and rotated
about the nadir vector. As the spacecraft moves, the ground trace of the antenna
boresight forms a helix. This is the most common scanning geometry for space-
borne radiometers. It has also been used for the SeaWinds scatterometer. Synthetic
aperture radiometers are being developed (Ruf et al., 1988).

6.2.2 Airborne Systems

A large number of radiometer systems have been operated from various aircraft,
mostly to support various experiments or as demonstration prototypes for space-
borne sensors. Some, however, are in operational use. For example, NOAA oper-
ates the AMSU system aboard its hurricane hunter aircraft to sample and observe
weather conditions on its flight into hurricanes. While airborne systems are of great
interest, due to limitations of space, they are not considered in this chapter.

6.2.3 Spaceborne Systems

Spaceborne radiometers systems have provided global observations of the earth
since the late 1970’s and continue to be an important tool for the study of the earth.
All though the space environment is severe, with proper design practices systems
with the high calibration precision and stability required to ensure the utility of
the data. Starting with early scanning systems radiometer technology continues to
evolve with the recent addition of fully polarimetric systems such as WindSat. A
number of important historical and contemporary spaceborne radiometer systems
are described in the next section.

6.3 Earth Observing Spaceborne Radiometer Systems

The goal of this subsection is to summarize basic sensor information about a
number of important Earth-looking radiometer systems that have operated aboard
spacecraft. Only selected sensors are included.
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Figure 6.4: Illustration of the main radiometer scanning types: (a) Multiple fixed
beams in a “push-broom” configuration; (b) Cross-track scanning with the aid of
a scanning reflector; and (c) Helical scanning, which results from spinning the
antenna about the nadir axis.
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6.3.1 Historical Radiometers

A significant number of short-term experimental radiometer systems have been
flown; however, this data is not generally available and so they are not included in
this listing. Instead, only the most important of these is listed here.
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6.3.1.1 Scanning Multichannel Microwave Radiometer (SMMR)

The SMMR instrument is a five frequency radiometer that first flew on Nimbus-
7 and later flew aboard Seasat, both launched in 1978. The inherent resolution of
the various SMMR channels varies from a coarse 95 km x 148 km to as fine as
18 km x 27 km depending on frequency (Gloersen and Barath, 1977; Njoku et al.,
1980). The SMMR was the first successful spaceborne helical scanning radiometer
and data from SMMR data has been widely used in a variety of studies, particularly
of sea ice properties, including extent and thickness (Gloersen et al., 1987).

Table 6.1: Sensor characteristics of SSMR.

Sensor SMMR
Sensor Type Dicke Radiometer
Sensor Scan helical scan
Polarization H,V
Center Frequency 6.63, 10.69, 18.0, 21.0, 37.0 GHz
Operating Bandwidth 250 MHz
Radiometric Accuracy (AT) | 0.4 -1.1
Coverage global
Swath Width 780 km
Footprint Shape elliptical
Footprint Size 121x79 km, 74 x49 km,
(Seasat) 44 x29 km, 38 x24 km,
21x14 km
Incidence Angle Nimbus-7: 53.3°, Seasat: 49°
Mission Length Nimbus-7: 1978-1987, Seasat: 1978
Spacecraft Nimbus-7, Seasat
Orbit ~ 800 km circular sun-synchronous
Fundamental Measurement Brightness temperature (1})
Key Products Sea ice extent and concentration
water vapor
atmospheric liquid water
Product Resolution 25 km
Data Availability podaac.jpl.nasa.gov
nsidc.org
eosweb.larc.nasa.gov
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6.3.2 Contemporary Radiometers

A number of important radiometer sensors or series of sensors are currently operat-
ing. Data from these sensors are generally available for scientific research. While
it is not possible to list all sensors, a number of significant sensors are described.

6.3.2.1 Special Sensor Microwave/Imager (SSM/I)

The SSM/I is a total-power radiometer with seven channels. These channels
cover four different frequencies with horizontal and vertical polarizations channels
at 19.35, 37.0, and 85.5 GHz and a vertical polarization channel at 22.235 GHz
(Hollinger et al., 1990). An integrate-and-dump filter is used to make radiomet-
ric brightness temperature measurements as the antenna scans the ground track
via antenna rotation (Holliner, 1989). The 3 dB elliptical antenna footprints range

Subsatellite
Track

4 Swath ——————————»
1394 km

Figure 6.5: Anillustration of the SSM/I coverage swath, which consists of a portion
of the helical scan of the antenna. The remainder of the scan is used for calibration.
The dark ellipse schematically illustrates the antenna mainlobe on the surface for
a particular channel which is maintained at a constant incidence angle.

from about 15-70 km in the cross-scan direction and 13-43 km in the along-scan
direction depending on frequency (Hollinger et al., 1987). First launched in 1972,
SSM/I instruments have flown on multiple spacecraft continuously until the present
(2008) on the Defense Meteorological Satellite Program (DMSP) (F) satellite se-
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ries. The scanning geometry results in a swath diagram as shown in Fig. 6.5. With
its multiple sensors, the extensive SSM/I dataset provides a critical database for
studies of long-term climate change, including atmospheric moisture, rainfall, air-
sea interaction, and surface wind speed (see, for example, (Berg and Kummerow,
2005; Colton and Poe, 1999; Wentz, 1991)). Though originally designed for atmo-
spheric sensing, SSM/I data has been extensively used for studies of sea ice and
other applications (Ferraro et al., 1996).

Table 6.2: Sensor characteristics of SSM/I.

Sensor SSM/1

Sensor Type Radiometer

Sensor Scan helical scan

Polarization 19.35,37,855: H,V
2223:V

Center Frequency 19.35, 22.23, 37, 85.5 GHz

Operating Bandwidth 125, 300, 750, 500, 2000 MHz

Radiometric Accuracy (AT) | 1.0to 0.3

Coverage global

Swath Width 1400 km

Footprint Shape elliptical

Footprint Size 43x69 km, 43 x69 km,

60x40 km, 37x28 km,
37x%20 km, 15x13 km,

15x13 km
Incidence Angle ~ 53°, 49.9° for 10.7 GHz
Mission Length 1972 to present
Spacecraft DMSP F series
Orbit 805 km circular sun-synchronous
Fundamental Measurement | Brightness temperature (73)
Key Products wind speed
atmospheric temperature
rain rate
water vapor
Product Resolution 25 km, 12.5 km
Data Availability WWW.remss.com

www.ncdc.noaa.gov
rain.atmos.colorstate.edu/CRDC
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6.3.2.2 Microwave Sounding Unit (MSU)

A number of MSU radiometer instruments have been operated on NOAA polar-
orbiting platforms. Using fixed beam scanning, the MSU is designed for for atmo-
spheric temperature profiling at multiple incidence angles. An extensive database
starting from 1979 through the present has been collected.

Table 6.3: Sensor characteristics of MSU.

Sensor MSU
Sensor Type microwave sounder
Sensor Scan multiple fixed beams
11 cross-track observation points
Center Frequency 50.3-57.95 GHz
Coverage global
Incidence Angle 0, 11, 22, 33, 44 and 55 deg
Mission Length 1979 to present
Spacecraft TIROS-N NOAA Polar platforms
Fundamental Measurement | Brightness temperature (13)
Key Products atmospheric temperature profiles
Data Availability WWW.remss.com
www.doc.jaxa.jp
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6.3.2.3 Advanced Microwave Sounding Unit (AMSU)

AMSU is a multi-channel microwave sounder designed primarily to obtain
temperature and humidity profiles in the upper atmosphere (especially the strato-
sphere) and to provide a cloud-filtering capability for tropospheric temperature
observations. The first AMSU was launched in May 1998 on board the DMSP
F-15 (now NOAA 15) satellite and has flown on NOAA 16 and 171. AMSU is
similar to MSU but includes additional channels. An advanced version known as
the Advanced Technology Microwave Sounder (ATMS) is planned for the NPOES
mission (Goldberg et al., 2006).

AMSU consists of two instruments: AMSU-A with 15 channels and AMSU-
B with 5 channels. AMSU-A is designed primarily for atmospheric temperature
profiling and thus has many narrow channels. AMSU-B is designed for moisture
profiling, but has other applications. For example, the observations can also be
for land surface cover studies (Karbou, 2005; Karbou et al., 2005) and snow cover
(Kongoli et al., 2003).

Table 6.4: AMSU-A & AMSU-B Frequencies (GHz) and Channels

Channel || AMSU-A AMSU-B
1 23.8 89.0

2 314 150.0

3 50.3 183.3+£1
4 52.8 183.3£3
5 53.6 183.3+7
6 54.4

7 54.9

8 55.5

9 57.2

10-14 57.29 £.217 & £.322

15 89.0

Notation: x+y where x is the center frequency. If y appears, the measurements
are made in two bands on either side of the center frequency and y is the distance
of the passbands to the center frequency
[http://amsu.cira.colostate.edu].
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Table 6.5: Sensor characteristics for AMSU.

Sensor

AMSU

Sensor Type
Sensor Scan
Center Frequency
Coverage

Swath Width
Footprint Shape
Mission Length
Spacecraft

Orbit

Fundamental Measurement
Key Products

Product Range

Data Availability

microwave sounder

cross-track scan

AMSU-A: 15 channels 15-90 GHz
global

1650 km

variable, elliptical

1998 to present

NOAA platforms

NASA Aqua platform

833 km circular sun-synchronous
101 min period

98.7° inclination angle
Brightness temperature (71})
atmospheric temperature profiles
5 levels to 40 km
WWW.remss.com
www.orbit.nesdis.noaa.gov
amsu.cira.colostate.edu
ghrc.msfc.nasa.gov
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6.3.2.4 Tropical Rain Measuring Mission (TRMM) Microwave Imager (TMI)

TMI was launched in 1995 as part of the TRMM mission (Awaka et al., 1997;
Meneghini et al., 2000). The conically scanning TMI measured radiometric emis-
sions in several microwave channels and polarizations designed for measuring at-
mospheric moisture and rain over a wide swath. TRMM has far exceeded its de-
sign life and has provided an extensive data set over the tropics (latitude less than
£ 30°). Designed for a 350 km altitude, the TRMM orbit altitude was raised in
2001 to extend the mission life. TMI data is augmented by TRMM PR data. The
TMI 3 dB elliptical antenna footprints range from about 5-8 km in the cross-scan
direction and 7-63 km in the along-scan direction depending on frequency. The
scanning geometry results in the swath diagram as shown in Fig. 6.6 at the 350 km
orbit height.

Subsatellite
Track

Figure 6.6: An illustration of the TMI coverage swath, which consists of a portion
of the helical scan of the antenna. The remainder of the scan is used for calibration.
The observation incidence angle is essentially constant.
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sor characteristics for TMI.

Sensor TMI

Sensor Type Radiometer

Sensor Scan helical scan

Polarization V & H (except 21.3 GHz which V only)
Center Frequency 10.7,19.4, 21.3, 37, 85.5 GHz
Coverage 40S to 40N

Swath Width 780 km

Footprint Shape elliptical

Footprint Size 45 km to 5 km

Incidence Angle 52.8°

Mission Length Dec. 1995 to present

Spacecraft TRMM

Orbit 350 & 400 km circular, semi-equatorial

Fundamental Measurement
Key Products

Product Resolution
Data Availability

35° inclination angle
non-sun synchronous
Brightness temperature (73)
sea surface temperature
ocean wind speed
water vapor

cloud water

rain rate

water vapor

25 km

gsfc.nasa.com
WWW.remss.com
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6.3.2.5 Microwave Scanning Radiometer (MSR)

The MSR flew aboard the Japanese Marine Observation Satellite-1 (MOS-1)
launched in 1987 and aboard the follow-on MOS-1b in 1990 (Maeda et al., 1989).
MSR data can be used infer to sea surface temperature (SST) (Takeuchi et al.,
1993).

Table 6.7: Sensor characteristics for MST.

Fundamental Measurement
Key Products

Product Resolution
Data Availability

Sensor MSR

Sensor Type Radiometer

Sensor Scan helical scan

Polarization H,V

Center Frequency 12, 31 GHz

Coverage global

Swath Width 320 km

Footprint Shape elliptical

Mission Length MOS-1: Feb. 1987 — Nov. 1995
MOS-1: Feb. 1990 — Apr. 1996

Spacecraft MOS-1, MOS-1b

Orbit 909 km circular sun-synchronous

103 min period

99° inclination angle
Brightness temperature (1})
sea surface wind speed

sea surface temperature
integrated water vapor
snow fall

32 km, 23 km
WWW.eorc.jaxa.jp
www.doc.jaxa.jp
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6.3.2.6 Advanced Microwave Scanning Radiometer (AMSR and AMSR-E)

The Japanese Aerospace Exploration Agency (JAXA) developed the design for
AMSR for the ADEOS-II mission. AMSR first flew on ADEOS-II which operated
from Jan. 2003 through Oct. 2003 before the mission prematurely terminated
due to loss of spacecraft power. A second instrument, denoted AMSR-E, was
launched aboard the U.S. Aqua mission. AMSR-E is similar to AMSR but does
not include 50 MHz channels (Kwanishi et al., 2003). AMSR-E employs a 1.6 m
offset parabolic dish antenna which is conically scanned. Some radio frequency
interference has been observed in the 6.9 GHz and 10.65 GHz channels (Li et al.,
2004; Njoku et al., 2005). The data is widely used for a variety of oceanographic,
atmospheric, cryosphere, and land studies. The AMSR scanning geometry results
fixed incidence angle observations over the swath as diagramed in Fig. 6.7

[ Swath———————»
1445 km

Subsatellite
Track

Figure 6.7: An illustration of the AMSR coverage swath, which consists of a por-
tion of the helical scan of the antenna. The remainder of the scan is used for
calibration. The observation incidence angle is essentially constant.
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racteristics for AMSR and AMSR-E.

