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PREFACE 

 
 

 The objective of this Manual is to lay out, for a wide range of users, the types of 

information that may be obtained from SAR images of the ocean, and methods of analyzing the 

imagery.  It is intended for non-expert but scientifically literate workers who wish to use synthetic 

aperture data in their studies but who do not quite know what of make of the data.   

 

 Spaceborne synthetic aperture radar (SAR) provides a unique view of the Earth’s surface.  

The finely detailed imagery of the ocean’s surface from a SAR is assuredly the most complex and 

least understood data provided by remote sensing instruments.  The sea surface can appear 

featureless or contain the signatures of such diverse phenomena as surface and internal waves, 

upwelling, current boundaries, shallow water bathymetry, wind, rainfall, roll vortices, convective 

cells, storms, and a wide variety of sea ice forms.   

 

 This book is divided into four sections.  The background material in the first section 

presents the basic properties of SAR as well as introduces the factors behind how the sea surface 

and sea ice are observed by radar.  The remaining sections are devoted to oceanic, atmospheric and 

boundary layer measurements and sea ice observations.  Where appropriate, information is included 

on how SAR is being used routinely to aid the operational mission of environmental agencies (see 

for example Chapters 12, 13 and 20).   

 

 One of the keys to the broad acceptance and use of SAR is educating potential users about 

the capabilities of the sensor.  Hence the need for the creation of this Manual.  It is hoped that it 

will prove useful to anyone interested in understanding and applying SAR imagery to their work in 

the marine environment. 
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Chapter 1.  Principles of Synthetic Aperture Radar 

 
Samuel W. (Walt) McCandless, Jr.  

SEASAT Program Manager 

User Systems Enterprises, Inc., Denver, CO, USA 

 

Christopher R. Jackson 
Radar Imaging Resources, Alexandria, VA USA 

 

 

1.1 Introduction 

 Beginning with the launch of SEASAT in 1978, synthetic aperture radar (SAR) satellites 

have provided a wealth of information on such diverse ocean phenomena as surface waves, 

internal waves, currents, upwelling, shoals, sea ice, wind, and rainfall.  The influence of man in 

the form of offshore facilities, ship transits, and other ocean-related events and artifacts is also 

observed from space using fine resolution SAR.  Although aircraft-based imaging radar had been 

around since the 1960s, it was unable to provide the wide area global perspective and temporal 

coverage necessary to observe many ocean processes.  Indeed, SAR is the premier sensor for the 

detection of such phenomena because it is sensitive to small surface roughness changes on the 

order of the radar wavelength (1 m down to several centimeters).  It is also independent of solar 

illumination and is generally unaffected by cloud cover.  In addition, SAR has the advantage of 

providing control over such factors as power, frequency, phase, polarization, incident angle, 

spatial resolution and swath width, all of which are important when designing and operating a 

system for the extraction of quantitative information. 

 SEASAT, launched in June 1978, was the first civilian SAR satellite.  Since then, 

Canada, Europe, Japan, and Russia (the former Soviet Union) have placed SAR satellites in orbit 

for investigation and monitoring of both the sea and land surface.  The ongoing operation of 

ERS-2, RADARSAT-1, and ENVISAT, along with currently planned SAR missions, means that 

SAR data will be available for at least the next decade at X- (3 cm), C- (6 cm), and L-band (24 

cm) wavelengths.  While each system has its own configuration, in terms of frequency, 

polarization, resolution, swath width, etc., the underlying operating concept for each is the same.  

 This chapter presents the principles behind the operation of a SAR.  It begins with a 

historical look at the development of SAR and the evolution of spaceborne SARs.  The concepts 

behind radar operation and aperture synthesis are then presented, along with the factors and 

limitations that govern SAR performance.  A discussion of SAR image formation follows and 

the chapter concludes with an examination of some basic SAR image characteristics. 

 

1.2 Imaging From Space 

 Fine resolution remote sensing of earth surface phenomena was first accomplished from 

space in the 1960s on military and National Aeronautics and Space Administration (NASA) 

satellites using cameras and camera-like imaging devices (passive radiometers).  These early 

remote sensors in space were used to collect and discriminate radiated and reflected 

electromagnetic energy in the visible or infrared spectra (roughly 0.4-micron to 20-micron 

wavelengths).  In 1973, the NASA Earth Resource Technology Satellite (ERTS-1), later renamed 

LANDSAT, initiated a series of missions featuring fine resolution (10s of meters) optical 
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imagers with many visible and infrared channels that were thematically associated with specific 

land applications.  The LANDSAT satellites continue operation to this day.  Although these 

radiometers are capable of providing fine surface spatial resolution and excellent multi-spectral 

details, they are inhibited by clouds and depend on solar illumination, and are thus limited to 

daylight observation.  The limitations of clouds and darkness can be overcome by moving to the 

microwave portion of the spectrum.  Microwaves are capable of passing through the clouds and 

permitting unobstructed observations of the earth's surface, including day or night detection.  

However, it is virtually impossible for a passive microwave radiometer to achieve the fine 

resolution produced by devices operating at optical wavelengths.  

 The diffraction limited angular extent (and subsequent spatial resolution) of an aperture is 

directly proportional to wavelength and inversely proportional to aperture dimension
1
.  From a 

spacecraft in orbit, a few 10s of meters of resolution at visible and infrared wavelengths can be 

achieved with a camera aperture of only a few 10s of centimeters.  When the wavelength 

increases from the visible and infrared to microwaves (microns to centimeters), resolution will 

decrease (become coarser) unless the antenna apertures are increased an equivalent amount.  To 

achieve the same 10s of meters of resolution at microwave frequencies, a spacecraft would need 

an antenna aperture dimension on the order of 10s of kilometers!  In satellite sensor design, this 

antenna dimension is ridiculously impractical.  Both active and passive microwave instruments 

suffer from this resolution problem; however, for an active microwave instrument (i.e., radar), a 

technique has been developed to overcome this limitation.   

 The very limiting factor for a microwave antenna, poor spatial resolution resulting from a 

large beam width or angular field of view, can be turned to an advantage for a radar that has the 

ability to precisely measure phase and Doppler.  For a radar that has its beam directed orthogonal 

to its direction of travel, the large beamwidth will cause an object (or location) on the ground to 

be illuminated and linearly traversed by the radar beam for a extended period of time (tenths of a 

second to seconds for spacecraft velocities).  During this time, the radar collects phase and 

Doppler measurements that, through signal processing, allow for an aperture to be constructed or 

synthesized, equivalent to the distance the physical antenna moves while the location remains in 

the beam.  This is the basic concept behind SAR, details of which are discussed in other sections 

of this chapter and can be found in greater detail in many of the references cited in Section 1.14 

[Curlander and McDonough, 1991; McCandless, 1989; Raney, 1998; Tomiyasu, 1978; and 

Sullivan, 2000].  The new synthesized aperture, which can be several orders of magnitude larger 

than the transmit and receive antenna, makes it possible to produce radar imaging with a few 

meters of resolution. 

 Figures 1.1a and 1.1b provide a comparison of a SAR and optical/visible image of the 

same area around Nantucket Island off the coast of Massachusetts.  Although the images were 

not taken simultaneously, they illustrate some of the differences and similarities of these diverse 

imaging technologies.  Clouds, white beaches and some depth information from the water 

coloration are visible in the passive optical image.  The active SAR image shows dark beaches, 

along with internal waves, manifestations of bottom topography and other fine scale ocean 

features.  

 The all weather, day and night, fine resolution capabilities make radar an ideal remote-

sensing instrument for many applications in target detection mapping, as well as earth resources  

 
1
The Fraunhofer diffraction for a rectangular and circular aperture pattern are worked out in Principles of Optics by 

Max Born and Emil Wolf [1975].  The radiation pattern for a circular aperture is worked out in Microwave Radar: 

Imaging and Advanced Concepts by Roger Sullivan [2000] 
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Figure 1.1a.  SEASAT (L-band, HH) SAR image of the ocean south and east of 

Nantucket Island collected on 27 August 1978 (Rev 880, 1234 GMT).  The 

image contains bottom topography, upwelling and internal wave signatures.  

Image courtesy John Apel [Evans, 1995] 

 

 

 

Figure 1.1b.  Optical image southeast of Nantucket and Cape Cod collected 

from Skylab (1973).  The image shows the optical signature of shoals and 

internal waves.  Image courtesy John Apel [Evans, 1995] 
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TABLE 1.1: Highlights of SAR History with Space Emphasis 

DATE DEVELOPMENT 

1951 Carl Wiley of Goodyear postulates the Doppler beam-sharpening concept. 

1952 University of Illinois demonstrates the beam-sharpening concept. 

1957 University of Michigan produces the first SAR imagery using an optical correlator. 

1964 Analog electronic SAR correlation demonstrated in non-real time (University of Michigan). 

1969 Digital electronic SAR correlation demonstrated in non-real time (Hughes, Goodyear, Westinghouse). 

1972 Real-time digital SAR demonstrated with motion compensation (for aircraft systems). 

1978 First space-borne SAR NASA/JPL SEASAT satellite.  Analog downlink; optical and non-real-time digital 

processing. 

1981 Shuttle Imaging Radar series starts - SIR-A. Non-real-time optical processing on ground. 

1984 SIR-B. Digital downlink; non-real-time digital processing on ground. 

1986 Space-borne SAR Real-time processing demonstration using JPL Advanced Digital SAR processor (ADSP). 

1987 Soviet 1870 SAR is placed in earth orbit. 

1990 Magellan SAR images Venus. 

1990  Evolution of SAR begins in space; Soviet ALMAZ (1991), European ERS-1 (1991), Japanese JERS-1 

(1992), SIR-C (1994), ERS-2 (1995), Canadian RADARSAT-1 (1995), SRTM (2000), ENVISAT (2002). 

 

management.  Oceanic and ice observations are ideally suited to space-based radar because of 

the vast geographic scale and the ever-changing nature of the subjects.  The ability of radar to 

penetrate persistent cloud cover over regions important to transport and other commerce have 

produced improvements in nowcasts, forecasts and climatological analyses because diurnal and 

seasonal variances can be monitored.  Application candidates extend well beyond oceanic and 

ice observation to include such things as crop and forest monitoring, land management and 

development, hydrology, disaster management, and an ever-growing list of applications 

important to science and commerce. 

 

1.3 SAR History 

 SAR designs and associated applications have grown exponentially since the 1950s when 

Carl Wiley, of the Goodyear Aircraft Corporation, observed that a one-to-one correspondence 

exists between the along-track coordinate of a reflecting object (being linearly traversed by a 

radar beam) and the instantaneous Doppler shift of the signal reflected to the radar by that object.  

He concluded that a frequency analysis of the reflected signals could enable finer along-track 

resolution than that permitted by the along-track width of the physical beam itself, which 

governed the performance of the real aperture radar (RAR) designs of that era. 
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Table 1.2. Characteristics of Earth orbital SAR systems. 

*Based on 0.1 µs uncoded pulse length. 
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 This "Doppler beam-sharpening" concept was exploited by Goodyear and by a group at 

the University of Illinois.  One major problem was implementation of a practical data processor 

that could accept wide-band signals from a storage device and carry out the necessary Doppler-

frequency analysis at each resolvable picture element (pixel).  The Illinois group carried out an 

experimental demonstration of the beam-sharpening concept in 19-52 through use of airborne 

coherent X-Band pulsed radar, "boxcar" circuitry, a tape recorder, and a frequency analyzer.  

Table 1.1 provides a brief overview of SAR development and the timeline of orbital missions. 

 Industrial and military developments, using airborne platforms, continued at Goodyear, 

Hughes, and Westinghouse.  The Jet Propulsion Laboratory (JPL), University of Michigan, 

Environmental Research Institute of Michigan (ERIM), Sandia Laboratories, and others also 

began to explore this new technology.  In 1974, engineers at JPL formed an alliance with a group 

of international ocean scientists led by the National Oceanic and Atmospheric Administration 

(NOAA) to determine if an ocean application satellite featuring a space-based SAR could be 

achieved.  Up until this time, the major emphasis of space-based remote sensing had been on 

land applications using visible and infrared sensors.  The resulting NASA/NOAA alliance 

assembled a multi-agency, interdisciplinary group of engineers and scientists that focused on 

ocean and ice applications using active and passive microwave sensors that could collect data 

day or night with a general disregard for cloud obscuration.  From the very beginning, when 

SEASAT was but a future mission study, this group met regularly as the SEASAT User Working 

Group chaired by NOAA's Dr. John Apel with JPL's Dr. Alden Loomis serving as his deputy and 

NASA's coordinator.  The SEASAT User Working Group soon expanded to include international 

participation and continued seamlessly through the program, working diligently to gain the 

support and funding for such a mission, to define and guide the mission and systems 

development, and to establish the experiments that would validate the program. 

 SEASAT [Lame and Born, 1982] operated successfully from late June to early October 

1978, when it experienced a massive short circuit in the power system.  SEASAT was followed 

by the Shuttle Imaging Radar-A (SIR-A) and Shuttle Imaging Radar-B (SIR-B) flown in 1981 

and 1984, respectively [Elachi et al., 1986; Way and Smith, 1991].  Both the SIR-A and SIR-B 

radars were variations on the SEASAT radar operating at L-band and HH (horizontal transmit, 

horizontal receive) polarization.  SIR-B had the added capability of operating at different 

incident angles (the angle of incidence is defined as the angle between the radar line-of-sight and 

the local vertical at the point where the radar intersects the earth or ocean surface).  

 With the exception of the Soviet 1870 SAR (not widely distributed), the 1980s saw only 

Space Shuttle based, SEASAT derivative, spaceborne SAR activity.  The 1990s witnessed a 

significant expansion of SAR missions with the launch of five earth oriented SAR satellites 

along with two more Shuttle Imaging Radar missions, as well as the pioneering interplanetary 

use of the Magellan SAR to map Venus.  The satellite systems ALMAZ [Li and Raney, 1991], 

European Remote Sensing [ERS-1, ESA, 1991], the Japanese Earth Resources Satellite (JERS)-1 

[Nemoto et al., 1991], ERS-2 [ESA, 1995] and RADARSAT-1 [Raney et al., 1991], each 

operated at a single frequency and single polarization, like SEASAT.  ALMAZ and 

RADARSAT-1 had the added ability to operate at different incident angles.  RADARSAT-1 also 

has a frequently used ScanSAR mode, where the coverage swath extends up to 500 km.   

 One of the most advanced SAR systems, the Shuttle Imaging Radar-C/X-band SAR 

(SIR-C/XSAR), was a joint NASA/German Space Agency/Italian Space Agency mission, flown 

in April and October 1994 on Endeavor [Jordan et al., 1991].  The system could be operated 
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simultaneously at three frequencies (L, C, and X) with the C- and L-band having the ability to 

alternately transmit and receive at both horizontal and vertical polarization.  By collecting a near-

simultaneous and mutually coherent version of the scattered field in a minimum basis set of 

polarizations, this quadrature polarimetry or "fully polarimetric" capability allows for a more 

complete characterization of the target’s scattering characteristics within the illuminated 

resolution cell area [Zebker and Van Zyl, 1991].   

 The C- and X-band portions of the SIR-C radar were again flown in 2002 for the Shuttle 

Radar Topography Mission (SRTM).  During this flight, a second receiving antenna was placed 

at the end of a 60-m mast, extended perpendicular to the main radar antenna.  The purpose of the 

mast antenna was to provide a second receiving point in space for each radar pulse.  The slight 

variations in phase, between the receipt of the radar pulses at each of the antennas, will be 

processed into a height measurement of the reflecting point on Earth's land surface. [Rosen et al., 

2000] 

 Future SAR missions are expected to provide enhanced capabilities, where the radar can 

be operated in several collection modes.  ESA's ENVISAT, the follow-on to ERS-1 and ERS-2, 

was placed in orbit in March 2002.  Like ERS, ENVISAT's ASAR (Advanced SAR) radar 

operates at C-Band, and has the added capability to collect data in pairs of four polarimetric 

combinations, as well as operate in a wide-swath (> 400 km) mode.  The ENVISAT ASAR has 

polarimetric diversity, but is not capable of quadrature polarimetry.  The upcoming 

RADARSAT-2 and Japan’s ALOS Phased Array L-band SAR (PALSAR) instruments will both 

have fully polarimetric and ScanSAR operating modes.  Table 1.2 provides a list of the earth 

orbital SAR missions and some of their characteristics.   Additional information on these systems 

and their image products is given in Appendix A of the Manual. 

 SEASAT began the evolution of space-based SAR that continues to this day.  The active 

international participation of the SEASAT User Working Group led to international cooperation 

in the form of data collection and processing facilities and experiments with ground truth.  In 

retrospect, the most important result of these cooperative interactions was the zealous expansion 

of the SAR technology in space.  As a result, more than two decades of data collection have 

provided a rich data source, with each system adding unique characteristics in terms of 

applications, radar design, and mission data collection parameters. 

 

1.4 Radar And Synthetic Aperture Radar 

 Radar self-illuminates an area by transmitting pulses of microwave energy.  These pulses 

of radar energy are reflected from the illuminated area and collected by the radar receiver.  By 

precisely measuring the time difference between the transmitted pulse and the receipt of the 

reflected energy, radar is able to determine the distance of the reflecting object (called range or 

slant range).  The range resolution of a radar system is its ability to distinguish two objects 

separated by some minimum distance.  If the objects are adequately separated, each will be 

located in a different resolution cell and be distinguishable.  If not, the radar return will be a 

complex combination of the reflected energy from the two objects.   

 Spatial resolution in the range direction is not range or directly wavelength dependent, 

but is instead a function of the effective (processed) pulse-width (τ) multiplied by the speed of 

light (c) and divided by two.  Range resolution can also be expressed as the reciprocal of the 

effective pulse-width (the pulse bandwidth (β)) multiplied by the speed of light  
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 Range Resolution = (
2

τc
) = (

β2

c
) (1) 

As the range resolution becomes finer, the pulse bandwidth and data rate grows accordingly.  

Most modern radars (including SARs) transmit a pulse called a linear frequency modulated (FM) 

"chirp".  The transmitter varies the frequency of the radar pulse linearly over a particular 

frequency range (an increase in frequency is called an up-chirp).  That variation in frequency 

determines the radio frequency (RF) bandwidth of the system.  The chirp length and slope are 

based on the radar hardware capabilities (RF pulse power, pulse repetition frequency (PRF), 

Analog-to-Digital (A/D) sampling conversion) and the range resolution requirement.  Both real-

aperture radar (RAR) and SAR achieve their range spatial resolution in this way.  Typical space-

borne SAR pulse bandwidths range between 10 and 40 MHz, that produce a slant range 

resolution, 
β2

c
, between 15 and 3.7 meters. 

 In the direction orthogonal to the radar beam (also called cross range, azimuth, or along 

track in broadside operation) the SAR is distinctive in its use of aperture synthesis to improve its 

spatial resolution.  By comparison, optical sensors and RARs obtain their resolution through the 

physical dimensions of their aperture, sometimes referred to as diffraction limited performance.  

The RAR cross-range spatial resolution is a direct function of radar wavelength (λ) and target 

range (R) and an inverse function of antenna dimension (D); i.e., proportional to 







R

D

λ
.  From 

space, the RAR range resolution problem can be solved but the poor cross-range or along-track 

performance, typically kilometers to tens of kilometers, still has to be contended with.  One way 

of achieving better along-track performance is to boost frequency; another is to increase along-

track antenna length; a third is to decrease the target range.  None of these options are very 

effective from space.  However, by using Carl Wiley’s discovery, resolution is determined by the 

Doppler bandwidth of the received signal, rather than the along-track width of the radar's antenna 

beam pattern.  The along-track resolution of side-looking radar can be of the same order of 

magnitude as its range resolution.  Table 1.3 summarizes the spatial resolution relationship for 

RAR and SAR systems.  The key to converting theoretical groundwork into a "full-bodied" 

system is an appropriate signal-processing scheme.  Fundamental to the SAR concept is the 

realization that SAR is a marriage of radar and signal processing technologies.  This is the key 

step to understanding the principles upon which SAR is based.  

 A SAR consists of an end-to-end system that includes conventional radar building blocks 

such as an antenna, transmitter, receiver, a high technology data collection system providing 

coherent Doppler phase histories, and a similarly advanced signal processor capable of making 

an image out of these phase histories.  The radar must maintain stringent control of the signal 

characteristics and collect coherent phase information to allow the construction of the image.  If 

phase-preserving disciplines are rigidly enforced, a SAR can produce an image whose 

along-track spatial resolution is largely independent of wavelength and target range.   
In the most basic sense, there must be a translation of either the target through the real 

radar beam, or the real beam through the target, or a combination of both processes that produce 

the necessary systematic change of phase in the target’s signal during the observation time of the 

radar.  There are many such embodiments of the SAR concept, (phase history variation can also 

be the result of target rotation, among other causative factors) and new variations of radar/target 
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 TABLE 1.3: Spatial Resolution Functional Relationships 

Spatial Direction SAR RAR 

Cross-Range 

(Along - Track) 

Along-Track Antenna Length 

2 

Wavelength x Target Range 

Along-Track Antenna Length 

Range (
β2

c
) (

β2

c
) 

 

spatial interaction are still being developed.  However, the space-based missions outlined in 

Table 1.2 generally fall under the category in which a single antenna beam is orientated at right 

angles (broadside) to the radar platform velocity vector so that the side-looking beam scans the 

target by means of the translating spacecraft platform.  This mode of operation is referred to as 

monostatic strip-mapping.  All of the radars listed in Table 1.2 are or were monostatic with the 

exception of the Shuttle Radar Topography Mission (SRTM).  SRTM employed a two-aperture 

radar with the first antenna transmitting and receiving coupled with a receive-only second 

antenna located at a precise baseline distance from the first.  This arrangement produces 

interferometric signatures, hence the name IFSAR (or InSAR), capable of being converted into 

topographic contours and maps.   

 

1.5 SAR Principles 

 Illustration of a typical space-based, strip-map, monostatic SAR is shown in Figure 1.2 

[McCandless, 1989].  Consider the string of dots in Figure 1.2 as a set of positions at which the 

SAR transmits a pulse.  Each pulse travels to the target area where the antenna beam intercepts 

the earth and illuminates targets at that location, and the reflected return pulses are in turn 

collected by the same antenna.  SAR "works" because the radar pulse travels to and from the 

target at the speed of light, which is much faster than the speed of the spacecraft [Harger, 1970].  

The SAR system saves the phase histories of the responses at each position as the real beam 

moves through the scene and then weights, phase shifts, and sums them to focus on one point 

target (resolution element) at a time and suppress all others.  The SAR image signal processing 

system performs the weighting, shifting, and summing to focus on each point target in turn. It 

then constructs an image by placing the total energy response obtained in the focusing on a 

particular target at the position in the image corresponding to that target.  SAR achieves a very 

high signal processing gain because of coherent (in-phase) summation of the range-correlated 

responses of the radar.  All of the signal returns that occur as the real beam moves through each 

target, as shown in Figure 1.2, can be coherently summed.  In many instances, thousands of 

pulses are summed for each resolution cell resulting in a tremendous increase of the target signal 

compared to that from a single pulse (a coherent benefit of approximately 4000 for SEASAT 

SAR).  The power from a given scatterer, spread across many pulses (as illuminated) is focused 

(concentrated) into a single location through processing.  

 To get some idea of the scale of the data collection and processing challenges faced by 

spaceborne SAR system designers and operational planners, consider the general magnitude of 

these subjects for the systems listed in Table 1.2.  These SARs transmit more than a thousand 

pulses per second; illuminate tens of millions of resolution cells (pixels) in the radar beam at
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Figure 1.2.  Basic Principles of Aperture Synthesis 
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Figure 1.3.  SEASAT SAR Imaging Geometry 

 

each pulse time; utilize a spaceborne platform travelling in excess of seven thousand meters per 

second; and require thousands of processor operations per cell to resolve an image.   

