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Abstract

Thousands of scientific publications and dozens of textbooks include data from instruments derived from NASA’s Seasat. The Seasat

mission was launched on June 26, 1978, on an Atlas-Agena rocket from Vandenberg Air Force Base. It was the first Earth-orbiting satellite to

carry four complementary microwave experiments—the Radar Altimeter (ALT) to measure ocean surface topography by measuring

spacecraft altitude above the ocean surface; the Seasat-A Satellite Scatterometer (SASS), to measure wind speed and direction over the ocean;

the Scanning Multichannel Microwave Radiometer (SMMR) to measure surface wind speed, ocean surface temperature, atmospheric water

vapor content, rain rate, and ice coverage; and the Synthetic Aperture Radar (SAR), to image the ocean surface, polar ice caps, and coastal

regions. While originally designed for remote sensing of the Earth’s oceans, the legacy of Seasat has had a profound impact in many other

areas including solid earth science, hydrology, ecology and planetary science.
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1. Introduction

The Seasat mission was designed to demonstrate the

feasibility of global satellite monitoring of oceanographic

phenomena and to help determine the requirements for an

operational ocean remote sensing satellite system. Specific
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objectives were to collect data on sea-surface winds, sea-

surface temperatures, wave heights, ocean topography,

internal waves, atmospheric water, and sea ice properties.

Requirements for Seasat were generated by a User

Working Group (UWG), which included the Office of the

Oceanographer of the U.S. Navy, Fleet Numerical Weather

Center in Monterey, CA, Navy Surface Weapons Center in

Dahlgren, VA, Naval Research Laboratory, the Johns

Hopkins University Applied Physics Laboratory (APL), the

Office of Naval Research, and the Navy/NOAA Joint Ice

Center. NOAA was represented on the UWG by the many

NOAA laboratories around the nation, including the NOAA

Atlantic Oceanic Marine Laboratory (AOML) in Miami, FL,

the NOAA weather center in Suitland, MD, the NOAA

Pacific Marine Environmental Laboratory in Seattle, WA,
ronment 94 (2005) 384–404



D.L. Evans et al. / Remote Sensing of Environment 94 (2005) 384–404 385
and NOAA’s Marine Fisheries office in Bay St Louis, MS.

The Defense Mapping Agency, United States Geological

Survey (USGS), the U.S. Coast Guard, and the Department of

the Interior were also represented on the UWG. As the

applications planning program matured, a wide range of

commercial users, including ship routing services, offshore

oil and gas industries, fisheries, mining and other participants

joined the UWG to plan experiments for the Seasat Program.

Four complementary microwave experiments were

onboard to return the maximum information from ocean

surfaces. The Radar Altimeter (ALT) measured ocean

topography and wave heights by measuring spacecraft

altitude above the ocean surface. The experiment operated

at Ku-band (13.5 GHz) and had 10 cm vertical accuracy. The

Seasat-A Satellite Scatterometer (SASS) was used to

measure wind speed and direction over the ocean. SASS

operated at Ku-band (14.6 GHz) and provided accuracies of

better thanF2 m/s (speed) and 208 (direction). The Scanning
Multichannel Microwave Radiometer (SMMR) was used to

measure surface wind speed (F2 m/s), ocean surface

temperature (F2 8C), atmospheric water vapor content, rain

rate, and ice coverage. The instrument was passive, and

operated at 6.6, 10.7, 18, 21, and 37 GHz with a 600-km

swath width. The Synthetic Aperture Radar (SAR) was

designed to image the ocean surface (wave patterns), polar

ice, coastal regions, and land areas. The SAR operated at L-

band (1.275 GHz), at a single polarization of horizontal

transmit-horizontal receive (HH), and a fixed 100 km swath

with incidence angles of 20–268 and resolution of 25 m. The

National Oceanic and Atmospheric Administration (NOAA)

provided a fifth instrument to the Seasat Mission, a visible

and infrared radiometer (VIRR) from their weather satellite

program to provide surface mapping that could be compared

to the data from the other sensors.

Seasat was launched on June 26, 1978, on an Atlas-

Agena rocket from Vandenberg Air Force Base and was

injected into a near-circular polar orbit (1088 inclination)

with an apogee of 798 km and a perigee of 775 km. The
Table 1

Altimeter summary (Glackin, 2004; Glackin & Peltzer, 1999; Kramer, 2001)

Platform Instrument Country

or agency

Frequencies

(GHz)

1HZ s

measu

Skylab S-193 USA 13.9 90

GEOS-3 ALT USA 13.9 20/50

Seasat ALT USA 13.5 10

Geosat Radar Alt USA 13.5 5

ERS-1 RA-1 ESA 13.8 5 to 7

TOPEX/Poseidon ALT, SSALT USA/France 5.3/13.6 4.2

ERS-2 RA-1 ESA 13.8 5 to 7

Mir-Priroda Greben Russia 13.8 10

Geosat follow-On RA USA 13.5 3.5

Jason-1 Poseidon-2 France/USA 5.3/13.6 3.3

ENVISAT RA-2 ESA 3.2/13.6 4.5

CryoSat SIRAL ESA 5.3/13.6 5 to 7

Jason-2/OSTM France/USA 5.3/13.6 3.3

a Estimated.
mission ended suddenly on October 10, 1978 due to a

failure of the satellite’s electric power system. The instanta-

neous data rate of 120 Mbps of the SAR data exceeded the

capabilities of the available onboard tape recorders of that

era and could only be collected when the satellite was in

view of the specially equipped ground stations. NASA

supplied stations near Fairbanks, AK, Cape Canaveral, FL

and Goldstone, CA. The Canadian Centre for Remote

Sensing (CCRS) provided a station in St. Johns, Newfound-

land and the European Space Agency (ESA) provided a

station near London in the United Kingdom. Although

limited Seasat data were acquired, the mission not only

demonstrated the feasibility of using microwave sensors to

monitor ocean and land conditions, but also laid the

groundwork for many future missions. This paper presents

an overview of the still-highly innovative Seasat mission

and its compelling legacy.
2. Radar altimeter (ALT)

2.1. Instrument characteristics, heritage, and legacy

instruments

Prior to Seasat, proof-of-concept missions were flown

during the 1970s, beginning with an altimeter that operated

on Skylab for over 5 months in 1973 and 1974, and the

GEOS-3 altimeter that operated with intermittent temporal

and geographical coverage from 1975 to 1978 (Table 1).

This proof-of-concept phase culminated with the Seasat

Radar Altimeter (ALT), which was derived from the GEOS-

3 altimeter but had improved accuracy. The Seasat ALT was

provided by NASA’s Wallops Flight Center and the Johns

Hopkins University Applied Physics Laboratory. The

instrument characteristics are shown in Table 2.

After Seasat, the U.S. Navy launched the Geosat

altimeter in March 1985, based largely on the Seasat

altimeter design for the primary purpose of high-resolution
ea-level

rement accuracy (cm)

Pulse limited

footprint (km)

Orbit alt

(km)

Launch

date

8 435 May 1973

3.5 838 April 1975

1.7 799 June 1978

1.7 800 March 1985

1.7 784 July 1991

2.2 1336 August 1992

1.7 784 April 1995

2.3 400 April 1996

2 800 February 1998

2.2 1336 December 2001

1.7 800 March 2002

1.6 720 2005a

2.2 1336 2008a



Table 2

Seasat ALT summary (Townsend, 1980)

Satellite altitude 800 km

Frequency 13.5 GHz

Range resolution 10 cm

Beam-limited footprint 22.2 km

Pulse-limited footprint 1.7 km

Antenna type 1 m diameter parabola, nadir-pointed

Antenna gain 41 dB

RF bandwidth 320 MHz chirp pulse bandwidth

Transmit pulse length 3.2 As
Pulse repetition freq 1020 pps

TWTA power 2 kW

Transmitted power 6.5 W
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mapping of the global marine geoid for military applica-

tions. Upon completion of the geoid-mapping objective,

Geosat was maneuvered into the Seasat orbit in September

1986 and continued to operate until October 1989. The

European Space Agency has subsequently operated single-

frequency altimeters since July 1991 onboard the Earth

Remote Sensing satellites ERS-1 and ERS-2, and ENVISAT.