Sensor AMSR & AMSR-E
Sensor Type Radiometer

Sensor Scan helical scan
Polarization H,V

Center Frequency

Operating Bandwidth
Radiometric Accuracy (AT)

Coverage
Swath Width

Footprint Shape
Footprint Size
Incidence Angle
Mission Length
Spacecraft

Orbit

Fundamental Measurement
Key Products

Data Availability

AMSR: 50.3 and 52.8 are V-only

6.925, 10.65, 18.7, 23.8, 36.5, 89.0 GHz
AMSR: 50.3 and 52.8 GHz
360,100,200,400, 1000, 3000 MHz
0.3K,0.6K,0.6K,0.6K,0.6K,1.1K
AMSR: 2K for 50.3 and 52.8 GHz
global

AMSR 1600 km

AMSR-E 1450 km

elliptical

75%x43 km, 5129 km,

27x16 km, 32x 18 km,

14x8 km, 6 x4 km

~ 55°

AMSR: Jan-Oct 2003

AMSR-E: May 2002 to present

AMSR: ADEOS-II (Midori-2)
AMSR-E: Aqua

AMSR: 805 km circular sun-synchronous
AMSR-E: 705 km circular sun-synchronous
Brightness temperature (71})

sea surface wind speed

sea surface temperature

integrated cloud liquid water
precipitation

sea ice concentration

integrated water vapor

snow depth

soil moisture

WWW.eorc.jaxa.jp

WWWwW.rémss.Ccom
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6.3.2.7 WindSat

The WindSat/Coriolis mission carries the first orbital polarimetric radiome-
ter. The WindSat radiometer is the testbed for a new series of radiometers to be
flown aboard the National Polar-orbiting Operational Environmental Satellite Sys-
tem (NPOESS) (Gaiser et al., 2004). WindSat is designed to evaluate the viability
of polarimetric radiometry for measuring the speed and direction of ocean winds
from space. WindSat includes multiple polarimetric and dual-polarized channels
sharing a 1.8 m offset reflector antenna. The scanning geometry was selected to
evaluate both single look and dual azimuth retrieval of wind speed and direction
(Gaiser et al., 2004). The data can also be used to observe sea surface tempera-
ture, rain, cloud liquid water, soil moisture, and other variables (Lee et al., 2005;
Windsat, 2007).

The scanning geometry of WindSat is designed to make both forward and aft-
facing 7}, measurements over part of its observation swath (see Fig. 6.8) in order
to evaluate the potential of using the azimuth dependence of T} to retrieve near-
surface ocean winds from the measurements.
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Aft Swath

Y

Subsatellite
Track

Figure 6.8: An illustration of the WindSat overvation geometry and coverage as
seen from above. The antenna helically scans the surface at a constant incidence
angle. The remainder of the azimuth angles are used for calibration.
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Table 6.9: Sensor characteristics for WindSat.

Sensor WindSat

Sensor Type Polarimetric radiometer

Sensor Scan helical scan

Polarization 10.7,18.7,37: H, V, £14,L,R

Center Frequency

Operating Bandwidth
Radiometric Accuracy (AT)
Radiometric Stability (+7")
Coverage

Swath Width

Footprint Shape

Footprint Size

Incidence Angle

Mission Length

Spacecraft

Orbit

Fundamental Measurement
Key Products

Product Resolution
Data Availability

6.8,23.8: H,V

6.8, 10.7, 18.7, 23.8 37.0 GHz
125, 300, 750, 500, 2000 MHz
0.05 K (12 sec integration)
0.12 K (8 days)

global

1025 km

elliptical

40x60 km, 25x38 km,
16x27 km, 12x20 km,

8x13 km

~ 53°,49.9° for 10.7 GHz
Jan. 2003 to present

Coriolis

830 km circular sun-synchronous
Brightness temperature (71})
ocean wind vectors (primary)
sea surface temperature

soil moisture

rain rate

water vapor

25 km

podaac.jpl.nasa.gov
manati.orbit.nesdis.noaa.gov
www.nrl.navy.mil/WindSat
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6.3.2.8 Multi-frequency Scanning Microwave Radiometer (MSMR)

The MSMSR a four frequency dual-polarization radiometer that is broadly
similar to SMMR. Developed by India, it was first launched on the India Re-
search Satellite (IRS) P-4 in May 1999. Another MSMR flys onboard the Indian
OCEANSAT-1 (Bhandari et al., 2002; Misra et al., 2002). MSMR has been used
extensively for the study of sea ice (Vyas and Dash, 2000; Vyas et al., 2004).

Table 6.10: Sensor characteristics of MSMR.

Product Resolution
Data Availability

Sensor MSMR

Sensor Type Radiometer

Sensor Scan helical scan, 11.173 RPM

Polarization H,V

Center Frequency 6.6, 10.65, 18, 21 GHz

Coverage global

Swath Width 1350 km

Footprint Shape elliptical

Incidence Angle 49.7°

Mission Length 1999 to present

Spacecraft IRS P-4, OCEANSAT-1

Orbit 720 km circular sun-synchronous
98.28° inclination angle
12:00 ascending node

Fundamental Measurement | Brightness temperature (7})

Key Products wind speed
atmospheric temperature
rain rate

water vapor
150, 75, 50, 60 km
WWW.remss.com
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6.3.3 Planned Radiometer Systems

Many new spaceborne passive microwave sensors are in various planning stages in
the U.S., Japan, Europe, China, and India. Some of these are extensions of existing
missions, but many new missions are also planned. While it is not possible to
include all of these, several important planned systems are described.

6.3.3.1 Aquarius

The Aquarius mission is a joint mission between NASA, which is supplying
the sensors, and Argentina, which is suppling the spacecraft. The Aquarius mis-
sion includes both an L-band polarimetric radiometer operating at 1.4 GHz and a
dual-frequency L-band scatterometer operating at 1.2 GHz to make precise global
observations of sea surface salinity from space (Aquarius, 2007). Both sensors
share a 2.5 m reflector that employs a helical scanning pattern. Aquarius is sched-
uled for launch in Sept. 2008. Key instrument parameters are given in the following
tables.
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Table 6.11: Sensor characteristics for the Aquarius Radiometer.

Sensor Aquarius Radiometer
Sensor Type Polarimetric radiometer
Sensor Scan 3 beam helical scan
Polarization H,V,U

Center Frequency 1.413 GHz

Operating Bandwidth 4 MHz

Net integration time
Radiometric Accuracy (AT)
Radiometric Stability (1)
Coverage

Swath Width

Footprint Shape

Footprint Size

Incidence Angle

Mission Length

Orbit

Fundamental Measurement
Key Products*

Product Accuracy

Product Range

Data Availability

20 ms and 10 s

0.05 K (12 sec integration)

0.12 K (8 days)

global, every 8 days

340 km

elliptical

62 %68 km, 68x82 km, 75x 100 km
23.3°,33.7°,41.7°

Sept. 2008 to Sept. 2011

600 km circular sun-synchronous
98° inclination angle

6 pm descending node
Brightness temperature (1%)
Monthly ocean salinity map

0.2 psu

32-37 ppt

(future)

* Aquarius mission product (combined radiometer/scatterometer)
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Table 6.12: Sensor characteristics for the Aquarius Scatterometer.

Sensor Aquarius Scattterometer
Sensor Type Polarimetric scatterometer
Sensor Scan single beam helical scan
Polarization H,V

Center Frequency 1.413 GHz

Pulse Length 1 ms

PRF 100 Hz

Operating Bandwidth 4 MHz

Radiometric Accuracy (K) | 0.1 dB

Radiometric Stability (+0°)
Coverage

Swath Width

Footprint Shape

Mission Length

Orbit

Fundamental Measurement
Key Products*

Product Accuracy

Data Availability

0.13 dB (8 days)

global, every 8 days

340 km

elliptical

Sept. 2008 to Sept. 2011
600 km circular sun-synchronous
98° inclination angle

6 pm descending node
radar backscatter (o°)
Monthly salinity map
0.2 psu

(future)

* Aquarius mission product (combined radiometer/scatterometer)
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6.3.3.2 Soil Moisture and Ocean Salinity (SMOS)

The SMOS mission will use an L-band 2-d interferometric radiometer to make
high resolution measurements of soil moisture and ocean salinity (Font et al., 2000;
Kerr et al., 2001). This innovative sensor is scheduled for launch in 2008.

Table 6.13: Sensor characteristics for SMOS.

Sensor SMOS

Sensor Type Interferometric radiometer
Polarization H,V,U

Center Frequency 1.41 GHz

Fundamental Measurement Brightness temperature (713)
Radiometric Accuracy (AT) | 0.64 K

Coverage global
Swath Width 1500 km
Footprint Shape elliptical
Footprint Size nominally 40 km
Mission Length 2008-2011
Spacecraft Proteus
Orbit 763 km circular
Key Products soil moisture
ocean salinity
Product Resolution 30-50 km
Product Accuracy 0.1 psu (salinity)

Data Availability (future)
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6.3.3.3 Hydros

The NASA Hydrosphere State (Hydros) mission was to include both an inno-
vative scanning synthetic aperture radar/scatterometer and a radiometer in order
to measure soil moisture from orbit (Njoku et al., 2003). Hydros was scheduled
for launch in 2010, but has been canceled. It is likely to be rescheduled under a
different name.

The mission was to include both an L-band radiometer operating at 1.4 GHz
and an L-band SAR/scatterometer operating at 1.2 GHz to make precise global ob-
servations of sea surface salinity from space (Aquarius, 2007). Both sensors share
a horn feed and 6 m reflector that is helically scanned. Key instrument parameters
are given in the following tables.

Soil moisture is retrieved from the radiometer measurements with corrections
for soil roughness obtained from the scatterometer (Njoku and Entekhabi, 1996;
Njoku et al., 2000). The scatterometer design is based on SAR-type processing
of scanning scatterometer data, though low-resolution processing is also planned
(Spencer et al., 2003).

Table 6.14: Sensor characteristics for the proposed Hydros Radiometer.

Sensor Hydros Radiometer
Sensor Type Polarimetric radiometer
Sensor Scan single beam helical scan
Polarization H,V,U

Center Frequency 1.41 GHz

Fundamental Measurement | Brightness temperature (7})
Radiometric Accuracy (AT) | 0.64 K

Coverage global

Swath Width 1000 km

Footprint Shape elliptical

Footprint Size nominally 40 km

Mission Length Sept. 2011 to 2013

Orbit 670 km circular sun-synchronous 6 am

Key Products* Monthly soil moisture map
Freeze/Thaw state

Product Resolution 3x3 km and 10x 10 km

Product Accuracy +4%

Data Availability (future)

* mission product (combined radiometer/scatterometer)
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Table 6.15: Sensor characteristics for the proposed Hydros Scatterometer.

Sensor Hydros Scattterometer

Sensor Type Polarimetric scatterometer

Sensor Scan single beam helical scan

Polarization HH, VV, HV

Center Frequency 1.26 GHz

Fundamental Measurement | radar backscatter (c°)

Fundamental Resolution 3 km, 10 km, 30 km

Radiometric Stability (+¢°) | 1.0 dB (3 km), 0.45 dB (10 km)

Coverage global

Swath Width two 350 km wide swaths
separated by 300 km wide gap

Footprint Shape elliptical

Footprint Size 30 km

Incidence Angle 39.3°

Mission Length 2011 to 2013

Orbit 670 km circular sun-synchronous 6 am

Key Products* Monthly soil moisture map
Freeze/Thaw state

Product Resolution 3x3 km and 10x 10 km

Product Accuracy +4%

Data Availability (future)

* mission product (combined radiometer/scatterometer)

6.3.3.4 Conical Microwave Imager Sounder (CMIS)

CMIS is a multichannel helically scanning radiometer originally planned for
deployment as part of the National Polar-orbiting Operational Environmental Satel-
lite System (NPOESS). Due to program cost overruns, CMIS has been descoped.
While it is very likely that NPOESS will include a radiometer, it it not clear pre-
cisely what features it will have.

6.3.3.5 Advanced Technology Microwave Sounder (ATMS)
ATMS is the next generation of AMSU instruments and includes some addi-

tional channels for a total of 22. A flat, rotating reflector is planned (Goldberg et
al., 2006).

6.3.3.6 Global Precipitation Measurement Program (GPM)

The Japanese GPM mission will include a Dual-Frequency Precipitation Radar
(DPR) and a Microwave Radiometer Imager (GMI). The DPR consists of a TRMM/PR
weather radar operating at 13.6 GHz with an added 34.5 GHz precipitation radar.
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The 13.6 GHz channel will have a swath width of 245 km while the 34.5 GHz
channel will have a narrower swath of about 100 km.

GMI will be a nine channel radiometer similar to the TRMM Microwave Im-
ager (TMI), but with fewer channels and a smaller (1.2 m) antenna. It will have
a 800 km wide swath. GMI is designed to support rain observation and will be
deployed on the GPM satellite operating at 400 km altitude.