 When SAR was first introduced on a space platform by SEASAT, optical processing 

techniques were the touchstone of image generation.  Digital processors were limited in numbers 

and capability and the first digital processors used for SEASAT image generation required 20 

hours of processing time to convert an 18-second data collection into a 100-kilometer by 100-

kilometer image frame.  Although this significant time delay has disappeared as digital 

technologies and processing skills have advanced, SAR data collection and processing still 

present great challenges to the satellite and mission designers and are one of the salient 

yardsticks of program performance and resource allocation. 

 As indicated, the SAR requires the collection and processing of phase-coherent data and, 

for an isolated target, the phase history during the integration time follows a complex (higher 

order) phase function.  For descriptive convenience, it is assumed that the radar antenna beam 

axis is oriented at right angles (broadside) to the radar platform velocity vector. This is the basic 

orientation of the strip-map SAR systems listed in Table 1.2.  
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 In Figure 1.2, the antenna beam illuminates the target when the platform reaches position 

t1, but not before.  It continues to illuminate the target for a distance LSA (synthetic aperture 

length) until it reaches t2.  The time required to translate the along-track beam through a point 

target is called the integration time or dwell time and is defined in the figure.  Figure 1.2 

provides a heuristic derivation of the spatial performance result of this process: viz., the spatial 

resolution in the along-track direction approaches the physical length of the antenna divided by 

two.  This result is, to the first order, independent of the wavelength of the radar and the range 

from the radar to the target.  Unlike the foregoing RAR along-track spatial resolution, the 

antenna dimension is now a direct, not an inverse, relationship.  As a seeming paradox to 

diffraction limited performance, smaller apertures produce better spatial resolution. All or part of 

the available phase history can be coherently processed.  If all of the pulses are used, the result is 

referred to as single look, one look, or fully focused processing, achieving a spatial resolution 

approaching ½ DAT.  

 Since the along-track resolution is independent of target range, the question is how far 

can we take this for spaceborne SAR?  It will become clear in the next section that there are 

serious application constraints that limit taking along-track spatial performance too far.  These 

constraints manifest themselves by placing unacceptable limits on important application goals 

such as area coverage and illumination geometry.  There are also associated technology 

limitations that set application limits.  Important technology limitations include data collection 

rate and volume, and limiting antenna design factors, such as pulse power, phase control and 

calibration. 

 Figure 1.3 further illustrates the imaging geometry of a strip-mapping SAR using the 

illumination geometry of the first space-based SAR, SEASAT.  As shown, the length of the 

synthetic aperture is a function of the beamwidth of the real-aperture, 16 km for SEASAT.  In 

the range direction, the width of the beam as it intercepts the earth is a function of the 

diffraction-limited beam in the range direction and the illumination geometry.  The illumination 

geometry can be described or specified by either the look angle (nadir angle) at the radar, 23 

degrees in the case of SEASAT, or by the grazing angle where the radar beam intercepts the 

earth’s tangent plane.  Sometimes the complement of the look-angle, the depression angle, is 

used for definition or, in the case of the target plane, the complement of the grazing angle 

(referred to as the incident angle) is used as the reference.  Using the grazing angle reference, 

Figure 1.3 provides an expression for swath-width first in terms of diffraction limited beam 

intersection with the earth and second in terms of the differential range of the target space (the 

far range minus the near range, Rf - Rn).  To image the target space illuminated by the radar, each 

radar pulse will transit the differential range distance twice, first as a transmit-transit and then as 

a return-transit after target(s) interaction.  

 

1.6 The 2-D Sampling Problem: Ambiguity Relationships 

 A SAR is a two-dimensional (along-track and range) imaging sensor.  This produces a 

requirement to collect data in the along-track direction and in the range direction that can be 

processed into an image that is unambiguous (has one solution).  Figures 1.2 and 1.3 provide 

illustrations that help visualize the two-dimensional ambiguity relationships that are so important 

to SAR applications. 

 As described, the azimuth resolution of a focused SAR is approximately one half the 

along-track radar-antenna length, and this resolution is independent of radar frequency and range 
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(within limits).  It would appear that fine along-track resolution could be obtained by simply 

making the real antenna length very small.  This is in fact the case, but ambiguity conditions 

place certain limits on carrying this too far. 

 Achieving along-track resolution comes with a requirement that necessitates the radar to 

send a pulse each time the radar platform translates half of the along-track antenna length.  This 

condition sets the lower bound of the Pulse Repetition Frequency (PRF).  The relationship is 

given by [Tomiyasu, 1978]: 

 PRF
LengthAntenna

<
× RadarofVelocity2

 (2) 

Another way to express this relationship is: 

 PRF
VRadarofVelocity

AT

<=
δResolutionAzimuth

 (3) 

 Thus, as the along-track antenna length is diminished to improve along-track resolution, 

the radar must pulse faster.  Consequently, there is less time between pulses (the reciprocal of the 

PRF known as the Inter-Pulse Period or IPP) to collect data in the cross-track or range direction.  

Unfortunately, only one pulse for a given radar frequency can be in the target zone at a time. 

Otherwise, range ambiguity occurs, thereby negating two-dimensional imaging.  This condition 

sets an upper bound on the PRF which is a function of the swath width (S = Rf  - Rn) in slant 

range direction as shown in Figure 1.3 and the real (uncompressed) pulse duration, T, resulting in 

the expression: 

 
cRRT

PRF
nf /)(22

1

−+
<  (4) 

More spacing between pulses is required as swath width and/or incident angles increase.  Thus, 

the quest for increased coverage will eventually collide with a desire for improved along-track 

spatial resolution.  For the space-based examples shown in Table 2, the pulse duration, T, is 

generally much smaller than the swath width time and as a general rule for the single look case 

[Raney 1998]: 

 
Width Swath2

c
PRF

V

AT ×
<<

δ
      ⇒      

V

cWidth  Swath2

AT

<
×

δ
 (5) 

In practice there are even more complex considerations of transmit and receive event timing and 

coordination.  For space, several pulses will be in transit simultaneously, and to avoid eclipsing 

the reflected signals in the monostatic radar, temporal interlacing of returns with the transmitted 

pulses is required.  SAR with interlaced pulses of a particular polarization (i.e., SIR-C, 

RADARSAT-2), designed to produce polarization specific and unique target signatures, require 

even more intricate transmit/receive sequences to prevent ambiguous performance. 
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1.7 Data Rate 

 All space-based SAR designs have an inherent limitation in the amount of data that can 

be acquired.  Consequently, range resolution, swath width, and dynamic range all vie for 

resources within this performance limit.  Important design elements, such as the satellite to 

ground link (downlink), analog to digital (A/D) converters, and onboard recorders are still 

daunted by the voracious resource needs of contemporary spaceborne SAR.  SEASAT posed a 

dilemma in 1978 with its 120 Mega-bit per second (Mbps) data rate when available systems of 

that era topped out at 15 Mbps.  The solution was an innovative analog downlink coupled with a 

similarly unique ground system capable of converting the data to a digital form and recording it 

on a SEASAT peculiar 42-channel tape recorder.   This end-to-end system was a one-of-a-kind 

solution never to be used again.  Although considerable effort is underway to improve the 

limiting technologies and SAR designers are searching for ways to more efficiently use available 

A/D conversion, on-board recording and downlink capabilities, contemporary satellite systems 

continue to press the limit with 500 Mbps aspirations.  Data collection and subsequent 

processing will continue as one of the most important determinants of systems feasibility and 

cost; influencing data collection, image signal processing, and ultimately the entire applications 

process. 

 The data rate for a full resolution, single look SAR data collection can be described by: 

 
PeriodPulseInter −

=
Timeh Swath Widt

 N 2Rate Data sβ  (6) 

Four important performance factors are involved in determining the data rate.  They are: 

1. The range resolution.  The pulse bandwidth (β) of the radar determines its range 

resolution (δR = 
β2

c
).  As the pulse bandwidth is increased, and the range resolution 

becomes smaller, the data sampling (A/D conversion) rate (2 βS) grows.  The data 

collection or system bandwidth (βS) will preserve the pulse bandwidth (βS > β).   

2. The number of bits per sample (N) sometimes called the quantization rate.  The dynamic 

range (number of useful signal levels) requirement determines how many bits are needed 

to preserve image data quality.   

3. Minimum Inter-Pulse Period.  The swath width requirement dictates a minimum length of 

time, 2(Rf - Rn)/c, for the Inter-Pulse Period to sustain unambiguous, in range, data 

collection. 

4. Maximum Inter-Pulse Period.  The azimuth (along-track) resolution requirement 

determines the maximum length of the Inter-Pulse Period for unambiguous, in Doppler, 

data collection.  

The SAR designer must select a PRF, or conversely the IPP, consistent with unambiguous 

operation in range and azimuth. Factors three and four often provide some needed relief in many 

SAR designs because the time required to collect information from the swath (3) is less than the 

interpulse period (4) required for azimuth resolution.  Positive use of this time advantage reduces 

data rate and is referred to as time expansion buffering or stretch processing.  This technique 

allowed the SEASAT data rate to be reduced.  The SEASAT pulse bandwidth was 19 MHz and 

the approximate sampling rate of the ground based A/D converter (2 βS) was 44 mega-samples 
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per second which, at 5 bits per sample (N), resulted in a 220 Mbps data rate.  Factors 3 and 4 

allowed this rate to be reduced to 120 Mbps. 

 As in the case of range and Doppler ambiguities, the applications conflict between swath 

width and along-track resolution reoccurs in the data rate relationship.  As along-track resolution 

becomes smaller and the swath width grows, the swath width time and interpulse time 

approaches 1 and time expansion buffering is no longer available to reduce data rates. 

 Another technique that is very effective and frequently used to reduce the data rate on 

many space-based SAR (i.e., SIR-C, RADARSAT-2 and most notably the Venus mapping SAR 

that formed the core of the MAGELLAN mission) is a technique referred to as Block Floating-

Point Quantization (BFPQ) [Johnson, 1991] or Block Adaptive Quantization (BAQ).  The 

concept of BFPQ is somewhat similar to an Automatic Gain Control (AGC).  BFPQ scans a 

block of phase history data and estimates an overall scale (called the exponent) for the block of 

data.  The block of data is then requantized relative to this scale value (these values are called the 

mantissas).  The block of phase history data is replaced by the quantized exponent and mantissas.  

For example, the A/D converters on SIR-C produce 8-bits per sample.  Blocks of 128, 8-bit 

samples are compressed into a single 8-bit exponent and 128, 4-bit mantissas, which is nearly a 

2:1 compression.  The processed imagery products are virtually indistinguishable from products 

produced from the full 8-bit samples. 

 SAR systems can use additional techniques to reduce the data rate.  One such technique is 

based on utilizing NA and NR, the number of looks in azimuth and range respectively.  These 

refer to the percentage (1/N) of the available azimuth or range bandwidth, respectively, that is 

used to produce the SAR image.  If this is done prior to recording the signal history it is often 

referred to as presumming.  However, most of the systems identified in Table 2 do not use this 

technique to reduce the recorded signal history or raw data rate because of the attendant loss of 

spatial resolution that accompanies the reduction of range and/or azimuth bandwidth. 

 

1.8 The SAR Antenna 

 Antenna technology also paces modern SAR radar design and ambiguity considerations 

also influence the sizing of the SAR antenna.  There exists a minimum antenna area that will 

assure simultaneous compliance with range and azimuth ambiguity constraints [Tomiyasu, 1978]. 

 
c

tan R   4
A I

min

φλV
=  (7) 

The antenna area, as shown in Figure 1.3, is the product of antenna dimensions DAT x DR .  The 

demand for improved along-track spatial resolution is in contention with achieving wide swath 

width because it causes the range dimension of the antenna to increase in order to comply with a 

required minimum antenna dimension for SAR.  Conservative SAR designs pay heed to this 

limit and most of the SAR missions tabulated in Table 2 achieved SAR antenna dimensions of 

about twice the minimum required by ambiguity constraints. 

In addition to the minimum antenna area constraint, there is another ambiguity constraint 

that is crucially important to space-based SAR.  The area cover rate (ACR, area mapped per unit 

time which equals the product of swath width and platform velocity) is bounded by: 

 Resolution Azimuth
2

c
ACR <  (8) 
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Thus, the finer the azimuth resolution, the less is the ACR.  As we know from the along-track 

ambiguity and minimum antenna area constraints, finer azimuth resolution implies a larger PRF, 

which in turn implies a narrower swath.  As an example, the ultrafine mode of RADARSAT-2 

will have 3 m resolution.  The above equation says the swath must not exceed 60 km at an orbital 

velocity of 7.5 km·s
-1

.  Indeed, the designed swath-width is about 45 km, due to data rate 

constraints.  To circumvent this constraint, the SAR must be capable of operating two or more 

SAR antenna beams simultaneously. 

 Two basic antenna technologies are currently in use in the SAR systems tabulated in 

Table 1.2. 

1. A constrained (corporate) feed array (planar or modified planar).  This system can be 

pointed electronically although some mechanical redirection may be also incorporated.  

Example - SEASAT, Space Shuttle SAR (SIR-A and SIR-B), ERS-1, ERS-2, JERS-1, 

ALMAZ and RADARSAT-1.   

2. A distributed array using transmit/receive modules (T/R) that is similar in electrical 

performance to the corporate feed array.  This system has the advantages of better phase 

control and beam steering.  These systems were first introduced by the Space Shuttle 

SIR-C and SRTM designs and are the basis for the ENVISAT and RADARSAT-2 

designs. 

The first design uses a centralized RF transmitter and receiver, usually not co-located with the 

antenna, connected to the antenna via waveguides or coaxial cables.  The second design moves 

the transmit/receive function to the antenna and distributes hundreds to thousands of 

transmit/receive modules in a nearly uniform pattern as part of the antenna structure to achieve 

the same result. 

 

1.9 SAR Signal Processing and Image Formation 

 In a SAR signal processor there are specific operations required to convert a raw data set 

into an interpretable image.  The raw SAR data is not an image since point targets are spread out 

in range (because of the long frequency coded pulse) and in the along-track dimension (by the 

real beam moving through the point target for the duration of the dwell time), as shown in Figure 

1.2.  Figure 1.4 illustrates the raw data trace of a typical point-target as the beam moves in the 

along-track or azimuth direction.  As the radar moves by the target, the radar-to-target range 

varies, forming the curved trace shown.  This translation also produces an along-track 

frequency/time trace in azimuth, induced by Doppler, and range pulse encoding produces a 

somewhat similar time/frequency trace in range.  

 The SAR signal processor compresses this distributed target information in two 

dimensions (range and along-track) to create the image. The complexity of this process is 

revealed in Figure 1.5.  Figure 1.5a is an example of the raw image data recorded by a SAR 

system.  All of the point targets (δR by δAT resolution elements) that exist in the beam at each 

pulse instance are superimposed and create a complex interference pattern that is not 

interpretable in terms of targets and target location.  This is the situation that a SAR processor 

must unravel to produce an image of the sampled scene.  Also embedded in the raw data are 

unwanted distortions and perturbations between the collection platform and the earth that must 

be accounted for. Examples of distortions and perturbations include range curvature, earth 

rotation during the integration period, orbit eccentricity, spacecraft attitude noise, among others.  

As a result, many complex operations must be performed prior to image formation such as 

platform motion compensation for roll, pitch and yaw offsets, and target motion during the 
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Figure 1.4. SAR Point Target Return 

 

radar/target dwell times.  At present, these perturbations or distortions are removed via a series 

of iterative operations that include attitude/orbit compensations, explicit range-curvature 

correction algorithms and the option of a variety of applicable auto-focusing techniques.  Many 

advanced space-based SAR designs (e.g., ERS-1 and ERS-2, ALMAZ, RADARSAT-2) 

normalize the effects of earth rate by using a few degrees (±3 degrees over the course of a typical 

90-minute orbit) of programmed yaw steering coordinated with the satellite platform's orbital 

location.  The objective is to steer the real antenna beam to maintain orthogonality to the 

satellites ground track rather than to the orbit plane.  Figure 1.5b and 1.5c show the intermediate 

step after compressing the distributed target first in range and then the resulting image after 

compression in azimuth (along-track).  Embedded in this process are all of the complex 

compensations discussed.   

 Several computation techniques may be used to form a SAR image [Curlander and 

McDonough, 1991].  One method is to use Fourier spectrum estimation techniques, commonly 

implemented via a "Fast Fourier Transform".  Time domain matched filters may also be used.  

The choice is applications dependent and usually made based on computational efficiencies.  In 

either case, the result is the same; the along-track resolution of the radar is vastly improved 

compared to real aperture radar and is not dependent, to the first order, on target range or radar 

wavelength. 

 In summary, SAR image formation (not to be confused with post image enhancement 

processing and feature identification) requires many rote processes and computation intensive 

signal processing of coherent radar return phase histories.  To provide a scale of the processing 
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(a) 

 
(c) 

(b) 

 
Figure 1.5.  SIR-C (L-band, HH) images of the tip of 

Cape Cod, showing the steps in SAR image formation.  

(a) is the amplitude of the phase history radar return.  

The radar energy is spread out over the SIR-C chirp 

length in range (~10 microsecond or ~3 km) and the 

synthetic aperture length in azimuth (~1.6 km), so the 

impulse response from any point target covers roughly 

4.8 km
2
.  (b) is the amplitude image after range 

compression.  (c) is the fully processed image (after 

azimuth compression).  Each imaged area is 

approximately 38 km (range) x 43 km (azimuth) and 

centered near 41.9
o
 N and 70.0

o
 W.  Data were acquired 

15 April 1994 (DT 97.2).   

 

burden, consider a single-channel space-based SAR collecting a 100-km swath width image with 

a space platform collection speed of 7600 meters per second. These values are indicative of 

many of the systems listed in Table 1.2.  Suppose that the SAR is capable of producing a 10-m 

ground range and 10-m along-track pixel after image processing.  The SAR collects over seven 

million pixels per second and the processor requires more than one thousand operations per pixel 

to produce the image.  A real time or even near real time image processor must be capable of 10
9
 

complex operations per second or greater as a function of radar and platform complexities.  This 

situation doesn't get less daunting as modern space-based SAR designs reach for enhanced 

performance. Adding more channels to a radar, in the case of a fully polarized SAR such as 

RADARSAT-2 (factor of four), or more wavelengths and polarization channels in the case of the 

space shuttle SIR-C radar (factor of nine) adds to the toll.  
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Figure 1.6.  Slant plane and ground plane imaging geometry (flat earth). 

 

 Although SAR processing is, and will remain, computationally intensive, it offers the 

advantage of fine cross-range (along-track) spatial resolution with a small antenna, which makes 

SAR attractive for use on aircraft and satellites.  The economic benefits of fine resolution 

weather independent imagery are significant.  The large area of coverage that is possible from 

space-based radar makes it attractive for many applications, especially for ocean and ice 

observations for reasons of scale, synoptic variability, impact of weather and climate, and a host 

of known and emerging reasons with scientific and commercial bearing. 

 

1.10 SAR Image Characteristics: Geometry and Speckle 

1.10.1  Slant Plane / Ground Plane 

 A SAR image has several characteristics that make it unique.  The position and 

proportions of objects in the image can appear distorted compared to a photograph and the image 

also has a grainy appearance, due to the presence of many black and white pixels randomly 

distributed throughout the image.  Both characteristics result from SARs method of observation  

(i.e., transmission of a coherent pulse of energy and measurement of its coherent reflection). 

 A SAR, like any other radar, very precisely measures the time between a transmitted 

pulse and receipt of its reflection.  The pulse travels along a straight line between the radar and 

surface of the earth.  The delay time associated with a particular reflection is converted to 

distance, and the distance measured along this line of sight is called slant range. A SAR samples 

its signal in the slant range direction at constant intervals (its resolution in this plane is also 

constant {
β2

c
}).  This constant sampling in range, however, does not correspond to a constant 

sample spacing on the ground (or ground plane).  It is this difference in sample spacing between 
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the slant plane and locations along the ground that produces the unique geometric characteristics 

of a radar image.  

 Figure 1.6 shows the SAR viewing geometry and the difference between the slant plane 

and ground samples.  The sample spacing (and resolution) along the ground is a function of the 

SAR's grazing angle where the grazing angle is defined as the angle between the radar line of 

sight and the local tangent plane at the point of the reflection on the earth.  The resolution in the 

ground plane image is coarser then the corresponding slant plane image and the relationship 

between the two is given by: 

 δg ~ δr / cos ψ (9) 

where ψ is the grazing angle.  To make a SAR image appear "map-like", the sampling along the 

slant plane must be converted to the ground plane.  Simply converting the slant plane samples to 

the ground plane will produce ground range pixels of varying size from one end of the swath to 

the other.  Additional resampling is required to produce pixels of equal size.   

 Slant to ground range distortions are often small for the space-based SARs listed in Table 

1.2 because of the small variation in incident angle from the near side to the far side of the swath.  

For SEASAT, the 6
o
 variation in angle resulted in an approximate 25% variation in pixel size 

across the image [Fu and Holt, 1982].  These distortions will increase as the angle variation 

increases across the swath. 

1.10.2 Speckle 

 The grainy "salt and pepper" appearance of a SAR image results from constructive and 

destructive interference of the coherent SAR pulse by different scatterers contained within a 

resolution cell.  The coherent interaction of electromagnetic radiation with a complicated set of 

scatterers is probably the least understood and limiting facet of SAR processing system design 

and application.  Noncoherent sensors generally employ diffraction limited physical apertures for 

the focusing of incident electromagnetic radiation, followed by detectors which are sensitive to 

the total intensity of the radiation incident upon them.  In contrast, a SAR transmits a very 

precise signal toward its target and, when the reflected radiation returns, a SAR records not only 

the amplitude of that signal but its phase as well.  It is the phase information which allows for the 

post-facto coherent summation of the many thousands of recorded signals in the correlator 

during the aperture synthesis operation.  Coherent signals have properties that are considerably 

different from their noncoherent counterparts.  The coherent interference between targets 

contained within a resolution cell is the basis for much of the scintillation of coherent radar 

imagery—an effect often referred to as speckle.  Thus, there is a wide variation in the SAR 

image, even when given a uniform input.  This variation can be considered as a form of noise.  

However, speckle is not really noise in the classic sense and there is information to be obtained 

from it because speckle is the radar signature of the target under a particular set of 

circumstances.  A considerable amount of work has gone into speckle characterization and 

abatement, details of which can be found in Goodman [1976], Lee [1986], Lopes et al., [1990, 

1993], Arsenault and April [1986]. 

 

1.11 Multi-Look Processing 

 Multi-look processing involves creating several independent images of an area by sub-

dividing or partitioning the available bandwidth spectrum (in either range, azimuth, or both) and 

then combining those images to produce the final image.   The mean Doppler frequency of each 
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partitioned look is proportional to the time at which the data for that look were collected relative 

to the local reference time of the Doppler centroid.  This is an important concept because it lies 

at the heart of cross-spectral techniques for suppressing the 180-degree ambiguity in ocean wave 

directional spectra and in developing techniques for mapping sea surface topography.  By 

partitioning the bandwidth spectrum into N non-overlapping segments, statistically independent 

images of the scene can be produced and then combined, reducing image speckle.  Dividing the 

bandwidth has the effect of breaking up the coherent nature of the SAR signal.  Scatterers that 

might combine constructively in one part of the bandwidth spectrum may not in another.  The 

price for reducing the coherent scintillation in the image is an attendant decrease in spatial 

resolution. The benefit lies in the correct interpretation of many dynamic scenes. 

 A SAR image can be formed using all or part of the signal bandwidth.  If the full 

bandwidth is used, the result, referred to as single look, one look, or fully focused processing, 

achieves a spatial resolution of (
β2

c
) in range and approaches ½ DAT in the along-track 

dimension.  The multi-look technique can be applied as three-look, four-look, and so on. Speckle 

is reduced with an increasing number of looks.  As a rule of thumb, the standard deviation of the 

speckle is reduced in proportion to the square root of the number of effective statistically 

independent looks. 