TOPEX/Poseidon (T/P), launched in August 1992 by the

U.S. National Aeronautics and Space Administration

(NASA) and the French space agency Centre National

d’Etudes Spatiales (CNES), is the first dedicated satellite
Fig. 1. Jason data taken during a 10-day collection cycle ending July 3, 2003. Red a

is between 14 and 32 cm above normal. The blue areas are between 5 and 13 cm

Data such as these are now used routinely for predictions of such phenomena as
altimeter mission optimally designed for scientific study of

the ocean. Compared with its predecessors, the instrumental

measurement accuracy of the dual-frequency altimeter

onboard T/P improved by more than a factor of two and

the orbit accuracy improved by more than an order of

magnitude, resulting in an overall measurement accuracy of

about 4 cm rms for a single ground trace (Chelton, 2001).

Such a performance makes it possible to detect 1 cm change

in sea level at a regional scale and to monitor changes in

global mean sea level to about 2 mm/year.

On December 7, 2001, the NASA/CNES Jason-1 mission

was launched as a follow-on to TOPEX/Poseidon (Fig. 1).

Since July 2002, Jason and TOPEX/Poseidon have flown in

tandem offering a much-improved sampling capability for

the study of ocean circulation and tides (Fig. 2). Further

improvements in spatial resolution may be expected by

combining the ENVISAT and Geosat Follow-on (GFO) data

sets (Fu et al., 2003).

2.2. Altimeter geophysical measurements

Seasat and its legacy of altimeter missions have clearly

demonstrated the wide range of potential oceanographic and

geophysical applications of altimetric measurements of

ocean topography (Fu & Cazenave, 2001).
reas are about 10 cm above normal, white areas show the sea-surface height

below normal, and the purple areas range from 14 to 18 cm below normal.

El Niño and Pacific Decadal Oscillation.



Fig. 2. Artist’s concept of Jason and TOPEX/Poseidon working in tandem.
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Seasat altimeter, thanks to the unprecedented perform-

ance of measuring sea level to an accuracy of few

centimeters, was the first altimeter that provided a

synoptic view of the ocean surface with details, which

were never seen before (Fig. 3). This instrument has to be

considered as a pioneer in many fields, but in particular it

produced a clear demonstration of the unique contribution

of altimetry for measuring and monitoring of ocean

dynamics. For the first time, in just a few weeks of

observation, not only was complete ocean meso-scale

variability observed in the highly turbulent western

boundary current regions (Cheney & Marsh, 1981;

Menard, 1983), but also globally (Cheney et al., 1983;

Fu, 1983; Fig. 3). Because of the limited sampling of the

conventional in situ observations, the importance of the

short-term, short-scale variability in the ocean was not

known. The Seasat altimeter highlighted the essential role

of the fast-moving eddy field in the ocean energy transport

and the heat exchange with the atmosphere.

The Geosat, ERS1-2, TOPEX/Poseidon, GFO, and

Jason-1 missions have continued to revolutionize our view

of the oceans. Each of these altimeter missions was a direct

outgrowth of the Seasat altimeter. After about 10 years of

intense research, many scientists around the world devel-

oped dedicated processing techniques and made essential

discoveries in oceanography using the short 3-month long

time series of Seasat altimetric data. In addition to meso-

scale variability, Seasat altimetry was the initiator of major

progress in a description of the mean ocean circulation

(Wunsch & Gaposchkin, 1980), in tide modeling (Mazzega,

1985), in significant wave height and wind speed monitor-

ing (Chelton et al., 1981), in swell propagation (Mognard et
al., 1983), and in many other areas (see, for instance, the

Journal of Geophysical Research special issue, February

1983). The powerfulness of dynamic sea-surface topogra-

phy as measured by radar altimetry was also demonstrated

through the first assimilation experiments in 3D ocean

models (De Mey & Menard, 1989). Indeed, because it is

representative of changes in dynamics from the surface to

the deeper layers, sea-surface topography has had an

essential impact on improved models and forecast.

Since Seasat, altimetry has become indispensable for

looking at the different space–time scales of the ocean

variability, from a few days to a few years, from a few tens

to thousands of kilometers. It is considered a key component

of the operational ocean analysis and forecast centers. These

centers provide valuable products for offshore industry, ship

routing, ocean pollution monitoring, ecosystem surveys,

marine meteorology and climate forecasting. However,

these centers depend upon continued altimetric data flow

to carry on their missions. The Jason-2/Ocean Surface

Topography Mission (OSTM) satellite should provide a

follow-on for the Jason-1 mission in 2008, but high-

resolution sampling is required in future missions to go

further. Altimeter data continuity is essential to maintain the

progress that began over 25 years ago with Seasat.

Maps of sea level made by Seasat revolutionized

knowledge of the marine geoid, allowing detailed studies

of the processes influencing the geoid at all wavelengths.

The Seasat maps reduced the errors in the geoid from 3 to

10 m or larger in even the best mapped regions, to less than

1 m. More importantly, the maps have a much-improved

resolution of tens of centimeters in the vertical and 18–100

km horizontally, showing the fine structure of the geoid in



Fig. 3. Seasat (top) provided the first global view of the ocean dynamics. TOPEX/Poseidon sea-surface topography is shown in the bottom panel.
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unprecedented detail, especially in areas of the Southern

Hemisphere that had been poorly surveyed by ships

(Stewart, 1988). Although altimeter data still dominates

the shortest wavelength (tens of kilometers) gravity knowl-

edge, the long and medium wavelength information has

been revolutionized by the launch of the joint NASA–

German Aerospace Center Gravity Recovery and Climate

Experiment (GRACE) mission in March 2002. Using just a

few months of globally uniform quality GRACE data, it has

been possible to improve the accuracy of Earth’s gravity

model by a factor of between 10 and nearly 100, depending

on the size of the gravity feature. In some locations, errors in

geoid height based upon previous data of as much as 1 m

have been reduced to the centimeter level.
In the polar regions, the elevation-measuring capabilities

of the Seasat altimeter were also applied to the polar ice

sheets of Greenland and Antarctica, to estimate mass

balance and slope changes in ice shelves (Zwally &

Brenner, 2001). Improvements in the waveform tracking

over land were made on the ERS-1/2 altimeters, leading to

time series studies of elevation change (Wingham et al.,

1998; Zwally et al., 2002a). Such studies are expected to

continue with NASA’s laser altimeter on the Icesat mission

launched in early 2003, the ENVISAT altimeter, and ESA’s

upcoming CryoSat radar altimeter mission to be launched in

2005 (Wingham, 1999). Mass balance studies have been

combined with gravity measurements (such as GRACE) to

provide insight on past impacts of glacial periods (Wu et al.,



Table 4

Seasat SASS summary (Johnson et al., 1980)

Satellite altitude 800 km

Frequency 14.6 GHz (Ku band)

Polarization VV, HH

Spatial resolution 50 km
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2002). Using the same instruments, the measurement of sea

ice freeboard (the portion of sea ice that extends above sea

level) has also been examined with radar altimeters (e.g.,

Laxon et al., 2003) and, along with ice sheets, is a primary

objective of the CryoSat mission.
Swath width 2�500 km

(one swath on each side of S/C subtrack)

Antenna type Four fan-beam stick antennas

Transmit pulse length 4.8 As
Transmitter duty factor 17%

Transmitter peak power 100 W
3. Seasat-A Satellite Scatterometer (SASS)

3.1. Instrument characteristics, heritage, and legacy

instruments

The first spaceborne instrument useful for demonstrating

scatterometry was flown on the NASA Skylab missions in

1973 to 1974 (Moore et al., 1974; Table 3), but it was not until

the NASA Seasat mission in 1978 that a microwave

scatterometer instrument was designed specifically for wind

observations. SASS demonstrated that accurate measure-

ments of wind velocity could be obtained from spaceborne

scatterometers and allowed construction of the first accurate,

basin-scale, 100-km-resolution maps of synoptic surface

winds over the ocean.

SASS consisted of four fan-beam, dual-polarized anten-

nas, oriented at 458 and 1358 to the spacecraft subtrack,

illuminated two 500-km swaths, one on each side of the

spacecraft, that provided wind vectors at 50-km resolution

(Table 4). However, only one side was in operation most of

the time, covering less than 40% of the global ocean daily.

The incidence angle varied from 258 to 558. The precision

of the backscatter returns was about 0.7 db. The two

orthogonal azimuth angles were not able to unambiguously

resolve the wind direction in all conditions (Liu, 2002).

Scatterometers have flown on NASA and ESA research

missions continuously since 1991. These missions have

provided near-real-time data that have been used in opera-

tional numerical weather prediction and marine forecasting.