6.3.4 Extra-Terrestrial Radiometer Sensors

While most radio astronomy has been done from ground-based radio telescopes,
several spaceborne radiometers systems have flown to observe extra-terrestrial phe-
nomena. Of particular note are missions to map the cosmic background radiation
at microwave frequencies. The cosmic background radiation is a low level (about
2.7 K) brightness temperature that permeates deep space. It is believed to originate
from the big bang (Bennett et al., 1996). Originally thought to be isotropic, very
precise radiometers have found very small anisotropies in the cosmic background
radiation wich are thought be the result of turbulence in the early universe (Levi,
1992). Several microwave sensors designed to map these anistropies in the cosmic
background radiation are described below.
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6.3.4.1 COBE DMR

The Cosmic Background Explorer (COBE) mission carried a number of sen-
sors to study the cosmic background radiation (CBR). One of its key sensors was
the Differential Microwave Radiometers (DMR), which consists of six differen-
tial radiometers that operate in pairs (Smoot et al., 1990). Pointing in different
directions, the difference between the signals in each antenna is recorded to map
anisotropy in the CBR. To achieve the extreme precision, a careful differential
radometric measurement scheme is used for the recievers.

Table 6.16: Sensor characteristics for COBE.

Sensor COBE DMR

Sensor Type paired differential radiometer
Sensor Scan precessing helical scan
Polarization circular

Center Frequency 31.5, 53, & 90 GHz

Fundamental Measurement | Differential brightness temperature (d7})
Coverage full-sky

Mission Length 1989 to 1993

Spacecraft COBE

Orbit 900 km circular polar

Key Products* Differential T3 map

Product Accuracy 3.3 mK%

Data Availability lambda.gsfc.nasa.gov/product/cobe

* one of several mission products

6.3.4.2 Relikt
The Soviet Prognoz 9 mission included the Relikt-1 radiometer to measure the
CMB using a single channel radiometer (Strukov et al., 1992).

Table 6.17: Sensor characteristics for Relikt.

Sensor Relikt

Sensor Type radiometer

Center Frequency 37 GHz

Fundamental Measurement | brightness temperature (73)
Coverage full-sky

Mission Length 1983-1984

Spacecraft Prognoz 9

Orbit high apogee, 700,000 km
Product Resolution 5.5°

Product Accuracy 0.6 mK%

Data Availability lambda.gsfc.nasa.gov/product
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6.3.4.3 Wilkinson Microwave Anisotropy Probe (WMAP)

WMAP is a follow-on mission to the COBE mission to COBE [map.gsfc.nasa.gov].
It uses additional microwave channels and provides finer angular resolution of the
CBR anisotropy, to 13 arcminutes (Spergel et al., 2003).

Table 6.18: Sensor characteristics for WMAP.

Sensor WMAP

Sensor Type differential radiometer

Sensor Scan precessing helical scan
Polarization multi

Center Frequency 22,30, 40, 60, & 90 GHz
Fundamental Measurement | Differential brightness temperature (d7})
Coverage full-sky

Mission Length Oct. 2001 to present

Spacecraft WMAP

Orbit Earth-Lunar L2

Key Products* Differential T3 map

Product Resolution 0.3° x 0.3°

Product Accuracy 35 uK%

Data Availability lambda.gsfc.nasa.gov/product/map

* one of several mission products
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6.4 Active Systems (Radars)

Unlike radiometers which are receive-only devices, radar systems include a trans-
mitter. Scene properties are inferred from the echo of the transmitted signal rather
than the radiometric emissions of the surface. Indeed, the radiometric scene emis-
sion is “noise” to the radar which is interested in the echo of the transmitted signal.

6.4.1 Introduction

Radar systems can be divided into two types: real-aperture and synthetic aper-
ture radar (SAR) systems. In the latter, resolution is improved by using coherent
time/Doppler processing, multiple transmit pulses, and a moving platform to, in
effect, synthesize a larger antenna than the physical antenna. This requires signifi-
cant computation, high bandwidth, and high transmit power, resulting in greater ex-
pense. Typically, synthetic aperture radars are more difficult to calibrate (Freeman,
1992) than real aperture radars. SAR systems can provide the highest resolution
microwave measurements.

6.4.2 Radar Fundamentals

Radar is an acronym for radio detection and ranging that was coined during its early
development. Early radars were used for detection of ships and aircraft. Soon
it was noticed that radar signals provide information about the environment and
radar-based environmental remote sensing was born.

Radars operate by transmitting a radio signal toward the target or scene of
interest and measuring the properties of the returned echo. Unlike radiometers or
optical sensors, radar signals are coherent, that is, frequency and phase of the signal
are preserved. This property can be exploited to yield more information about the
target than is possible with incoherent sensors.

Most radars are pulsed, that is, short pulses of radio signal are individually
transmitted and received. The transmitted pulse can be an unmodulated signal
known as continuous wave (CW) [sometimes, as interrupted continuous wave (ICW)]
or modulated to permit improved range resolution. A common modulation scheme
is linear frequency modulation (LFM), sometimes referred to as “chirping”. Fig-
ure 6.9 illustrates a system block diagram of a typical radar.

The return echo from the scene consists of attenuated, time-delayed, frequency-
shifted copies of the transmitted signal. The time delay arises due to finite speed
of light and the range (sometimes referred to as the slant range) between the radar
and the scene. Relative motion between the radar and scene give rise to a frequency
shift due to the Doppler effect. Attenuation results from the distance and the radar
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Figure 6.9: General block digram of a typical spaceborne radar system.

scattering properties of the scene. The radar can thus observe and measure (1)
distance via signal time-of-flight, (2) speed via the Doppler effect, and (3) surface
scattering. The coherent nature of the signal can lead to self interference from
different parts of the illuminated scene.

Some remote sensing radars use all three of these fundamental observations
while others use only one. For example, altimeters primarily observe time-of-flight
while scatterometers focus on scattering. Altimeters and scatterometers are typi-
cally real-aperture systems, meaning that their spatial resolution is determined pri-
marily by the antenna illumination footprint whereas SARs exploit time-of-flight
and Doppler to provide higher resolution measurements of the radar scattering.

6.4.3 Real-aperture Radars

Real-aperture remote sensing radars include altimeters, scatterometers, and weather
radars. A brief introduction to the operation and theory of these sensors is provided
in the following. Side-looking airborne radars (SLARSs) are considered later along
with SARs.
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6.4.3.1 Radar Altimetry

Altimeters are standard equipment on aircraft and are used for measuring the
height of the aircraft over the ground. In this application, they are primarily used
for navigation. Altimeters used for remote sensing have been primarily used over
the ocean and the polar regions of the earth. Here we focus on these applications.

Altimeters are nadir looking instruments. An altimeter transmits a short, gen-
erally modulated, pulse toward the surface (see Fig. 6.10). By measuring the time
of flight of the return echo, and by knowing the speed of light in the transmission
medium, the distance can be determined. The most sophisticated altimeters ob-
serve the power versus time profile and use the general measurement geometry to
make more precise distance measurements (see Fig. 6.11). With precise knowledge
of the orbit, the height of the altimeter over the surface can be determined, enabling
mapping of the surface topography. Over the ocean the surface topography can be
related to subsurface topography and ocean currents. Variations in sea surface to-
pography provide information on large-scale weather and climate such as El Nino
(Fu et al., 1994).

Altimeter

ot -7 T~

- =<

Height

Reference
Elipsoid

Sea Surface

Sea Surface

Figure 6.10: Spaceborne altimeter measurement digram. Precise measurements of
the height coupled with precise orbit prediction enable very precise estimation of
the surface height relative to the reference ellipsoid.

The shape of the altimeter return pulse is related to the significant wave height,
which can thus be inferred from the power versus time measurements. Significant
wave height is a measure of large waves on the surface. The received echo power
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Figure 6.11: Pulse shape information for a spaceborne altimeter measurement over
the ocean. From the time of flight measurement, the altimeter height is computed.
The peak amplitude of the echo is related to the near-surface wind speed. The slope
of the leading edge is related to the significant wave height.

can be converted to scattering measurements for use in inferring the near-surface
wind speed over the ocean (Fu et al., 1994, 2001). The altimeter height measure-
ments can also be used to measure glacial ice topography (Martin et al., 1983).

6.4.3.2 Radar Scatterometry

A radar scatterometer is designed to determine the normalized radar cross sec-
tion (o) of the surface. In primary application these 0° measurements over the
ocean are used to estimate the near-surface vector wind.

The scatterometer does not directly measure o°, but instead, measures the
backscattered power of a transmitted pulse. Due to thermal noise in the receiver,
radiometric noise and speckle, the power measurements are corrupted by noise. A
separate measurement of the noise-only power is made and subtracted from the sig-
nal+noise measurement to yield a backscatter power “signal” measurement Pg. o°
is computed from the signal power measurement using the radar equation (Ulaby
et al., 1981),

_ (4m)PRL

70T RG2NA

where R is the slant range to the surface, P; is the transmitted power, Pg is the
received backscattered power, L represents known system losses, GG is antenna
gain, A is the resolution element area, and \ is the wavelength of the transmitted
radiation. R, GG, and A depend on the measurement geometry of each resolution

Pg = X Pg (6.13)
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element (see Fig. 6.9). The measurement signal to noise ratio (SNR) depends on
the surface ¢ but may vary from -20 to 50 dB.

The scatterometer measurement includes errors due to the uncertainty in the
geometric parameters (i.e., in X) as well as noise due to the finite times used to
estimate Pg (Fischer , 1972). A common model for the actual value of 0, 0°(k),
observed by the scatterometer is

0°(k) = o (K)[L + Kp(K)v (k)] (6.14)

where 09, (k) is the actual o° of the surface for the k" measurement, K, (k) is the
normalized standard deviation of the measurement errors, and v(k) is a normally-
distributed Gaussian random variable. K, is sometimes known as the scatterometer
“radiometric accuracy”. The multiplication in Eq. (6.14) arises, in part, as a result
of speckle noise, an inherent limitation in coherent radars. The K, in Eq. 6.14 does
not include the effects of “model” errors, i.e., variations in the observed o due to
very small-scale spatial variations in ¢ related to inhomgeneities in the observed
surface. This effectively increases the measurement K, (uncertainty).

The primary application of spaceborne scatterometry has been measuring near-
surface winds over the ocean. By combining ¢° measurements from different az-
imuth angles, the near-surface wind vector over the ocean’s surface can be de-
termined using a geophysical model function (GMF) which relates wind and o°
(Naderi et al., 1991). An illustration of the GMF at Ku-band is shown in Fig. 6.12.

More recently, scatterometer data has been used for studies of land, vegetation
and polar ice (Long et al., 2001). Because of the sensitivity of the radar backscatter
to liquid water, scatterometer data has been particularly useful in polar climate
studies, see for example, (Figa-Saldana et al., 2002; Long and Drinkwater, 1999).

SASS, NSCAT and ESCAT were fan-beam scatterometers while SeaWinds em-
ploys a dual rotating pencil-beam antenna (see Fig. 6.14). In a fan-beam scatterom-
eter, along-track resolution results from a combination of a narrow antenna pattern
and the timing of transmit pulses integrated into a single measurement cell. Cross-
track resolution is obtained either by range gate filtering (ESCAT) or by Doppler
filtering (SASS and NSCAT), and the narrow beam pattern.

Range gating is used to achieve along-beam resolution for ESCAT while Doppler
filtering is used for SASS and NSCAT. For ESCAT, short, high-power transmit
pulses are issued. By selectively integrating the return signal over a narrow time
window, only the return echo from a small along-beam resolution element will
be included in the integrated power measurement (see Fig. 6.15). For SASS and
NSCAT, Doppler filters define along-beam resolution. SASS used fixed filters
while NSCAT used variable center frequency filters to maintain measurements at a
fixed cross-track position (Naderi et al., 1991). The SASS and NSCAT Doppler fil-
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Figure 6.12: The geophysical model function relating near-surface winds and radar
backscatter at Ku-band. (a) Radar backscatter versus wind speed at different inci-
dence angles and a fixed wind direction. (b) Radar backscatter versus relative wind
direction (the direction difference between the wind and the azimuthal radar look
direction) for several wind speeds at a fixed incidence angle. By measuring the
backscatter at a point from several different azimuth angles, the vector wind (speed
and direction) can be estimated.

tering approaches preclude the use of an antenna at precisely 90° to the along-track
velocity vector as used for ESCAT.

Measurement timing is used to achieve along-track resolution. Ideally the cen-
ters of resolution cells are spaced approximately 25 km for NSCAT and 50 km for
SASS apart in the along-track direction choosing the pulse repetition frequency and
number of pulses integrated so that the spacecraft moves 25 km [50 km for SASS]
between measurements. A series of pulses are integrated into one o ° measurement.

To contrast and compare the Doppler and ranging approaches used by the ERS
scatterometer and SASS/NSCAT, consider Fig. 6.16 which compares the SASS/NSCAT
antenna illumination pattern of a forward looking fan-beam antenna super-imposed
on isoDoppler lines on the Earth’s surface and range-compression resolution based
on iso-range lines. In Doppler filtering-based resolution a long (1.5 ms) CW pulse
is transmitted, resulting in a Doppler/time history plot as is illustrated in Fig. 6.17.
The return echo has a Doppler shift related to the along-beam distance. A band-
pass filter corresponds to a resolution element defined by the Doppler frequencies
and the narrow beamwidth. We note that this approach cannot be used when the
antenna is aligned perpendicular to the flight track where the Doppler shift is min-
imized.