 

1.12 SAR Imaging and the Ocean Surface 

 A SAR relies on the precise measurement of phase and Doppler which, through signal 

processing, allows for its aperture to be synthesized and fine resolution imaging achieved in the 

along-track direction.  The discussion of SAR signal processing and image formation (Section 

1.8) contained the assumption that the instantaneous Doppler shift of the signal was the result of 

transverse movement of the radar beam across the reflecting object.  An object’s inherent motion 

(with a component along the radar line of sight) at the time of observation will also produce a 

Doppler shift and affect how it appears in the resulting SAR image. 

 The interaction between the SAR pulse of microwave energy and the ocean surface is 

complex, dependent on wavelength, polarization, geometry, environmental conditions and the 

electrical properties of the ocean surface.  (Details can be found in Chapter 2 and Chapter 4 of 

this manual).  SAR energy is primarily scattered from the ocean surface by the presence of small 

(mm- to cm-scale) wind-induced surface waves called Bragg waves.  SAR is particularly 

sensitive to the Bragg waves in which wavelength is matched to the projection of the SAR 

electromagnetic wavelength onto the local ocean surface.  A Bragg wave on the ocean surface 

will cause all of the electromagnetic wavefronts scattered from its different portions to be in 

phase (i.e., they travel an integral number of wavelengths) and add constructively.   

 The sea surface is constantly moving and the mean wave structure will include a variety 

of motions with components along the line-of-sight to the radar.  These motions will induce 

(small) Doppler frequency shifts on the reflected signals.  These shifts, and the resulting 

misregistration of scene scatterers, produce a smearing, or blurring in the azimuth direction.  

This smearing is like a low pass filter, removing certain ocean wave components.  These shifts 

tend to be different for different phases of the dominant (long) waves and the onset and 

magnitude of the effect depends primarily on significant wave height, and other parameters.  The 

term given this phenomenon is velocity bunching.  It is a fundamentally limiting factor in a 

SAR’s ability to image ocean wave fields (see Chapter 2, Section 2.2.3).  
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 The same effect can be observed from larger objects moving in the scene.  For example, 

ships are observed displaced from the apex of their wake signatures (see Chapter 12, Figure 

12.9) or trains appear moved from the location of the tracks.  

 While motion along the radar line-of-sight limits the imaging ability of a monostatic 

strip-mapping SAR, a technique called Along Track Interferometry (ATI) takes advantage of 

these small Doppler shifts to measure line-of-sight velocities (details of ATI can be found in 

Section 2.4.2).  In an ATI SAR system, two antennas are configured such that one is located fore 

and the second aft in the platform velocity direction.  The motion of scatterers can be determined 

by measuring the phase difference between the signals received at two antennas. The technique 

has limitations but aircraft-based ATI measurements have been used to examine surface currents 

and waves. 

 

1.13 Future Trends 

 In the 25 years since SEASAT, SAR observations of the world's oceans have progressed 

from a demonstration of capability to near real-time support for operational ice analyses and 

charting.  ERS 1, ERS-2, and RADARSAT-1 have compiled vast archives covering all of the 

world's oceans, providing observations of surface waves, internal waves, currents, eddies, 

upwelling, shoals, sea ice, rainfall, the atmospheric boundary layer phenomena, and ships.  The 

evolution sparked by SEASAT continues with ever more advanced SAR satellites beginning 

with the recent launch of ENVISAT (Europe), followed by ALOS (Japan) and RADARSAT-2 

(Canada) in the 2004/2005 time period.  These entries promise finer resolution and increased 

polarimetric capability coupled with advanced data collection and processing techniques (e.g., 

interferometry) and they will expand SAR capabilities both for the traditional SAR users and for 

an expanding community of users 
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Chapter 2.  SAR Imaging of the Ocean Surface 
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2.1 Introduction 

 The finely-detailed imagery of the ocean’s surface from a synthetic aperture radar (SAR) 

is assuredly the most complex and least understood data set that is provided by a remote sensing 

instrument.  What to make of the unprecedented two-dimensional views of waves, currents and 

eddies, slicks, surface manifestations of subsurface features, all brushed over by interactions with 

the boundary layer, have captivated and perplexed researchers for over three decades.  Add to 

this mix the ocean’s motion during the SAR imaging process and one has quite a challenge to 

derive quantitative information on what these image patterns uniquely provide on upper ocean 

processes and air-sea exchange.  My son once observed that “It sounds like the ocean is laughing 

at us.”  When it comes to interpreting the complexities of SAR imagery of the ocean surface, it 

often feels like both the ocean and the SAR are laughing at us as we try to sort things out. 

 A SAR, operating from a satellite or aircraft, transmits radar signals and receives 

backscattered returns whose levels are directly dependent on the roughness of the ocean’s 

surface.  The characteristic frequencies of most SAR sensors (0.4 to 10 GHz, equivalent to 3 to 

75 cm, and designated by X-, C-, S-, L-, and P-bands) are not commonly scattered from or 

bounced between air and water droplets, enabling the SAR signals to generally pass unchanged 

down and back through clouds.  A SAR achieves its fine resolution (nominally 25 to 50 m for 

spaceborne systems) through its side-looking geometry, by precisely tracking the transmission 

and return of its short radar pulses, and detecting small Doppler shifts in the return signals that 

result from the SAR’s motion past a point on the surface.  The radar return is a complex 

interaction of the transmitted signal, whose characteristics are determined by the radar’s 

frequency, polarization, and viewing geometry, and the illuminated surface, whose 

characteristics depend on roughness characteristics, electrical properties, and material 

composition. 

 Over the ocean, the radar return comes from roughness components that are 

approximately of similar wavelength or scale as the radar wavelength.  The roughness 

components are wind-generated short waves that range from capillary to short gravity waves 

(wavelengths between a few to a few tens of centimeters and periods less than one second).  

Longer gravity waves and currents modulate the short wave field in ways that produce 

characteristic patterns on the radar imagery which reveal the presence of features.  

Understanding these patterns and deriving useful information from SAR about the ocean requires 

an understanding of the ocean interactions themselves as well as the interactions of the radar 

waves with the moving ocean.   

The ocean features commonly seen on SAR imagery include surface waves, mesoscale ocean 

circulation structures such as eddies and currents, oily slicks, and surface manifestations of ocean 

dynamics present below the surface including internal waves and currents passing over shallow 

shoals.  The SAR is so sensitive to the interaction of wind with the ocean surface that, in addition 

to wind speed, patterns and structures within the atmospheric boundary layer produce 

identifiable surface imprints.  In some sense, wind is the master control switch in 
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Figure 2.1.  (a)  Aircraft L-band VV SAR image that includes the north wall of the Gulf Stream and adjacent shelf 

near Cape Hatteras, (b) Sketch map of detectable features and conditions in (a) including the USNS Bartlett.  [After 

Lyzenga and Marmorino, 1998] 
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terms of what is detected on radar imagery.  High winds disperse the identifiable interactions of 

waves and currents, air and sea, or oil and sea that reveal most of the features.  On the other 

hand, winds must reach above a threshold speed to sufficiently roughen the ocean surface so that 

a signal can be detected above the noise level of the instrument.   

 Figure 2.1 is a rather amazing example of SAR ocean imagery because of the number of 

identifiable features contained within a single frame [from Lyzenga and Marmorino, 1998].  

Comparing the fine resolution (6.4 m) aircraft image with the schematic, one can see the bright 

shear boundary of the Gulf Stream front, the periodic pattern of swell propagating westward 

through the current field, periodic bright lines of internal waves (‘bottom-induced signatures’ 

and ‘soliton’) and frontal bores over the shelf, dark slicks both within the Gulf Stream and 

inshore, and a wind front separating the dark shelf water from the brighter Gulf Stream water.  

As we will see, the bright shear boundary and internal waves result from essentially the piling-up 

of short-waves in convergence zones; the dark slicks are produced by oil and weeds which 

dampen the short-wave field; and the dark shelf and bright current field result from the 

cold/warm temperatures of the adjacent shelf/Gulf Stream that affect the stability of the 

boundary layer which leads to a reduction of the wind speed on the shelf side.  Lastly, the bright 

returns from two ships are indicated, with one ship stationary and the other in motion as shown 

by its stern wake.  

 What we have learned about spaceborne SAR imaging of the ocean surface comes from 

an initially intermittent but now continuous data record.  The first spaceborne SAR was flown on 

NASA’s SEASAT during 1978, being an L-band system operating at a single polarization of 

horizontal transmit-horizontal receive (HH) and a fixed 100-km swath with incident angles of 

between 20° and 26°.  In addition to the anticipated observations of surface and internal waves 

seen before SEASAT from limited airborne SAR systems [e.g., Elachi and Apel, 1976; Elachi, 

1978; Elachi et al., 1977, and Elachi and Brown, 1977], SEASAT SAR imagery revealed a 

number of features if not for the first time, at least the most extensively [e.g., Vesecky and 

Stewart, 1982; Beal et al., 1981, 1983, 1986; Fu and Holt, 1982, 1983, 1984; Apel and Gonzalez, 

1983], including current boundaries, eddies over a wide range of scales (10 to 400 km), 

temperature fronts, shoaling bathymetry, and atmospheric patterns related to storms, roll vortices 

and rain cells.  The next spaceborne SARs were 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, and SIR-B in 1984, a digital single channel L-band HH SAR but with variable 

incident angles.  The limited coverage provided distortion-free imaging of ocean waves (due to 

lower orbital altitudes of the shuttle compared to satellites), particularly from SIR-B, which was 

invaluable for validating wave imaging models developed from SEASAT data [e.g., Alpers, 

1983b; Hasselmann et al., 1985; Alpers and Bruening, 1986; Holt, 1988; Beal, 1991].   

 The next spaceborne SAR was the European Space Agency’s (ESA) ERS-1 mission in 

1991, a C-band vertical transmit-vertical receive (VV) polarization SAR with a SEASAT-like 

100-km swath and a range of incident angles between 20° and 26°.  This highly successful 

mission was continued in 1995 with ERS-2, which as of 2003 continues to operate.  The 

Japanese Space Agency flew the L-band HH JERS-1 SAR from 1992 to 1998.  The JERS-1 SAR 

produced limited useful ocean imagery because of its land-oriented fixed incident angles of 32° 

to 38°.  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/XSAR), flew twice in 1994.  

This three frequency (L/C/X bands), fully polarimetric system (HH/VV/HV/VH for L/C, and HH 

for X) provided the most extensive multi-parameter ocean data available to this day [Holt, 1998].  
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The next mission, the Canadian Space Agency’s RADARSAT-1, a C-band HH system available 

at varying incident angles and swath widths (40 to 500 km), was launched in 1995 and as of 

2004, continues to provide invaluable imagery.  ESA’s ENVISAT, launched in March 2002, 

carries a C-band dual polarization system with swath widths varying between 100 and 400 km. 

 This chapter provides an overview of the fundamental concepts of SAR imaging of the 

ocean surface along with examples of characteristic features seen and studied in the imagery, 

concepts that will be reemphasized in the more detailed following chapters.  In addition, readers 

are encouraged to consider more rigorous explanations of SAR imaging found in several 

valuable books [Ulaby et al., 1982, 1986; Stewart, 1985; Apel, 1987; Elachi, 1988; Raney, 1998].  

In this chapter, the following questions will be considered: What is a SAR detecting on the ocean 

surface?  What is the physical basis of the interaction of radar waves with the ocean surface?  

What are the characteristics of the types of features that are detected, under what range of 

conditions are they imaged, and what information can be extracted from these features?  What 

are the differences in ocean feature detection that result from varying SAR instrument 

properties?  How can one best make use of this imagery, particularly in combination with other 

remote sensing instruments?  The chapter will conclude with a few examples of rather 

complicated images to ‘walk through’ the possible interpretations of what is being seen, and 

some features that still remain largely unexplained, to emphasize that there is still much to be 

learned from this captivating imagery, from the extensive data archives as well as with the 

continually improving SAR sensors currently operating and that will launch in the future. 

 

2.2 The Ocean Surface and Radar Scattering 

 The ocean surface is where nearly all exchanges of heat, momentum, light, water, and 

gases between the atmosphere and the ocean take place.  Most of the standard ocean remote 

sensing instruments detect only the ocean surface, including radar altimeters (sea surface height), 

radar scatterometers and SAR (radar backscatter), and both infrared and microwave radiometers 

(brightness temperature).  The only exception is ocean color-type instruments that detect water-

leaving spectral radiance in the visible bands.  To understand each of these data sets requires 

consideration of how the ocean surface is interacting with both the upper ocean properties and 

the atmosphere. 

 Over the ocean, a SAR image consists of a fine resolution, two-dimensional radar 

backscatter map of the roughness of the ocean surface.  The ocean radar return is controlled by 

the 1) dielectric constant, 2) roughness of the sea surface, 3) interaction of waves at different 

scales, 4) interaction of waves and currents, and 5) the intermediary presence of oils on the 

surface.  For active microwave sensors, ocean roughness is comprised of the mean surface slope, 

dominated by the long-wavelength field, and the short-scale waves that range between capillary 

and short-gravity waves.   

 The standard formalism is that the reflectivity or brightness of the radar return, termed 

the normalized radar cross section or backscatter coefficient (σ0
 or ‘sigma naught’), is the 

average level of incident energy, σ, scattered back to the antenna over a specified area, Α (in m
2
) 

on the ground.  Sigma naught is a dimensionless quantity given in decibels (dB), where 

 σ 
0
 = 10 log10 (σ / A). (1) 
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In addition to the physical and electrical properties and local slope of the reflected medium, the 

value of σ0
  depends on the radar system characteristics including frequency, polarization, and 

viewing or incident angles.   

 At common SAR incident angles between 20° and 60° (as referenced from nadir), the 

ocean roughness that SAR is most sensitive to arises from the ocean’s short wave field on scales 

shorter than the SAR resolution cell and approximately similar to the SAR frequency (where 

frequency, f, and wavelength, λ0, are related by λ0 = c / f, with c the speed of light).  To first 

order these waves arise from local wind stress.  The radar backscatter depends on the 

wavelength, orientation, and tilt of the waves in relation to the SAR.  In the absence of wind, the 

surface will be largely smooth and hence specular, reflecting the radar energy away from the 

sensor.  Increasing wind speeds will result in increasing ocean roughness and, hence, increased 

backscatter as more energy is returned back to the antenna.  Longer waves, including both swell 

and internal waves, underlying currents, temperature fronts, and atmospheric features will cause 

a tilting as well as redistribution of the short wave field into characteristic patterns that are 

identifiable on SAR imagery.  Thus the key to understanding a SAR ocean image is to make 

sense of what these surface patterns are revealing about the underlying ocean and overlying 

atmosphere.   

 

2.2.1 Dielectric Constant and Penetration Depth 

 Before delving into the general concepts of the ocean surface, radar scattering, and 

features, it is key to understand that the SAR microwaves do not penetrate beyond a few 

millimeters of the topmost layer or microlayer of the ocean surface.  Thus, even though we may 

discuss using SAR to study features that occur at depths below this layer, such as internal waves, 

currents, and bathymetry, these features are only seen from SAR because of the interaction of the 

underlying current field associated with these features with the surface short wave field.  To first 

order, whether or not radar waves penetrate into any medium is controlled by the dielectric 

constant of the particular medium.  The dielectric constant characterizes a medium’s response to 

the presence of an electric field.  Thus radar waves impinging with water, ice or rain, in our 

discussion, will change the activity of charged molecules in ways that depend on the medium’s 

properties.  The dielectric constant, or complex permittivity ε c , is described as  

 ε c = ε´ – iε˝   (2) 

where ε´ is the real part and ε˝ is the imaginary part where 1−=i .  The real part, ε´, often 

referred to as the dielectric constant, describes the ability of a medium to store electrical energy.  

The imaginary part, ε˝ , commonly termed the loss factor, describes the electromagnetic loss of 

the medium.  The loss tangent, tan δ  = ε˝/ε´, describes whether the material is a good conductor 

(large loss tangent tan δ >>1) or poor conductor (low loss tangent tan δ <<1).   

As seen in Figure 2.2, particularly over the range of radar frequencies common to most SAR 

systems (1 to 10 GHz), fresh water has both a high permittivity (ε´ > 40) and a comparatively 

high loss (ε˝ > 4) due to the high polarity of the water molecule; thus, it is a good conductor.  

The addition of salt slightly reduces ε´ but significantly increases ε˝.  When sea water freezes, 

the dielectric constant is greatly reduced, as the free rotation of the polar water molecules is 

impeded, with sea ice typical values for ε´ of 3 to 5 and ε˝ of 0.1 to 1.0.  Rain in the atmosphere, 

whether the droplets are frozen or unfrozen, effectively increases the dielectric 
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Figure 2.2.  (a) Real and (b) imaginary parts of the complex dielectric constant of pure water and sea water over 

varying frequency and for 0°C and 20°C.  Salinity of sea water S = 32.45 0/00 (salinity units).  [After Ulaby et al., 

Vol. III, 1986, Figure E.1] 
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Figure 2.3.  Penetration depth of water (cm) as a function of (a) salinity at 1.4 GHz and (b) frequency at 36 0/00 

(salinity units). [After Ulaby et al., Vol. III, 1986, Figure 18.4] 



SAR Marine User’s Manual 

 32

 

Figure 2.4.  Illustration of Bragg scattering, where λr is the radar wavelength, λB is the sea surface wavelength, and 

θ is the local angle of incidence.  [Adapted from Martin, 2004] 

 

constant, resulting in increased scattering as well as reduced penetration through the atmosphere.  

A high dielectric medium (e.g., ocean) will have lower backscatter than a low dielectric medium 

(e.g., sea ice), because the increased penetration that occurs with a low loss medium generally 

results in an additional contribution from volume scattering.  

 The penetration depth, δp, of microwaves into a medium (attenuation of power to a 

certain level) depends on both radar wavelength, λr, and the loss tangent, as 

 δp =λr / (2π  ′ε  tan δ). (3) 

Over the frequency range of 1 to 10 GHz (wavelengths of 3 to 23 cm), the penetration depth of 

ocean water is on the order of 0.1 to 1.0 cm (Figure 2.3), which for high conductivity materials 

like water is also termed skin depth.  For sea ice, a poor conductor/low-loss medium, the 

penetration depth may be on the order of several radar wavelengths or even more.  For more 

rigorous discussions on dielectric constants and penetration depth, refer to Ulaby et al. [1982, 

1986], Raney [1998], and Apel [1987]. 

 

2.2.2 Ocean Surface Roughness 

 The SAR backscatter from the ocean within characteristic SAR incident angles (~18° to 

50°) in the absence of long waves is primarily due to Bragg or resonance scattering.  This form 

of scattering also applies to land surfaces and sea ice.  Under Bragg scattering (Figure 2.4), the 

incident radar waves are backscattered by the wind-generated, freely-propagating, short wave 

components of the ocean surface, λB, whose wavelengths are similar to the radar frequency, λr, 

using the follow relation: 

 λB  = λr / 2 sin θ (4) 
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Figure 2.5.  C-band (5.3 GHz) VV radar backscatter for varying wind speeds averaged over all azimuth angles as a 

function of incident angle.  Each symbol represents data points of a specific flight day.  [After Feindt et al., 1986] 

 

where θ is the radar incident angle, the angle between the radar line-of-sight, and the local 

vertical.  This results in a coherent addition (resonance) of returns from adjacent waves that are 

in phase, which is strongest when the Bragg waves are traveling towards or away from the radar 

look direction, in fact at quite a narrow range of angles [Plant, 1990].  As wind-waves are 

usually continuously distributed in wavelength, resonant waves are commonly present and with 

components moving in the required direction, so the conditions for Bragg scattering are generally 

met.  Bragg scattering is prevalent between incident angles of 15° and 70° [e.g., Valenzuela, 

1978].  For angles less than 15°, scattering primarily occurs through specular reflection (smooth 

surfaces oriented perpendicular to antenna look direction), while for angles larger than 70°, 

scattering from the sides of the waves (wedge scattering) is most prevalent. 

For a characteristic range of SAR incident angles (20° to 26°), Bragg waves have the following 

values for common SAR frequencies: for X-band (3 cm), 3.9 ± 0.5 cm; for C-band (5.5 cm), 7 ± 

1 cm; and L-band (23 cm), 30 ± 4 cm.  Note from (4) that λB  decreases with increasing incident 

angle.  Under low winds, a threshold wind speed must be reached before Bragg waves are 

generated at the appropriate scale required to produce a measurable radar return.  This is shown 

to some degree in Figure 2.1 in the shelf water region and later in Figure 2.12c, showing very 

patchy response across areas of variable low winds.  The threshold wind speeds for X-, C-, and 

L-bands at 20° incident angles are approximately the following: 2.5, 2.2, and 2.0 m s
-1

, 
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Figure 2.6.  Average radar backscatter for range of frequency from 1 to 18 GHz at HH and VV polarizations and 

varying incident angles of (a) 20°, (b) 30°, and (c) 45°, for a fixed wind speed of 10 m s
-1

. [After Unal et al., 1991] 
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Figure 2.7.  Images of sea ice in the St. Lawrence Island polynya taken from the NASA DC-8 overflight on 22 

March 1988.  The multi-frequency fully polarimetric SAR images were obtained simultaneously and examples are 

shown at P-band VV, L-band VV, and C-band VV.  Each SAR image covers an area of 6 km by 8 km.  The long 

axes of these images are parallel to the flight path, while the image white-out at the top of each image is due to nadir 

saturation of the radar.  A hand-held photograph of the polynya provides identification of ice and water.  The box in 

the photograph shows the same region of ice as the box in the CVV image.  [After Martin et al., 1992] 

 

respectively [Donelan and Pierson, 1987, their Figures 4 and 5].  The thresholds increase 

slightly with increasing incident angle and decrease slightly with increasing ocean temperature. 

 Next we consider ocean surface backscatter in relation to wind speed and different radar 

system parameters including frequency, polarization, and incident angles.  The ocean backscatter 

at all common SAR frequencies decreases quite sharply with increasing incidences between 20° 

and 50° (Figures 2.5 and 2.6), particularly in comparison with other natural surfaces [refer to 

Ulaby et al., 1986].  Note that backscatter increases with increasing wind speed (Figure 2.5) and 

that vertical polarization returns are higher than horizontal polarization by several dB except at 

the steepest incident angles (0° to 20°) (Figure 2.6).  The noise floor, termed the noise equivalent 

sigma naught (σ0
Neq) of spaceborne C-band SAR instruments is usually less than –20 dB (for 

example, σ0
Neq for RADARSAT-1 is about –25 dB).  Ocean returns which approach that level, 

during low winds and particularly at larger incident angles, may not produce adequate signal 

above the noise floor, thus limiting the quantitative usefulness of the measurement under those 

conditions.  In general, the backscatter for cross polarization data (HV, VH but not shown here) 
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is usually uniformly 5 dB lower than HH polarization, often forcing the returns near to or below 

the  σ0
Neq under most conditions.  Considering Figure 2.6, also note that the difference between 

VV and HH increases with increasing incident angles with the largest difference at 5.5 GHz (C-

band), and that the overall returns are highest at 5.5 GHz and lowest at 1.3 GHz (L-band).  

 An interesting example of Bragg scattering and radar frequency is shown in Figure 2.7.  

The three SAR images were simultaneously obtained over the St. Lawrence Island polynya in the 

Bering Sea on 22 March 1988, with the three-frequency NASA AIRSAR platform [Martin et al., 

1992].  A polynya is an open water region amidst sea ice, usually adjacent to land, where ice is 

continuously formed and transported away from the land by strong and continuous offshore 

winds, causing the newly formed ice to generally pile up against the thicker pack ice.  The ice 

crystals are aligned into streaks that are approximately parallel to the wind direction, seen in the 

central region of each image, which are separated by open water.   