The ERS-1 mission was launched on July 17, 1991, with the

scatterometer turned off in June of 1996. The essentially

identical follow-on ERS-2 mission was launched April 21,

1995 and is still operating nominally except that scatter-

ometer wind production was suspended due to failure on the

gyroscope and onboard tape recorder. Although initially, the

ERS-1 wind products did not meet the prelaunch specifica-
Table 3

Wind scatterometer summary (Glackin, 2004; Glackin & Peltzer, 1999; Kramer,

Platform Instrument Country

or agency

Band Frequency

(GHz)

Skylab S-193 USA Ku 13.9

Seasat SASS USA Ku 14.6

ERS-1 AMI (Wind) ESA C 5.3

ERS-2 AMI (Wind) ESA C 5.3

ADEOS NSCAT USA Ku 14.0

QuikSCAT SeaWinds USA Ku 13.4

ADEOS-2 SeaWinds USA Ku 13.4

MetOp-1 ASCAT ESA/EUMETSAT C 5.2

a Estimated.
tions (Stoffelen & Anderson, 1997), algorithm and process-

ing refinements led by investigators at ECMWF yielded

accurate vector wind products within about 18 months after

launch. ECMWF began routine assimilation of ERS wind

products in May 1996.

On the basis of the SASS results, NASA initiated the

NASA Scatterometer (NSCAT) project for designing and

building a dual-swath, Ku-band scatterometer instrument

and an associated NASA ground data processing and

distribution system to service the research community. After

many delays, an international collaboration was arranged to

fly NSCAT as a U.S. contribution to the Japanese National

Space Development Agency’s (NASDA’s) Advanced Earth

Observation Satellite (ADEOS-I) research mission.

ADEOS-I was launched on August 17, 1996, and NSCAT

measurements were available nearly continuously from mid-

September 1996 until the abrupt failure of the spacecraft’s

solar panel on June 30, 1997. Validated near-real-time data

were made available by NOAA/NESDIS starting in February

1997. Assimilation of NSCAT vector wind data into the

Goddard Earth Observing System (GEOS-2) resulted in a 24-

h extension of useful forecast skill in the Southern Hemi-

sphere extratropics, with more modest impacts in the North-

ern Hemisphere extratropics (Atlas et al., 2001).

Following the premature failure of ADEOS-I and the

loss of NSCAT data, NASA initiated the rapid-development

QuikSCAT mission to minimize the gap in broadswath

scatterometer data between NSCAT and SeaWinds/ADEOS-

II. QuikSCAT utilized an off-the-shelf satellite bus and

existing SeaWinds flight hardware and spares prepared for

ADEOS-II; the mission was ready to launch approximately
2001)

Polarization Spatial

res (km)

Swath

width (km)

Orbit

(km)

Alt launch

date

VV, HH 16 180 435 May 1973

VV, HH 50 2�500 799 June 1978

VV 50 500 784 July 1991

VV 50 500 784 April 1995

VV, HH 25/50 2�600 798 April 1996

VV, HH 50 1800 800 June 1999

VV, HH 50 1800 806 December 2002

VV 50 2�550 720 2005a
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18 months after the demise of ADEOS-I, although the

actual launch was delayed, owing to launch vehicle

problems, until June 1999. Scatterometer data were

obtained starting in July 1999, and validated near-real-time

data were produced routinely by European Centre for

Medium-Range Weather Forecasts and NOAA/NESDIS

(using NASA-provided software) starting in early 2000.

As with NSCAT, these data are provided to marine forecast

offices in graphical form and to major national and

international forecast centers for assimilation into numerical

weather prediction systems.

The second SeaWinds scatterometer instrument was

launched from Japan’s Tanegashima Space Center on

December 13, 2002 on the ADEOS-II (renamed MIDORI-2

at launch) spacecraft and flew in tandem with QuikSCAT

until October 24, 2003, when the spacecraft irrecoverably

lost power. The tandem mission provided over 60% global

coverage in 6 h and 90% in 12 h (Liu, 2003). Global ocean-

surface vector winds information at this frequency is essential

for resolving diurnal and locally varying winds that drive

ocean mixing and transport processes. Tandem operations

also increase detection of tropical storms (e.g., Fig. 4).

3.2. Scatterometer geophysical measurements

The SASS was a proof-of-concept experiment for

measuring ocean surface wind vectors under day/night

near-all-weather conditions. The physical basis for this

remote sensing technique is the generation of capillary waves

on the ocean surface by the friction velocity of the wind. The
Fig. 4. QuikSCAT and SeaWinds Tandem data collected on January 28 and 29, 200

red and sea ice in gray. Color and intensity changes over ice and land are related

Ocean surface wind speeds, measured during a 12-h period on January 28, are sho

up to 15 m per second. Black arrows denote wind direction. White gaps over the oc

measures winds over about 90% of the oceans each day).
amplitude of these centimeter-wavelength ocean waves is in

equilibrium with the local wind, and the two-dimensional

wave spectrum is highly anisotropic with the wind direction.

The ocean radar backscatter results from Bragg scattering

from these capillary waves, and the normalized radar cross

section (sigma-0) grows approximately as a power series of

wind speed (Moore & Fung, 1979).

The SASSmade backscatter measurements at two azimuth

directions (separated by 908) to determine both the magnitude

of the wind speed and its direction. The wind vector retrieval

algorithm (Jones et al., 1978; Wentz, 1991) used an

empirically derived statistical relationship known as the

scatterometer geophysical model function (GMF; Schroeder

et al., 1982; Wentz et al., 1984), to relate the ocean sigma-0 to

the frictional wind speed. Because the GMF was largely the

second harmonic of the relative wind direction, the wind

retrieval inferred multiple possible wind vectors. Since SASS

was a proof-of-concept mission, the closest wind direction to

bsurface truthQ was chosen for evaluation. Geophysical

validation of SASS measurements used ocean buoys,

research ships, and meteorological analysis wind fields

(Jones et al., 1982). Results demonstrated that the SASS

successfully met its goal of measuring wind speed better than

F2 m/s and F208 rms direction. Follow-on scatterometers,

European Remote Sensing Satellite Active Microwave

Instrument (Attema, 1991) and NASA Scatterometer (Naderi

et al., 1991), and SeaWinds were modified to provide three

azimuth looks (four for SeaWinds), which enabled the

correct wind direction to be selected with high accuracy

using instrument skill (Naderi et al., 1991).
3. Continents are shown in green, polar glacial ice-covered regions in blue-

to ice melting, variations in land surface roughness and vegetation cover.

wn by colors. Blues correspond to low wind speeds and reds to wind speeds

eans represent unmeasured areas between SeaWinds swaths (the instrument
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In the years following the demise of Seasat, SASS wind

vector measurements were evaluated by scientists for use in

ocean circulation models, air–sea flux studies, numerical

weather forecasting, and many varied applications (Liu,

2002). While SASS data were never used for operational

numerical weather prediction or marine forecasting, since

near-real-time telemetry was not available, and geophysical

processing algorithms were not in place at launch, inves-

tigations into the operational utility of future scatterometer

data were initiated as soon as SASS wind velocity data

became available.

Scatterometer data are being used in an increasing number

of land applications. These applications include monitoring

of changes in soil moisture (Magagi & Kerr, 2001; Macelloni

et al., 2003); monitoring of vegetation (Long&Hardin, 1994;

Long et al., 2001; Hardin & Jackson, 2003); and detection of

regional flooding (Brakenridge et al., 2002; Nghiem et al.,

2003). In the polar regions, scatterometer backscatter maps

have been shown to be of considerable value. SASS

measurements were found to be sensitive to the seasonal

melt cycle in the polar regions, including sea ice (Carsey,

1985), ice sheets and snow on land, with the timing and

duration of melt cycles likely being responsive to climatic

temperature variations. Making use of this sensitivity,

scatterometer time series studies have identified the extent

of seasonal snowmelt zones over Antarctica (Bingham &

Drinkwater, 2000) and Greenland (Wismann, 2000a), includ-

ing estimates of snow accumulation (Drinkwater et al., 2001).