The alternate approach to achieving along-beam resolution, is to use range-
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Figure 6.13: False-color image of the Earth generated from Ku-band scatterometer
data. Colors over land and ice covered regions correspond to the intensity of the
radar backscatter. Over the ocean, colors correspond to the wind speed estimated
from the scatterometer measurements with yellow being high speeds and blue low
speeds. The white streamlines show the wind direction.
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SASS ESCAT NSCAT SeaWinds ASCAT

FREQUENCY 14.6 GHz 5.3 GHz 13.995 GHz 13.6 GHz 5.3 GHz

ANTENNA \ / / x / \ /

AZIMUTHS / \ \ / \ / \
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o Egg: 25x35 km
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SWATH, km ‘ ‘
~750  ~750 500 600 600 1400,1800 500 500

INCIDENCE ANGLES | 0°-70° 18° . 59° 17° - 60° 46° & 54.4° 25¢. 65°

DAILY COVERAGE VARIABLE <41% 78 % 92 % 65 %

MISSION & DATES SEASAT: 6/78 D 10/78| ERS-1: 92D96 ADEOS-I: 8/96 b 6/97 | QuikSCAT: 6/99- . :
ERS-2: 95D01 ADEOS-1I: 1/02-10/02| METOP: 6/2007

Figure 6.14: Spaceborne wind scatterometer comparison.
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Figure 6.17: Diagram of the time/Doppler history of (left) a long-pulse echo signal
and (right) a short-pulse echo signal for a forward-facting fan-beam antenna. The
gray area indicates the region of Doppler shift and time delay present in the echo.
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gating as also illustrated in Fig. 6.16. In this case, a short pulse is used. The time
of flight of the pulse corresponds to the range and by selecting a narrow range of
time-of-flights (a narrow range gate), an along-beam resolution element is defined.
Figure 6.16 illustrates the relationship between the time-of-flight and along-beam
distance. We note that this approach can be used even for antennas aligned perpen-
dicular to the flight track. Also, longer pulses can be used with range compression
to achieve finer time resolution (see later discussion under SAR range resolution).

Both the Doppler and isorange approaches define, in effect, cross-track resolu-
tion elements which cover a wide swath to the side of the flight path (see Fig. 6.18).
By selecting the appropriate range gate timing and/or Doppler filter bandwidth,
cross-track aligned resolution elements are defined for the forward and aft-facing
antennas that enable multi-azimuth observation of the same location on the Earth
as the spacecraft passes over the site (Naderi et al., 1991).

Sensor

Inner swath
incidence angle
Outer swath
incidence angle

gap

Figure 6.18: Side-looking radar swath for a wideswath radar. Note the variation in
incidence angles over the swath. The azimuth angle may be tilted forward, aft or
be orthogonal to the flight path. It is generally orthogonal for SAR systems.

Note that, unlike a radiometer and the helically scanning SeaWinds scatterome-
ter, a fan-beam scatterometer measures ¢ at a variety of different incidence angles,
see Fig. 6.18. Since the target response is different at different incidence angles,
one must be extremely careful when combining measurements taken at different in-
cidence angles. A solution to this problem is to use a model for the target response
(such as the geophysical model function used for wind retrieval over the ocean).
Over most natural surfaces in the incidence angle range 20° < 6 < 60°, corre-
sponding to the range of scatterometer measurements, a well known approximate
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model expresses ¢ (in dB) as a linear function of incidence angle, i.e.
ogg(0) = A+ B(0 —40°) (6.15)

where A is the 40° incidence angle-normalized o° and B is the dependence of ¢°
on the incidence angle 6. The A and B coefficients are functions of the geophysical
properties of the surface. Note that 40° is the approximate center incidence angle
over the swath and is a convenient angle for making comparative analyses'.

6.4.4 Side-Looking Airborne Radar

Side-looking airborne radar (SLAR) is an imaging radar based on real-aperture
techniques (Ulaby et al., 1981). Using a narrow fan-beam antenna and range com-
pression, radar backscatter images can be generated. Range resolution is defined
by the pulse compress, while azimuth resolution is dictated by the azimuth beam
width of the antenna illumination pattern. To further improve the azimuth resolu-
tion, synthetic aperture techniques are used. Due to the low resolution of SLAR
when used from space, few SLAR systems have been orbited. The Russian Okean
and Almaz sensors are the exceptions.

6.4.5 Synthetic Aperture Radar

Synthetic Aperture Radar (SAR) has its origins in SLAR but has improved azimuth
resolution due to the use of Doppler information in the return echo. This technique
was originally called Doppler beam sharpening, but is known today as synthetic
aperture radar. SAR theory is covered in extensive detail in a number of sources,
e.g. (Curlander and Mcdonough, 1991; Elachi, 1988; Henderson and Lewis, 1998;
Franschetti and Lanari, 1999). The general goal of SAR is to provide radar images
of the surface (Leberl, 1990; Oliver and Quegan, 1990).

The most common form of SAR used in remote sensing is strip-map SAR,
which generates a long strip-map image. A brief introduction to strip-map SAR is
given in the following. Spotlight mode SAR differs in that the antenna is pointed,
or steered, toward the target area as the platform moves past (Jakowatz et al., 1996).
ScanSAR is closely related to strip-map SAR, but rapidly switches between multi-
ple antenna beams to increase the swath width.

As a radar moves past the target transmitting pulses, each of the echoes from
the target have a different frequency shift due to the relative velocity of the plat-
form and the surface. This can be explained as due to the Doppler effect (hence, the

"While not applicable for all targets, over the Amazon Rainforest (which exhibits high volume
scattering) a “gamma” normalization may be used with some success, i.e., (k) = 0°(k)/ cos 6(k)
where (k) is the incidence angle of the k" measurement of °. Over the incidence angle range
[20°,60°], v(k) is approximately constant, i.e., not a function of incidence angle.
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original description, Doppler sharpening), but is better explained as being due to
the change in phase of the signal due to the changing range to the target. Range res-
olution is typically obtained using pulse compression and matched filtering. Using
matched filtering of the pulses in the along-track direction to select the phase his-
tory of the target generates azimuth resolution, effectively narrowing the azimuth
beamwidth. This azimuth matched filter processing is equivalent to synthesis of
an array antenna in the motion direction where each element of the synthetic array
corresponds to the actual antenna at the locations of the received pulses.

An approximation of the azimuth resolution for synthetic aperture radar can be
estimated using the idea of a synthetic array antenna. As shown in (Elachi, 1988),
a radar with an azimuth antenna of length L., moving at a constant velocity, the
length of the synthetic array is equivalent to the size of the beam footprint on the
ground. The size of the synthetic array is given as

2\
B Laz

L, (6.16)

where L, is the azimuth size of the antenna and £ is the height of the platform.
The new 3dB azimuth beamwidth of the synthesized array is

AL
0 N =, 6.17
SARS T 9n ©.17)
The corresponding azimuth synthesized resolution is given by
Ly
0sAR ~ hOsar = > (6.18)

From this we note that the effective resolution of a SAR image is independent of
the platform height.

While synthetic aperture radar provides a large improvement in azimuth res-
olution over real aperture radar, it requires coherent radar hardware to preserve
signal phase, storage of the received echos, and complicated computer processing
to produce an image.

SARs have been used in a variety of applications, from vegetation monitoring
to ocean sensing (Elachi, 1988; Elachi et al., 1984; Jackson and Apel, 2004).

6.4.5.1 Interferometric SAR

Unlike optical sensors, SAR is a coherent (phase preserving) technique which
measures range. Preservation of the signal phase can be exploited to provide topo-
graphic information using interferometric techniques (Hanssen, 2001; Henderson
and Lewis, 1998; Madsen et al., 1993). An interferometric SAR uses two antennas
at different positions to infer scene topography. While most interferometric SAR
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systems do this simultaneously, interferometric processing of multiple spaceborne
SAR passes over a scene has been demonstrated (see, for example, (Henderson and
Lewis, 1998)).

As seen from Fig. 6.19, when two SAR range observations, r, and 7, from dif-
ferent positions are available, basic trigonometry enables estimation of the height
of the target relative to a reference.

channel B

Figure 6.19: Interferometric SAR geometry model.

The height of the target can be found using the law of cosines (Franschetti and
Lanari, 1999),

r2 =12 + b — 2brgsin( — ). (6.19)
The target height, h, is then found by the equation
h=H —rqcos(f). (6.20)

Typically, one of the ranges, the length of the baseline, and the height, H, are
known exactly. This implies that the accuracy of the target height estimate, h, is
dependent upon the measurement of the second range, 4, or upon the change in
range, Ar, which is defined as

Ar =1y, —r1,. (6.21)

Graham (Franschetti and Lanari, 1999) first proposed the idea of using the phase
difference from two SAR images, slightly offset, to determine the value of Ar. The



6.4. ACTIVE SYSTEMS (RADARS) 51

idea is that if one of the received SAR images has a signal given by

v1 = Ajexp (—j%ra) (6.22)
and a second SAR image, which is slightly offset from the first, has a signal of
Yo = Agexp (—j 4%7‘;,), (6.23)
then the phase difference
Ap = arg[(1)(22)'] = T A (6:24)

enables estimation of the range difference, Ar. The accuracy of the estimate is
related to the size of the wavelength and the size of the baseline, b. Two collo-
cated single-look complex (SLC) SAR images, one from each channel, are used to
make a phase difference image known as an interferogram. The phase differences
contained in interferograms are initially wrapped between 0 and 27 and require
two-dimensional phase unwrapping in order to find the Ar estimate (Curlander
and Mcdonough, 1991). Once the unwrapped phase is computed, the height is
computed, the phase that would be due to a “flat-earth” is computed and removed
from the interferogram. When a high quality digital elevation map (DEM) is avail-
able, the “flat-earth” phase may be replaced with the DEM phase. The topography
relative to a “flat-earth” reference is then computed from the residual phase (Mad-
sen et al., 1993).

Interferomtery has found many applications including high-resolution digital
elevation map (DEM) creation (Madsen et al., 1993) and differential images using
multiple interferograms (Reigber and Scheiber, 2003). Along-track interferometry
can be used to extract current velocity on the ocean’s surface, as well as ground
moving targets.

6.4.5.2 Polarimetric SAR

Polarimetric SAR is a relatively recent development (Ulaby et al., 1990). In
polarimetric SAR, multiple combinations of transmit and receive polarization (and
the phase relationship between the polarizations) are used to create SAR imagery.
The additional images provide more information about the surface and in particular
provide additional information about the number of bounces in the scattered signal
(Elachi and Ulaby, 2000). This improves surface characterization.

6.4.6 Airborne Radar Systems

Aircraft were the first platforms widely used for microwave remote sensing. Al-
timeters are standard equipment on aircraft and are used for measuring the height
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of the aircraft over the ground. Altimeters used for remote sensing have been pri-
marily used over the ocean and the polar regions of the earth.

A number of scatterometers and SARs have been operated from aircraft both
for research and surveillance. The list is too long to consider here. SAR and
side-looking real-aperture radars are commonly used on military aircraft; however,
these are not generally available as mapping data sets.

NASA’s Jet Propulsion Laboratory has developed a number of airborne SAR
systems including AIRSAR, POLSAR, TOPSAR, and others which have been
extensively used in studies (Rodriguez and Martin, 1991; Zebker and Goldstein,
1986). Many other organizations have developed airborne SAR systems, including
ERIM, Donier, etc.

6.4.7 Spaceborne Radar Systems

With their larger power requirements to support an active transmitter, fewer earth-
observing radar remote sensing systems have flown than radiometer systems. How-
ever, many spaceborne radar systems have flown and are currently operating. The
next section provides a brief summary of significant microwave radar remote sens-
ing systems.

6.5 Spaceborne Radar Systems

The goal of this section is to summarize basic sensor information about important
Earth-observing radar which have operated aboard spacecraft. Historical sensors
are considered first, followed by contemporary (recent and currently operating sen-
sors) and then planned sensors. Within each category, the main classes of active
sensors (altimeters, scatterometers, SARs, and weather radars) are separately con-
sidered in sequence.

6.5.1 Historical Radar Sensors

The landmark Seasat satellite launched in 1978 incorporated each of the major mi-
crowave sensor classes, including a radiometer (SMMR), an altimeter, a scatterom-
eter (SASS) and a SAR. Some of these (notably the active sensors) represent the
first of this class of sensor to fly in space (Fu and Holt, 1982; Gloersen and Barath,
1977; Grantham et al., 1977; Njoku et al., 1980). In this section we consider these
and other historical active sensors.

6.5.1.1 Historic Altimeters
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Spaceborne altimetry has a long history of ocean measurements. Selected his-
toric altimeters are described in this section.

6.5.1.1.1 GEOS-3 - The GEOS-3 altimeter flew in 1974 (Martin and Kolenkiewicz,
1981). This research mission was designed to determine the feasibility of space-
borne altimeters to map sea surface topography and map the geod.

Table 6.19: Sensor characteristics for the GEOS-3 Altimeter.

Sensor GEOS-3 Altimeter

Sensor Type altimeter

Sensor Scan nadir

Polarization N/A

Center Frequency Ku-band 13.9 GHz

Operating Bandwidth 80 MHz

Pulse Length 12 or 200 ns

PRF 100 Hz

Fundamental Measurement | time-of-flight (s)

Fundamental Resolution pulse-limited, footprint

Coverage global oceans, 60N to 63S

Footprint Shape circular

Incidence Angle 0°

Mission Length 1975 - 1978

Spacecraft GEOS-3

Orbit 818 k by 858 km
115° inclination angle

Key Products sea-level height
significant wave height
wind speed

Product Resolution 50 cm

Product Accuracy topography: 50 cm
significant wave height: 25%

Data Availability podaac.jpl.nasa.gov
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6.5.1.1.2 SeaSat Radar Altimeter (ALT) - Part of the landmark Seasat-1 mission,
the Seasat radar altimeter (ALT) was designed to measure wave height and the
distance between the spacecraft and the ocean surface. When combined with ac-
curate orbit determination, precise maps of sea surface topography were produced.
Greenland ice sheet topography was also estimated (Martin et al., 1983). Over the
ocean, the height accuracy was estimated to be within 10 cm (Townsend, 1980).
ALT operated for 3 months in 1978 and set the stage for follow-on missions.