 Note in Figure 2.7 the complete reversal in contrast of the features in the three-frequency 

series.  What is ice and what is ocean?  A coincident hand-held image enabled the clear 

identification of ice and ocean through feature mapping.  The backscatter from sea ice generally 

increases with increasing frequency while the opposite is true with ocean returns.  The ice is 

bright at C-band and dark at P-band (500 MHz, 50-cm wavelength) over the new and young ice 

formed in the polynya; however the ocean is dark at C-band and bright at P-band.  The L-band 

image is a confusing mixture of backscatter over the ice and ocean.  How can the opposite trends 

in ocean backscatter be explained, where we might at least expect a strong ocean contribution at 

C-band?  A nearby buoy (46017) record shows that the winds were consistently from the 

northeast at wind speeds greater than 8 m s
-1

 for several days before and up to the time of 

imaging.  We speculate that steady winds blowing over fetch-limited open water may have 

resulted in a non-continuous distribution of wavelengths, with an apparently greater presence of 

Bragg waves at P-band than C-band.   

 One key parameter regarding radar and wind speed is that the wind speed varies 

depending on the orientation of the radar antenna look direction or azimuth angle with respect to 

wind direction.  Winds coming towards (upwind) or away from (downwind) the antenna look 

direction have higher returns (several dB) than winds that are offset (crosswind) from the 

antenna direction (Figure 2.8).  This is directly related to orientation and tilt of the Bragg waves 

with respect to the radar (see Section 2.2.C).  Scatterometers make use of this pattern to derive 

absolute wind direction, through the use of multiple stick antennas or a rotating antenna with a 

fixed incident angle [see Ulaby et al., 1986].  The fixed azimuth viewing of a SAR antenna 

means that wind direction cannot be resolved directly by backscatter alone, but requires other 

approaches such as feature detection, alternate data sources, and internal data characteristics (see 

discussion on wind speed in Section 2.3).  

 

2.2.3 Interactions of Short and Long Waves 

 Modeling efforts have generally shown that Bragg scattering alone does not satisfactorily 

account for the measured intensity of microwave scattering returns or of SAR, with its additional 

complexity of its image formation process.  As will be briefly described below and in detail in 

later chapters, comparable measured/modeled returns are approached when considering the 

interaction of Bragg waves with intermediate scale waves and underlying currents. 

 In addition to Bragg waves, sustained wind forcing produces longer waves—for this 

discussion longer than 50 m.  Such waves may develop sufficient energy to propagate away from 

the influence of their generation region, becoming swell, to eventually dissipate on the beach as 
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Figure 2.8.  Azimuthal variation of the backscattering coefficient of the ocean surface at 14 GHz, where Φ = 0° 

and 180° corresponds to the upwind and downwind directions, respectively. [After Ulaby et al., Vol. II, 1982, 

Figure 11.28] 

 

surf or in the open ocean with wave-breaking or white-cap formation.  In the open ocean, long 

waves have characteristic circular orbital or particle velocities which have sinusoidal directional 

components depending on position along the propagating wave (Figure 2.9).  The slope, height, 

and orbital motion of the long waves interact with and redistribute the Bragg waves, producing 

an alternating radar intensity which is detectable on the fine resolution SAR imagery, often with 

extraordinary detail.   

 The interaction of short and long waves and how these interactions affect the radar 

scattering is referred to as the two-scale approximation.  There are three primary mechanisms in 

which long waves modify Bragg waves to effect SAR imaging—the tilt, hydrodynamic and 

velocity bunching [for key seminal papers, see Elachi and Brown, 1977; Alpers et al., 1981; 

Alpers, 1983a, 1983b; Hasselmann et al., 1985].  It should be noted that when long waves enter 

shallow water, the orbital trajectories become elliptical, with the long axes in the horizontal 

direction which further effects the long wave-short wave interactions.   

 As the long waves propagate through the short wave field, two adjustments to the short 

waves are made that directly change the intensity and thus imaging of the radar returns.  The 

first, tilt modulation, is when the varying slope of the long wave changes the local orientation or 

tilt of the short waves (Figure 2.10).  These tilting waves act as reflecting mirrors or facets to the 

incoming radar waves, so that the return will vary as the facets change tilt along the longer 

propagating wave.  The second adjustment, hydrodynamic modulation, takes place when the 

amplitudes of the short wave field are non-uniformly altered by the long wave in the following 

ways (Figure 2.10):  the long wave orbital velocities (Figure 2.9) have different directions along 

the wave, which tends to pile up short waves in the convergence zones (crest) and spread them 



SAR Marine User’s Manual 

 38

 

Figure 2.9.  Instantaneous velocity vectors and orbital paths of fluid particles in a long wave in deepwater.  

Velocities become small at a depth equal to one-half the wavelength.  [After Neumann and Pierson, 1966] 

 

 

Figure 2.10.  Illustration of tilt and hydrodynamic modulation.  The longer waves change the local orientation or 

slope (tilt modulation) and distribution (hydrodynamic modulation) of the shorter wave fields.  See text for further 

explanation.  Symbols include local incident angle, θ, wavenumber spectrum, ψ, and sea surface elevation, ζ.  [After 

Stewart, 1985, Figure 13.6] 

 

out in the divergence zones (trough); and the airflow over the long waves is distorted, thereby 

preferentially forming short waves at the crest as compared to the trough.  Both tilt and 

hydrodynamic modulations have the strongest effects on the radar returns when the long waves 

are propagating perpendicular to the radar platform direction (wave crests moving toward or 

away from the antenna, termed range-traveling).  Both mechanisms are stronger at horizontal 

than vertical polarizations, with the relative importance of each varying with incident angle [e.g., 

Hasselmann et al., 1985].  

 The third modulation, velocity bunching, is invoked when long surface waves are 

propagating in a direction parallel to the SAR platform direction or equivalently perpendicular to 

the radar antenna look direction (termed azimuth-traveling).  The motion of the long waves alters 
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 (A) (B) 

 

 

 
(C) 

Figure 2.11.  (a) and (b) Sketches of effect of Doppler offset related to spacecraft (S/C) flight direction, direction of 

radar imaging (R), and surface wave propagation direction (shown with a 180° ambiguity).  The case for waves 

propagating (a) perpendicular or range traveling and (b) parallel or azimuth-traveling to spacecraft flight direction 

are shown.  For waves, the heavy line indicates direction of velocity vectors and orbital path of wave particles within 

a deepwater wave (see Figure 2.9) while the associated dashed line represents the effective velocity vector as 

detected by the radar.  (c) Illustration of velocity bunching modulation with azimuthal image shift and image smear 

associated with an ocean wave.  The equally spaced facets on the ocean appear non-uniformly distributed on the 

SAR image plane and are smeared non-uniformly in the azimuth direction.  Symbols include slant range, R, platform 

velocity, V, radial velocity component, ur , and sea surface elevation, ζ. [After Alpers, 1983a] 
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the SAR imaging process, which nominally uses the Doppler signal over stationary targets to 

achieve its fine azimuth resolution.  If a target has a velocity component, u, that is towards or 

away (radial) from the radar platform, the wave’s orbital motion will produce an additional 

velocity or Doppler component which the radar interprets as a position shift in the azimuth 

direction.  For range-traveling long waves, one point on a wave crest will be merely shifted 

forward or rearward to a similar relative position on the same wave crest and thus there is no 

apparent offset in the wave position (Figure 2.11a).  For azimuth-traveling waves, the radial 

velocity component  will have an apparent shift in the azimuth direction (Figure 2.11b).  The 

periodic orbital motion of the long wave will produce  an apparent increase (bunching) and 

decrease in the density of scatters, thereby making azimuth-traveling long waves detectable on 

the SAR image plane but shifted from their true position (Figure 2.11c).   

 However, the above conditions describe a uniform or coherent wave field, much different 

than the actual ocean surface.  As long waves grow steeper, the radial velocity components 

increase, resulting in more random azimuth displacements.  The azimuth shift, D, is estimated by 

considering the distance of the radar platform to the surface and the platform velocity, or 

 D = (R/V) u (5)� 

where R/V is the slant range-to-platform velocity ratio and u is the radial velocity component of a 

scatterer.  With minimal displacements (less than a wavelength), azimuth-traveling waves are 

linearly mapped in the SAR imagery (Figure 2.11c).  When the displacements are severe (greater 

than a wavelength), the mapping of waves on the imagery will be nonlinear and distorted [e.g., 

Hasselmann et al., 1985].   

 As waves grow steeper, the radial velocity of azimuth-traveling waves increases, 

resulting in velocity displacements that the radar cannot track and smearing in the imagery.  

Termed the coherence time limitation, the smearing effectively reduces the azimuth resolution 

and thus limits the detectable ocean wavelengths.  The minimum detectable wavelength, λmin, 

depends on the R/V ratio and significant wave height, Hs, as follows: 

 sH
V

R
C0min =λ  (6)� 

where C0 is a constant of order 1 with units (m
1/2

 s
-1

).  As the velocity of a spacecraft does not 

vary greatly with altitude, the orbital altitude becomes the controlling factor for R/V.  Thus for a 

given sea state, λmin will be much larger at a nominal sun-synchronous earth orbit of 800 km than 

at a characteristic shuttle orbit altitude of about 230 km (see Chapter 5 for further details).  As 

briefly mentioned in the introduction, the shuttle-based experiments of SIR-B and SIR-C/XSAR 

were particularly useful for surface wave studies and enabled considerable improvements in 

imaging theory and other corrections needed to unravel the non-linear aspects of wave imaging 

from satellites.   

 The two-scale approximation that includes the interaction of Bragg waves with long 

waves accounted for considerable understanding of sea surface scattering, but not under all wind 

and wave states and radar system configurations.  For example, the scattering response from 

viewing at incident angles lower than 15° and higher than 50° required other mechanisms as did 

the differences between horizontal and vertical polarizations and differences in response over a 

wide range of frequencies and system parameters [e.g., Valenzuela, 1978; Hasselmann et al., 

1985].  Investigators have examined different components of the wave spectrum and found 
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additional wave-wave interactions, including in the intermediate scale range, that have helped to 

account for some of the earlier discrepancies [e.g., Donelan and Pierson, 1987; Romeiser et al., 

1997; Plant, 2002].  So-called bound waves, which are short-capillary waves generated on steep 

and short gravity waves that move at the same speed as the steep wave (bound) rather than 

freely, have recently been found to improve measurement discrepancies at higher viewing angles 

[Plant, 1997] and over surface slicks [Gade et al., 1998c].  Similar considerations have improved 

understanding of wave-current interactions as discussed below. 

 

2.2.4 Short Wave Interactions with Currents 

 The interaction of a surface wave field and variable currents produces an exchange of 

energy and momentum, which can significantly alter the surface wave field over several 

wavelength scales including but not exclusively at the Bragg scale.  To first order, wave-current 

interactions can either increase or decrease the radar backscatter compared to the background 

returns.  These interactions are sensitive to wind speed and direction, boundary layer 

stratification, sea surface temperature, and the presence of surface oil slicks.  Characteristic 

examples are numerous [e.g., Beal et al., 1981; Fu and Holt, 1982, 1983; Vesecky and Stewart, 

1982; Johannessen et al., 1991, 1994, 1996; Nilsson and Tildesley, 1995; Lyzenga and 

Marmorino, 1998; DiGiacomo and Holt, 2001].  On a larger scale, wave refraction can occur as 

swell passes through a large current or eddy [e.g., Beal et al., 1983, 1986; Irvine and Tilley, 

1988; Barnett et al., 1989; Liu et al., 1994]. 

 Wave-current interactions that are imaged by SAR fall into the following general 

categories: 1) an oscillating orbital particle motion within a current field may produce zones of 

converging or diverging flow, where short waves and/or surface slicks may, respectively, either 

accumulate or disperse; 2) horizontal shear flow at a current boundary may alter the short wave 

field, either through velocity variations or through wave refraction or reflection; and 3) a sharp 

sea surface temperature discontinuity may alter the stability of the boundary layer.  Often, all of 

these general categories may be contributing to any single detected feature.  Sharp salinity 

gradients including oceanic fronts, freshwater river plumes, and melting ice may also be 

detectable on SAR imagery [e.g., Fu and Holt, 1982], but these returns are complicated by sea 

surface temperature gradients, winds, oils, and sediments, such that sorting out the influence of 

the salinity gradient itself becomes difficult.  The radar returns from wave-current interactions 

will vary with several radar system parameters, including frequency, polarization, and viewing 

geometry in relation to current direction and wind speed and direction.  In terms of frequency, 

wave-current imaging models generally are able to account for the L-band returns, but difficulty 

has been encountered for X- and C-bands as the models have underestimated the measured 

intensity of the radar returns.  The end result is that while there is increased understanding of 

SAR imaging of wave-current interactions, the modeling efforts to date tend to have constrained 

the problem rather than to have been conclusive. 

 Examples of convergent and divergent flow include internal waves, surface currents 

ranging from alterations of currents due to bathymetry up to western boundary currents, and 

mesoscale to small-scale eddies.  In one example, Lyzenga [1998] proposed that at X- and C-

bands, short Bragg waves interact with intermediate scale waves of about 1 m and both scales 

interact with large-scale currents associated with internal waves and ocean fronts to produce 

amplification of short wave steepness and thus enhanced radar returns.  Thompson [1988] 

proposed similar interactions for L- and X-band data.  For bathymetry, the current speed varies 

over the varying bottom profiles, also producing convergent/divergent zones which 
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enhances/decreases the steepness of intermediate waves and thus related increase/decrease in 

radar brightness [e.g., Romeiser and Alpers, 1997].  Often internal waves, currents, and small-

scale eddies are also associated with a lower return resulting from surfactants that accumulate in 

well-organized convergent zones and effectively suppress Bragg waves.  Atmospheric boundary 

layer waves (lee waves and roll vortices, as discussed in Section 2.3.2) also appear on radar 

imagery due to convergent/divergent flow patterns, as the flow fields within the boundary layer 

waves either accumulate or disperse the short waves on the ocean surface. 

 A shear or current gradient within a meandering current may modify the short wave 

spectrum, causing either an enhanced or suppressed radar return compared to the background 

[Johannessen et al., 1996; Lyzenga, 1998; Lyzenga and Marmorino, 1998] (Figure 2.1).  The 

wave spectrum and the angle of the wave field as it encounters the current gradient are key to the 

ensuing changes in the wave characteristics, resulting in reflection or refraction or even 

transmission.  Another factor is the viewing geometry of the SAR platform with respect to the 

current front.   

 A fairly sharp sea surface temperature boundary or front (about 2°C or greater) between 

adjacent water masses, for example shelf and slope water, offshore jets, upwelling zones, and 

eddies, may alter the radar return in at least two ways [e.g., Lyzenga, 1991] (Figure 2.1). One 

case is that the boundary layer over cold water has increased stability as compared to adjacent 

warmer water, which results in decreased local wind drag and smoother surface roughness.  The 

level of change in backscatter is related to the temperature gradient between water masses, and 

wind speed and direction.  In the other case, lower surface temperatures also lower viscosity and 

effectively suppresses capillary waves [Kinsman, 1984].  This effect is most important at higher 

frequencies such as X- and C-band [Donelan and Pierson, 1987], but is generally less important 

than the impact of boundary layer stability across a sharp sea surface temperature gradient [e.g., 

Clemente-Colòn and Yan, 1999]. 

 

2.2.5 Oil Slicks on the Sea Surface 

 Oil on the sea surface is effectively seen on SAR ocean images as zones of reduced 

backscatter.  The viscoelastic property of oil slicks effectively dampens the short-wave field by 

both suppression of wave growth and increase in wave dissipation, through an increase in surface 

tension and a reduction in wind friction.  Oil slicks may be confused on SAR imagery with areas 

of low wind and other low-backscatter features such as cold and freshwater masses.  

Distinguishing oil from low wind, especially in zones of recurring oil seeps, is usually done 

through repeat imaging and knowledge of wind history to account for varying shapes as the wind 

disperses oil in different directions.  Oil may also become distributed within currents, eddies, and 

internal waves in characteristics ways, often providing a key mechanism for detection of the 

features. 

 Surface slicks in the ocean are composed of two major forms of oil.  Biogenic oils, often 

called surface active agents or surfactants and/or natural films, occur in a thin monolayer and are 

highly viscoelastic oils that are a by-product of ocean plant and animal growth [Bock and Frew, 

1993; Liss and Duce, 1997].  Surfactants readily accumulate in convergent zones by internal 

waves and current/eddy fields, but are mixed into the upper ocean and rapidly disperse and 

disappear under windy conditions.  The other major form is mineral oil, which comes from 

multiples sources: natural oil seeps [Hornafius et al., 1999], spills from ships and drilling 

platforms, and discharge from urban storm-water run-off.  Mineral oils spread into thin layers 
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through gravity and surface tension, are volatile and evaporate and weather over time, and are 

dispersed by wind, waves, and currents [Fingas and Brown, 1997]. 

 To first order, biogenic and mineral oils have typical thickness layers on the order of 10
-7 

m and 10
-6

 m, respectively.  Combined with low dielectric constants between 2 and 3 [C.E. 

Brown, personal communication], both forms of oil are essentially transparent to radar at 

common SAR frequencies (1 to 10 GHz) and associated penetration depths (10
-4

 to 10
-3

 m).  

Thus, SAR images the presence of surface slicks primarily because of the ability of both forms 

of oil to smooth the sea surface and is not sensitive to thickness. 

 

2.3 Characteristics of Ocean Features on SAR Imagery – A Guide 

 Examining imagery of the ocean surface from radar imagery is either fascinatingly 

complex or as uneventful and dull as watching paint dry.  The detailed view of the ocean surface 

produced on SAR imagery is unique and not very well understood.  This section will seek to 

characterize the wide range of ocean features that commonly appear on SAR imagery and will 

provide representative examples at enlarged scales to highlight detailed imaging properties, often 

accompanied by a graphic of the surface interaction and/or resulting signature.  A brief 

description of the primary uses of the imagery is also included.  Table 2.1 summarizes the groups 

of features by scales, measurements derived from the features, imaging mechanisms (referring to 

Section 2.2), range of wind speed over which the features may be observed, and other key 

characteristics and considerations.  Using this section as a guide, the reader should get a good 

sense for interpreting SAR ocean imagery and what quantitative information can be derived 

about the upper ocean and air-sea interactions. 

 

2.3.1 Ocean Features 

 2.3.1.1 Surface Waves.  SAR imagery of surface waves have been extensively analyzed 

and utilized in many different applications.  The fine resolution of SAR (around 25 m) provides 

the most consistent two-dimensional imaging of ocean waves of any spaceborne remote sensor.  

The directional ocean wave spectra derived from SAR imagery has provided information on the 

spatial evolution of regional and global wave fields [e.g., Beal et al., 1983, 1986], wave fields 

generated by storms and hurricanes [e.g., Gonzalez et al., 1987; Holt et al., 1998], and wave 

refraction through currents and eddies [e.g., Irvine and Tilley, 1988; Liu et al., 1994].  SAR wave 

imagery has also been used to improve wave prediction through assimilation of SAR wave 

spectra into wave forecast models [e.g., Beal, 1991] and for deriving information on sea ice 

through wave propagation into the ice cover (see Chapter 5 for additional references).  Surface 

waves interact with SAR through the three primary mechanisms discussed in Section 2.2.B: tilt, 

hydrodynamic, and velocity bunching transfer functions.  Velocity bunching is of particular 

importance as it accounts for the potential (and probable with spaceborne SAR) severe non-

linear distortions in the directional wave spectra for azimuth-traveling waves.  Usually SAR-

derived wave propagation direction is provided with a 180° ambiguity, which can be resolved 

from independent weather and wave information.  Recently, an approach has been developed, 

called the inter-look cross spectra, which derives absolute direction from the data itself by 

examining the imaginary component of individual looks in the SAR image formation process 

[Engen and Johnsen, 1995; Dowd et al., 2001].  This approach has been incorporated in the 

ENVISAT ASAR surface wave products. 

 Surface waves are seen as fine-scale periodic patterns where the wave crest is brighter 
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Table 2.1.  Characteristics of Ocean Features on SAR imagery (Part I) 

 

OCEAN FEATURES 

Feature Scale Derived 

Measurement 

Imaging Mechanism Range of Wind 

Speed m s
-1

 

Characteristics and 

Considerations 

Surface Waves 100-600 m 

wavelength 

Wavelength 

Propagation direction 

Wave height 

Tilt 

Hydrodynamic 

Velocity Bunching 

3-40 Azimuth-traveling waves may be nonlinear 

without correction. 

Other limiting factors include wavelength, 

wave height and fetch. 

Internal Waves 0.3-3 km 

wavelength 

Wavelength 

Direction 

Amplitude 

Mixed layer depth 

Convergence/Divergence 

Surfactants 

2-10 Curvilinear packets with multiple waves, 

decreasing wavelength from front to back.  

Sensitive to wind conditions, wave crest 

orientation to platform. 

Internal Tides 10-20 km Wavelength 

Direction 

Interaction of centimeter 

Waves/Currents/Surfactants 

3-7  

Currents and 

Fronts 

1-100 km Location 

Shear 

Strain 

Velocity 

Shear/Convergence 

Convergence 

Wind stress 

Surfactants 

3-10 

3-10 

3-10 

3-7 

Sensitive to wind conditions. 

Often multiple mechanisms present 

simultaneously. 

Eddies 1-200 km 

diameter 

Location and source 

Diameter 

Velocity 

Shear 

Strain 

Shear/Convergence 

Wind Stress 

Surfactants 

3-10 

3-10 

3-7 

Sensitive to wind conditions. 

Often multiple mechanisms present 

simultaneously. 

Shallow Water 

Bathymetry 

5-50 m 

depth 

Location/change  

detection 

Current velocity 

Depth 

Convergence 3-12 Sensitive to wind, current properties, depth. 
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Table 2.1.  Characteristics of Ocean Features on SAR imagery (Part II) 

 

AIR-SEA INTERACTIONS 

Feature Scale Derived 

Measurement 

Imaging 

Mechanism 

Range of Wind 

Speed m s
-1

 

Characteristics and 

Considerations 

 

Surface Winds 

 

>1 km grid 
Wind speed Wind stress 

 

3-25 
For mesoscale, coastal variability. 

Requires good calibration. Wind direction Indirectly via windrows, 

models, other sensors 

Roll Vortices 1-5 km  

wavelength 

Boundary Layer: 

Stratification 

Height 

Turbulence spectrum 

Drag coefficient 

Wind stress 3-15 Long axis/crests parallel to wind direction. 

Gravity Waves 2-10 km 

wavelength 

Wind stress 3-15 Long axis/crests perpendicular to wind 

direction, often associated with 

topography  

Rain Cells 2-40 km 

diameter 

Rain rate Wind stress 

Rain damping 

3-15 Appearance sensitive to frequency, rain rate, 

wind speed 

 

 

 

OIL SLICKS 

Feature Scale Derived 

Measurement 

Imaging 

Mechanism 

Range of Wind 

Speed m s
-1

 

Characteristics and 

Considerations 

Biogenic 

Surfactants 
 
>100 m

2
 area 

 
Areal extent 

Convergence 2-8 Both forms have signatures similar to low 

wind, cold thermal water masses etc. 

Mineral Oils Seeps 

Ship discharge 

Run-off 

3-15 Wind speed, combination of L- and C-/X- 

bands may enable discrimination of each 

form. 
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Figure 2.12.  RADARSAT-1 (C-band, HH) SAR imaging of surface waves. (a) Range-traveling waves refracting 

around Santa Barbara Island (25 November 1998), (b) Dominant azimuth-traveling waves (north-south component) 

and finer-wavelength range-traveling (west-east component) waves near Santa Barbara Island (9 November 2001), 

(c) Surface waves under low wind conditions near San Clemente Island (2 December 1998), (d) Complicated wave 

patterns near San Francisco Bay including refraction into bay entrance (22 November 2001).  RADARSAT Images 

©CSA1998, 2001 
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and the wave trough darker than the overall returns from the mean wave field.  The examples in 

Figure 2.12 show both range- and azimuth-traveling waves, the appearance of waves during low 

winds, and wave refraction past a headland.  Deep-water swell is principally detected, as wind 

waves are either subject to non-linearities, are too short, or do not have sufficient directional 

energy to be isolated from the radar system noise.  The scale of detected ocean waves falls 

between 100 and 600 m, where the minimum detectable wavelength is limited by azimuth 

smearing.  Surface waves have been imaged in hurricanes with wind speeds over 40 m s
-1

. 