Snowmelt studies have been extended to freeze–thaw cycles
Table 5

Microwave conically scanning surface imager sensor heritagea (Glackin, 2004; G

Instrument Frequencies

(GHz)

An

dia

SMMR (Seasat) 6.6, 10.7, 18, 21, 37 0.8

SMMR (Nimbus-7) 6.6, 10.7, 18, 21, 37 0.8

SSM/I (DMSP 5D-2 series) 19.3, 22.2, 37, 85.5 0.6

IKAR-P (Mir-Priroda) 13.0, 22.3, 36.5 0.7

TMI (TRMM) 10.65, 19.3, 21.3, 37.0, 85 0.6

MSMR (IRS-P4) 6.6, 10.7, 18, 21 0.8

SeaWindsb (QuikSCAT) 13.4 1.0

Delta-2D (Okean-O) 6.9, 13.0, 22.3, 37.5 0.7

AMSR-E (Aqua) 6.9, 10.7, 18.7, 23.8, 36.5, 89 1.6

SeaWindsb (ADEOS-II) 13.4 1.0

AMSR (ADEOS-II) 6.9, 10.7, 18.7, 23.8, 36.5, 50.3, 52.8, 89 2.0

SSMIS (DMSP_5D-3 series) 24 channels from 19 to 183 0.6

WindSat (Coriolis) 6.8, 10.7, 18.7, 23.8, 37 1.8

MIMR (FY-3 series) 10.65, 18.7, 23.8, 36.5, 89, 150

MSMR/improved (IRS-P7) Characteristics undefined at present

MADRAS

(Megha-Tropiques)

18.7, 23.8, 36.5, 89, 157

GPM-Core 10.65, 18.70, 23.8, 36.5, 89.0 TB

CMIS (NPOESS) 6 to 190 (77 channels) 2.2

HYDROSd 1.26, 1.41 6.0

a Passive sensors (radiometers) except as indicated. (Note that the Aquarius

scanning instruments. See Section 4.1 for more details.)
b Radar.
c Estimated.
d Radar-radiometer.
in the boreal forests (Kimball et al., 2001) and over land

(Wismann, 2000b), which when combined with the longer

passive microwave record, are indicating the date of thaw

onset to be earlier and earlier in time. The freeze–thaw cycle

in the boreal forests is a primary science driver in the

combined active–passive Hydrosphere State Mission

(HYDROS) mission (Entekhabi et al., 2003). Key sea ice

applications include routine generation of sea ice motion

maps (Zhao et al., 2002), of value for determining the heat

flux between the ocean and atmosphere, and the assessment

of changes in the extent of the perennial and seasonal ice

packs in the Arctic (Kwok et al., 1999). Both measurements

provide a means for assessing polar climate change,

particularly related to the large-scale transport of ice in

response to shifting atmospheric oscillations and subsequent

impacts on ice thickness. (e.g., Abdel-Messeh & Quegan,

2000; Kennett & Li, 1989; Wagner et al., 2003; Woodhouse

& Hoekman, 2000).
4. Scanning multichannel microwave radiometer

(SMMR)

4.1. Instrument characteristics, heritage, and legacy

instruments

The Scanning Multichannel Microwave Radiometer

(SMMR) was flown on both the Seasat and Nimbus-7

missions (Table 5). Nimbus-7 was launched on October 24,
lackin & Peltzer, 1999; Kramer, 2001)

tenna

meter (m)

Incidence

angle (8)
Orbit

altitude (km)

Swath

width (km)

Launch

date

48.8 794 600 June 1978

50.3 955 780 October 1978

53.1 830 1400 July 1987

~43.1 ~400 680 April 1996

53.1 350 780 November 1997

49.7 720 1360 May 1999

54 803 1800 June 1999

~45.0 ~635 1130 July 1999

55 705 1445 May 2002

54 803 1800 December 2002

55 803 1600 December 2002

53.1 833 1700 October 2003

55 830 1025 January 2003

53 836 1400 2005c

2006c

53 867 1700 2006c

D TBD 400 TBD 2010c

53 833 1700 2009c

40 670 1000 2010c

and SMOS missions are not listed, because they do not employ conically



Table 6

SMMR characteristics (Njoku et al., 1980)

Center frequencies

(GHz)

6.63 10.69 18 21 37

Sampling period

(ms)

128 64 64 64 32

Sensitivity,

�T (K)

0.7 0.8 0.9 1.0 1.4

Beamwidth (8) 4.5 2.9 1.8 1.5 0.93

IFOV (km) 135�87 87�56 54�35 45�29 28�18

Antenna aperture

diameter (m)

0.79

Scan period (s) 4.096

Antenna offset

angle (8)
42

Earth-incidence

angle (8)
48.8

Swath width

(km)

600
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1978, and acquired imaging data for over 8 years until the

scan mechanism was shut down in August 1987. The

instrument was conceived and managed by the Goddard

Space Flight Center, and built by the Jet Propulsion

Laboratory. It was designed to measure parameters of the

ocean, atmosphere, and cryosphere using five frequency

bands centered at 6.6, 10.7, 18, 21, and 37 GHz. The

instrument capabilities were a significant advancement over

those of earlier spaceborne radiometers, in terms of spatial

resolution, accuracy, number of measurement channels, and

diversity of parameters measured (Gloersen & Barath,

1977; Njoku et al., 1980). Over the ocean, the SMMR

measured surface temperature, surface wind speed, precip-

itable water, integrated cloud liquid water, and rain rate.

Cryospheric parameters measured were sea ice extent and

concentration, and snow cover extent. Over land, the

SMMR provided information on precipitation, soil mois-

ture, and vegetation cover. The data and validation results

from the two SMMR instruments provided a wealth of

engineering and scientific discovery, far exceeding the

original expectations.

In addition to its provision of key ocean and atmospheric

measurements, the SMMR was included in the Seasat

complement of sensors to provide needed atmospheric path

length corrections for the altimeter instrument, and atmos-

pheric attenuation corrections for the Scatterometer instru-

ment. In this sense, the Seasat mission broke new ground in

the use of synergistic microwave measurements. The Seasat

mission was the first to operate a multifrequency microwave

imaging radiometer simultaneously with radar sensors on the

same platform for remote sensing purposes, although the

single-frequency scanning radiometer on Skylab (S-193) had

flown along with the scatterometer and altimeter. This trend

has continued with the water vapor and cloud liquid water

radiometers flown with the altimeters on the TOPEX/

Poseidon and JASON satellites, the synergistic flight of the

AMSR and SeaWinds instruments on the ADEOS-II satellite,

and the integrated radar-radiometer designs of the HYDROS

missions (see Table 5). Also part of the SMMR legacy are the

US/Argentinean Aquarius mission, designed to measure

ocean salinity with a 3-beam pushbroom radiometer, planned

for launch in 2008, and the European Soil Moisture Ocean

Salinity (SMOS) mission, planned for launch in 2007. SMOS

will use a thinned array radiometer to perform 2-D aperture

synthesis, and will be the first such instrument to fly in space.

(Aquarius and SMOS are not conically scanning radiometers

and thus do not appear in Table 5).

The SMMR instrument characteristics are summarized in

Table 6. The SMMR continued the earlier series of

spaceborne radiometers and significantly advanced the

development of microwave radiometry from space (Njoku,

1982). The earlier radiometers included instruments on the

Cosmos 283 and 384 satellites, the NEMS and SCAMS

atmospheric sounding instruments on the Nimbus-5 and -6

satellites, the ESMR surface imaging instruments on

Nimbus-5 and -6, and the S-193 and S-194 instruments
flown on the Skylab missions. The S-193 radiometer was a

nonscanning scatterometer–radiometer instrument.

Two new features introduced by the SMMR instrument

were: (1) the increased number of simultaneous measure-

ment channels (10) in the 6.6 to 37 GHz range (five

frequencies, each dual-polarized) for surface and tropo-

spheric sensing—two of these frequencies, 6.6 and 10.7

GHz, had not been available on previous radiometers; and

(2) the conical-scan configuration, that enabled the surface

to be viewed at a constant incidence angle across a relatively

wide swath. The multichannel capability allowed several

surface and atmospheric parameters to be measured

simultaneously. This had significant advantages for estimat-

ing surface fluxes over the oceans and for synoptic analyses

of storms and atmospheric fronts. The conical scan and

constant incidence angle provided the advantage of mini-

mizing the variability of incidence angle and footprint size

across the swath, as error sources in the geophysical

retrievals. It also increased the feasibility of using change

detection to monitor land surface variability since this

approach benefits from a consistent viewing geometry in

repeat passes over the same target.

Because of these advantages, the multichannel conical-

scanning configuration pioneered by the SMMR was

adopted for subsequent spaceborne imaging (and some

sounding) radiometers. These include the series of SSM/I,

SSMIS, TMI, MSMR, AMSR, WindSat, Conical-scanning

Microwave Imager/Sounder (CMIS), and HYDROS radio-

meter designs that have followed and improved upon the

SMMR conceptual design (Table 5). The conical-scan

configuration was also adopted later for scatterometry and

was implemented in the SeaWinds sensors on the QuikS-

CAT and ADEOS-II satellites. The radiometers that fol-

lowed the SMMR incorporated a number of design

improvements that were a direct result of the SMMR

experience. Among these improvements (starting with the

SSM/I), the conical-scan design was modified such that the

antenna rotated in azimuth through the full 3608 rather than
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oscillating sinusoidally as with the SMMR. In addition, the

calibration targets were designed to be external to the main

feed horn rather than having a separate cold sky horn and an

internal hot load as with the SMMR. These engineering

improvements resulted in subsequent radiometers delivering

calibrated brightness temperature data of much improved

polarization purity and calibration stability.