Table 6.20: Sensor characteristics for the Seasat Radar Altimeter.

Sensor Seasat Radar Altimeter
Sensor Type altimeter

Sensor Scan nadir

Polarization N/A

Center Frequency Ku-band 13.56 GHz
Operating Bandwidth 312.5 kHz

Transmit power 2 kW peak

Fundamental Measurement | time-of-flight (s)
radar backscatter (c°)

Fundamental Resolution pulse-limited, footprint
Coverage global oceans, 60N to 63S
Swath Width 2.4t0 12 km

Footprint Shape circular ring

Footprint Size 2.4 to 12 km

Incidence Angle variable, 0°

Mission Length 7 Jul. 1978 - 10 Oct. 1978
Spacecraft Seasat-1

Orbit 790 km sun-synchronous

108° inclination angle
near-circular

Key Products sea-level height
significant wave height
wind speed
Product Resolution 10 cm
Product Accuracy topography: 10 cm
significant wave height: 0.5 m or 10%
0° 1dB
Product Range 0to20m

Data Availability podaac.jpl.nasa.gov
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6.5.1.1.3 TOPEX/Poseiden - The joint U.S.-French TOPEX/Poseidon mission was
launched on 10 Aug. 1992 (Fu et al., 1994).
frequency (C- and Ku-band) altimeter, a second single frequency (Ku-band) al-
timeter, and a nadir looking microwave radiometer to measure water vapor (Fu et
al., 1994). Designed to measure sea-level accuracy to better than 4.2 cm, it pro-
vides coverages from 66° N to 66° S. The orbit was carefully choosen to minimize

the effects of tidal aliasing so as to minimize measurement error.

Table 6.21: Sensor characteristics for the Topex/Poseidon Altimeter.

Fundamental Measurement

Fundamental Resolution
Swath Width

Footprint Shape
Incidence Angle
Mission Length
Spacecraft

Orbit

Key Products

Product Resolution
Product Accuracy

Data Availability

Sensor Topex/Poseidon Altimeters

Sensor Type altimeter

Sensor Scan nadir

Polarization N/A

Center Frequency C-band: 5.3 GHz, Ku-band: 13.6 GHz
Operating Bandwidth 320 MHz

time-of-flight (s)

radar backscatter (o)
pulse-limited footprint

(nadir viewing)

circular

OO

1996-2006

TOPEX

1336 km non-sun-synchronous
circular

66° inclination angle

10 day repeat cycle

sea-level height

significant wave height

wind speed

3cm

topography: 10 cm

significant wave height: 13 cm
c° 1dB

podaac.jpl.nasa.gov

The spacecraft carried a dual-
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6.5.1.1.4 Geosat - Geosat was a unique gravity-gradient stablized spacecraft de-
signed to carry a radar altimeter (MacArthur et al., 1971) for the U.S. NAVY. The
Geosat altimeter is essentially a copy of the Seasat altimeter. Geosat operated for
three years.

Table 6.22: Sensor characteristics for the Geosat Altimeter.

Sensor Geosat Altimeter
Sensor Type altimeter

Sensor Scan nadir
Polarization N/A

Center Frequency 13.50 GHz
Operating Bandwidth 320 MHz
Transmit power 20W

Antenna beamwidth 2°

Fundamental Measurement | time-of-flight (s)
radar backscatter (o°)

Fundamental Resolution pulse-limited footprint

Footprint Shape circular

Incidence Angle 0°

Mission Length 1986-1990

Spacecraft Geosat

Orbit 760 km by 817 km
108.05° inclination angle
17 day repeat cycle

Key Products sea-level height
significant wave height
wind speed

Product Resolution 10 cm

Product Accuracy topography: 10 cm
significant wave height: 0.5 m or 10%
0° 1dB

Data Availability www.nodc.noaa.gov

www.nsidc.org
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6.5.1.1.5 ERS-1/2 Altimeter - The European Earth Resources Satellite (ERS) -1
and -2 included an altimeter, though the data utility is somewhat limited by the fact
that the sun-synchronous orbit results in aliasing of the ocean tidal signature, which
has the effect of reducing the accuracy of the height measurements (Sandwell,

1990).

Table 6.23: Sensor characteristics for the ERS-1 Altimeter.

Footprint Shape
Incidence Angle
Mission Length

Spacecraft
Orbit

Key Products

Product Resolution
Product Accuracy

Data Availability

Fundamental Measurement

Fundamental Resolution

Sensor ERS-1 Altimeter
Sensor Type altimeter

Sensor Scan nadir

Polarization N/A

Center Frequency Ku-band 13.8 GHz
Operating Bandwidth 400 MHz

time-of-flight (s)

radar backscatter (o°)
pulse limited, footprint
circular

variable, 0°

ERS-1: 1991-1996
ERS-2: 1995-
ERS-1/ERS-2

780 km sun-synchronous
98.5° inclination angle
sea-level height
significant wave height
wind speed

10 cm

topography: 10 cm
significant wave height: 13 cm
podaac.jpl.nasa.gov
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6.5.1.2 Historic Scatterometers

Scatterometry began with an experiment on a manned mission, which demon-
strated its utility for land and oceand observation. Since then, several types of
scatterometers have flown in space. Selected historic scatterometers are described
in this section.

6.5.1.2.1 Skylab S-193 - The Skylab S-193 altimeter/scatterometer was the first
spaceborne radar scatterometer and was flown as a demonstration experiment (Young,
1976). It was used to study the Ku-band radar signature of the land and ocean. S-
193 measurements, coupled with aircraft observations, suggested that near-surface
winds could be measured from space and lead to the development of all subsequent
wind scatterometers.

Table 6.24: Sensor characteristics for the Skylab S-193 Scatterometer.

Sensor Skylab S-193 Scattterometer
Sensor Type scatterometer

Sensor Scan pencil-beam

Polarization HH, VV

Center Frequency 14.6 GHz

Transmit power 100 W

Fundamental Measurement | radar backscatter (o °)
Fundamental Resolution footprint

Coverage spot

Swath Width N/A

Footprint Shape elliptical

Footprint Size incidence angle dependent
Incidence Angle variable

Spacecraft Skylab

Key Products radar backscatter

Data Availability (unknown)
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6.5.1.2.2 Seasat Scatterometer (SASS) - SASS was the first spaceborne wind scat-
terometer (Grantham et al., 1977; Grantham, 1982; Johnson et al., 1980). It oper-
ated for 3 months in 1978, collecting Ku-band ¢ data at nominally 50 km resolu-
tion over a variable and irregular swath. SASS used 4 dual-pol fan-beam antennas
to provide along-track resolution and fixed frequency Doppler filters to provide
along-track resolution. Designed for wind observations, SASS could be operated
in a variety of modes to experiment with the optimal polarization mix. Unfortu-
nately, the fixed frequency Doppler filters employed limited the fore/aft coregistra-
tion of the backscatter measurements. SASS provided an extensive global data set
of Ku-band backscatter measurements (Kennett and Li, 1989; Long and Drinkwa-
ter, 1994; Long et al., 2001) and lead to a number of follow-on missions, including
NSCAT (Naderi et al., 1991) and SeaWinds. In addition to pre-launch calibration,
post-launch calibration was conducted using distributed earth targets such as the
Amazon forest (Birrer et al., 1982; Long and Skouson, 1996). The SASS antenna
measurement geometry is illustrated in Fig. 6.20. Along-beam resolution is pro-
vided by Doppler filtering, see Fig 6.21.
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Figure 6.20: Illustration of the SASS measurement geometry showing the 3dB an-
tenna illumination footprints. Doppler filtering resolves the footprints into smaller
segments known as “cells”. Grey region indicates portions of swath for which the
forward and aft-looking measurements overlap.
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Figure 6.21: Illustration of the SASS and NSCAT resolution element (cell) mea-
surement geometry which is based on Doppler filtering and the antenna illumina-
tion pattern.
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Table 6.25: Sensor characteristics for SASS.
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Sensor Seasat Scatterometer (SASS)
Sensor Type fixed Doppler, scatterometer
Sensor Scan fan-beam, 4 beams, dual-sided
Polarization VvV, HH

Center Frequency 14.6 GHz

Operating Bandwidth CwW

Transmit power 110 W

Pulse Length 5 ms

Fundamental Measurement | radar backscatter (o)
Fundamental Resolution footprint

Radiometric Accuracy (K) | 0.05

Radiometric Stability (=¢°) | 0.15 dB

Coverage global

Swath Width 500 km

Footprint Shape fan-beam

Footprint Size variable

Incidence Angle variable, 0°-70°

Mission Length 1978

Spacecraft Seasat

Orbit 805 km sun-synchronous
Key Products ocean winds

Product Resolution
Product Accuracy
Product Range
Data Availability

radar backscatter

50 km

2 m/s, 20°

0-35 m/s

winds and backscatter : podaac.jpl.nasa.gov
backscatter images : www.scp.byu.edu
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6.5.1.2.3 NASA Scatterometer (NSCAT) - Designed to measure near-surface winds
over the ocean, NSCAT was a follow-on to SASS (Naderi et al., 1991) and used
a digital Doppler processor rather than fixed analog filters (Long et al., 1988).
The digital processor ensured a fixed-width swath with better fore/aft measure-
ment coregistration (Naderi et al., 1991). NSCAT included an additional antenna
over SASS and provided 25 km resolution measurements on a regular 25 km grid.
It operated for nine months before the spacecraft power system failed in June 1996.
Like SASS, NSCAT post-launch calibration was conducted using distributed earth
targets such as the Amazon forest (Tsai et al., 1999; Zec et al., 1999). NSCAT
backscatter data has been widely used in studies of land and ice, e.g., (Long et
al., 2001; Long and Drinkwater, 1999). The NSCAT measurement geometry is
illustrated in Figs. 6.22 and 6.21.
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Figure 6.22: Illustration of the NSCAT measurement geometry showing the 3dB
antenna illumination footprints. Doppler filtering resolves the footprints into
smaller segments known as “cells”.
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Table 6.26: Sensor characteristics for NSCAT.
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Sensor NASA Scatterometer (NSCAT)
Sensor Type variable Doppler scatterometer
Sensor Scan fan-beam, 6 beams, dual-sided
Polarization VvV, HH

Center Frequency 13.995 GHz

Operating Bandwidth ICW

Transmit power 110 W

Pulse Length 5 ms

PRF 62 Hz

Fundamental Measurement | radar backscatter (c°)
Fundamental Resolution footprint

Radiometric Accuracy (K)) | 0.02-0.07

Radiometric Stability (+¢°) | 0.1 dB

Coverage

Swath Width
Footprint Shape
Footprint Size
Incidence Angle
Mission Length
Spacecraft
Orbit

Key Products

Product Resolution
Product Accuracy
Product Range
Data Availability

global, 2 days

two 600 km swaths with 700 km gap
fan-beam

5 x 950 km

variable, 17°-60°

1996-97

ADEOS-I (Midori-I)

955 km sun-synchronous, 10 a.m.
ocean winds

radar backscatter

25 km, 50 km

2 m/s, 20°

0-50 m/s

winds and backscatter : podaac.jpl.nasa.gov
backscatter images : www.scp.byu.edu
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6.5.1.2.4 ERS AMI Scatterometer Mode - The European Remote Sensing (ERS)
ERS-1 and ERS-2 Advanced Microwave Instrument (AMI) in scatterometer mode
uses multiple fan-beam antennas to make o° measurements at different azimuth
angles over a wide swath (Attema, 1991). Each antenna produces an instantaneous
footprint several hundred kilometers long and a few kilometers wide. The antennas
were arranged at three azimuth angles and sweep out a nominally 500 km wide
swath. This swath is resolved into smaller cells using pulse timing and range gate
filtering as described below. Nominally 50 km resolution ¢° measurements are
reported on 25 km centers for each antenna. The along-track timing is complicated
by the synthetic aperture radar (SAR) wave mode which time shares the transmitter.
Unfortunately, scatterometer data cannot be collected during SAR operations.

Ground Track
1 Antenna 1

Antenna 2

Antenna 3
Swath

I
I
I
I
I
I
I
I
| 135°
I
I
I
I
I
I
|
I

| 500 km
250 km |

Figure 6.23: Illustration of the ERS-1/2 AMI scatterometer mode (ESCAT) mea-
surement geometry showing the 3dB antenna illumination footprints. Range gate
filtering resolves the footprints into smaller areas.

The ERS-1/2 AMI digitizes the received echos and telemeters the data to the
ground for further processing. On the ground, the pulses corresponding to each
along-track cell are integrated. Range gating is separately applied to each echo to
achieve cross-track resolution and the power computed. The pulses corresponding
to each along-track cell are then integrated into a single “50 km” resolution mea-
surement. A 25 km spacing grid of nominally 50 km ¢° measurements are obtained
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from each antenna. While not precisely defined in the available literature, a spatial
smoothing filter is applied when integrating the pulses, For each grid element there
are three measurements of ¢, one from each antenna beam. In many land and
ice applications these may be combined; however, care must be used for surfaces
exhibiting azimuthal variation in ¢° (notably the ocean) (Early and Long, 1997).
The ERS scatterometer measurement geometry is illustrated in Figs. 6.23 and 6.24.
Due to apacecraft attitude system failure, the ERS-2 scatterometer ceased global
coverage in 2001, though limited coverage is available through 2008.
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Figure 6.24: (top) ERS-1/2 scatterometer mode measurement geometry. Resolu-
tion is based on range-filtering. (bottom) ERS-1/2 scatterometer mode o geome-
try. Multiple pulse measurements are averaged into (a) 50 km measurements on a
25 km grid weight with (b) a Hamming window.
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Table 6.27: Sensor characteristics for the ERS-1/2 AMI Scatterometer Mode.