 

 2.3.1.2 Internal waves.  One of the unexpected results from SEASAT, confirmed 

extensively with the two ERS missions and RADARSAT-1, has been the nearly ubiquitous 

imaging of internal waves (Figure 2.13).  Internal waves contribute to the energetics of the upper 

ocean and enhance mixing and nutrient availability.  Internal waves seen on SAR imagery 

generally form along the stratified seasonal thermocline just below the upper ocean mixed layer, 

generated by tidal forcing over abrupt topographic features [e.g., Apel, 1987].  The subsurface 

waves are manifested on the ocean surface through the interaction of the current field of the 

internal wave with wind-driven surface waves.  This interaction has been modeled based on the 

strain rate, which is the horizontal surface current gradient [e.g., Liu, 1988; Lyzenga and Bennett, 

1988].  Internal waves appear as packets or groups of waves, characterized by curvilinear wave 

crests (bent by refraction) and by decreasing wavelengths from front to back of each packet 

(indicating that nonlinear wave dispersion is in effect and also indicating propagation direction). 

Adjacent packets have likely been generated during successive tidal cycles, so that wave group 

speed can be estimated by the distance between wave groups divided by tidal period [e.g., Fu 

and Holt, 1984].   

 The surface expressions of internal waves are alternating bands of rough and smooth 

water, which are particularly sensitive to wind.  The most common appearance is a bright 

enhanced wave band, often with an adjacent dark band (Figure 2.13).  The bright band is 

associated with the convergence zone, as determined by the orbital particle motion within the 

internal wave.  In this case, short surface waves are piled up in the most turbulent part of the 

convergence zone.  The dark band is often composed of surfactants that accumulate in the less 

turbulent part or divergence zone of the propagating wave and effectively dampen the short 

waves.  Less often, internal waves may also be seen composed of only dark bands with no 

associated bright bands.  Two detailed studies indicate that within a series of wave packets, each 

of the three various appearances may occur [da Silva et al., 1998, 2000].  This varying 

appearance is due to sensitivity to wind speed (where higher winds may disperse the surfactants 

while the brighter convergence zone is still present) and to orientation of the wave groups to the 

radar platform and wind direction.  For higher amplitude nonlinear solitons, it has been found 

that the nominal depression waves propagating shoreward (bright zone followed by dark zone on 

radar) may become elevation waves when the bottom layer becomes thinner than the mixed layer 

[Liu et al., 1998; Zheng et al., 2001].  This results in a reverse sense of the orbital particle motion 

and a subsequent reversal of the radar pattern within each packet where the dark band now 

appears ahead of the bright band for each wave.  

 In general, SAR imagery detects internal waves with wavelengths between 0.3 and 3 km, 

although one study revealed internal tidal waves with wavelengths between 10 and 20 km 

[Ermakov et al., 1998].  Internal waves have been detected at wind speeds between 2 and 10  

m·s
-1

.  SAR studies have been done over broad continental shelves, irregular and narrow shelves, 

and for waves generated over sills, through straits, canyons and sea mounts.  Studies have 
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Figure 2.13.  SEASAT (L-Band, HH) SAR imaging of internal waves.  (a) Comparatively fine-scale internal wave 

packets along the shelf break east of Cape Canaveral, Florida adjacent to the Gulf Stream (25 July 1978), (b) Larger-

scale internal wave packet within the Gulf of California (29 September 1978), (c) Enlargement of one packet from 

(a) to highlight bands of enhanced backscatter at front of each wave followed by adjacent band of decreased 

backscatter, relative to surrounding surface backscatter; (d) Sketch illustrating relative direction of particle motion 

within the internal wave as it propagates along the seasonal thermocline and the subsequent formation of convergent 

and divergent zones [After Johannessen et al., 1994].  The small gravity waves tend to be piled together (converge) 

or spread apart (diverge) in the two zones, with direct consequences on the radar backscatter. 

 

examined the dissipation of tidal energy to internal waves [Fu and Holt, 1984], the estimation of 

internal wave amplitude based on surface scattering [Gasparovic et al., 1988; Zheng et al., 

2001], and mixed layer depth and velocity based on comparisons of SAR-derived and modeled 

group velocity [Porter and Thompson, 1999; Liu et al., 1998; Li et al., 2000].  An internal wave 

climatology off Norway was developed based on over 2600 images [Dokken et al., 2001].  
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 2.3.1.3 Currents, Fronts, and Eddies.  The capability of SAR to improve our knowledge 

of the ocean’s mesoscale circulation, particularly in the coastal zones, may turn out to be its most 

important contribution to ocean science.  Mesoscale current features are seen because of short 

wave-current interactions along zones of convergence and shear boundaries (Figure 2.14), a 

change in boundary layer stability and wind stress across a sharp temperature gradient, and 

accumulation of surfactants within eddies and convergence zones which suppress short waves 

and serve as current tracers (Figure 2.15).  However, there is much remaining to learn as the 

SAR signatures of currents, fronts, and a wide size range of eddies have proven to be highly 

complex.  Reliable derivation of properties such as velocity, strain, and shear, either through 

modeling or validation with experimental measurements, has proven elusive.  It is even difficult 

to provide conclusive examples of images with isolated imaging mechanisms.  Rather, one must 

start with the assumption that the signature of any particular feature has several simultaneous 

contributing mechanisms. 

 The types of features that have been detected and analyzed with SAR imagery include the 

following: 1) currents of various scales including western boundary currents, such as the Gulf 

Stream [Lyzenga and Marmorino, 1998; Marmorino et al., 1999], East Australia [Nilsson and 

Tildesley, 1995], and more recently the Brazil-Malvinas Confluence [Gagliardini et al., 2001], as 

well as smaller coastal currents [Johannessen et al., 1991, 1996]; 2) eddies ranging in size from 

submesoscale spiral eddies [Johannessen et al., 1996; Munk et al., 2000; DiGiacomo and Holt, 

2001] (Figure 2.15) up to those shed by the Gulf Stream (Figure 2.14) [Lichy et al., 1981]; and 3) 

thermal and current fronts, although these may also overlap with currents and eddies.  Numerous 

studies have combined both SAR and sea surface temperature (SST) imagery, often finding a 

high correlation of thermal fronts with SAR signatures (Figure 2.15).  Often, however, there may 

be reduced thermal contrast in the summer due to solar heating.  This suggests that SAR can 

compliment SST detection of mesoscale variability during those periods [e.g. Fu and Holt, 1983; 

Johannessen et al., 1996; Martinez-Diaz-De-Leon et al., 1999; Gagliardini et al., 2001]. 

 Several studies have compared SAR imagery to numerical simulation of the SAR returns, 

to help isolate the contribution from environmental conditions and to derive estimates of strain 

rates, shear, and velocity [e.g., Johannessen et al., 1996; Ufermann and Romeiser, 1997; Chubb 

et al., 1999]. In one case, convergence and cyclonic vorticity were estimated by slick motion 

[Lyzenga and Marmorino, 1998].  The size and seasonal distribution of small eddies were 

mapped in a coastal region [DiGiacomo and Holt, 2001].  Zones of coastal upwelling have been 

identified through reduction of wind stress [Clemente-Colòn and Yan, 1999].  The refraction of 

longer waves through current fields has been examined as an approach to derive current velocity 

within boundary currents and mesoscale eddies [e.g., Beal et al., 1986; Irvine and Tilley, 1988; 

Barnett et al., 1989; Liu et al., 1994; Johannessen et al., 1996].  In nearly all these studies, the 

surface expressions are wind-speed dependent.  Winds above 6 to 7 m s
-1

 disperse surfactants, 

removing that mechanism for detectability [Johannessen et al., 1996; DiGiacomo and Holt, 

2001].  Shear/convergence enhanced lines appear to be detectable up to about 10 to 12 m s
-1

, 

after which they are not detectable from the surrounding ocean background returns [e.g., 

Johannessen et al., 1996].   

 

 2.3.1.4 Bathymetry.  We briefly examine the SAR signatures over shallow bathymetry as 

they are similar to those of internal waves.  Tidal currents flowing over undulating shallow 

bottom features produce patterns on SAR that are somewhat self-similar but are perhaps best 

characterized as site-specific (Figure 2.16).  The alternating sawtooth signatures are dependent 
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Figure 2.14.  Current shear associated with a Gulf Stream warm ring (a) imaged by SEASAT (L-band, HH), on 21 

September 1978.  (b) Enlargement from (a) of current shear (arrow) which appears as a narrow bright line (c) with 

an illustrative sketch [After Lyzenga, 1991]. 
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Figure 2.15. Small-scale eddies in the Catalina Channel off Southern California as seen from (a) RADARSAT-1 (C-

band, HH) (26 December 1998) and (b) associated sea surface temperature image from AVHRR (25 December 

1998).  In the SAR image, the eddies are largely detectable by the series of dark spirals associated with biogenic 

oils.  (c) An enlargement of the eddy in (a) located east of the east end of Catalina, which shows little indication of a 

sea surface temperature signature in (b) while the adjacent eddy to the northeast (a) has a strong temperature 

signature.  We speculate that the sea surface temperature expressions or lack thereof of the eddies, may be related to 

the eddies’ scale, period of life-cycle, generation mechanism, or some combination of all of these.  RADARSAT 

Images ©CSA 1998 
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Figure 2.16.  Bathymetric expressions from SEASAT (L-Band, HH) SAR. (a) English Channel, 19 August 1978, (b) 

Tongue of the Ocean, Bahama Bank, 3 October 1978, (c) Nantucket Shoals, 27 August 1978, (d) Kuskokim River, 

Alaska, 13 July 1978.  [After Fu and Holt, 1982] 

 

on current flow direction in relation to the bottom feature height and whether the current is 

increasing or decreasing [Alpers and Hennings, 1984; Romeiser and Alpers, 1997; Romeiser et 

al., 1997; Vogelzang, 1997; Vogelzang et al., 1997].  Bathymetric studies have focused on the 

English Channel, Nantucket Shoals, and entrances to bays and rivers.  The studies have 

attempted to use the SAR patterns to determine current velocity and the position and depth 

change of bottom features over time. 
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2.3.2  Air-sea Interactions 

 Starting with SEASAT, it became clear that the spaceborne SAR ocean imagery was 

revealing detailed imprints of atmospheric phenomena which could not be attributed to ocean 

features [Beal et al., 1981; Fu and Holt, 1982].  These phenomena ranged from gusty, patchy 

low winds to windrows indicative of strong winds and from rain cells to hurricanes.  The C-band 

SAR data from the ERS platforms and RADARSAT-1 were found to be more sensitive to air-sea 

interactions than SEASAT’s L-band SAR.  This has sparked the interest of atmospheric 

scientists, and has resulted in extensive studies over the last decade that have expanded the list 

and quantification of identifiable atmospheric features seen on SAR ocean imagery.  In general, 

the features have characteristic appearances and length scales to enable identification.  This list 

of features covers a wide range of scales from turbulence (order 1 to 2 hundreds of meters) to 

mesoscale (order few hundred kilometers) [e.g., Mourad, 1996; Mourad et al., 2000; Young, 

2000].  In addition to windrows and rain cells, the list now includes atmospheric lee waves, 

fronts, convection within storms, and, in coastal areas, polar lows, vortex streets, and gap and 

katabatic winds.  Generally, the identification, scales, and varying wind speed estimations of 

these features provide valuable information for understanding the properties of the boundary 

layer such as height and dynamics at scales that are otherwise difficult to measure.   

 

 2.3.2.1 Surface winds.  Throughout the discussion so far, it is clear that the wind field has 

a critical effect on ocean imaging with SAR.  As discussed previously, radar backscatter 

increases with increasing wind speed and is anisotropic in relation to relative wind direction 

(Figure 2.8).  Spaceborne scatterometers have antenna configurations designed specifically to 

isolate direction with considerable certainty.  The remaining combination of very good 

calibration (accuracy on the order of 0.2 to 0.4 dB) and wide swaths (500 to 1600 km) have 

enabled the historical and current scatterometers to produce global measurements of wind speed 

and direction, albeit at coarse resolutions on the order of 25 to 50 km.  Scatterometry 

measurements have become so reliable that they are being directly assimilated into global 

weather analysis and forecasting models.  

 Because of its fine resolution, SAR has been shown to provide accurate wind speed 

(order ± 2 m s
-1

 over speeds of 3 to 25 m s
-1

) and direction (order ± 20° to 30°) at kilometer 

scales (see Chapter 13), thereby providing sampling of regions with highly variable winds which 

cannot be effectively sampled by scatterometers.  These regions include coastal zones and 

around islands, and where high wind gradients might be present, including temperature and wind 

fronts, large storms, and rain cells [e.g., Beal and Pichel, 2000].  As spaceborne SAR is limited 

to one viewing direction per image pass, different approaches to resolve wind direction have 

been examined. These include the use of various wind features on the SAR imagery, near 

coincident scatterometer measurements, wind forecasts, and in-situ observations.  In turn, 

accurate wind direction estimates further improve the wind speed errors.   

 Using SEASAT SAR data, Gerling [1986] used the appearance of windrows or roll 

vortices (defined in next section) as a proxy for direction, since these boundary layer features are 

aligned with the mean wind direction.  The L-band SAR data, which had only relative and not 

absolute radiometric calibration, qualitatively compared favorably with results from the 

SEASAT scatterometer.  Following SEASAT, both ERS missions provided a unique instrument 

configuration that enabled considerable advances in SAR wind speed measurements.  The ERS 

SAR and scatterometer used the same C-band VV instrument electronics package, called the 

advanced microwave instrument (AMI), with separate antennas.  Eventually a high quality wind 
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speed algorithm was developed over 18° to 59° incident angles called CMOD4 [Stoffelen and 

Anderson, 1997].  Using this same algorithm, several studies examined the use of the 

comparatively narrow-swath ERS SAR for wind speed [e.g., Korsbakken et al., 1998; Lehner et 

al., 1998; Fetterer et al., 1998] and specific techniques for utilizing windrow orientation for 

direction [Wackerman et al., 1996].  Most of these studies also identified specific environmental 

and ocean conditions which contributed to variability as well as measurement error including 

relative wind direction, fetch, presence or absence of windrows, temperature and atmospheric 

fronts, proximity to land, and high or low winds. 

 The wide-swath capabilities of RADARSAT-1 have been recently examined including 

extensive demonstration experiments designed to specifically develop such measurements for 

operational weather forecasting [Pichel and Clemente-Colòn, 2000].  This effort was first 

focused on deriving accurate polarization ratios needed to convert the ERS (CVV) CMOD4 wind 

retrieval algorithm to RADARSAT-1’s HH polarization [e.g., Thompson and Beal, 2000; 

Vachon and Dobson, 2000; Wackerman et al., 2002].  The differences of about ± 2 m s
-1

 between 

SAR wind speeds using direction derived from buoys and models [Monaldo et al., 2001] were 

further reduced to about ± 1.5 m s
-1

 when QuikSCAT wind directions were used [Thompson et 

al., 2001].  A recent paper derived a wind speed model from the JERS-1 L-band over a limited 

range of incidence angles [Shimada et al., 2003] .  As mentioned previously L-band is not as 

sensitive to wind speed as higher frequencies, but in its favor are that the returns will saturate at 

higher winds speeds and Bragg scattering has a slightly lower threshold wind speed as compared 

to C-band. 

 

 2.3.2.2. Windrows or roll vortices.  Windrows or roll vortices are organized counter-

rotating secondary circulations, embedded in the mean flow, that result from instabilities in the 

convective marine boundary layer [Brown, 1980].  The long axes of the windrows are 

approximately parallel to the mean surface wind direction and the wavelength spacing is related 

to the thickness of the planetary boundary layer.  Roll vortices are seen on SAR imagery as 

adjacent periodic bands of bright and dark radar returns with wavelengths between 1 and 5 km 

which may broaden up to 10 to 15 km [e.g. Fu and Holt, 1982; Mourad and Walter, 1996; 

Brown, 2000] (Figure 2.17).  The alternating SAR returns are directly related to fluctuations in 

along-wind velocity within the near-surface convergent or divergence regions [Alpers and 

Brümmer, 1994; Vandemark et al., 2001] (Figure 2.17c).  As mentioned previously, Gerling 

[1986] used the orientation of the roll vortices to specify wind direction with SEASAT SAR.  

Later results using C-band imagery determined the overall biased directional offset to be 10 to 

15° clockwise in the northern hemisphere [Wackerman et al., 1996; Worthington, 2001].  Levy 

[2001] developed a regional climatology of roll vortices, finding the frequency of occurrence 

often exceeding 40%.   

 

2.3.2.3. Atmospheric gravity waves.  Atmospheric gravity waves observed in SAR images 

form by a disturbance in the stable, stratified lower atmosphere, often appearing downstream of 

topographic features or the sea ice edge [Vachon et al., 1994; Alpers and Stilke, 1996; Zheng et 

al., 1998; Chunchuzov et al., 2000; Worthington, 2001].  These waves have crests that are 

oriented perpendicular to the wind direction and propagate in the same direction as the wind, 

with an additional clockwise offset in the northern hemisphere of about 18°, a slightly larger bias 

than for roll vortices [Worthington, 2001].  Measured wavelengths commonly range between 2 

and 10 km and are generally not dispersive.  These waves appear on SAR imagery as parallel 
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Figure 2.17.  Atmospheric roll vortices off Southern California. (a) Large-scale vortices with wavelength spacing on 

order of 3-5 km (RADARSAT-1, June 12, 1999) and (b) Finer scale vortices with wavelength spacing of 1-2 km 

(RADARSAT-1, December 2, 1998). The arrows indicate approximate orientation of rolls. (c) Generalized 

schematic of roll vortices: top, rolls are orientated along the shear vector between the surface and geostrophic wind, 

and associated radar brightness is associated with downward (bright) and upward (radar) vertical circulation; middle, 

variation of the vertical component uz of the wind velocity along the y direction; bottom, variation of the horizontal 

components ux and uy (in the x, y plane). [After Alpers and Brümmer, 1994]. New research into rolls has allowed 

for a more detailed schematic to be be produced (See Figure 14.4 in Chapter 14).  RADARSAT Images ©CSA 

1998, 1999. 
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Figure 2.18. (a) Atmospheric lee waves off Santa Barbara Island in Southern California (RADARSAT-1, (C-band, 

HH) 28 July 1998), (b) Horizontal view of streamlines for one-layer lee waves forming downstream of an island, 

with the lower scale indicating surface wind speed [After Vachon et al., 1994]. Radar brightness is associated with 

downward (bright) and upward (radar) vertical circulation. RADARSAT Image ©CSA 1998 
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Figure 2.19. SAR images of rain cells obtained by SIR-C/X-SAR on 10 April 1994 near the Ontong Java atoll in the 

Solomon Islands.  The images include (a) L-band, (b) C-band, and (c) X-band, each at VV polarization and incident 

angles of about 50°.  As attenuation and scattering by rain at L-band are small, the variation in surface roughness in 

(a) is primarily due to wind speed, with the possible additional suppression of backscatter due to wave damping by 

heavy rain within the dark small cores of each rain cell.  The attenuation and scattering from rain increases as the 

radar frequency increases (a) to (c), particularly over the small dark areas seen on L-band where rainfall may be 

heaviest.  (d) Selected polarization combinations from L-band and C-band data are combined to highlight different 

scattering components within the above rain cell.  LHH highlights the low-wind ocean returns, LHV isolates the 

high winds within the rain cell, while CHH selectively isolates ice particles within the rain cell.  Images (a) to (c) 

[After Jameson et al., 1997]. 

 

wide bands with alternating bright and dark returns, reflective of fluctuating surface wind speeds 

between the downdraft and updraft portions of the oscillating waves (Figure 2.18).  In fact, the 

SAR signatures and feature scales are similar to roll vortices.  Without knowledge of the local 

wind direction, it may be difficult to distinguish the two features.  Recent observations are being 

examined where both roll vortices and gravity waves occur simultaneously within the same 

image, providing a unique opportunity to compare the signatures, conditions for formation, and 

inferred measurements of the boundary layer [Winstead et al., 2002]. 
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 2.3.2.4 Rain cells.  Rain cells were first identified on SEASAT SAR as bright circular 

features with a dark center ranging from 2 to 40 km in diameter, with the outer edge being the 

squall line [Ross, 1981; Fu and Holt, 1982].  More detailed studies attributed the dark core to be 

associated with heavy rainfall, which damped out short ocean waves, and the bright areas as 

high-speed radially spreading downdrafts or microbursts [Atlas, 1994].  In later results with C-  

and X-band imagery (Figure 2.19), the downdraft portion of the rain cells appeared similar, 

however the dark core was replaced by an inner core that was even brighter than the downdraft 

portion [Jameson et al., 1997; Moore et al., 1997; Melsheimer et al., 1998, 2001].  At the higher 

frequencies, the intense rain in the core was found to increase surface roughness rather than 

dampen surface roughness with an additional scattering contribution from raindrops.  Estimates 

of rain rates have been made based on the SAR signatures [Jameson et al., 1997; Moore et al., 

1997; Melsheimer et al., 1998], including within a tropical squall line [Lin et al., 2001].  A recent 

study with ERS SAR has shown that the inner core can be either bright or dark depending on 

whether the rain rate is below or above 50 mm h
-1

, where the higher rain rate reduces the surface 

roughness in C-band in a similar way as with L-band [Melsheimer et al., 2001]. 

 

 2.3.2.5 Additional air-sea interactions.  The detailed structure of polar lows, which are 

intense mesoscale cyclonic vortices formed when cold air crosses from sea ice or cold land to the 

relatively warmer ocean, and hurricanes, including regions of cellular convection and rain bands, 

have been examined [e.g., Katsaros et al., 2002; Sikora et al., 2000]. The appearance of cellular 

convection varies on SAR imagery depending on whether the boundary layer is stable or 

unstable, including differences in air and sea temperatures [Sikora et al., 1995, 1997; Sikora and 

Thompson, 2002].  Fronts have also been examined [Johannessen et al., 1991; Winstead and 

Mourad, 2000; Winstead et al., 2002].  Various terrain-related effects on winds have been 

examined, including gap winds and wakes [Pan and Smith, 1999], katabatic winds [Alpers et al., 

1998; Winstead and Young, 2000], and atmospheric vortex streets [Li et al., 2000].   

 

2.3.3  Surface slicks from biogenic and mineral oils 

 Through convergence, biogenic films are thought to be the primary means by which 

small eddies and internal waves are imaged on SAR (as well as in sun glint photography) [e.g., 

Johannessen et al., 1996; Nilsson and Tildesley, 1995; Espedal et al., 1998; Munk et al., 2000; 

DiGiacomo and Holt, 2001]. The eddy motions align the films into curving parallel bands that 

trace the underlying current fields.  Small or spiral eddies, with scales of 1 to 40 km, appear to 

aggregate organisms and likely nutrients as well through vertical pumping of nutrient-rich colder 

water to the photic zone (isopycnal doming in cyclones) (Figure 2.15).  Internal waves likewise 

sweep biogenic films into bands which appear dark and often  together with bright bands (Figure 

2.13).  Only limited in-situ verification of the biogenic films coincident with SAR imagery have 

been made [e.g., Espedal et al., 1996, 1998]. 

 For mineral oils, SAR time series studies have been used to identify the significant and 

largely illegal discharge from ships [Gade and Alpers, 1999; Lu et al., 2000; Pavlakis et al., 

2001], to develop an inventory of natural seeps in the Gulf of Mexico [MacDonald et al., 1993], 

and to examine the extent of stormwater and sewage runoff in Southern California [Svejkovsky 

and Jones, 2001]. A continuing study of Southern California stormwater discharge, that also 

includes detection of a surfacing sewage plume and entrainment of natural seeps by coastal 

currents along with comparisons with shore-based high frequency radar and other in-situ 

measurements, has recently been done [DiGiacomo, et al., 2004].  The use of SAR for 
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Figure 2.20.  A series of RADARSAT-1 (R1) (C-band, HH) and ERS-2 (C-band, VV) SAR images of a small 

natural mineral oil seep off Redondo Beach, Los Angeles County.  The seep has two adjacent release points, most 

clearly seen in (c) and (d).  It is not possible to discriminate by backscatter the seep from other nearby dark slicks, 

which are likely biogenic in origin, in any individual image.  However, a time series provides clear indication of the 

two release points and general extent even when the seep orientation changes in relation to local winds and currents.  