The WindSat instrument, launched on the Coriolis

mission in 2003, is intended to determine if a passive

microwave radiometer can measure not only sea-surface

wind speed, but also direction, as a potential alternative to

an active scatterometer. WindSat is fully polarimetric, in that

it measures the complete Stokes vector using channels of

various polarizations (Cunningham et al., 2004). WindSat is

a risk reduction mission for the Conical-scanning Micro-

wave Imager/Sounder (CMIS), slated to fly on all National

Polar-orbiting Operational Environmental Satellite System

(NPOESS) satellites. The intent for CMIS is to employ

polarimetric microwave radiometry to measure sea-surface

wind velocity operationally.

4.2. Passive microwave radiometer geophysical

measurements

The SMMR measurement frequencies were designed for

optimum sensitivity to specific surface and atmospheric

parameters (Wilheit et al., 1980). The geophysical retrieval

algorithms used subsets of the 10-channel measurements to

derive the geophysical parameters, based on these sensitiv-

ities. The SMMR was the first imaging radiometer to

include channels in the C- and X-band frequency ranges

(6.6 and 10.7 GHz). These channels enabled the first

measurements to be made of global sea-surface temperature

and sea-surface wind speed using microwave radiometry

(Bernstein & Morris, 1983; Black et al., 1985; Hofer et al.,

1981). With its extended range of frequency channels, the

SMMR also provided the first opportunity to measure ocean

surface parameters simultaneously with key atmospheric

parameters: precipitable water, cloud liquid water, and

rainfall (Alishouse, 1983; Njoku & Swanson, 1983). The

simultaneity of measurement of these parameters, which are

key to determining fluxes of energy, moisture, and

momentum at the ocean surface, provided a greatly

improved capability for studies of air–sea interactions and

ocean circulation (Katsaros & Brown, 1991; Liu & Niiler,

1984; McMurdie & Katsaros, 1985).

The SMMR near-all-weather, day and night capability

provided a new opportunity for routine sea–ice and snow

cover observations in polar regions. The multichannel

SMMR data permitted discrimination of ice type as well

as concentration, and the multiyear data set, including both

SMMRs (Seasat and Nimbus-7), enabled valuable studies to

be made of trends in sea ice extent (Parkinson & Gloersen,

1993). These studies have continued with the follow-on

SSM/I sensors, and when including ESMR, provide now a

30-year time series of the polar regions. Starting in the late
1980s and continuing through the 1990s, the maximum

(Parkinson & Cavalieri, 2002) and minimum (Comiso,

2002) Arctic sea ice extent has shown a consistent decrease,

with at least some of these changes related to the positive

nature of the Arctic and North Atlantic Oscillations indices

during that time period. In comparison, the Antarctic sea ice

cover has shown a slight increase in extent (Zwally et al.,

2002b). Synergistic sea ice studies using combined SMMR

and SAR data sets from Seasat also provided new insights

into sea ice characterization and variability (Carsey, 1985;

Carsey & Pihos, 1989). The multichannel capability of the

SMMR provided the first opportunity to study snow cover

extent and snow depth from space. Although not a focus of

the Seasat mission, these measurements were an important

legacy of the SMMR instrument (Foster & Chang, 1993). A

serendipitous outcome of the SMMR, also not specifically

related to the objectives of the Seasat mission, was the

initiation of passive microwave monitoring of land surface

vegetation and soil moisture from space (Choudhury et al.,

1990; Kerr & Njoku, 1990). Although the frequencies of the

SMMR were higher than desired for soil moisture monitor-

ing, the need for soil moisture measurements from space

focused attention on developing soil moisture retrieval

techniques for follow-on sensors to the SMMR, such as

the AMSR and CMIS, and dedicated soil moisture missions,

such as HYDROS (Table 5). These mission applications

trace their heritage to the initial observations of phenomen-

ology and algorithm development using SMMR data.

SMMR data have been used successfully in numerous

other multidisciplinary geophysical studies, attesting to the

variety of scientific discoveries and advances made possible

by the SMMR. A summary of the early results from the

Seasat SMMR is provided by Lipes et al. (1979), and from

the Nimbus-7 SMMR, it was provided by Gloersen et al.

(1984). A compendium of later papers, and references to

other research incorporating some key contributions of the

SMMR to global change studies, was provided in the atlas

of satellite observations edited by Gurney et al. (1993).
5. Synthetic aperture radar (SAR)

5.1. Instrument characteristics, heritage, and legacy

instruments

The Seasat SAR was an L-band HH instrument that

operated at a fixed range of incidence angles between 208
and 268 which resulted in a 100-km swath (Tables 7 and 8).

The fine resolution data provided the first detailed images of

the Earth not affected by clouds or darkness. The instanta-

neous data rate of 120 Mbps of the SAR exceeded the

capabilities of available onboard tape recorders of that era

and could only be collected when the satellite was in view

of specially equipped ground stations. NASA supplied

stations near Fairbanks, AK; Cape Canaveral, FL; and

Goldstone, CA. The Canadian Centre for Remote Sensing



Table 7

SAR summary (Glackin, 2004; Glackin & Peltzer, 1999; Kramer, 2001)

Platform Instrument Country

or agency

Band Frequency

(GHz)

Polarization Best spatial

res (m)

Swath

width (km)

Orbit

alt (km)

Launch

date

Seasat SAR USA L 1.28 HH 25 100 799 June 1978

SIR-A SAR USA L 1.28 HH 40 50 260 November 1981

SIR-B SAR USA L 1.28 HH 25 30 225 October 1984

Kosmos-1870 SAR Russia S 3.12 HH 25 20–35 275 July 1987

Almaz-1a SAR Russia S 3.12 HH 13 2�172 ~325 March 1991

ERS-1 AMI

(SAR)

Europe C 5.3 VV 30 100 784 July 1991

JERS-1 SAR Japan L 1.27 HH 18 75 570 February 1992

SIR-C/XSAR SIR-C USA L, C 1.28, 5.3 VV, HH,

HV, VH

30 10–200 225 1) April 1994

X-SAR Germany/

Italy

X 9.6 HH 2) September 1994

ERS-2 AMI

(SAR)

Europe C 5.3 VV 30 100 784 April 1995

RADARSAT-1 SAR Canada C 5.3 HH 10 100–170 798 November 1995

Mir-Priroda Travers Russia L, S 1.28,3.28 VV, HH 50 50 400 April 1996

SRTM C-SAR USA C 5.3 VV, HH 30 50–225 225 February 2000

X-SAR Germany/

Italy

X 9.6 HH

ENVISAT ASAR Europe C 5.33 VV, HH,

VV/HH,

HV/HH,

VH/VV

30 100 800 March 2002

ALOS PALSAR Japan L 1.27 VV, HH, HH/

HV,VV/VH

10 70 700 2005a

RADARSAT-2 SAR Canada C 5.3 Quad-pol 3 10–500 800 2005a

COSMO/

SkyMed Series

SAR-2000 Italy/France X 9.6 VV, HH 1 10–200 616 2005–2007a

SAOCOM-1a SAR Argentina/

Italy

L 7 50–400 2005a

TerraSAR-X X-SAR Germany/

UK

X 9.6 various 1 ~50 660 2006a

CEMD-SAR

Series

SAR China 4 25–125 2005+a

RISAT SAR India C 609 2006a

a Estimated.
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(CCRS) provided a station in St. Johns, Newfoundland, and

the European Space Agency (ESA) provided a station near

London in the United Kingdom. Coverage was thus
Table 8

Seasat SAR summary (Jordan, 1980)

Satellite altitude 800 km

Frequency 1.28 GHz (L-band)

Polarization HH

Spatial resolution 25�25 m

Swath width 100 km (spans 240–340

km on one side of S/C)

Antenna dimensions 10.74�2.16 m

Antenna type Phased array, 8 microstrip panels

Antenna gain 35 dB

RF bandwidth 19 MHz

Transmit pulse length 33.4 As
Pulse repetition freq 1463–1640 pps

Transmitter peak power 1000 W

Transmitter avg power 55 W

Data processing Optical (digital for selected areas)
obtained primarily over North America and portions of

Western Europe. Based on the results of Seasat for both

ocean and land surface mapping, SARs were selected to be

flown on the space shuttle, including NASA’s Shuttle

Imaging Radar-A (SIR-A) in 1981, a single channel L-band

HH SAR with optical data recording (Elachi et al., 1982),

and SIR-B in 1984 (Cimino et al., 1986), also a single

channel L-band HH SAR but with variable incidence angles

and digital recording (Table 7).