Sensor ERS-1/2 AMI Scattterometer Mode
Sensor Type range-gate, scatterometer
Sensor Scan fan-beam, 3-beams, single sided
Polarization \'AY

Center Frequency 5.3 GHz

Pulse Length 70-135 ps

PRF ~ 127 Hz

Operating Bandwidth ~ 15 kHz

Transmit power 5 kW

Fundamental Measurement | radar backscatter (c°)
Fundamental Resolution footprint

Radiometric Accuracy (K) | 0.05

Radiometric Stability (+¢°) | 0.57 dB

Coverage global

Swath Width 500 km

Footprint Shape fan-beam, averaged

Footprint Size 5 x 750 km

Incidence Angle
Mission Length

Spacecraft
Orbit

Key Products

Product Resolution
Product Accuracy
Product Range
Data Availability

variable, 18°-69°

ERS-1: 1992-96

ERS-2: 1996-

ERS

780 km sun-synchronous

98.5° inclination angle

ocean winds

radar backscatter

50 km, 25 km posting

4-24 m/s: 2 m/s or 10%, 20°

0-35 m/s

winds and backscatter : www.ifremer.org
backscatter images : www.scp.byu.edu
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6.5.1.3 Historic SARs

Given their large power requirements and high data rates, a surprising number
of SAR systems have flown in space with several on the U.S. Space Shuttle pro-
gram. Selected historic SAR sensors are described in this section. Because of the
complexity of the sensors and their coverage swaths, only very brief summaries
of the sensors are provided. Readers seeking additonal information are referred to
cited references and data distribution sites.

6.5.1.3.1 Seasat SAR - The Seasat SAR provides the first synoptic, high-resolution
SAR images of the Earth’s surface (Fu and Holt, 1982; Jordan, 1980). It operated
for 99 days in 1978. Data was collected only when the spacecraft was in view of a
ground station which limited coverage to areas around Goldstone, California; Fair-
banks, Alaska; Merritt Island, Florida; Shoe Cove, Newfoundland, Canada; and
Oakhanger, United Kingdom. Originally, SAR processing was done optically, but
eventually the entire archive was digitally processed. Approximately 500 passes of
5 min each were collected.

Table 6.28: Sensor characteristics for the Seasat SAR.

Sensor Seasat SAR

Sensor Type SAR

Sensor Scan fan-beam, SAR

Polarization HH

Center Frequency 1.275 GHz

Pulse Length 33.4 us

PRF 1463-1640

Operating Bandwidth 19 MHz

Transmit power 1 kW

Fundamental Measurement | radar backscatter (o°)

Coverage limited to near ground stations

Swath Width 100 km

Incidence Angle variable, 20°-26°

Mission Length 99 days, 1978

Spacecraft Seasat-A

Orbit 800 km circular sun-synchronous
108° inclination angle

Key Products radar backscatter images

Product Resolution 51m25 m

Data Availability southport.jpl.nasa.gov/scienceapps/seasat.html
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6.5.1.3.2 Shuttle Imaging Radar A (SIR-A) - SIR-A was the first of the NASA/JPL
shuttle radar series and was essentially a duplicate of the Seasat SAR. It was
launched on Nov. 12, 1984 aboard the Space Shuttle Columbia and used a fixed
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look angle. Data was collected over a several day period.

Table 6.29: Sensor characteristics for SIR-A.

Fundamental Measurement
Coverage

Swath Width

Incidence Angle

Mission Length

Spacecraft

Orbit

Key Products
Product Resolution
Data Availability

Sensor SIR-A

Sensor Type SAR

Sensor Scan fan-beam, SAR
Polarization HH

Center Frequency 1.275 GHz
Pulse Length 30.4 us

PRF 1464-1824 Hz
Operating Bandwidth 6 MHz
Transmit power 1 kW

radar backscatter (o°)
near-global

variable, 50 km
variable, 47°-53°

few days in 1984

Space Shuttle (STS-2)
222 km x 231 km near circular
38° inclination angle

37 orbits (3 days)

radar backscatter images
40 m x 40 m
southport.jpl.nasa.gov
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6.5.1.3.3 Shuttle Imaging Radar B (SIR-B) - SIR-B was the second in the NASA/JPL
shuttle radar series (Cimino et al., 1986). It was launched on October 5, 1984
aboard the Space Shuttle Challenger on flight 41-G into a nominally circular orbit.
Like SIR-A it used a fixed look angle and and operated from the U.S. space shut-
tle. However, the shuttle altitude was varied during the mission to enable multiple
incidence angle observations of the same location. Data was recorded on-board
the space shuttle using a film recorder for later processing but has not been made
widely available.

Table 6.30: Sensor characteristics for SIR-B.

Sensor SIR-B

Sensor Type SAR

Sensor Scan fan-beam, SAR
Polarization HH

Center Frequency 1.275 GHz
Pulse Length 30.4 us
Operating Bandwidth 12 MHz
Transmit power 1.12 kW

Fundamental Measurement

radar backscatter (o°)

Coverage limited near-global
Swath Width variable, 20-40 km
Incidence Angle variable, 15°-65°
Mission Length few days in 1984
Spacecraft Space Shuttle (STS-41G)
Orbit 360, 257, 224 km circular
57¢%rc inclination angle
Key Products radar backscatter images

Product Resolution

20-40 m x 16-58 m
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6.5.1.3.4 Spaceborne Imaging Radar-C/X-band Synthetic Aperture Radar (SIR-
C/X-SAR) - SIR-C/X-SAR was a joint project of the National Aeronautics and
Space Administration (NASA), the German Space Agency (DARA) and the Italian
Space Agency (ASI) (Evans et al., 1997; Jordan et al., 1991; Stofan et al., 1995).
The multipolarization SIR-C SAR operated at L-Band and C-Band while X-SAR
operated at X-band. The SIR-C/XSAR system was flow twice aboard the U.S.
Space Shuttle in 1994, STA-59 9 to 20 April and STS-68 30 September to 11 Oc-
tober 1994. The shuttle flew in 225 km in a circular, 57° inclination orbit. SIR-C
used an active phased array antenna which could be electronically steered. X-SAR
was mechanically tilted. Data was recorded on-board the space shuttle for ground
processing.

Table 6.31: Sensor characteristics for SIR-C/X-SAR.

Sensor SIR-C/X-SAR

Sensor Type SAR

Sensor Scan fan-beam, SAR
Polarization SIR-C: HH, VV, VH, HV

Center Frequency
Pulse Length

PRF
Operating Bandwidth
Transmit power

Fundamental Measurement
Radiometric Stability (+0°)
Coverage

Swath Width

Incidence Angle

Mission Length

Spacecraft

Orbit

Key Products

Product Resolution
Data Availability

X-SAR: VV

SIR-C: 1.275 and 5.17 GHz

X-SAR: 9.67 GHz

SIR-C: 33.8, 16.9, 8.5 us

X-SAR: 40 us

1395-1736

10, 20, and 40 MHz

SIR-C: 1.275 GHz: 4400 W
5.17 GHz: 1200 W

X-SAR: 1400 W

radar backscatter (o°)

SIR-C: 1.5 dB & X-SAR: 2.5 dB

limited coverage, near-global

15 km to 90 km, variable

variable, 17°-63°

two 11 day missions in 1994

Space Shuttle STS-59 & STS-68

nominally 225 km circular

radar backscatter images

some interferometric images

~30m

southport.jpl.nasa.gov

www.asf.alaska.edu
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6.5.1.3.5 Shuttle Radar Topography Mission (SRTM) - Using modified SIR-C/X-
SAR hardware to support interferometric operation, SRTM became the first space-
borne single-pass interferometer. It obtained global elevation data to create the
most complete (80% of the Earth’s surface) high-resolution digital topographic
database of Earth ever made (Farr et al., 2007; Moreira et al., 1995; Coltelli et al.,
1996). SRTM flew onboard the Space Shuttle Endeavour during an 11-day mission
in February of 2000. The data set has become an important one in earth studies.

A second antenna system was added to the SIR-C/X-SAR system to enable
single pass cross-track interferometric measurements. The “outboard” antennas
extended 60 m from the main antenna in the shuttle bay in order to form the inter-
ferometric SAR baseline for the C- and X-band channels. The L-band channel of
SIR-C was not used for SRTM. SRTM extracted topographic information from the
SAR data on a 30 m grid. The estimated vertical accuracy is 16 m.
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Table 6.32: Sensor characteristics for SRTM.

Sensor SRTM (modified SIR-C/X-SAR)
Sensor Type interferometric SAR

Sensor Scan dual antenna fan-beam, SAR
Polarization SIR-C: HH, VV, VH, HV

Center Frequency
Pulse Length

PRF
Operating Bandwidth
Transmit power

Fundamental Measurement

Coverage

Swath Width
Incidence Angle
Mission Length
Spacecraft
Orbit

Key Products
Product Resolution
Product Accuracy
Data Availability

X-SAR: VV

SIR-C: 5.17 GHz
X-SAR:9.67 GHz
SIR-C: 33.8, 16.9, 8.5 us
X-SAR: 40 us

1395-1736

10, 20, and 40 MHz
SIR-C 5.17 GHz: 1200 W
X-SAR: 1400 W

radar backscatter (o°)
inteferometric path length
60N to 56S

50 km

variable, 17°—63°

one 11 day mission in Feb. 2000
Space Shuttle (STS-99)
233 km circular

57° inclination angle
topography

30 m

16 m absolute
SItm.usgs.gov
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6.5.1.3.6 Japanese Earth Remote Sensing (JERS-1) SAR - The Japanese National
Space Agency (NASDA) launched JERS-1 (also known as Fuyo-1) into a 570 km
(354 mi) orbit on February 11, 1992 (Nemoto et al., 1991; Shimada, 2006). This
satellite included a seven band optical sensor and an L-Band SAR which operated
at HH polarization. The SAR had a fixed look angle view between 32° and 38%irc
with a swath width of 75 km and a mean resolution of 18 m.

Table 6.33: Sensor characteristics for the JERS-1 SAR.

Sensor JERS-1 SAR

Sensor Type SAR

Sensor Scan fan-beam, SAR

Polarization HH

Center Frequency 1.275 GHz

PRF 1505-1606 Hz

Operating Bandwidth 15 MHz

Transmit power 1100-1500 W

Fundamental Measurement | radar backscatter (o°)

Fundamental Resolution footprint

Coverage global

Swath Width 75 km

Incidence Angle 32°-38°

Mission Length Feb. 1992 — Oct. 1998

Spacecraft JERS-1

Orbit 570 km sun-synchronous
38.5° inclination angle

Key Products radar backscatter images

Product Resolution 118 m, 100 m

Data Availability www.asf.alaska.edu
eoportal.org

6.5.2 Contemporary Spaceborne Radar Sensors

Currently (early 2008), representatives of each of the major class of active mi-
crowave remote sensors are currently flying in earth orbit. The following subsec-
tions briefly describe these.
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6.5.2.1 Contemporary Altimeters

6.5.2.1.1 JASON-1 and JASON-2 - A follow-on to Topex/Poseidon, Jason-1
was launched on 7 Dec. 2001. It carries a dual-frequency (C-band and Ku-band) al-
timeter (Poseidon-2) and a nadir-looking radiometer, the NASA Jason Microwave
Radiometer (JMR), which is designed to measure water vapor along the path of the
altimeter signal in order to correct the signal path measurement (Jason, 2004). The
follow-on Jason-2 is scheduled for launch in June 2008.

Table 6.34: Sensor characteristics for the Jason-1/2 Poseidon-2 Altimeter.

Sensor (Jason-1/2) Poseidon-2 Altimeter
Sensor Type altimeter

Sensor Scan nadir

Polarization N/A

Center Frequency C- (5.3 GHz) and Ku-band (13.6 GHz)
Operating Bandwidth 320 MHz

Transmit power TW

Pulse Length 105 us

PRF 1700 Hz

Fundamental Measurement | time-of-flight (s)
radar backscatter (o°)

Fundamental Resolution pulse limited, footprint
Coverage 95% of ice-free oceans in 10 days
66N to 66S
Footprint Shape circular
Incidence Angle variable, 0°
Mission Length Jan. 2002 - present
Spacecraft Jason-1 & Jason-2
Orbit 1336 km non-sun-synchronous
66° inclination angle
10 day repeat cycle
Key Products sea-level height
significant wave height
wind speed
Data Availability podaac.jpl.nasa.gov

aviso.cnes.fr
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sor characteristics for JMR.

Sensor Jason-1 Microwave Radiometer (JMR)
Sensor Type Radiometer

Sensor Scan nadir

Polarization N/A

Center Frequency 18.7, 23.8, 34 GHz

Footprint Shape circular

Incidence Angle 0°

Mission Length Jan. 2002 - current

Spacecraft Jason-1

Orbit 1336 km non-sun-synchronous

Fundamental Measurement
Key Products

Data Availability

66° inclination angle

10 day repeat cycle
Brightness temperature (1})
atmospheric liquid water
water vapor
podaac.jpl.nasa.gov
earth.esa.int

75



76 Manual of Remote Sensing Vol. 3

6.5.2.2 Contemporary Scatterometers

Currently (early 2008), two scatterometers are operating in Earth orbit, rep-
resenting the two types of scatterometers: fan-beam and pencil-beam. Primarily
designed to measure winds over the ocean, they are also used for land, ice, and
vegetation studies.