RADARSAT Images ©CSA 1998, 2002.  ERS-2 Image ©ESA 2001 

 



SAR Marine User’s Manual 

 60

monitoring oil spills has also been examined [e.g., Fingas and Brown, 1997; Jones, 2001].  

Despite its all-weather, high resolution capability, SAR has limitations for detecting and tracking 

oil spills which include a non-unique signature (similar to low wind returns), episodic sampling, 

no estimate of thickness, and difficulty discriminating oil type such as distinguishing biogenic 

oils from oil spills.  Detection algorithms have been developed to improve the separation of oil 

spills from similarly appearing features that make use of environmental information in 

interpreting the evolving shape and characteristics of slicks [Solberg et al., 1999; Espedal and 

Wahl, 1999].  Figure 2.20 illustrates how a time series of a small natural seep provides 

clarification of the seep location, varying extent, and discrimination from surrounding dark 

regions. 

 Controlled spills of mineral and artificial biogenic oils have been done to determine radar 

detection characteristics and imaging mechanisms [e.g., Wismann et al., 1998; Gade et al., 

1998a, 1998b].  The term ‘damping ratio’ is used to specify the reduction in radar return from the 

oil-covered surface as compared to the background ocean-only return.  In general the damping 

ratio for both oil types increases from L- to Ku-band, is not sensitive to polarization, decreases 

with increasing incident angle, and decreases with increasing wind speed.  The damping ratio 

increases with viscosity and thickness of mineral oils, and heavy oils are detectable under higher 

winds than lighter oils [Wismann et al., 1998].  At C- and X-bands the damping ratios are quite 

similar for both forms of oil [Gade et al., 1998a].  The only exception to these trends is that at L-

band, natural biogenic (but not artificial) films over relatively large areas appear to have higher 

damping ratios than mineral oils, thus suggesting that multiple frequencies may be able to 

discriminate both oil types [Gade et al., 1998a; Trivero et al., 1998].   

 A summary of the imaging mechanisms [Gade et al., 1998b] indicates that for biogenic 

oils, the Maragoni resonance effect accounts for damping ratios at low Bragg wave numbers and 

moderate wind speeds.  The Maragoni effect takes place when energy from capillary-gravity 

waves goes into compressing and elastic stretching of the film, forming surface tension gradients 

(Maragoni waves) which further attenuate the short waves.  However, at intermediate to higher 

Bragg wave numbers and increasing wind speeds, additional energy from wind effects to the 

wave spectrum are needed to account for the increase (rather than expected Maragoni decrease) 

in damping ratios.  Damping in mineral oils is accounted for by viscosity, except at high winds 

and Bragg wavenumbers, where the additional wind-wave terms likewise provide better fits to 

measurements.  The appearance of oil slicks on SAR imagery depends on environmental 

conditions (wind, waves, currents, tides) as well as radar system parameters (frequency, 

polarization, incident angles etc.) [Gade et al., 1998a; Trivero et al., 1998].  Under higher winds, 

the appearance of biogenic oil on SAR images including that contained within convergent zones 

of small eddies appears to disperse when wind speeds exceed 7 to 8 m s
-1

 [e.g., DiGiacomo and 

Holt, 2001].  Mineral oils may be detectable on SAR imagery until winds exceed 10 to 14 m s
-1

, 

depending on sea state and heaviness of oil [e.g., Espedal et al., 1996, 1998; Wismann et al., 

1998]. 

 

2.4 Special Topics 

2.4.1 The Use of Multiple Radar Frequencies and Polarizations 

 As with all remote sensing, the use of multiple channels of information enables 

optimization for differentiation and/or highlighting of specific features of interest.  For SAR, 

combining multiple frequencies and polarizations effectively isolates different scattering 
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characteristics, which improves the interpretation of the SAR ocean signatures and hence 

understanding of the underlying ocean physics.  To date, only the SIR-C/XSAR missions, 

SRTM, and certain aircraft systems have provided integrated multi-frequency/multi-polarization 

SAR systems and data.  ENVISAT is the first free-flyer orbiting SAR to include dual 

polarization capability.  Multiple SAR channels add considerable power and mass (i.e., cost) to a 

system, which to date have both been more readily accommodated on the shuttle platform than 

satellite platforms.  We will first discuss frequency followed by polarization, including the more 

specific implementation of polarimetry.  Some aspects of these topics have been discussed earlier 

in the chapter. 

 Across the range of common SAR frequencies (P-band to Ku- band, 0.5 to 13 GHz), in 

general it can be said that lower frequencies (P- and L-bands) are more suited for detecting 

wave-current interactions (the ‘ocean channels’) while the higher frequencies (X- and Ku- bands) 

are more responsive to wind variations (the ‘weather channels’) [e.g., Ufermann and Romeiser, 

1999; Lyzenga, 1998].  This is based on the general notion that wind field variations over short 

time and space scales primarily modulate short surface waves (Bragg scatterers) and wave-

current interactions primarily modulate longer waves.  Imagery from C-band provides 

satisfactory detection of the broadest range of ocean applications, as it is responsive to both 

current and wind variations.  However, C-band imagery by itself, being useful for both ocean and 

air-sea features, also has some inherent confusion in the clear differentiation of signatures 

because of contributions from multiple scattering components often simultaneously present on 

the ocean surface.  The differences between frequencies for current- and wind-related features 

were alluded to in the discussion on short wave interactions with currents (Section 2.2.4). Wave-

current interaction models for L-band models generally are satisfactory but models for higher 

frequencies call for the incorporation of intermediate-scale waves [Thompson, 1988; Lyzenga, 

1998; Romeiser and Alpers, 1997].  The use of multiple frequencies by themselves has been 

shown to significantly improve the interpretation of SAR ocean imagery as compared to a single 

frequency [e.g., Jameson et al., 1997; Melsheimer et al., 1998; Chubb et al., 1999; Ufermann 

and Romeiser, 1999] by isolating atmospheric and oceanic responses (Figure 2.19).  The ability 

to isolate signatures and contributions becomes even more powerful with the use of multiple 

polarizations.  

 Polarization differences in radar ocean backscatter were noted in section 2.2.2 and 

Figures 2.5 and 2.6, where horizontal and vertical polarization combinations of transmit and 

receive were shown to vary with frequency, incident angle, and wind speed as well as in relation 

to radar imaging geometry and wind direction [Ulaby et al., 1982, 1986; Unal et al., 1991].  

Two-scale or composite scattering models, which account for Bragg scatter of short waves 

present on longer waves under a fully developed sea, generally account for these differences 

[e.g., Valenzuela, 1978; Donelan and Pierson, 1987; Romeiser et al., 1997].  The fact that VV 

ocean backscatter returns are nearly always larger than HH returns provides a fundamental 

relationship that has been significantly exploited particularly for measuring ocean wind speeds.  

The differences between VV and HH increase with increasing incident angle, peaking at C-band, 

which is attributed to VV being less sensitive than HH to the local tilt of scattering facets riding 

on the longer gravity waves.  The difference between VV and HH is largest at low winds and 

decreases steadily with increasing wind speed, indicating that HH is more sensitive to wind 

speed than VV.  It has been identified that HH is more sensitive to whitecaps and wave steepness 

than VV.  Differences between measurements and the two-scale models have been attributed to 

contributions from wedge scattering and wave breaking at high incident angles and specular 
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scattering at near-nadir angles [e.g., Valenzuela, 1978; Donelan and Pierson, 1987].  We also 

note the more recent work on bound waves which provide additional improvement for 

knowledge of sea surface scattering at varying imaging geometries [Plant, 1997, 2002]. 

 Much less is known about the polarization signatures of wave-current interactions, since 

there is a general lack of suitable SAR data for such studies, as compared to the more extensive 

scatterometer/SAR data that is available for examining surface roughness primarily related to air-

sea interactions.  However, studies that use valuable but limited multiple frequency/polarization 

data, including from SIR-C/XSAR and the NASA/JPL AIRSAR instrument, have provided 

critical insight on polarization signatures of the ocean surface and current feature detection.   

 Most of these studies make use of a technique called radar polarimetry, whereby multiple 

polarizations are simultaneously obtained, providing coherent observations of surface reflectivity 

from separate polarizations.  The polarizations are combinations of horizontal or vertical 

polarizations in transmit or receive modes (HH, VV, VH, HV).  With a coherent polarimetric 

radar, both phase and amplitude information are available for each pixel as a scattering matrix 

[van Zyl et al., 1987; Zebker et al., 1991; for a succinct summary, see Raney, 1998].  From the 

scattering matrix, full transformation of the polarization state can be used to seek unique 

polarization signature(s) of a particular type of surface feature.  These signatures can then be 

used to compare with and improve scattering models, including Bragg and hydrodynamic 

components, to improve the understanding of the ocean physics and what the radar is actually 

detecting.  This technique helps unravel whether a signature is arising primarily from air-sea 

interactions and/or wave-current interactions and at what polarization-frequency combination 

these signatures are enhanced or most clearly isolated from one another.   

 Using both AIRSAR and SIR-C data, a series of studies over the Gulf Stream [Shuler et 

al., 1993; Lee et al., 1998; Chubb et al., 1999; and Ufermann and Romeiser, 1999] has 

investigated the widely varying signatures across the current.  Of particular note is that despite 

the lower radar returns, HV/VH polarimetric signatures at the Gulf Stream temperature front are 

enhanced compared to those of VV and HH, particularly at L-band.  This enhancement is due to 

the impact of mean square surface slope of waves longer than Bragg being strongest at HV/VH, 

where the radar cross section is lowest, in contrast with HH and VV being impacted primarily by 

radar cross section.  Better match-ups with theory and signatures were realized by accounting for 

the varying wave spectra evolution (wave action) [Chubb et al., 1999] and most completely with 

varying currents, wind field, and boundary layer stability [Ufermann and Romeiser, 1999].  In 

other studies using multi-parameter SAR data, Gade et al., [1998a] found that it may be possible 

to separate mineral and biogenic oils using multiple frequencies at low to moderate wind speeds 

while Jameson et al., [1997] and Melsheimer et al., [1998] found that phase differences between 

HH and VV copolarization signals indicate the possibility of measuring rain rate.  

 

2.4.2 Currents and Wave Spectra from Along-Track Interferometry 

 Along-track interferometry (ATI) is a unique SAR configuration which 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.  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 and after removal of other systematic motions.  

Nominally, 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 
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Figure 2.21.  Aircraft SAR interferogram pair of Mission Bay near San Diego with 90° difference in imaging aspect 

angle, illustrating along-track interferometry and detection of surface currents. The color code is as follows: light 

blue on land represents no motion, yellow is for motion away from the radar, and deep blue/magenta for motion 

towards the radar.  In (a) the outgoing tidal flow is deep blue/magenta and shoreward-traveling wind-driven Bragg 

waves are yellow.  When the flight path is rotated 90° (b), the tidal flow is now along-track and does not appear, 

while the Bragg wind wave field has a noticeable component toward the radar (dark blue). [After Goldstein et al., 

1989]. 

 

the returns with a conventional side-looking radar beam.  In this case, the radial (or line-of-sight) 

velocity, v, of a target is based on the following relation, 

 v = ∆φ λr  V / 2π d (7)� 

where ∆φ is the observed phase change of the surface scatterer,  λr  is the radar wavelength, V is 

the platform velocity, and d is the distance (or baseline) between the two antennas. The time lag, 

τ, between forward and aft imaging is d/V.  The time lag must be smaller than the ocean 

decorrelation time or the targets will lose phase coherency and smear.  The incident angle on the 

ground is accounted for by dividing by sin(θ).  Recalling that the Bragg number, λB, is given by 

λr/2 sin θ, it follows that  

 v = ∆φ λB /τπ. (8)� 

The phase change arises from contributions from the wave orbital velocity, the surface current, 

and wind.   

 Aircraft ATI measurements have been used to derive surface currents (Figure 2.21) 

[Goldstein and Zebker, 1987; Goldstein et al., 1989; Ainsworth et al., 1995; Marmorino et al., 

1997] including comparisons with high frequency coastal radar [Graber et al., 1996], to examine 

ocean waves [Marom et al., 1991; Vachon et al., 1999], and internal wave currents [Thompson 

and Jensen, 1993].  A numerical study examined several radar configurations and varying 

current and wind fields and determined that the best results would be obtained at high 
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frequencies (X-band better than L-band), high viewing angles, vertical polarization and low 

platform altitude/speed ratios [Romeiser and Thompson, 2000].  Coherence time, which varies by 

frequency, incident angle and polarization, ranges from roughly 0.1 to 0.3 seconds for L-band 

[Carande, 1994; Shemer and Marom, 1993] to 0.001 to 0.002 for X-band [Plant et al., 1994].  

Increasing wind speed tends to reduce the coherence time [Frasier and Camps, 2001]. 

 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 [Moller et al., 1998; Frasier and Camps, 2001].  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, perhaps by 

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

spacecraft rather than a tethered-dual spacecraft concept [Moccia and Ruffino, 2001].  In an 

alternate concept, across-track interferometry has been 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 [Rodriguez et al., 2003]. 

 

2.4.3 SAR Spatial and Temporal Sampling 

 The fine resolution, detailed views of the ocean surface obtained by SAR are tempered by 

the fact that spaceborne SAR sensors have limited duty cycles, which results in periodic imaging 

usually separated by a few days over a given location.  The duty cycle, or time that a SAR can 

operate per orbit, is limited by instrument power requirements, data rates, and, until recently, 

data storage.  There is always a trade-off between swath width and resolution in SAR systems as 

well.  Most of the ocean features best detected by SAR have shorter temporal scales than the 

SAR revisit intervals which generally range from 3 to 5 days or longer depending on latitude (see 

Chapter 1 and Appendix A).  Over specific sites, it is possible to get 12-hr repeat sampling 

provided the SAR is able to operate both during descending and ascending portions of an orbit 

(such as RADARSAT-1 which is in a dawn-dusk sun-synchronous orbit).  Even 12-hour repeat 

imaging may be subject to local diurnally-varying winds, which may prove less effective than 

repeat sampling at the same time of day.  The comparatively narrow swath widths (100 to 500 

km) of SAR provides further complications as compared with other standard ocean sensors 

(except radar altimeters), which have swath widths between 500 and 3000 km and thus provide 

12-hr to 2-day revisit intervals of the entire globe, albeit at coarser resolutions than SAR.  The 

best case scenario for obtaining large regional mosaics over short time scales is in the polar 

regions.  For example, the mapping of the entire Arctic ocean every three days is routinely 

accomplished using RADARSAT-1’s wide swath mode, making use of the converging orbits in 

the polar regions.  Equivalent mapping at lower latitudes takes longer.  Another key constraint on 

sampling is that spaceborne SARs point to one side of the spacecraft (not a limitation in previous 

shuttle missions), which limits the accessible field of view.  One clear consequence of this 

limited view is in the polar regions, where the nominal right-hand side view of all spaceborne 

SARs flown to date enables nearly complete viewing of the Arctic while precluding imaging of 

the Antarctic continent except along the continental margins, depending upon orbit inclination.   
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Figure 2.22.  Satellite spatial and temporal sampling of ocean features.  The bubbles indicate both the spatial and 

temporal scales of variability of a range of ocean features [adapted from Dickey, 1991], with particular focus on 

those commonly imaged by SAR.  The boxes indicate length and time scales for standard sensors for sea surface 

temperature and ocean color (e.g. AVHRR, SeaWiFS, MODIS, ENVISAT AATSR and MERIS), and both nominal 

standard beam and wide swath SAR modes (e.g. SEASAT, ERS-1/2, JERS-1, RADARSAT-1, ENVISAT ASAR).  

The satellite length scale axis extends from the pixel resolution up to swath width, while the time scale axis includes 

approximate repeat intervals which varies by latitude and orbit [adapted from Robinson, 1997].  Note that to 

improve the general undersampling by SAR of the types of ocean features that it best measures requires either 

multiple satellites and/or improved swath coverage (see text for further description). 

 

 In Figure 2.22, we attempt to synthesize these sampling issues.  Regarding ocean features 

first, we have condensed a more extensive illustration of timescales of ocean physical processes 

from Dickey [1991] to highlight primarily those features detected by SAR that we have discussed 

(listed in Table 2.1).  The satellite coverage for both generic standard beam and wide swath 

spaceborne SAR modes and sea surface temperature/ocean color sensors are overlaid, with the 

primary purpose of illustrating the temporal repeat interval of each sensor type.  The 

comparatively limited sampling of a SAR will make it difficult to perform some studies, such as 
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the evolution of surface waves within a storm or the life cycle of smaller eddies, for example.  

When the vagaries of detectable range of favorable wind speeds are factored in, it makes the case 

of developing satisfactory time series with a SAR difficult.   

 How can improved sampling of the ocean surface with SAR be achieved?  The first 

obvious answer is the use of multiple SAR spacecraft, such as exists at the time of this writing 

with RADARSAT-1, ENVISAT ASAR, and ERS-2 SAR.  In the near future, the launch of 

ALOS PALSAR and RADARSAT-2 will further augment the imaging opportunities.  Referring 

back to Figure 2.22, two wide swath SAR spacecraft would move the repeat interval upward on 

the graph by 1 to 2 days.  The RADARSAT-2 antenna will be configurable to image either side 

of the satellite track, which greatly improves the accessible field of view for imaging targets of 

opportunity and both polar regions.  In the above situations, each SAR satellite has different 

frequency and polarizations, optional modes and viewing angles.  In addition, coordination with 

multiple flight agencies is required and the repeat sequences will be highly variable with the 

different orbital repeat cycles, optional modes and viewing angles.   

 In a recent study, Holt and Hilland [2000] examined several additional satellite options: 

1) to extend the swath width up to 800 km with a single antenna, while maintaining an 

acceptable range of incident angles, by placing the satellite in a higher than normal sun-

synchronous orbit (about 1350 km as compared to about 800 km); 2) a single spacecraft carrying 

two antennas in a conventional sun-synchronous orbit (about 800 km); and 3) a geosynchronous 

satellite which could provide daily coverage of limited regions.  In option 1, a three-day repeat 

orbit provides nearly complete coverage at the equator while a second satellite in a duplicate 

orbit offset by one day would further reduce the repeat interval to 1-2 days.  In option 2, a five-

day exact repeat orbit cycle provides nearly global coverage using two- and three-day subcycles 

within the five-day repeat.  A second satellite offset by one orbit would reduce the repeat interval 

to 12 to 24 hr.  Each option, however, would require a costly technological advancement 

compared to current conventional SAR systems.   

 In summary, at least two SAR spacecraft with wide swath imaging capabilities are 

needed to improve the sampling of the spatial and temporal variability of the key ocean features 

imaged by a SAR.  In the best of all possible worlds, these multiple spacecraft would have 

identical instrument configurations, be placed in similar orbital sequences to maximize coverage 

and minimize repeat intervals, and operate under a unified set of imaging requirements over a 

specific region. 

 

2.4.4 Summary with Case Studies 

 As a means of summarizing what has been presented, we show three final but 

complicated SAR images, to illustrate the comparative scales of the various detected surface 

features, how the features may appear simultaneously and overlapping with each other, and to 

provide an example of what remains to be learned oceanographically that can likely only be 

detected with SAR imagery. 

 Numerous ocean and atmospheric features present in the Gulf of Mexico are seen in 

Figure 2.23.  This image is located northeast of the Yucatan Peninsula, where the Loop Current 

enters the Gulf through the deeper Yucatan Channel, hugging the continental shelf which extends 

north of the peninsula.  The image is dominated by an extensive internal wave packet in the 

lower center. The leading wave crest is over 50 km long and has over 10 successive wave crests 

with decreasing wavelengths which are indicative of wave dispersion.  Note the strong contrast 

in radar signatures in the internal waves, with most waves composed of an enhanced bright band 
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Figure 2.23.  SEASAT (L-band, HH) SAR image of the Gulf of Mexico showing internal waves, rain cells, current 

patterns, and cellular convection (24 August 1978). 

 

in front adjacent to a suppressed dark band.  To the upper left of the large packet are additional 

packets composed of finer-scale internal waves. The packets are propagating across the shelf 

from the deep water channel. Also apparent on the left side are at least three circular rain cells 

between 5 and 7 km in diameter, with each main cell being brighter and enclosing a smaller 

central core that is darker than the surrounding ocean.  In the lower right quadrant, the linear 

dark striations are indicative of the presence of a surface current field, likely the Loop Current, as 

well as a small spiral eddy adjacent to more linear striations (right center). The dark striations are 

most likely biogenic surfactants aligned by the current.  Note the highly varying wind-induced 

roughness patterns throughout, including the large dark region in the upper right and the patches 

of bright and dark also seen within the large internal wave packet.  Interesting questions one 

might ask are why the scale of internal water packets are so variable and whether the dark region 

is indicative of a sharp temperature change that may have increased the boundary layer stability 

and thus enhanced roughness. 
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Figure 2.24. Comparison of SIR-C (STS-068) L-band total power SAR image and coincident shuttle sun glint 

photograph of a small-scale eddy and atmospheric gravity waves off the west coast of Baja California (October 10, 

1994). The images are not co-registered (see land in upper right corner) and thus not aligned. 

 

sun glint spot, a spot detectable from an airplane or space shuttle where the sun is reflected off 

the surface to a human eye (i.e., the angle of the sun and the eye to the feature are equal but 

opposite).  This is illustrated beautifully in Figure 2.24 off the western coast of Baja California, 

showing a comparison of a coastal spiral eddy (dark curvilinear striations) and atmospheric 

gravity waves (bright broad waves extending lengthwise across image) as seen with a SIR-C L- 

band total power image and a coincident hand-held sun glint photograph taken from the space 
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Figure 2.25  SEASAT (L-band, HH) SAR image of the Gulf Stream, with unusual wave patterns contained within 

the confines of the main current (25 July 1978). 

 

shuttle. In this case, the bright regions and dark regions largely match in both images.  In a 

slightly different sun glint viewing geometry, the bright and dark regions may be opposite to one 

another, as a smoother surface may appear bright in sun glint imagery (full reflection back to 

eye) and dark in SAR.  While not shown in this image, the unusual atmospheric wave 

expressions extended a considerable distance off the California coast from Santa Barbara, 

begging the question as to what meteorological conditions were present that day 
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 The last image (Figure 2.25) appeared in the SEASAT SAR ocean atlas [Fu and Holt, 

1982, page 47], which shows the breadth of the Gulf Stream off South Carolina.  The dark line in 

the lower right corner delineates the south wall of the Gulf Stream and the north wall is in, or at 

least adjacent to, the distinct linear feature in the upper left corner.  As indicated in the original 

figure caption, the finer-scale linear striations are trapped along the northern half of the current, 

have wavelengths between 300 and 1200 meters and crests parallel to the current flow.  We 

believed then, and it is still likely the case now, that these features have not been observed by in-

situ measurements and so essentially nothing is known about the physics of the striations.  Yet 

the striations dominate the image and are indicative at minimum of a very complicated, non-

uniform current flow field.  A plausible explanation may be given in Mollo-Christensen [1981], 

who proposed that such striations were surface effects of the adjustment of the bottom boundary 

layer to changes in the interior current flow, but to date this has remained unverified with surface 

measurements, as best as can be ascertained.   