The next spaceborne SARs were from Russia and

operated at S-band with HH polarization. European Space

Agency’s (ESA) ERS-1 was launched in 1991, with a C-

band vertical transmit-vertical receive (VV) polarization

SAR with a Seasat-like 100-km swath and 20–268 range of

incidence angles. This highly successful mission was

continued with ERS-2 in 1995. ESA’s follow-on mission

is ENVISAT, which was launched in March 2002. It carries

a C-band dual-polarization system with swath widths

varying between 100 and 400 km (Attema, 1991; Desnos

et al., 2000). The Canadian Space Agency’s RADARSAT-1,
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a C-band HH system available at varying incidence angles,

resolutions, and swath widths (40–500 km), was launched in

1995 and continues to provide valuable images into 2004.

The Japanese Space Agency flew the L-band HH JERS-1

SAR from 1992 to 1998, which had a more land-oriented set

of fixed incidence angles of 32–388. The next mission in

this series is planned to be PALSAR to be launched onboard

ALOS in 2005. It will be an L-band system with multiple

polarizations, resolutions, look angles, and swath widths. In

between ERS-1 and JERS-1, the joint NASA/German Space

Agency/Italian Space Agency mission, Shuttle Imaging

Radar-C/X-band SAR (SIR-C/X-SAR), flew twice in

1994. This three-frequency (L/C/X bands), fully polarimet-

ric system (HH/VV/HV/VH for L/C, and VV for X)

provided the most extensive spaceborne multiparameter

radar data set available to date (Evans et al., 1997; Holt,

1998; Stofan et al., 1995).

In February 2000, Space Shuttle Endeavour carried the

Shuttle Radar Topography Mission (SRTM) based on the

SIR-C/X-SAR hardware, which has produced the most

complete, highest resolution digital topographic map of

Earth ever made. SRTM is a cooperative project between

NASA and the National Imagery and Mapping Agency

(NIMA) of the U.S. Department of Defense. The German

and Italian Space Agencies provided an additional X-band

interferometer as well. The mission was designed to use a

single-pass C-band radar interferometer to produce a digital

elevation model (DEM) of the Earth’s land surface between

about 608 north and 568 south latitude. The DEM has a 30-

m pixel spacing and better than 10 m vertical accuracy (Farr

& Kobrick, 2000).

Finally, an L-band InSAR mission is proposed as part of

the EarthScope program (a partnership of the National

Science Foundation, US Geological Survey and NASA).
Fig. 5. Artist’s conception of a dedi
This mission is deemed as an essential capability to

accomplish key objectives of Earth science and disaster

management by the National Research Council (Committee

on the Review of Earthscope Science Objectives and

Implementation Planning, 2001). An InSAR mission is also

the highest priority recommended by the Solid Earth

Science Working Group chartered by NASA to define a

25-year vision for the Earth Science Enterprise (Solomon et

al., 2004). An initial dedicated InSAR mission would

provide coverage over Earth’s most tectonically active

regions. These data would be assimilated into models in a

similar way to altimeter measurements over the ocean

leading to an improvement in the understanding of the

Earth’s crust and response to the buildup of stress (Fig. 5).

5.2. SAR geophysical measurements

5.2.1. Oceans

Prior to Seasat, surface and internal waves were seen in

airborne SAR data (e.g., Elachi, 1978; Elachi & Apel,

1976). Seasat SAR images revealed a number of ocean

features if not for the first time, at least the most extensively,

including current boundaries, eddies over a wide range of

scales (10–400 km), temperature fronts, shoaling bathyme-

try, and atmospheric patterns related to storms, roll vortices,

and rain cells (e.g., Beal et al., 1981; Fu & Holt, 1982;

Vesecky & Stewart, 1982). Detection of surface waves was

a primary science focus but this was soon found to be

problematic due to nonlinearities arising from wave motion

during the image formation process. Extensive research took

place to understand and ultimately alleviate the nonlinear-

ities, making considerable use of the SIR-B ocean imagery

that was not subject to nonlinear imaging because of its

lower platform altitude. Eventually, corrections were put
cated L-band InSAR mission.
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into place for the SAR wave mode products on ERS-1/2 and

now for ENVISAT ASAR as well, which has the additional

improvement of retrieving unambiguous wave direction.

Another key science ocean product developed recently, SAR

wind speed and direction, was first examined using Seasat

SAR imagery and verified with coincident SASS products

(Gerling, 1986). A C-band wind retrieval algorithm was

developed with the ERS-1 scatterometer (Stoffelen &

Anderson, 1997), which shared the same electronics pack-

age as the SAR, and thus could be directly applied to the

SAR imagery as well. Making use of the wide swath of

RADARSAT required deriving accurate conversion of the

algorithm from the VV polarization of ERS-1/2 to

RADARSAT’s HH polarization. The fine resolution wind

speeds from SAR imagery are particularly useful within

coastal regions (Monaldo et al., 2001), providing a powerful

complement to scatterometer winds which to date are not

useful within at least a 25-km proximity to land.

In addition to waves and winds, ocean observations

started with Seasat SAR have continued with all follow-on

missions and have included most of the world’s energetic

and dynamic ocean regions (Holt, 2004). Detailed studies of

currents, fronts, and eddies on all scales have been done

within the major eastern and western boundary current

regions as well as within the coastal zones which are highly

variable in terms of circulation and winds and also subject to

anthropogenic impacts of pollution. The value of SAR used

in conjunction with other imaging ocean sensors, particularly

those that measure sea-surface temperature, has been aptly

demonstrated as well, to extend current and eddy detection

during cloudy periods when optical and near-infrared sensors

are not useful (e.g., DiGiacomo & Holt, 2001; Fu & Holt,

1983; Johannessen et al., 1996). There has been increasing

interest in using SAR to examine marine boundary layer

atmospheric features and storm events which produce

characteristic imprints on ocean surface roughness (Beal &

Pichel, 2000). The sensitivity of SAR to reduction of

backscatter caused by surface oil slicks, both from natural

biogenic sources and from hydrocarbons released by seeps,

spills, or river/stormwater discharge, has also been exten-

sively demonstrated (e.g., Masuko & Inomata, 1988;

Wismann et al., 1993). SAR satellites are routinely tasked

to monitor oil spill accidents and illegal ship discharge. A

key issue in extending the value of SAR for oceanography is

the need to improve temporal sampling to provide at least

daily coverage (Holt & Hilland, 2000). Various options

include the use of multiple SAR platforms, moving to higher

(1400 km) than normal (600–800 km) orbital altitude to

widen swath while maintaining a shallow range of incidence

angles preferred for ocean backscatter, and even carrying two

SAR antennas on a single platform. Daily coverage would

provide repeat imaging at the scales of variability of the

primary types of ocean features which SAR best observes as

well as increase its value for operational ocean applications

including coastal winds for input into forecasting models,

ship traffic, oil spill tracking, and monitoring of fisheries.
5.2.2. Polar regions

Seasat SAR provided the first extensive fine resolution

images of the western Arctic sea ice, enhanced by the

dcollapseT of orbits in the polar regions which improves

temporal sampling. The primary scientific value of the

imagery was for deriving the most detailed sea ice motion

maps ever produced, from which openings and closings of

the ice cover clearly revealed where the largest heat

exchange from the ocean to the air takes place (e.g., Carsey

& Holt, 1987). These maps generated considerable interest,

which led to the development of the first geophysical SAR

product generation system, designed to automatically

produce ice motion maps from ERS-1 SAR imagery (Holt

et al., 1992; Kwok et al., 1990). Also included was

identification of sea ice types, more readily identified with

C-band data than on Seasat’s L-band data, which is a proxy

for sea ice thickness (Kwok et al., 1992). While the ice

cover sampling was still piecemeal rather than broad, the

value of these products was considerable and led to the next

generation of ice motion product to be produced, making

use of the wide swath capability of RADARSAT-1 from

which complete coverage maps of the entire Arctic Ocean

repeated every 3–6 days have been continuously obtained

since October 1996. Included in this second-generation

product system was the addition of a very significant

tracking enhancement, going from Eulerian to Lagrangian

tracking (Kwok et al., 1995). By tracking a grid element

continuously over time, not only could the detailed

deformation of that element be tracked, but the age of any

newly formed ice could be tracked as well. This age tracking

is used to derive first year ice thickness and thereby account

for a major component of the mass balance of sea ice, which

has been found to vary annually and in relation to the

overall transport of ice within and out of the Arctic (Kwok

& Cunningham, 2002). The deformation details of the

motion maps have proven to be of considerable value for ice

mechanics studies as well. The ice typing value of the

imagery itself has significantly improved the ice charts

developed for operations by the U.S. and foreign ice centers

(Bertoia et al., 1998).