6.5.2.2.1 QuikSCAT/SeaWinds - Scanning pencil-beam scatterometers such as Sea-
Winds offer an alternative design to the fan-beam NSCAT and ERS-1/2 scatterom-
eters. This design concept results in smaller, lighter instruments with simpler field-
of-view requirements while maintaining a low data rate. As a result, a pencil-beam
scatterometer can be more easily accommodated on spacecraft than a fan-beam. A
key difference between fan-beam and pencil-beam scatterometers is measurement
dwell time. Fan-beam scatterometers permit longer dwell times, albeit with a re-
duced SNR, compared to a pencil-beam scatterometer system (Spencer et al., 2000,
2003). Though designed as a scatterometer, radiometric measurements useful for
rain-flagging can be derived from the data (Jones et al., 2000). The SeaWinds
scanning geometry is illustrated in Fig. 6.25.

Two identical copies of the SeaWinds instrument have flown: the first, which
was actually the engineering prototype, was launched in 1999 aboard the QuikSCAT
mission and is still in operation as of early 2008. The second, flew aboard the ill-
fated ADEOS-II (Midori-2) mission for 10 months in 2003.

SeaWinds}

\i

- Cross-track

~
Nadir track

Figure 6.25: Illustration of the SeaWinds measurement geometry showing the 3dB
antenna illumination footprints and scanning geometry employed.
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Table 6.36: Sensor characteristics for SeaWinds/QuikSCAT.

77

Sensor SeaWinds Scatterometer
QuikSCAT Scatterometer
Sensor Type pencil-beam scatterometer
Sensor Scan dual-scanning pencil-beam
Polarization outer beam: VV

Center Frequency
Operating Bandwidth
Transmit power

Pulse Length

PRF

Fundamental Measurement
Fundamental Resolution
Radiometric Accuracy (K))
Radiometric Stability (+0°)
Coverage

Swath Width

Footprint Shape

Footprint Size

Incidence Angle

Mission Length

Spacecraft
Orbit
Key Products

Product Resolution
Product Accuracy
Product Range
Data Availability

inner beam: HH

13.6 GHz

250 kHz

110 W

1.5 ms

192 Hz (two beams)

radar backscatter (o°)

footprint

0.02-0.07

0.1dB

global, 2 days

1800 km

elliptical

20%x30 km , 25x35 km

variable, 17°-60°

QuikSCAT: 1999 to present
SeaWinds/ADEOS-II: 2003
QuikSCAT, ADEOS-II (Midori-II)
795 km sun-synchronous

ocean winds

radar backscatter

25 km

2 m/s, 20°

0-50 m/s

winds and backscatter : podaac.jpl.nasa.gov
winds : www.remss.com
backscatter images : www.scp.byu.edu
winds : www.remss.com
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6.6.2.2.2 Advanced Scatterometer (ASCAT) - The advanced scatterometer (AS-
CAT) is a follow-on for the ERS-1/2 scatterometer series (Figa-Saldana et al.,
2002). The first ASCAT was launched in 2006 aboard the meteorological (MetOp-
A) platform. Two additional launches are planned in later years. Generally similar
to the European Remote Sensing (ERS) ERS-1 and ERS-2 Advanced Microwave
Instrument (AMI) in scatterometer mode, ASCAT uses multiple fan-beam antennas
to make 0 measurements at different azimuth angles over a wide swath. However,
ASCAT has a dual-sided swath to provide additional coverage (see Fig. 6.26) and
the resolution is improved to 25 km on a 12.5 km grid. The range of incidence
angles relative to ESCAT is increased to improve wind measurement accuracy,
though this increases the sensitivity to rain.
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Figure 6.26: Illustration of the ASCAT measurement swath geomtetry. Range gate
filtering resolves the footprints into smaller areas.
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Table 6.37: Sensor characteristics for ASCAT.

Sensor ASCAT
Sensor Type range-gate, scatterometer
Sensor Scan fan-beam, 6-beams, dual sided
Polarization \'A"
Center Frequency 5.255 GHz
Pulse Length 8.03 ms & 10.1 ms
PRF 29.12 Hz
Operating Bandwidth 401 kHz & 242 kHz
Transmit power 125 W
Fundamental Measurement | radar backscatter (o©)
Fundamental Resolution footprint
Radiometric Accuracy (K,) | 3.3% t0 9.9%
Radiometric Stability (+¢°) | 0.46 dB
Coverage global
Swath Width dual 550 km swaths
Footprint Shape fan-beam, averaged
Incidence Angle variable, 25°-65°
Mission Length 5 years
Spacecraft MetOp
Orbit 822 km sun-synchronous, 21:30 ascending node
98.7° inclination angle
29 day and 5 day repeat cycles
Key Products ocean winds

Product Resolution

Product Accuracy
Product Range
Data Availability

radar backscatter

ice products

soil moisture

50 km & 25 km

posted on 25 km and 12.5 km grids
2 m/s, 20°

0-35 m/s
www.meteorologie.eu.org/safo
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6.5.2.3 Contemporary SARs

As of early 2008, several earth-observing SARs are operating in Earth orbit,
providing high resolution radar imagery at L-, C-, and X-band. Selected sensors
are considered below.

6.5.2.3.1 ERS-1/2 AMI SAR - The ERS-1 and ERS-2 Advanced Microwave In-
strument (AMI) in SAR mode collects C-band SAR image data in a number of
modes (Attema, 1991). In addition to conventional high resolution SAR images,
the AMI SAR can be operated in “wave mode” in which lower resolution images
are collected over a wide swath in order to estimate ocean wave spectra. Power and
thermal considerations limit the time the instrument can be operated each orbit to
about 12 minutes per orbit.
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Table 6.38: Sensor characteristics for ERS-1/2 AMI SAR Mode.

Sensor ERS-1/2 AMI SAR Mode
Sensor Type SAR, wave mode SAR
Sensor Scan SAR, wide-beam SAR
Polarization \'AY

Center Frequency 5.3 GHz

Operating Bandwidth 15.55 MHz

Transmit power 5 kW

Pulse Length 37 us

PRF 1640-1720 Hz

Fundamental Measurement
Fundamental Resolution
Radiometric Accuracy (K))
Radiometric Stability (+0°)
Coverage

Swath Width

Footprint Shape

Incidence Angle

Mission Length

Spacecraft
Orbit

Key Products

Product Resolution
Data Availability

radar backscatter (o°)

16 m

<2.5dB at £¢° =-18 dB

0.95 dB

limited

20 km, (image mode) 80 km, (wave mode) 500 km
push-broom

variable, 18°-20°, 18°-50°

ERS-1: 1992-96

ERS-2: 1996-

ERS-1, ERS-2

785 km sun-synchronous (100 min period)
98.5° inclination angle

35 day repeat cycle (3 and 168 also used)
radar backscatter

ocean wave spectra

sea ice

16 m, 30m, 100 m

www.esa.int

www.asf.alaska.edu
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6.5.2.3.2 RADARSAT - The RADARSAT-1 satellite was launched on 4 Nov. 1995.
It’s primary sensor is a SAR system capable of multiple operational modes. The
main beam is steerable. RADARSAT is operated as a commercial venture by the
Canadian government. Unlike many other sensors, data must be purchased. Cost
of data is often a limiting factor in studies using this sensor. The RADARSAT SAR
has seven beam modes with different resolutions and coverage?.

Table 6.39: RADARSAT-1 SAR modes.

Mode Resolution Incidence angles Swath width
Standard 25m 20-49° 100 km
Wide 25 m 20-45° 150 km
Extended Low 25 m 10-20° 75 km
Extended High 25m 50-60° 75 km
Fine 9m 35-49° 50 km
ScanSAR Wide 100 m 20-50° 500 km, 440 km
ScanSAR Narrow 50 m 20-46°, 32-46° 300 km

http://www.ccrs.nrcan.gc.ca/ccrs/data/satsens/radarsat/specs/radspec_e.html
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Table 6.40: Sensor characteristics for RADARSAT-1 SAR.

Sensor RADARSAT-1 SAR

Sensor Type SAR, wave mode SAR

Sensor Scan SAR, scanSAR

Polarization \'AY

Center Frequency 5.3 GHz

Fundamental Measurement | radar backscatter (o)

Fundamental Resolution 16 m

Radiometric Stability (+¢°) | 0.3 dB

Coverage global, 4-5 days

Swath Width 50-500 km

Footprint Shape push-broom

Incidence Angle variable, 10°-59°

Mission Length Nov. 1995 to present

Spacecraft RADARSAT-1

Orbit 798 km, sun-synchronous, 18:00 ascending node
98.6° inclination, 100.7 min period

Key Products radar backscatter images

Product Resolution
Data Availability

sea ice

8-100 m
WWwWw.rsi.ca
www.asf.alaska.edu
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6.5.2.3.3 ALOS PALSAR - The Phased Array type L-band Synthetic Aperture
Radar (PALSAR) is an improved version of the JERS-1 SAR and was developed
as a joint project between the Japanese space agency (JAXA) and the Japan Re-
sources Observation System Organization (JAROS) (Rozengvist et al., 2007; Wak-
abwayashi et al., 1998). PALSAR is part of the Advanced Land Observing Satellite
(ALOS), also known as Daichi, launched on 24 Jan. 2006. PALSAR is capable
of wideswath (scanSAR), as well as polarimetric operation. ALOS also carries
the Advanced Visible and Near Infrared Radiometer type 2 (AVNIR-2) and the
Panchromatic Remote-Sensing Instrument for Stereo Mapping (PRISM).

Table 6.41: Sensor characteristics for PALSAR.

Sensor ALOS PALSAR
Sensor Type SAR

Sensor Scan fan-beam, SAR
Polarization HH, HV, VH, VV
Center Frequency 1.270 GHz

PRF 1505-1606 Hz
Operating Bandwidth 14 or 28 MHz
Transmit power 2000 W

Fundamental Measurement | radar backscatter (o)
Fundamental Resolution footprint

Radiometric Accuracy (K,) | 1dB
Radiometric Stability (+¢°) | 1.5 dB

Coverage global

Swath Width Fine: 30-70 km
ScanSAR: 240-350 km

Incidence Angle 9.9°-50.8°

Mission Length Jan. 2006 to present

Spacecraft ALOS

Orbit 692 km sun-synchronous
98.16° inclination angle
46 day repeat cycle

Key Products radar backscatter images

Product Resolution 10-157 m, depending on mode

Data Availability WWW.eorc.jaxa.jp

www.palsar.ersdac.or.jp
envisat.esa.int
www.asf.alaska.edu
www.alos-restec.jp
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6.5.2.3.4 EnviSAT Advanced SAR (ASAR) - The European Space Agency (ESA)
launched the Envisat in March 2002. It includes an Advanced SAR (ASAR) sen-
sor. Operating at C-band, ASAR continues the SAR image dataset started with
ERS-1/2 but includes dual polarization capability. EnviSAT also carries the RA-2
radiometer. Envisat is operated as a commercial venture and data must be pur-
chased (see
http://earth.esrin.esa.it/pub/ESADOC/ENVISAT/ENVI87.pdf).

The Envisat ASAR operates in imaging mode similar to the ERS-1/2 AMI
SAR with wide swath mode (400 km swath, 150 m resolution, single polarization)
and an alternating polarization (56-100 km swath, 25 m resolution, selectable HH
polarization) mode. It employs seven selectable beams with an active phased array
antenna.
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Table 6.42: Sensor characteristics for Envisat ASAR.
Sensor Envisat ASAR
Sensor Type SAR, wave mode SAR
Sensor Scan SAR, wide-beam SAR
Polarization VV, HH, VH, HV
Center Frequency 5.331 GHz
Operating Bandwidth 50 MHz
Transmit power 5 kW
Fundamental Measurement radar backscatter (o°)
Fundamental Resolution 16 m
Radiometric Accuracy (NSE) | ~ -25 dB
worst-case better than -20 dB
Radiometric Resolution 1.5-3.5dB
Radiometric Stability (+0°) 0.3dB
Coverage global
Swath Width 20 km, 100 km, 400 km
Footprint Shape push-broom

Footprint Size
Incidence Angle

Mission Length
Spacecraft
Orbit

Key Products

Product Resolution
Data Availability

30m x 30m, 150 m x 150 m, 1 km x 1 km
variable, 15° — —45°

14.5°-22.1° 104 km swath

18.8°-26.1° 103 km swath

25.8°-31.2° 82 km swath

30.8°-36.1° 89 km swath

35.7°-39.3° 64 km swath

39.0°—42.7° 71 km swath

42.5°-45.2° 57 km swath

Dec. 2007 to present

Envisat

800 km sun-synchronous (101 min period)
98° inclination angle

35 day repeat cycle

radar backscatter

ocean wave spectra

30 m, 150 m, 1 km

envisat.esa.int
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6.5.2.3.5 TerraSAR-X - TerraSAR-X is a German X-band SAR similar to X-SAR,
but with additional capability including spotlight, stripmap, and scansar modes
(Stangl et al., 2006). It also supports interferometric operation via a second space-
craft (Krieger et al., 2007). The highly capable TerraSAR-X was launched on 15
June 2007.

Table 6.43: Sensor characteristics for TerraSAR-X.