 The remainder of the book chapters will delve into considerable detail on these primary 

features that have only been initially described here.  There remains much to explore in SAR 

ocean images, that can produce valuable contributions to the understanding of physical 

oceanography and the boundary layer, extending into interactions with sea ice, biological 

processes, and human influences related to pollutants, fishing, and shipping. 
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3.1 Introduction   

 This chapter presents the fundamentals of active microwave remote sensing of sea ice.  It 

begins with a description of the various sea ice forms and characteristics, explains what type of 

ice information may be retrieved from Synthetic Aperture Radar (SAR) imagery and concludes 

by examining a number of typical SAR image examples.  

 Sea ice covers between 11% and 15% of the earth at the Polar Regions.  In the Arctic the 

permanent ice cap exists above 72°N latitude and can extend as far south as the mid-latitudes 

during the winter.  It is important to characterize sea ice because its extent and duration has an 

effect on the global climate and presents a hazard to shipping.  Since the polar regions are dark 

during at least half the year and are often cloud covered, active microwave sensors including 

altimeters, scatterometers, real aperture radars (RARs) and synthetic aperture radar (SARs) are 

the most useful remote sensing instrumentation for these regions. Active microwave sensors are 

generally unaffected by the atmosphere, solar illumination, or precipitation.  When placed on a 

polar orbiting satellite, these sensors provide reliable and periodic observations of sea ice extent 

and conditions in the Polar Regions. 

 Since the late 1970s, seasonal investigations in the Arctic during the fall freeze-up, late 

winter, spring, and summer have been conducted to acquire empirical data that describes the 

microwave properties of sea ice.  These data, collected over a wide range of frequencies, 

polarizations, and angles of incidence, contribute to studies to determine the ability of 

microwaves to classify ice type and to characterize the physical and electrical properties that 

control emission and backscatter levels.  By understanding the processes and properties 

responsible for producing microwave signatures from sea ice, it has been possible to develop 

approaches to retrieve critical geophysical parameters including: edge characteristics, type, floe 

size distribution and concentration, thickness, age, and snow cover. 

 Sea ice is the most complex earth terrain.  This complexity is due to the many possible 

forms of sea ice, and to the fact that sea ice properties and physical structures are continuously 

modified by ocean and atmospheric dynamics.  For instance, the conditions during which ice 

forms impact its immediate physical and electrical properties, and influence all future properties 

as it ages.  As an example, sheets of young ice formed under quiescent conditions may be 

transformed into a reasonably flat, reasonably thin slab of rafted ice whose physical and radar 

properties are dramatically changed.  Because of the array of possible ice forms, there are at least 

30 terms used to identify sea ice form and condition.  In contrast, seawater measurements are less 

complicated; one factor that helps is that there is a limited range of possible seawater dielectric 

constant values, whereas for sea ice the dielectric constant ranges from that of seawater to that of 

pure ice—an order of magnitude difference.  Roughness scales for both mediums range from the 

almost perfectly smooth to hills of dielectric material 15 meters in height.  

 Additional references that detail sea ice behavior include the Geophysical Monograph 68 
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titled Microwave Remote Sensing of Sea Ice [Carsey, ed., 1992], and the Remote Sensing of Sea 

Ice and Icebergs [Haykin et al., 1994].  A detailed discussion of SAR and scatterometer 

signatures of sea ice is provided in Onstott et al., [1982]. 

 

3.2  Sea Ice Characteristics   

 Sea ice is produced when seawater freezes.  This process requires that the layer of 

seawater at the air-sea interface has cooled to about –1.8°C (when seawater has a salinity of 

about 33 ppt).  The form that ice takes depends upon the sea state, wind, and temperature 

conditions at the time of ice formation.  Since there is a wide range of possible formation 

conditions (e.g., just below the freezing temperature vs. extreme cold, calm vs. wave agitated, 

low wind vs. high wind, and snowing vs. not snowing) the newly formed ice categories include a 

number of ice forms.   

 If there is no wind or waves, long ice crystals form into a very thin, very smooth layer of 

ice at the air-water interface (see Figure 3.1a). If wind or waves are present, then fine ice spicules 

become suspended in water (frazil ice) instead. As ice formation continues, the wave and wind 

action causes the ice crystals to coagulate and form a soupy layer (grease ice).  Further 

accumulation results in the formation of clumps (shuga).  When ice reaches a thickness greater 

than about 1 cm, clumps will harden into pancakes (see Figure 3.1b), and eventually into small 

pans (see Figure 3.1c).  Newly formed ice of pancake origin has a very rough surface that is 

wetted with seawater.  If snow falls onto the ocean surface during ice formation, slush ice will 

form.    

 Cold temperatures will cause additional freezing of sea ice at its bottom and along the 

sides of ice floes, thereby increasing its thickness.  The rate of ice growth is highest when the ice 

is thinnest, and slows as ice thickens.  New ice grown under quiescent conditions is described 

according to its visual properties that are also related directly to its thickness: nilas (black ice 

with thickness up to 10 cm), grey (thickness of 10 to 15 cm) and grey-white (thickness of 15 to 

30 cm).  After ice has reached a thickness of 30 cm, it is then known as first-year ice.  While 

there is no upper limit on the thickness of first-year ice (see Figure 3.1d), it generally does not 

attain thickness greater than 2.5 m unless a deformation process is involved.   

 During the freezing process, a large quantity of brine is rejected from the ice back into 

the ocean, but some remains as impurities located at the boundaries of pure ice crystals.  With 

age, the volume of brine reduces due to salt migration [Smith, 1990].  However, first-year ice 

remains very lossy at microwave radar frequencies even though its salinity ranges from 4 to 10 

ppt limiting the distance that the radio wave penetrates into the ice medium. Furthermore, first 

year ice has few internal gas bubbles of a size one tenth or greater than the radar wavelength (see 

Figures 3.2a and 3.2b) that can produce a measurable internal volume scatter.  Of the other 

discontinuities present in the ice (e.g., brine includes and drain tubes), they are even smaller.  

Hence the predominant scattering mechanism for first year ice is surface scattering.     

 During summer, the snow pack on sea ice melts.  Free water percolates through the ice 

interior, flushing brine from the ice to the ocean.  If first year ice survives the summer melt and 

reaches its second ice growing season, it will have undergone three major modifications: (a) 

desalination, (b) development of an undulating surface topography caused by the erosion effect 

of summer melt, and (c) a reduction in the density of the uppermost layer of the ice sheet.  

 Multiyear (MY) ice is ice that has survived more than one melt season (see Figure 3.1e).  

It can be distinguished from first-year (FY) ice by its greater thickness.  At the end of the ice 
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Figure 3.1.  Photographs of a variety of sea ice types and forms: (a) new, (b) pancake, (c) marginal ice zone, (d) first 

year, (e) multiyear, (f) multiyear hummock, (g) multiyear meltpool, (h) first year pressure ridges, and (i) old 

multiyear pressure ridge ice. 

 

growing season, level multiyear ice typically has a thickness greater than 2 m; level first year ice 

typically has a thickness less than 2.5 m.  Multiyear ice has a lower salinity (less than 2.5 ppt 

versus more than 7.7 ppt for FY), and a thicker snow cover (greater than 0.2 m for MY versus 

less than 0.2 m for FY).  The top 2 to 15 cm of a MY ice sheet is composed of ice that is almost 

pure, has very low loss, and has a significant reduction in density in the uppermost layer which 

takes the form of a significant population of gas bubbles whose diameters are between 1 and 3 

mm (see Figure 3.2c).  

 A simplified cross-section of first year and multiyear sea ice is presented in Figure 3.3 

and serves to illustrate major physical property differences between the two major ice types. 
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Figure 3.2.  Thin sections shown with 1-cm grids for (a) new, (b) young, (c) multiyear raised, and (d) multiyear 

meltpool ice. 

 

Other ice modifications of note include those associated with ice deformation (see Figures 3.1f, 

3.1h, and 3.1i), and the freezing of fresh water into pools on multiyear ice (see Figure 3.1g and 

Figure 3.2d). 

 

3.3 Basic Concepts of the SAR Remote Sensing of Sea Ice  

 Active microwave sensors including altimeters, scatterometers, real aperture radars 

(RARs) and synthetic aperture radar (SARs) transmit electromagnetic energy to observe targets 

of interest.  The portion of the transmitted energy that is returned back to the radar is determined 

by the scattering properties of the area illuminated. 
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Figure 3.3.  Simplified cross-section of (a) first year and (b) multiyear sea ice. [Onstott, 1992] 

 

3.3.1 Backscatter Response during Winter 

 The radar scattering coefficient, also called the backscatter cross section, is an absolute 

measure of scattering behavior of the terrain under observation on a per square meter per square 

meter (m
2
/m

2
) basis.  It is a function of frequency, angle of incidence, polarization, and the 

scattering characteristics of the illuminated area. 
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 Combinations of four surface parameters affect the scattering characteristics of sea ice.  

These are: 

• surface roughness (in both the small and large scales)  

• dielectric constant of the sea ice (both the real and imaginary parts)  

• dielectric discontinuities or discrete scatterers (such as gas bubbles in the ice)  

• orientation of the ice and its surface features to the radar (azimuth look angle)  

 The sea state and weather conditions under which sea ice is formed has an effect on its 

surface roughness.  The amount of surface roughness controls the distribution of the reflected 

energy, and thus the amount of radar backscatter.  The radar return from first-year, new ice, and 

open water is dominated by the surface roughness. 

 Whether or not a surface is rough when imaged by radar is a function of the radar 

wavelength (λ), the incident angle of the radar beam (θi), and the average vertical displacement 

of the surface (∆h). Figure 3.4 shows the reflection characteristics at two radar wavelengths (X- 

and L-band). Lord Rayleigh developed a criterion where a surface is said to be rough if it meets 

the following condition:  

 
8

cos
λ

θ >∆ ih  (1) 

 Dielectric constant refers to the basic electrical property of all materials.  It affects the 

amount of an incident radar wave that is reflected, absorbed, and dissipated.  Ocean surfaces 

have a high dielectric constant with most of the radar energy being reflected at the water's 

surface.  Penetration of radio waves into the water at microwave frequencies is negligible.  The 

dielectric constant of sea ice is strongly dependent on the salinity of the ice.  New and first year 

ice are very lossy due to high salinity.  The distance an electromagnetic wave travels through a 

medium before its intensity is reduced by 1/e is referred to as the penetration depth (see Figure 

3.5), and is used to gauge where, in a volume, scattering may occur.  It is a function of radar 

frequency, incident angle, temperature, and conductivity of the ice or snow.  To determine the 

penetration depth, the complex dielectric constant, ε*, must be known.  The complex dielectric 

constant is defined by ε* = εo(εr' - jεr") where εo is the free-space dielectric constant, εr' the 

relative dielectric constant, and εr" the relative imaginary dielectric constant.  The value of ε* is 

dependent upon the density of the ice, the volume of the brine, and the dielectric properties of the 

ice and brine.  The penetration depth δ and loss L are determined by the following:  

 

1
5.

5.
2

'

"'

11
2

2

2

1

−































−






















+=

r

r

o

rr

ε

ε

λ

επµ
δ  (2) 

and  )log(10

1

δeL =  (dB/m) (3) 

where λo, is the wavelength for free space.  At microwave frequencies, the relative permeability 

µr (proportionality constant that exists between magnetic induction and magnetic field intensity) 

is approximately equal to 1.  Longer wavelengths penetrate to a greater extent.  Non-frozen water 

significantly reduces penetration; thus, snow cover during melt will act as an opaque filter to the 
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Figure 3.4.  Scattering behavior of L- and X-band electromagnetic radiation for smooth, rough, 

and very rough surfaces.  

 

radar waves, preventing sensing of the ice surface.  Conversely, in the winter the frozen snow is 

transparent, allowing for imaging of the ice surface and volume.  Measurements by Vant, et al., 

[1974, 1978] indicate that first-year ice with a salinity of 7 to 8 parts per thousand at a 

temperature of -5°C has a penetration depth of 2 to 4 cm and a loss of about 150 dB/m at X-band 

(a wavelength of 3 cm).  The colder the upper ice layer, the greater the penetration depth is.  

Multiyear ice has significantly greater penetration depth than first year ice due to a near zero 

salinity.   

 As penetration depth increases, the greater is the possible number of dielectric 

discontinuities or discrete scatterers in the ice (such as gas bubbles) which contribute to the radar 

backscatter.  Multiyear ice with its lower salinity allows for microwave penetration into the ice 

and backscatter is dominated by volume scattering at C-band radar frequencies and higher.  The 

bubbles and voids in multiyear ice have dimensions that are within an order of magnitude in size 

of the radar wavelengths at X- and C-band frequencies (e.g., 3 to 6 cm). Hence, these discrete 

scatterers contribute significantly to the large backscatter cross-section of multiyear ice.  
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Figure 3.5.  Penetration depth is shown as a function of frequency, temperature (in °C), and salinity (in parts per 

thousand) for multiyear ice (MY) and first year ice (FY). 

 

 

 

Figure 3.6.  Backscatter interactions for multiyear ice, first year ice, and smooth open water. [Onstott, 1992] 
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 The orientation of the ice surface features to the radar (azimuth look angle) also has an 

impact for cases of large-scale surface roughness (such as ice blocks strewn about the ice surface 

and pressure ridges).  When sea ice ridges are oriented orthogonally to the radar wave 

propagation direction, a strong dihedral backscatter return is produced because of the reflection 

off of the smooth ice surfaces into the rough pressure ridge.  If the radar views parallel to the 

pressure ridge, the number of dihedral returns are limited to the blocks within the pressure ridge, 

resulting in a weaker ridge response. 

 Figure 3.6 is a schematic of the microwave returns from water, first year ice and 

multiyear ice.  The multiyear return is a function of surface and volume scattering since the low 

salinity allows penetration into the ice sheets whereas snow-free, first-year ice and ocean 

backscatter are dominated by scattering from the surface.  

 Figures 3.7 and 3.8 show measured radar backscatter cross-section data and help to 

illustrate the variation in radar backscatter cross sections with ice type and water signature as a 

function of the radar parameters of frequency (L-, C-, X-, and Ku-band), incident angle, and 

polarization.  

 

3.3.2 Backscatter Response during Summer    

 Differentiating between ice types during summer is a complex task.  Microwave 

signatures respond quickly to the meteorologically induced melt and freeze cycles of snow and 

ice surfaces, and to the formation of melt pools and the desalination of the ice sheets.  During 

early summer, the snow pack is at its maximum annual thickness.  Moist or wet snow tends to 

limit the backscatter response to the snow layer, and reduces any contribution from the 

underlying ice layer.  Hence, moist snow produces backscatter signatures for thin and thick ice 

that are very similar, if not identical.  By midsummer, the snow layer on thin and thick ice has 

become very thin or no longer exists and the ice surface is eroding due to melt.  The signature of 

thin and medium first-year ice is enhanced because of a very thin or non-existent snow layer and 

an enhanced surface roughness associated with the ice surface.  Snow on multiyear ice is often 

thick enough at peak melt to still produce a moist snow signature at high frequencies (such as C- 

and X-band), but may have enough subsurface pooling of freshwater to produce a weaker 

signature at L-band.  In summary, at midsummer, the distribution of melt water contributes to the 

dynamic signatures of first year ice and a contrast reversal between first-year and multiyear ice, 

the two major summer ice types [Onstott, et al., 1987].  An example of the signature reversal is 

shown in Figure 3.9.   In these L-band and X-band images collected in the East Greenland Sea 

during MIZEX '84 (an Office of Naval Research sponsored study of air-ice-ocean processes that 

take place at the marginal ice zone), the first year ice portions of the large multiyear floes 

produce stronger backscatter than the multiyear portions of the floe [Cavalieri, et al., 1990]. In 

addition, the formation of pools of water open to the air or under thick layers of snow impacts 

the backscatter behavior of multiyear ice by creating regions of weak or strong returns dependent 

on radar wavelength.  This scattering behavior is most prominent under peak melt.  In addition, 

the magnitude of the signatures observed will be strongly dependent on frequency.   

 After peak melt, the melt pools may transition into thaw holes (vertical holes through the 

ice to the underlying water).  A dried ice stage may follow where melt water has disappeared 

from the surface by draining through cracks or thaw holes in the ice.  Rotten ice, a term applied 

only to first-year ice is next in the sequence.  Here, the ice has become honeycombed and is in an 

advanced stage of disintegration.  Flooded ice follows the rotten ice phase.  At this point the ice 

is loaded with heavy wet snow and melt water.  By mid-to-late summer, the backscatter from
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Figure 3.7.  Radar backscatter cross-sections at L-, C-, X-, and Ku-bands during winter, illustrating the contrast in ice type and water signatures as a function of 

frequency and angle of incidence. [Onstott, 1992] 
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Figure 3.8.  Radar backscatter cross sections at L-, C-, X-, and Ku-bands during summer, illustrating the contrast in ice type and water signatures as a function of 

frequency and angle of incidence. [Onstott, 1992] 
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Figure 3.9.  X- and L-band images of a large multiyear ice floe during the peak melt period during summer (29 June 

1984).  Notation:  MFY - Medium FY, MP - Meltpool, PR – Pressure Ridge, HV SC - Heavy Snow Cover, ThFY – 

Thin FY, and SS – Saturated Snow [Cavalieri et al., 1990] [Onstott, 1992].   
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Figure 3.10.  Contrast history illustrating contrast reversals that have been shown to occur between first-year and 

multiyear ice, the two major summer ice types for C-, X-, and Ku-band frequencies [Onstott and Gogineni, 1985]. 

 

multiyear ice becomes greater than that from first-year ice and the contrast between thin and 

thick ice increases with decreasing frequency (see Figure 3.10).  This observation is explained by 

the fact that the multiyear ice is topographically rougher, has many tilted surfaces, and is a 

complex mixture of ice, snow, and water features that, in total, provide strong surface scatter.  

The roughness elements on the now snow-free, first-year ice are reduced in amplitude because of 

the continuation of melt.  As surfaces become smoother, their backscatter intensities reduce. 

 

3.4 Sea Ice in SAR Imagery 

 SAR imagery is being used to detect, locate, and identify a variety of sea ice forms and 

features that include: (1) ice type, (2) surface features, (3) floe size distributions and 

concentration, (4) ice edge, (5) leads and polynyas, (6) deformation, and (7) ice edge eddies and 

open ocean phenomena associated with the ice pack.  Other features of interest may include: (a) 

icebergs and ice islands, (b) ships and platforms in the ice, (c) shore fast ice, and (d) waves in the 

pack ice. 

 

3.4.1 Ice Type Determination    

Sea ice type or thickness and age are extremely important parameters to measure and study in the 

polar oceans.  Ice strength primarily depends upon ice thickness, age, salinity, and temperature.  

The distribution of ice thickness is important in climatic studies because it represents the 

outcome of the current growing season that is described by the duration and intensity of cold 

temperatures and ocean-atmosphere dynamics.  Ice thickness is related to ice 
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Figure 3.11.  Topology of sea ice type, thickness, features and age. 
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Figure 3.12. Winter C-band, VV polarization SAR pack ice example obtained from aircraft (incident angles from 

20° to 70°) for the central Arctic during CEAREX’89.  The imaged area is approximately 10 km wide.   

 

 

Figure 3.13.  Winter ERS-1 (C-band, VV) SAR polarization image of pack ice with active leads (LD) in the 

Beaufort Sea from 24 March 1992.  The imaged area is approximately 100 km wide.  Original image © ESA 1992. 
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Figure 3.14.  Frequency dependence of the backscatter coefficient for theoretical σ°s of multiyear and first-year ice 

under (a) normal/winter and (b) extreme/summer conditions is shown. [Onstott, 1992]  

 

age, deformation caused by storms, and pressure in the ice pack. SAR imagery provides 

information on both age and thickness.   This information is inferred from the backscatter 

intensity and how this intensity varies with position on the ice terrain surface.  Figure 3.11 shows 

a topology of sea ice in order for the reader to associate ice age terminology with ice thickness, 

form, features, and deformation effects. 

 The dynamics during the freezing process have an impact on the physical structure of 

newly formed sea ice.  If ice forms in an open lead when winds are calm, its surface may be 

relatively smooth.  The effect of wind and waves is to produce ice with a rough surface with a 

higher dielectric constant.  The backscatter response for recently formed ice is largely 

determined by the magnitude of its dielectric constant and surface roughness.  The return from 

first-year, new ice, and open water is dominated by its surface roughness.  Areas of first year ice 

that are exceptionally smooth, due to growth during very quiescent conditions, act as specular 

scatterers and produce very weak backscatter. 

 Multiyear ice with its lower salinity and greater ice penetration at microwave frequencies 

produces a backscatter response at C-band frequencies and higher which is dominated by volume 

scattering from the upper ice sheet gas bubbles and voids. Thus, the returns from multiyear ice 

are typically the brightest large area ice return in the imagery. 

 During winter, the microwave signatures of desalinated multiyear ice are clearly different 

from those of the saline first-year ice.  This is very apparent in Figure 3.12 and 3.13.  These C-

band (VV) images were collected in the Beaufort Sea during winter.  The multiyear floes are 

identifiable by their bright return and their floe shape; multiyear floes are typically more rounded 

than first year floes.  In addition, note that the first year ice found in the pack ice appears as the 

backdrop in which multiyear floes are placed.  This is also a good illustration of the way in 

which first year ice forms in the fall in this region and in the central Arctic.  The radar signature 
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of multiyear ice is very stable during the period from about November through April in the 

Arctic.  The first year ice framework that surrounds the multiyear ice is sufficiently weaker and 

discrimination between these two major ice types is not difficult.  There are active leads found in 

both of the scenes.   

 In summary, the key discriminating features between first year and multiyear ice is (a) 

the difference in backscatter level, (b) that multiyear ice is found in well-defined and rounded 

floes, and (c) that multiyear ice has a very stable backscatter value during winter.  Additional 

discussion of the evolution of first year ice is found in Grenfell et al. [1998] and Perovich et al., 

[1998]. 

 The active microwave backscatter of first-year and multiyear ice increases monotonically 

with increasing frequency and the radar contrast between these two ice types also improves with 

increasing frequency.  Figure 3.14 shows the ability to discriminate first year ice from multiyear 

ice as a function of frequency at HH-polarization.  Results for VV, HV, and HV are similar.  

Note the backscatter coefficient versus frequency plots confirm the assumption that higher SAR 

frequencies are better discriminators of ice type.  The normal (winter) versus extreme (summer) 

illustrates the effect of liquid water in the snow cover during summer. 

 

3.4.2 Ice Deformation and Surface Features 

 3.4.2.1 Ice Deformation.  Wind and ocean forcing breaks ice into floes and, at the same 

time, deforms the ice by forcing it together or along the shore.  Seasonal weather changes also 

affect the topography of the ice.  Four types of processes control ice deformation: 1) fracturing, 

2) hummocking, 3) ridging, and 4) weathering.  Fracturing is a pressure process whereby ice is 

permanently deformed and rupture occurs.  It is most commonly used to describe breaking across 

very close ice, compact ice, and consolidated ice.  Hummocking is a pressure process that piles 

sea ice haphazardly one piece over another to form an uneven surface.  When the floes rotate in 

the process, it is termed screwing.  Ridging is a pressure process by which sea ice is forced 

upward into a line or wall called a ridge.  The bright linear features running through both the first 

year (FY) and multiyear (MY) floes in Figure 3.12 are pressure ridges.  Weathering is a process 

in which irregularities are gradually eliminated by thermal and mechanical means.  Ice 

deformation can modify the backscatter signatures of both first year and multiyear ice. 

 3.4.2.2  Surface Features.  Ice surface features are divided up into twelve categories 

according to the Ice Observation Handbook [1991].  The categories most commonly referred to 

are level ice, deformed ice, rafted ice, ridged ice, and hummocked ice.  

Level ice is ice that has not been modified by deformation.  Deformed ice is a general 

term for ice that has been squeezed together and, in places, forced upwards or downwards.  

Rafted ice is a type of deformed ice formed by one piece of ice overriding another; rafting occurs 

mostly on new and grey ice.  A well-weathered ridge is a ridge that has experienced summer 

melt, has a sail that is rounded with slope of sides usually 20° to 30°, and is found on second and 

multiyear ice.  A hummock may also be fresh or weathered with the submerged portion of 

broken ice under the hummock, forced downwards by pressure.  