There was limited coverage of Greenland and northern

glaciers from the Seasat SAR, but the value of SAR data

for ice sheets and glaciers increased significantly when

InSAR processing was applied to ERS-1 SAR data to

derive ice sheet velocity fields (Goldstein et al., 1993).

These velocity fields were more detailed than could be

derived from any field measurements and also provided

insight to subsurface location of grounding lines of ice

shelves (Rignot & Jacobs, 2002). These measurements

enabled assessments of snow accumulation rates, which

have identified zones of Antarctica, that may have

increasing or decreasing ice mass balance (Joughin et al.,

2002; Rignot & Thomas, 2002). The most detailed maps of

Antarctica ever made have resulted from two dedicated

mapping missions with RADARSAT in 1997 and 2000

(Jezek, 1999; Jezek et al., 2003).
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5.2.3. Land surface mapping

Seasat and subsequent SARs have demonstrated the

potential to provide unique information about the health

of the planet and its biodiversity, as well as critical data

for natural hazards and resource assessments. Interfero-

metric measurement capabilities demonstrated first with

Seasat are now used to generate topographic maps, to

monitor surface topographic change, and to monitor

glacier ice velocity and ocean features (e.g., Madsen &

Zebker, 1998; Zebker & Goldstein, 1986).

Seasat opened many eyes to the usefulness of imaging

radar, even at steep incidence angles, for land surface

studies (e.g., Ford, 1980; Ford et al., 1980). In the early

1970s, several researchers had begun work with radar

images obtained from aircraft (Daily et al., 1978; Dellwig,

1969; Dellwig & Moore, 1966; MacDonald & Waite, 1973;

Schaber et al., 1976). In particular, it was noted that radar

images could be interpreted using techniques borrowed

from aerial photography where the image tone and texture

are the dominant sources of information. It was found that

radar images were more sensitive to surface topographic

variations, especially in heavily vegetated terrain, so that

geologic structures could be mapped with some confidence.

This coincided with the fact that radars could produce high-

quality images through clouds as demonstrated first in

Panama by Viskne et al. (1969), another characteristic of

tropical areas (Ford, 1980).

Tone was another matter, as the strength of a radar

return is mainly determined by the surface roughness.

Several early studies sought to quantify the relationship

between radar image tone and surface roughness, but the

lack of calibrated radars made the results, while promis-

ing, more of a relative nature. When Seasat SAR data

became available, several attempts were made to calibrate

the images, ending with limited success (Held et al.,

1983). Later, through extensive work with the AIRSAR

testbed at JPL, calibrated radar images were finally

produced and civilian orbital radars after Seasat have

all been radiometrically calibrated. This has led to a

much better understanding of the nature of radar

scattering models and their use in predicting surface

roughness from radar returns.

Building on the early measurements of surface rough-

ness and the search for the connections between surface

roughness and geological information, Farr (1992) meas-

ured the roughness of a number of lava flows in the

Mojave Desert, finding that their surface roughness

followed a predictable path of modification due to local

geologic processes. Farr and Chadwick (1996) found a

similar relationship for alluvial fans in China. As

calibrated radar data and better scattering models became

available, several investigators began an attempt to

estimate near-surface soil moisture from its effect on

the dielectric constant of the surface material (Ulaby et

al., 1986). This is a much weaker effect on radar return,

but progress has been made in certain environments.
Recent work is centering on measuring deeper soil

moisture with long-wavelength radars (e.g., Moghaddam

et al., 2000).

A completely surprising variation on land surface

mapping with radar came about when geologists familiar

with the landscapes of southern Egypt were examining

SIR-A images of the area. The images portrayed a

landscape none of them had seen before—river valleys

and their tributaries crossed tracts of land the geologists

knew to be featureless sand sheets. Later, the answer

became clear—the L-band radar had bseenQ beneath

several meters of extremely dry sand and imaged a

buried landscape carved during previous wetter climatic

periods up to 200,000 years ago (Elachi et al., 1984;

McCauley et al., 1982, 1986; Schaber et al., 1986).

Subsequently, SIR-B and SIR-C, as the next L-band

orbital systems, were tasked to collect more images and

the drainage networks were partially mapped. Currently,

work is continuing using JERS-1, the only other L-band

system to orbit, and will be followed with PALSAR data,

when it is available (Paillou et al., 2003; Paillou &

Rosenqvist, 2003).

The availability of multiple polarizations, particularly

polarimetry, has brought many advances in the study of

vegetation with imaging radar (e.g., Dobson et al., 1995;

Evans et al., 1995; Morain & Simonett, 1967; Ranson et al.,

1995). As the geometry of leaves, branches, and trunks is an

important identifying characteristic of plants, polarization

angles may be used to identify the plants and possibly their

state of growth. The density of plants, known as the

biomass, is an important environmental variable that radar

sensors of various wavelengths can readily determine.

5.2.4. Planetary science

As imaging radar has proved itself for geologic

applications on Earth, planetary scientists have used it at

Venus and Titan and plans are being formulated for other

planets. Cloud-shrouded Venus was mapped in the early

1980s by the Soviet Union and in the early 1990s by NASA

with Magellan (Saunders & Pettengill, 1991). The entire

planet, about the size of Earth, was mapped more than once

by the Magellan SAR, and the altimeter and passive

radiometer both collected global data sets as well. Titan,

the largest moon of Saturn, will be visited by Cassini in

2004. As Titan is also cloud-covered, an imaging radar was

included in the payload and will send back our first detailed

views of its surface.

Proposals for future imaging radars include a radar with

L-band or longer wavelength to map the surface of Mars

(e.g., Campbell et al., 2004) and perhaps buried channels,

and a long-wavelength radar or sounder to be sent to

Europa to settle the question of whether it has a liquid

ocean and how deep it is. Interferometric radar observa-

tions of these bodies may also be attempted, yielding

additional information on their topography and possible

surface changes.
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6. Future directions

6.1. Improved spatial and temporal sampling

Chelton (2001) describes the importance of increased

spatial sampling for altimetry observations. A Wide-Swath

Ocean Altimeter (WSOA) has been developed for flight as

an experiment on the follow-on to Jason-1, the Ocean

Surface Topography Mission (OSTM). The WSOA will

measure the range to the sea surface over a 200-km swath

with the expected resolution of 15 km. The WSOA is based

on the concept of radar interferometry. The instrument

consists of two side-looking fan-beam antennas separated

by a boom with a length of 5–10 m. Interferometry

performed on the returned signals from the same targets

on the ocean surface within a small off-nadir angle of

incidence of about 48 yields SSH measurements across a

swath width of about 200 km centered along the satellite

ground track. This interferometric system would be used in

conjunction with a dual frequency altimeter with a 3-

frequency water vapor radiometer that would provide nadir

observations and environmental corrections.

In addition to the Wide-Swath Ocean Altimeter, other

methods described in Chelton (2001) for improving spatial

sampling for altimetry include a low-cost altimeter con-

stellation using dDelay-DopplerT technology, a direct

approach to obtaining high-resolution measurements of

ocean topography by flying multiple altimeters in formation

flight (Raney, 1998), and altimetry from Global Positioning

System (GPS) reflections. The reflections of signals from

the satellite constellation of the Global Positioning System

(GPS) can be measured by a receiver on an earth-orbiting

satellite to obtain altimetric measurements of ocean top-

ography (e.g., Hajj & Zuffada, 2003; Martin-Neira et al.,

2001). Over a 10-day period, a single receiver at an altitude

of 400 km is capable of receiving about 12 reflections from

any given 50 km cell on the earth’s surface with the current

constellation of 24 GPS satellites. Simulations indicate that

a group of 8 optimally deployed low-power and low-cost

receivers and multibeam high-gain antennas on satellites of

opportunity could provide 10-day maps of SSH with an rms

accuracy of 6 cm and a resolution of 25 km. Receivers

mounted on the ground at some elevation (~200 m) have

also been demonstrated to be useful for monitoring sea-level

variations in the coastal regions.