Sensor TerraSAR-X

Sensor Type SAR, interferometric SAR
Sensor Scan SAR, wide-beam SAR

Center Frequency 9.65 GHz

Operating Bandwidth 5-300 MHz, 150 MHz nominal
Transmit power 2260 W

PRF 3-6.5 kHz

Fundamental Measurement radar backscatter (o°)
Fundamental Resolution spotlight: 1-2 m

stripmap: 3-6 m

scanSAR: 16 m

Radiometric Accuracy (NSE) | ~ -25 dB

worst-case better than -20 dB

Radiometric Resolution 1.5-3.5dB
Radiometric Stability (+0°) 0.3dB
Coverage global

Swath Width spotlight 10 km

stripmap: 30 km
scanSAR: 100 km

Footprint Shape push-broom

Incidence Angle variable, 15° — —60°
Mission Length June 2007 to present
Spacecraft TerraSAR-X

Orbit 514.8 km sun-synchronous

18:00 ascending node
97.44° inclination angle
11 day repeat cycle
Key Products radar backscatter

DEM

Data Availability www.dlr.de
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6.5.2.3.6 Okean - The Russian Okean satellite series included a number of mi-

crowave radar remote sensors. For example, the Okean-O satellite had a side-

looking real aperture radar (RLSBO-D) with a swath width of 700 km and a resolu-

tion of 1.5 km x 2 km and a Delta-2 scanning radiometer with a swath width of 900

km and aresolution of 16 km X 21 km [http://www.astronautix.com/craft/okeano
It is not clear what data is available from these sensors.

6.5.2.3.7 Almaz - Since the Russian Almaz are a series of real-aperture radar im-
agers, they are not technically SARs, but are included in this section since they are
designed for radar imaging. The first Almaz was flown in 1987. Another Almaz>
was launched in 1991. The SAR used two 0.5 x 15 m slotted waveguide antennas.

Table 6.44: Sensor characteristics for Almaz.

Sensor Almaz

Sensor Type real-aperture imager
Sensor Scan fan-beam, range-compressed
Center Frequency 3 GHz

Transmit power 190 kW (peak)
Fundamental Measurement | radar backscatter (o°)
Fundamental Resolution 15-30 m

Coverage limited

Swath Width 20-45 km

Incidence Angle variable

Mission Length 18 months

Spacecraft Almaz-1

Key Products radar backscatter images
Product Resolution 15-30 m

6.5.2.4 Contemporary Weather Radars

Ground-based weather radars have been extensively deployed to study rain-
fall. However, only spaceborne weather radars are considered here. One of the
most important rain radars that has flown to date is the TRMM precipitation radar.
Cloudsat carried a related radar designed to measure clouds.

*http://www.globalsecurity.org/space/world/russia/almaz.htm

.htm]
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6.5.2.4.1 Tropical Rain Measuring Mission (TRMM) Precipitation Radar (PR) -
The TRMM PR was orbited in 1995 (Awaka et al., 1997; Meneghini et al., 2000).
It uses electronic switching of 128 antenna elements in a 2 m by 2 m antenna
to provide 49 fixed beams in a cross-track push-broom configuration over a 220
km wide swath (see Fig. 6.27. The PR employs pulse compression to provide 250
m vertical resolution measurements of atmospheric scattering and attenuation from
which rain rate estimates are derived. Surface backscatter data is also used in ocean
wind speed, land cover, and vegetation studies. TRMM has far exceeded its design
life and has provided an extensive data set over the tropics (latitude less than £
30°). TRMM PR data is augmented by TMI radiometer data.

Figure 6.27: An illustration of the TRMMPR measurement geometry. Switched
antenna elements form 48 different spot beams across the swath that are used in
sequence to scan across the swath. Each beam operates at a different incidence
angle.
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Table 6.45: Sensor characteristics for TRMM PR.

Sensor

TRMM PR

Sensor Type
Sensor Scan

Polarization
Center Frequency
Operating Bandwidth
Transmit power
Pulse Length

PRF

Vertical Resolution
Coverage

Swath Width
Footprint Shape
Footprint Size
Beamwidth
Incidence Angle
Mission Length
Spacecraft

Orbit

Fundamental Measurement
Key Products

Product Resolution
Product Accuracy

Product Range
Data Availability

Precipitation radar

electronically switched pencil-beam
in push broom configuration

H

13.8 GHz

6 MHz

500 W

1.67 us

2776 Hz

250 m

40S to 40N

220 km

elliptical

4.3x4.3 km to 5.0x5.8 km

~ T1°

+17°

Dec. 1995 to present

TRMM

350 km high circular, semi-equatorial
402.5 km high after Aug. 2001
Brightness temperature (73)
vertical and horizontal distribution
of preciptation

4.3 km (nadir)

5 km (swath edge)

min Z: 20.8 dBZ

0-15 km
www-dsdis.gsfc.nasa.gov
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6.5.2.4.2 CloudSat Cloud Profiling Radar (CPR) - The CPR was orbited as
part of the CloudSat mission in 2007. The CPR is a nadir-looking 94 GHz radar
that is designed to measure the backscatter as a function of range (height) in clouds
(Stephens et al., 2002). Its spatial coverage is limited to very close to the nadir

track,

Table 6.46: Sensor characteristics for CPR.

Data Availability

Sensor CloudSat CPR
Sensor Type cloud profiling radar
Sensor Scan nadir-looking pencil-beam
Polarization circular
Center Frequency 94 GHz
Operating Bandwidth 6 MHz
Pulse Length 33 us
PRF 4300 Hz
Radiometric Accuracy -25dBZ

(min detectable 2)
Radiometric Stability (+¢°) | 1.5 dB
Vertical Resolution 500 m
Vertical Range 0-25 km
Swath Width 1.4 km
Footprint Shape circular
Footprint Resolution 1.4 km x 2.5 km
Mission Length April 2006 to present
Spacecraft Cloudsat
Orbit 705 km altitude, circular
Fundamental Measurement | reflectivity versus range
Key Products vertical distribution of water droplets
Product Accuracy min Z -30.8 dBZ
Product Range 0-15 km

www.cira.colostate.edu
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6.5.3 Future Radar Sensors

Many new spaceborne active microwave sensors are in various planning stages in
the U.S., Japan, Europe, China, and India. Many of these are extensions of existing
missions. Many new missions are also planned. It is not possible to do anything
more than describe a few of them.

6.5.3.1 RADARSAT2

RADARSAT-2 is a follow-on to RADARSAT-1 but with additional capabilities,
including high resolution, multipolarization and both left- and right-looking imag-
ing. Like RADARSAT-1, RADARSAT-2 will be operated as a commercial venture
by the Canadian government. Unlike many other sensors, data must be purchased.
RADARSAT-2 was successfully launched on 14 Dec. 2007. Like RADARSAT-1,
RADARSAT-2 SAR has eleven operational beam modes®.

Table 6.47: RADARSAR-T SAR modes and resolutions.

RADARSAT-2 Mode Resolution Incidence angles Swath width
Standard 25m 20-49° 100 km
Wide 25 m 20-45° 150 km
Low Incidence 35m 20-23° 170 km
High Incidence 24 m 50-60° 70 km
Fine 10 m 37-49° 50 km
ScanSAR Wide 100 m 20-49° 500 km
ScanSAR Narrow 50 m 20-46° 300 km
Standard Quad Polarization 27 m 20-41° 25 km
Fine Quad Polarization 10 m 20-41° 25 km
Multi-Look Fine 10 m 30-50° 50 km
Ultra-fine 3m 30-40° 20 km

*nttp://www.ccrs.nrcan.gc.ca/ccrs/data/satsens/radarsat/rsat2/missione.html
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Table 6.48: Sensor characteristics for the RADARSAT-2 SAR.

Fundamental Measurement
Fundamental Resolution
Radiometric Stability (+0°)
Coverage

Swath Width
Footprint Shape
Incidence Angle
Mission Length
Spacecraft
Orbit

Key Products

Product Resolution

Sensor RADARSAT-2 SAR
Sensor Type SAR, wave mode SAR
Sensor Scan SAR, scanSAR
Polarization HH, HV, VH, VV
Center Frequency 5.405 GHz

Operating Bandwidth 100 MHz

PRF variable

radar backscatter (o°)
mode dependent

0.3dB

global, equator: 2-3 days
north of 70N: daily
50-500 km

push-broom

variable, 10°-59°

7 years

RADARSAT-2

798 km, sun-synchronous,214 day repeat

98.6° inclination angle
100.7 min period

radar backscatter images
sea ice

3-100 m
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6.5.3.2 Aquarius - The planned Aquarius mission includes both a radiometer and
a scatterometer and is designed to make precise global observations of sea surface
salinity from space. The Aquarius sensor suite is described in Section 6.3.3.

6.5.4 Extra-Terrestrial Radar Sensors

A variety of earth-based microwave sensors have been used in astronomical ob-
servations. Both active and passive sensing have been used. Passive radio tele-
scopes are extensively employed for the study of extra-solar objects (Burke and
Graham-Smith, 2002; Rohlfs and Wilson, 1996; Verschuur et al., 1987); however,
ground-based radars have been used to study the moon and other planets (Evans
and Hagfors, 1968; Pettengill, 1970; Plaut and Arvidson, 1992). Spacraft-based
imaging radar systems have been deployed to study cloud-covered Venus, and more
recently, Titan. Here, brief descriptions of several of these sensors are provided.
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The dense cloud clover of Venus precludes conventional optical sensing of the
surface, necessitating the use of radar to probe beneath the thick atmosphere. A
number of U.S. and Russian spacecraft have carried radar systems designed to
image through the atmosphere. Both the U.S. Magellan mission (Pettengill et al.,
1991) and the Russian Venera 15 and 16 probes (Bogomolov et al., 1985) carried
radar sensors which combined SAR and altimeter functions.

6.5.4.1 Pioneer Venus Orbiter Radar
The Pioneer Venus Orbiter Radar is described in (Cuttin et al., 1984; Dallas,
1987).

6.5.4.2 Venera SAR

In 1983 the two Soviet Venera 15 and 16 spacecraft began their missions to
orbit Venus. Operating in tandem, the two identical spacecraft carried SAR systems
designed to image the surface (Bogomolov et al., 1985; Ivanov, 1990). The SAR
antenna was 6 m by 1.4 m while the altimeter antenna was 1 m in diameter. A
separate 2.6 m antenna was used for communication to the earth.

Table 6.49: Sensor characteristics for Venera SAR.

Sensor Venera 15/16 Radars
Sensor Type SAR

Sensor Scan fan-beam SAR

Center Frequency 3.75 GHz

Pulse Length 1.54 us

PRF burst, 127 pulses/burst
Transmit power 8W

Fundamental Measurement | radar backscatter
Fundamental Resolution SAR

Coverage 25% of Venus surface south of 30N
Swath Width 130 km

Mission Length 8 months beginning in 1984
Spacecraft Venera 15 & 16

Orbit elliptical, apsis of 1000 km

Key Products radar backscatter image

Product Resolution 1-2 km

Data Availability nssdc.gsfc.nasa.gov
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6.5.4.3 Magellan

The Magellan mission was launched on 4 May 1989. It went into an orbit
around Venus on 10 Aug. 1990 and carried a radiometer, an altimeter (ALTA),
and a synthetic aperture radar (Dallas and Nickle, 1987; Pettengill et al., 1991;
Rokey, 1993; Saunders et al., 1992, 1990). To save cost and weight, the main
3 m antenna was shared between the SAR sensor and communications. A 189
minute elliptical orbit was designed to bring the spacecraft close to the surface
to improve the imaging signal-to-noise ratio at the orbit perigee. Data collected
during the perigee was recorded during collection and broadcast to earth during
the apogee. To account for the variable altitude, a complicated burst-mode transmit
timing was used for SAR imaging with radiometer and alimemter measurements
were interleaved with the SAR measurements. The received data was compressed
for transmission to Earth. At the end of the mission the spacecraft was slowed and
allowed to enter the atmosphere.
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Table 6.50: Sensor characteristics for the Magellan SAR.

Sensor Magellan SAR
Sensor Type SAR

Sensor Scan fan-beam SAR
Polarization HH

Center Frequency 2.385 GHz
Pulse Length 26.5 us

PRF burst, 4.4-5.8 kHz
Operating Bandwidth 2.26 MHz
Transmit power 325W
Fundamental Measurement | radar backscatter
Fundamental Resolution SAR

Radiometric Accuracy (K))
Radiometric Stability (+0°)
Coverage

Swath Width

Footprint Shape

Footprint Size

Incidence Angle

Mission Length

Spacecraft

Orbit

Key Products

Product Resolution

Data Availability

90% of Venus surface south of 30N
25 km

circular

25 km

variable

10 Aug. 1990 — 11 Oct. 1994
Magellan

elliptical, 189 min period
radar backscatter image

150 m SAR, 30 m altimeter
www.Ipi.usra.edu/library/RPIF
pds.jpl.nasa.gov
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6.5.4.4 Cassini - The Cassini radar instrument shares the main radio dish used
for communication between the Cassini spacecraft and Earth and is capable of
radiometer, altimeter, scatterometer and SAR measurements, all operating at the
same frequency of 13.78 GHz. The instrument was designed to image through
Titan’s cloud cover using 5 antenna beams from its main 4 m high-gain antenna.
Spatial resolution of the radiometer and altimeter is dependent on the range from
the Cassini spacecraft and the surface, which is highly variable.

Table 6.51: Sensor characteristics for the Cassini Radar.

Sensor Cassini Radar

Sensor Type altimeter/scatterometer/SAR

Sensor Scan pencil-beam scanned by spacecraft motion
Center Frequency 13.78 GHz

PRF variable burst

Operating Bandwidth scatterometer: 117 kHz

altimeter: 4.68 MHz
Fundamental Measurement | radar backscatter, range

Fundamental Resolution variable

Coverage 20% of Titan

Footprint Shape elliptical

Mission Length 2004 to present
Spacecraft Cassini

Key Products radar backscatter, height
Product Resolution variable

SAR: 300 m to 2 km
altimeter: 24-27 km horizontal

90-140 m vertical
Data Availability pds.jpl.nasa.gov
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