Investigations into improvements in spatial samplings for

scatterometers and SAR have included constellations as well

as observations from Medium Earth Orbit (MEO) and

Geosynchronous Orbit (GEO). A scatterometer in an MEO

orbit would provide the improved revisit time required to

increase the fidelity of operational weather forecasts for

quickly evolving phenomena, such as storms, as well as to

allow climate researchers to resolve diurnal and local inertial

period variability that drive ocean mixing and transport

processes. The improved revisit time could be accomplished

by significantly increasing the effective swath width of the
scatterometer system due to higher orbit altitude. Improved

spatial resolution would allow meteorologists and ocean-

ographers to observe fine scale wind features in coastal

zones, tropical storms, fronts and squall lines. To accom-

plish this higher-resolution capability, larger antenna tech-

nology, as well as the addition of SAR techniques, are being

examined as means to improve the spatial resolution of

scatterometer measurements. Recently, a polarimetric radio-

meter, WindSat, was launched to measure ocean winds. This

technique requires isolation of the various contributions to

sea-surface emission for wind speed and direction.

A constellation of InSAR satellites is needed to address

the requirements for monitoring a spectrum of steady and

transient deformation processes associated with natural

hazards, such as earthquakes. To ensure the ability to access

any area on the surface of the Earth within 24 h would

require two LEO satellites in orbits above 1000 km. MEO or

GEO satellites would be equivalent to many spacecraft in

LEO and would fully characterize the known transient

processes, such as postseismic relaxation, slow earthquakes,

creep events, and accelerated slip, with full global coverage.

SAR missions in MEO or GEO would place a significant

demand on the spacecraft resources (mass, power, data rate)

and revolutionary antenna technologies would be required.

High-efficiency integrated (single-chip) T/R modules would

be necessary to ensure the mass, power, and costs of the

modules are not prohibitively high when thousands of

modules are required. Adaptive scanning and phase self-

compensation techniques will be necessary to alleviate

requirements on antenna flatness. Modular or distributed

architectures will enable these systems to be very flexible.

Radiation-tolerant electronics are also a major challenge,

particularly for the antenna electronics, which have only

limited shielding.

6.2. Combined active/passive measurements

The applications of scatterometer data to tropical storm

tracking are described by Katsaros and Brown (1991).

Tropical cyclones are devastating when they are accom-

panied by strong winds and heavy rain. The coincident

measurement of wind vectors by the scatterometer and rain

by microwave radiometer may reveal the interplay between

the dynamics and the hydrologic balances of the storm.

When applied to Hurricane Floyd, the high spatial reso-

lution of ocean surface winds measured by QuikSCAT

improves computation of the moisture transport, the vertical

profiles of moisture sinking and diabatic heating, and the

difference between evaporation and rain rate at the surface.

Surface winds feed moisture into the hurricane. The

moisture turns into rain, releases latent heat, and fuels the

storm. Future missions focused on improved hurricane

tracking can take advantage of this increase capability. In

order to acquire more accurate winds under bextreme

conditionsQ—i.e., high winds and rain, the addition of a

multifrequency polarimetric radiometer capability with
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coincident footprints could be used to augment the active

radar scatterometer measurements. Radiometer channels

would provide rain correction to the scatterometer-derived

winds, as well as to improve wind accuracy performance

across the entire swath.

Combined active and passive measurements are also

being planned for soil moisture and ocean salinity sensing.

These applications require low-frequency microwave meas-

urements (L-band) for adequate parameter sensitivity and

the measurement systems therefore require large antennas to

achieve adequate spatial resolution. In addition, measure-

ment of ocean salinity requires high radiometric precision

and calibration stability. The radar complements the radio-

meter in these active/passive systems by providing

improved spatial resolution (for soil moisture measurement)

and a surface roughness correction (for ocean salinity

measurement). New technologies, instrument concepts,

and retrieval algorithms have been developed for these

measurements (Njoku et al., 2000; Yueh et al., 2001)

leading to the HYDROS (Entekhabi et al., 2003) and the

Aquarius mission (Koblinsky et al., 2003). Concept studies

are also in progress for a future mission that would combine

active and passive sensors for measurement of snow

properties.

6.3. Along-track interferometry

Along-track interferometry (ATI) is a unique SAR

configuration that enables the velocity of the moving ocean

surface to be measured over a very short time interval. Such

data have been examined for deriving wave spectra and

current velocity, to date primarily from aircraft platforms

(Goldstein & Zebker, 1987; Goldstein et al., 1989). By

careful tracking of multiple SAR observations of a single

target on the ocean surface, the displacement or motion of

the target can be determined by measuring the phase

difference between the observations, after removal of other

systematic motions. Such detailed measurements of ocean

surface currents on a daily basis would be of considerable

value both in highly dynamic coastal zones, where it is

difficult to measure the complex current field either

synoptically by spacecraft or with in situ sensors, and to

provide a boundary condition for global sea-surface top-

ography measurements from altimetry. However, more

understanding particularly of the relationship between this

surface measurement and deeper current fields is needed

before implementation. Nominally for ATI, the platform is

configured with a fore and aft radar antenna along the

fuselage or platform velocity direction, where either one or

both antennas transmit and both antennas receive the returns

with a conventional side-looking radar beam. Aside from

the general difficulty of sorting out the various contributions

to the target motion as well as the systematic contributions

from the platform and processing, one of the drawbacks of

the nominal, side-looking two-antenna system is that only

the line-of-sight radial component of the motion field is
derived during a single imaging event. The full surface

motion vector would thus require at minimum two

perpendicular crossing acquisitions with minimal separation

in time to avoid further ocean decorrelation. Recent studies

have examined the concept of a pair of beams using dual

antennas to squint forward and squint aft (dual aspect) of the

nominal side-looking antenna beam (Frasier & Camps,

2001; Moller et al., 1998). By aligning these measurements,

the full surface velocity vector may be obtained within a

single acquisition. Such a concept might be particularly

adaptable to a spaceborne system and even perhaps by using

a split-beam single antenna, thus enabling current/motion

measurements from a single spacecraft. An alternate

concept, across-track interferometry has been recently

demonstrated that can produce a digital elevation map of

the ocean surface height, useful for measuring waves

(Schulz-Stellenfleth et al., 2001) and mesoscale eddies

(Fu, 2003). Another alternate concept to provide surface

current estimates is to use line-of-sight SAR Doppler

measurements over the ocean, which is being explored

through use of the Wave Mode on the ENVISAT ASAR

(Chapron et al., 2004).

6.4. Use of long radar wavelengths

SAR measurements at long wavelengths (approximately

1 m) have demonstrated an increased penetration of radar

waves in vegetation and soil for mapping subcanopy and

subsurface structures, and with an enhanced sensitivity to

moisture and salinity (Hoekman & Quinones, 2000; Mog-

haddam et al., 2000; Paloscia, 2002; Rignot et al., 1995;

Saatchi & Moghaddam, 2000). This capability makes SAR

systems operating at these wavelengths the most promising

tool for global inventory of forest biomass and the most

relevant remote sensing measurement for NASA’s Carbon

Cycle Roadmap (Houghton, 2003). Until recently, such

measurements were only possible from airborne sensors

because suitable frequencies were not allocated for use for

spaceborne applications. In July 2003, during the last World

Radio Communication Conference in Geneva, a 6-MHz

bandwidth allocation at P-band (435 MHz) was approved for

spaceborne Earth observation, providing a unique oppor-

tunity for new missions (Recommendation ITU, 2003).

P-band measurements from space (1) will allow the

quantitative assessment of global sources and sinks of

terrestrial carbon and their geographical distributions, (2)

will provide estimates of carbon stock (biomass) in forested

ecosystems in boreal and temperate regions and improves

the uncertainties in tropics, and (3) will provide high

resolution and frequent observation of changes of carbon

as a result of natural and anthropogenic disturbances,

recovery processes, and management activities. The global

measurement and monitoring capability of forest structure

and biomass can contribute to the understanding of global

carbon cycle and can be integrated into solutions that

directly support local, national, and global decision-making.
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7. Summary

Looking back after the 25th anniversary of the launch

of Seasat, it is clear that its legacy as the first combined

active–passive microwave mission is extensive. While it

primarily was designed to focus on improving the knowl-

edge of the dynamic global oceans, Seasat demonstrated

the value of active radar data in combination with passive

microwave data for a wide range of science disciplines that

seek to improve the knowledge of Earth as a system.

Despite Seasat’s compelling legacy, much remains to be

learned about the Earth that will improve our knowledge

and understanding of the coupled atmosphere/ocean/land/

ice system, that will allow us to better predict future

environmental changes and there implications for life on

Earth.
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