 Figure 3.12 is a C-band (VV) SAR image from the Central Arctic collected during 

CEAREX [Onstott and Shuchman, 1990].  CEAREX was an Office of Naval Research study of 

ice in the Greenland Sea region that began during fall-freeze up (Year 1988) and continued 

monitoring ocean-ice-air processes well through winter (April 1989).  Pressure ridges on the 

multiyear floes can also be observed on the image.  Recently formed ridges (e.g., formed since 
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Figure 3.15. ERS-1 (C-band, VV) SAR image of multiyear and first year ice in the Beaufort Sea to illustrate 

pressure ridged ice responses.  Annotated ridge information [ID#, Type, Height in Meters, Width in Meters]: 

[#1,FY,1-2.5,60-80], [#2,FY,2-4,34], [#3,FY,4.5,32-44], [#4, MY,5,34], [#5,MY,3.5,30], [#6,MY,5,28],  [#7,MY,4-

6,22-46],   [#8,MY,-,24-33],  [#9,MY,3-5,35-42],  [#10,MY,3-4,25].  Radar viewed the scene from the left.  The 

imaged area is 4.25 km wide.  Original image ©ESA. 

 

fall freeze-up) of multiyear year ice are observed as linear features that are brighter than the 

surrounding multiyear ice because structures of great vertical height with prominent height 

discontinuities produce strong returns.  There are the occasional frozen melt pools that produce 

weak returns on a multiyear ice floe that can be observed at SAR ground resolution of 100 m.  

Surface features in the first year ice portions of the image include level ice (e.g., uniformly dark 

areas), pressure ridges (e.g., curvilinear bright features), extensive areas of deformed ice, and 

recently formed leads.  At C- and X-band frequencies, recently formed leads will show regions 

of very weak to very bright return.  Once a lead has aged a number of hours it will take on a 

uniform grey appearance with a backscatter intensity between that of FY and MY.  Furthermore, 

for a few days its scattering coefficient may exceed that of MY ice if frost flowers form when the 

ice is young.     
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 Ground surveys have been conducted to correlate pressure ridge characteristics with SAR 

backscatter intensity.  Results show that the larger the mass of a ridge, the greater is its potential 

backscatter, and that the observed intensity is a maximum broadside to the ridge and minimum 

when viewing parallel to the ridge.  Example ridge characteristics that include ridge height and 

ridge width are annotated on Figure 3.15 for illustration.  Weathered multiyear ice ridges are 

topographically significant features associated with a multiyear floes, but are difficult to detect in 

SAR imagery because weathering greatly reduces vertical height discontinuities and rounds the 

ridge.  These modifications work to reduce its backscatter intensity, making it more similar to 

that of level multiyear ice.    

 

 3.4.2.3 Leads and Polynyas.   Leads and polynyas are important to ship operations, 

acoustic propagation, submarine surfacing, marine animal resource management, and climate 

change.  A sea ice fracture is any break or rupture through compact ice, consolidated ice, fast ice, 

or single floe resulting from deformation processes.  Fractures may contain brash ice and/or be 

covered with nilas or young ice and sizes may range from a meter to over 500 m.  

 A crack is a fracture that is only a few centimeters.  A lead is any fracture or passageway 

through sea ice that is navigable by surface vessels.  A polynya is any non-linear shaped 

persistent opening in ice.  Examples of leads are shown in Figures 3.12 and 3.13.  The image 

shown in Figure 3.13 was obtained in the Beaufort Sea within 50 miles from shore near Prudhoe 

Bay, Alaska.  The leads shown are shore leads and form where the pack ice interacts with the 

landfast ice near the coastline.  Lead activity in this region is dynamic and continuous. 

 Open water tends to freeze very quickly when the atmosphere is below –20°C and new 

ice will form and thicken quickly.  Areas of first year ice that are exceptionally smooth, due to 

growth during very quiescent conditions, produce very weak backscatter.  

 Frost features form on new ice because of high humidity associated with an open lead.  

These features roughen the ice surface and act to raise the backscatter levels of young ice to 

values greater than those of smooth, medium, and thick first year ice.  Within a few days, the 

frost feature effects dissipate and the young ice signature reduces to values approaching those of 

first year ice. 

 Frost features begin as fine ice crystal structures.  Over periods of hours these features 

may cover a significant proportion of the ice surface and grow bases at the interface of the frost 

flower and the ice sheet comprised of granular ice.  Some point in the formation process brine 

begins to wick from the ice sheet into the frost features known as frost flowers.  With brine 

infiltration and surface roughening due to frost flower bases, the ice sheet's scattering coefficient 

experiences a dramatic increase.  Frost flower sizes at the end of their life reach diameters as 

large as 5 cm and heights of 3 cm.  Frost flowers survive a few days and are destroyed by wind 

and infiltration by snow crystals.  

 When wind conditions are high, such as greater than 7.5 m s
-1

, the water surface remains 

clear of ice and ice crystals, and presents a backscatter response that is stronger than that of 

multiyear ice, if the radar incident angle is steep and the polarization is VV.  This may not be the 

case for HH-polarization, or for large incident angles, as illustrated in Figure 3.13.  Open water 

signatures in leads are typically associated with two wind regimes: high and calm.  Strong winds 

are associated with storms that are robust enough to produce large leads.  Otherwise, the winds 

tend to be calm and the leads tend to be small and well shadowed by the surrounding ice.  

 During February, March, and April of 1992, a lead was monitored to watch its evolution 

from birth through thirty-six days of life. A temporal sequence of images is presented in Figure 
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Figure 3.16.  ERS-1 (C-band, VV) SAR imagery of a lead in the Beaufort Sea (about 72.5°N) during LEADEX’92 

is shown as a function of day of year (DOY).  Lead is located in center of image.   
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Figure 3.17.  Photographs show the range of possible lead conditions in (a) a view of a large, recently opened lead, 

(b) the rapid formation of an ice skim and open water patches, (c) new ice formation with rafting, (d) aging to young 

ice with frost flowers, and (e) a close up of a frost flower.   
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3.16.  The lead is located in the center of the images.  As the lead ages, its shape and size change 

in response to forces in the ice pack.  Ridge building events may pile lead ice on the surrounding 

first year ice (see DOY 66), highlighting the location of the lead with an enhanced backscatter 

level.  When smooth new ice is produced, that portion of the lead signature is dark (see DOY 

66).  If frost flowers form (see DOY 75) or if ice becomes deformed, the lead signature 

brightens.  With continued activity, the lead will present a variety of signature spatial responses 

(e.g., compare DOY 69 with DOY 93).  As the lead ages the backscatter response level will 

begin to reduce as the frost flowers are destroyed and the ice desalinates (see DOY 93).  As the 

ice thickens, it eventually becomes difficult to distinguish from the surrounding first year ice 

with a single frequency and polarization. 

 In Figure 3.17, a series of photographs document the ice conditions observed as a large 

lead evolved.  A photograph taken from helicopter (see Figure 3.17a) shows the presence of a 

very thin ice layer and patches of open water with wind ripples (also see Figure 3.17b).  After 

several hours a modest layer of new ice is present, but modified by rafting (see Figure 3.17c).  

Frost flowers formed and accompanied the visual whitening and backscatter enhancement of the 

lead ice (see Figure 3.17 d and e).  

 

3.4.3 Determining Floe Size Distributions and Concentration 

 3.4.3.1 Floe Size.  The high-resolution capability of SAR makes it the ideal sensor to 

observe ice floe size boundaries and concentration [Burns et al., 1987].  Sea ice does not 

necessarily form as a solid sheet of ice.  The effects of wind, swell, currents, tides, and 

thermodynamics contribute to ice formation and break-up.  The resulting pieces all have various 

names according to their size (see Table 3.1, from the Ice Observation Handbook).  

 Sea ice concentration is typically expressed in tenths of area coverage.  For example, 9 

tenths is 90 percent ice cover.  Ten-percent concentration or less is considered open water.  Ice 

concentration is highly variable with the greatest water concentration found at the very end of the 

melt season, and the lowest water concentration at the end of the growing season.  

 Example images obtained during the summer in the Greenland Sea are shown in Figure 

3.9 and are typical of the summer ice field conditions.  The figure shows X-band and L-Band 

SAR images, in addition to an aerial photograph, and was taken nearly coincidentally from 

aircraft.  First, note that the aerial photograph shows excellent contrast between ice and water.  

The SAR imagery also shows a high contrast level since the water produces weak backscatter 

due to floe shadowing of the wind which produces lead water with a smooth surface, while the 

ice response is greater because of surface scattering.  In addition, brash ice (e.g., small ice 

pieces) and small floes between the larger floes have rough ice-air interfaces and produce strong 

backscatter at all satellite frequencies and also act to highlight floe boundaries.  The floe that 

dominates these images is a vast multiyear ice floe that is bonded together with thin zones of first 

year ice of different ages.  Surrounding this ice floe are small to large multiyear ice floes.  It is 

also important to note that during summer the thin ice regions within the multiyear floe have 

enhanced backscatter response at X-band because of a lack of snow cover and roughened ice 

surfaces.    

 The floe field may move by wind or currents.  Shearing may occur and divergence-

convergence zones may result.  In the divergence zones, the ice sheets part and open water is 

exposed to the atmosphere.  Open water will freeze very quickly when the atmosphere is below   

-20°C unless winds keep the water agitated. 
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Table 3.1.  Floe Size Descriptors [Ice Observation Handbook, 1991] 
 

Name Abbreviation Dimensions 

Brash 

Pancake 

Ice Cake 

Small Floe 

Medium Floe 

Big Floe 

Vast Floe 

Giant Floe 

BSH 

PH 

CK 

SF 

MF 

BF 

VF 

GF 

< 2m 

30 cm – 3 m 

20 m or less 

20-100 m 

100-500 m 

500 m – 10 km 

2 km – 10 km 

> 10 km 

 

 3.4.3.2 Concentration.  At present, the primary tool to determine global ice concentration 

and multiyear ice fraction is the Special Sensor Microwave Imager (SSM/I).  SAR may also be 

used, and is especially useful when finer ice concentration detail is required.  Figure 3.18 is an 

illustration of the ice concentration and multiyear fraction derived using X-band SAR (aircraft) 

for the MIZ in March 1989.  The color bar shows ice concentration values from 0 to 100%.  

Concentrations vary from 100% in the ice interior to about 50% in the MIZ.  The multiyear ice 

fraction is spatially variable and ranges from about 20% to 90%.  Advanced Very High 

Resolution Radiometer (AVHRR) visible and thermal images are shown for comparison (see 

Figure 3.17b).  A composite product is shown in Figure 3.17c and includes SSM/I concentrations 

for large area coverage.  Superimposed on the SSM/I data is SAR-derived concentration for 

added detail in a portion of the pack and MIZ regions, ice surface temperature contours derived 

using AVHRR, and SSM/I derived near surface winds.   

 

3.4.4 Ice Edge Characteristics and Detection 

 The ice edge is the demarcation at any given time between the open water and sea ice of 

any kind.  It may be a regular line with compacted floes, it may consist of a succession of belts or 

strips, or it may be frayed with off-lying isolated fragments or pancake ice.  The ice edge is 

highly variable and exhibits rapid dynamic and thermodynamic responses.  If the wind direction 

changes, the ice edge responds.  This may mean a dramatic change in position, and going from a 

compact to a diffuse edge within a day to two.  If ambient conditions cool sufficiently and certain 

circumstances occur, large expanses of newly formed ice may suddenly appear.  A discussion of 

processes found at the ice in the Arctic is presented in Chapter 18.  Detailed discussion of 

pancake ice, which is an important contributor to the ice signature of the marginal ice zone, is 

found in Onstott et al. [1998].    

 Variations in ice concentrations along the edge result from wind drag, tides, ocean 

circulation, ice ablation, or freezing and can vary on a daily, monthly, seasonal, or yearly basis.  

Ice edges are either compacted or diffuse.  Compacted edges are clearly defined due to wind 

and/or currents.  They are typically on the upwind side of the pack.  Diffuse edges are poorly 

defined and are usually associated with the downwind side of the pack. 

 The type of ice edge can be identified by observing the change in the ice concentration 

within the outer ice edge region that is made up of pans, cakes, and small, broken-up floes.  

These small floes will range from 20 to 100 m in diameter and form because of ablation, 

freezing, and gravity wave/ice interaction, and eddy induced collisions that break up large floes.
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Figure 3.18.  Ice concentration (a-a) and multiyear ice fraction (a-b) derived from SAR, and AVHRR  visible (b-a) 

and AVHRR-IR (b-b) are shown for the marginal ice zone in the Greenland Sea for 20 March 1989.  SSMI ice 

concentration is the basis for (c).  The SAR-derived ice concentration, surface temperature, and ocean wind speeds 

are also shown in (c). 
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When an on-ice wind event occurs (e.g., when the wind blows toward the ice), the ice edge will 

then be compact.  During these events, locating the edge on SAR imagery is quite easy.  When 

winds blow from the pack ice to the open water, a diffuse edge forms and the zone is composed 

of both ice and open water, and can be spread over a very wide area making delineation of an 

open water and ice boundary very difficult. 

 Two examples of ice edge conditions found in the Arctic are shown in Figures 3.19 and 

3.20.  Figure 3.19 is an X-band (HH) mosaic collected by aircraft on 31 March 1987 during 

MIZEX'87 at incident angles from 50° to 75°. Concentrated ice composed of cakes and small 

floes is compacted along the outermost regions to form a distinct ice/open water boundary.  Light 

to moderate wind speeds of 5 to 10 m s
-1

 were recorded for the day.  During the winter season, 

the C- and X-band SAR data can be used to differentiate between ice types.  Bright tones on the 

image represent multiyear ice, while darker tones are various stages of first-year and young ice.  

The darkest signatures are open water because of the middle to large incident angles used.  Note 

an ice tongue (T) and numerous bights (B) are visible on the image.  An ice tongue is a 

projection of the ice edge several kilometers in length, caused by wind or current.  A bight is an 

extensive crescent shaped indentation in the ice edge, formed by either wind or current.  In the 

upper right hand portion of the image are ice patches or small ice fields well away from the 

compacted ice edge and into the open ocean.  An ice field is an area of drift ice consisting of 

floes of any size and having an area greater than 10-km across.  An ice patch is simply an area of 

drift ice less than 10-km across.  

 The ice edge location is determined by some combination of ocean circulation, 

bathymetry, tides, wind direction and speed, and ice ablation or freezing.  The seaward migration 

of the ice edge resulting in a diffuse or unclear delineation between ice and open water is the 

result of either meandering ocean currents or an off-ice wind and is ultimately controlled by ice 

ablation.   

 Wind is a determining factor in discerning the ice edge in SAR imagery.  High wind and 

wave conditions particularly when imaged at small (less than 35°) incident angles will cause the 

open (ice free) ocean to give a large return making the intensity value similar to sea ice.  

However, an experienced analyst can still differentiate between the two.  The wind for the image 

shown in Figure 3.19 was 10 m s
-1

 from the north. 

 In Figure 3.20 is an example of a diffuse ice edge.  This is an L-band, HH-polarization 

image collected using SEASAT.  The open ocean typically produces a moderate to strong 

response.  A very thin layer of ice crystals or frazil has formed at the ice edge and the small 

capillary wind waves are dampened and a weak backscatter response results.  Pancake ice and 

small ice floes are typically present at the outermost positions of the edge and present a return as 

bright or brighter than the open ocean due to the rough ice surface and water-ice boundary 

scattering.  

 

3.4.5 Snow on Sea Ice 

 Snow on ice plays a variety of roles that affect the ability of SAR to characterize sea ice.  

In winter, the dry snow pack and upper portion of the ice sheet are at temperatures much less 

than 0°C.  The surface of multiyear ice under the dry snow can be flat, mounded, or depressed 

(e.g., filled with frozen melt water).  Each surface is characterized by a different backscatter 

value.  On cold multiyear ice, snow with depths greater than 2 m has been shown to be 

essentially transparent at frequencies below 10 GHz; however, on very smooth first-year ice, 

snow may dominate the microwave signature [Kim, et al., 1985].  Furthermore, if the snow
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Figure 3.19.  X-band (HH) mosaic obtained by aircraft of the marginal ice zone in the Greenland Sea (about 78.5°N 

and 3°W) during 31 March 1987. The imaged area is approximately 60 km wide. 
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Figure 3.20.  SEASAT (L-band, HH) image of Chukchi Sea during October 1978. 

The imaged area is approximately 200 km x 100 km. 
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Figure 3.21.  Penetration depth for snow with a density of 385 kg cm
-3

 for frequencies between 1 and 37 GHz - 

calculations are based on experimental data acquired and results published by Matzler [1985], Hallikainan et al., 

[1984], and Tiuri et al., [1984]. 

 

thickness becomes too large, the ice sheet is pushed below sea level, floods with seawater, and 

attains a first-year ice signature, independent of the previous ice form. 

 Arctic lows may also pass through a region during the spring, and the upper portion of 

the snowpack may experience melt and refreeze.  The snow crystals may enlarge and a 

multiyear-like signature may be produced if the radar wavelengths are 1 cm or smaller.  At 

current SAR operating frequencies, this snow crystal effect is negligible.  In addition, moisture 

from the humid snow layer may collect on the cold ice surface and freeze.  This superimposed 

ice roughens the ice-snow interface.  The roughness of this layer increases during the early stage 

of the melt process and eventually becomes the key contributor to the backscatter signatures of 

thin to medium first-year ice.  

 During early summer, the snow layer has a more dominant role.  This is illustrated by the 

critical relationship between frequency, the volumetric liquid water content in the snow and 

penetration depth (Figure 3.21).  The penetration depth is dramatically reduced with even a 

fraction of a percent of liquid water (a quantity so small that present direct measurement methods 

provide this value only with great difficulty).  The penetration depth is further reduced with 

increasing wetness or increasing frequency.  For example, in the Fram Strait region during the 

summers of 1983 and 1984, the bulk wetness of the snowpack was found to stay at about 5 or 6% 

[Onstott, et al., 1987].  The penetration depth at a 30-cm wavelength (L-Band) (note that λ = c/f, 
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where c is the speed of light and f is frequency) is about 1 m, but at a 6-cm wavelength (C-band), 

it is only about 5 cm. Snow thickness prior to melt was about 45 cm on thick ice. 

 As summer progresses, the major role of the snowpack is to produce free water, which 

moistens the snow and accumulates into pools.  Typically, there are alternating mounds and 

pools of ice and water.  By midsummer, the snow pack has experienced considerable melt.  

Accumulations of meltwater on multiyear ice and thick first-year ice create slush layers, 

sometimes many centimeters thick, and drainage of water into depressions contributes to the 

formation of subsurface melt pools.  An important change in the summer microwave signature 

occurs when the snow becomes completely saturated with water, creating slush.  At this point, 

the backscatter signature is increased beyond that of moist snow because of accompanying 

increases in surface roughness and dielectric constant.   

 After midsummer, open water melt pools become common on thick ice where about 50-

60% of the snow has melted.  A snow-ice crust may be in place on elevated multiyear ice 

surfaces, on thick first-year ice, and on multiyear ice.  On thin first-year ice and medium first-

year ice, the snow pack may have eroded into a 2-cm-thick granular snow-ice layer, and former 

melt pools may consist of collections of candied ice tips that rise about 1 cm above the freeboard 

of the thin, saturated ice sheet. 

 

 3.4.5.1 Sea Ice Backscatter Modeling.  Attempts have been made to explain theoretically 

the backscatter from sea ice.  Models, when successful, prove useful in interpreting the 

microwave signatures of the many ice forms.  Results have been used to refine and focus the 

measurement of physical and electrical properties in sea ice investigations.  One of the first 

attempts to model the backscatter behavior of sea ice was conducted by Parashar et al. [1978].  

An important leap forward in the modeling of multiyear ice was made by Fung and Eom [1982] 

by combining volume scattering with a rough surface model.  A parametric study by Kim et al. 

[1984] allowed an examination of the sensitivity of the microwave signature to changes in key 

ice sheet parameters, including salinity, temperature, brine volume, density, air bubble size, and 

surface roughness.  The effect of snow on sea ice was then described in Kim et al. [1985].  

Additional modeling studies of data collected in the field and during laboratory measurements 

are summarized in Winebrenner et al. [1992], Barber et al. [1998], and Golden et al. [1998a, 

1998b]. Most recent modeling efforts have been directed at understanding the coherence 

properties of electromagnetic scattering [Nghiem et al., 1995].   

 

3.4.6 Polarization and Sea Ice 

 Future satellite SARs will have the capability to operate at four transmit-receive 

polarization combinations coherently (e.g., VV, VH, HV, and HH).  This type of radar is referred 

to as fully polarimetric.  Future satellite SARs that have this capability and that will provide 

coverage in the Polar Regions are named PALSAR (Japanese, L-band) and RADARSAT-2 

(Canadian, C-band). ).  ENVISAT, (European, C-band), currently has the capability to collect all 

four polarimetric combinations but not simultaneously. 

 Polarization describes the orientation of the electric field vector of the electromagnetic 

wave as it propagates.   It is an important factor when distinguishing between various ice types 

and form.  Vertically polarized waves may interact with a surface geometry in different ways 

than horizontally polarized waves, resulting in a different radar backscatter between the two. 

 A SAR image set showing frequency and polarization behavior of Beaufort Sea Ice is 

presented in Figure 3.22.  These data were obtained using the JPL AIRSAR.  Shown in the figure 
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Figure 3.22.  JPL AIRSAR image (listed by band and polarization) of  polarimetric Beaufort Sea Ice data. 

 

are images acquired at P-band (60 cm), L-band (25 cm), and C-band (5 cm) and with VV-, HH-  

and VH-polarization.  The two primary ice types present are first year and multiyear (annotated 

in the C-band image).  Primary ice forms include level and deformed ice.     

 An interesting factor of note with this image set is that the wavelength change from the 

highest to lowest frequency is a factor of twelve.  Over a wavelength change this large, it would 

be expected that the ice property information presented in the SAR image data would be 

different.  In addition, with the addition of polarization information, it would also be expected 

that additional ice information would be obtained.  Results to date suggest that both of these 

expectations are true, and that additional information will be gained by using multifrequency and 

polarimetric radars.  As new satellite capability comes online, how to exploit additional 

frequency, polarization, and incident angle information will continue to be of great interest.   

 It is known that longer wavelengths penetrate further into sea ice.  In addition, the degree 

of the surface roughness that is required to produce strong backscatter scales with wavelength.  

Hence, long SAR wavelengths will require large surface height variations to produce strong 

backscatter.  In examining the P-band images in Figure 3.22 it is apparent that it is difficult to 

make out the multiyear floe structure.  In addition, the prominent image features are thin and 

curvilinear.  This makes it clear that a P-band radar is most sensitive to surface topography, such 

as pressure ridges.  It could not be determined if fractures in the ice floes contributed to the 
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backscatter response.  There is a weak sense of ice type differences.  It appears that the 

delineation of the multiyear floe boundaries in a first year ice matrix is marginally possible.  VV-

polarization is best for floe boundary detection.  The HV-polarization is best if a map of surface 

topography is desired since all ice type information is suppressed.     

 The information content at L-band images falls in between that of P- and C-band.  The 

surface topography of the ice floes dominates the information content, but there is added ice type 

information over that provided at P-band.  The presence of multiyear ice is more easily detected, 

and floe boundary delineation is improving.  Again VV-polarization is best at providing ice type 

and floe boundary information.  Cross-polarization provides the best surface topography 

information, but in a more confused fashion than that at P-band (e.g., limited to the largest 

topographical features).    

 The discrimination of first year from multiyear ice is most easily accomplished using C-

band data.  This discrimination is easily made at each of the three polarizations.  The optimum 

polarization for this discrimination, however, has now changed to either HH or HV.  The 

deformed first year ice portion of the VV data reduces its effectiveness.  Multiyear ice detection 

is most easy in the cross-polarization channel because the small- and large-scale surface 

roughness effects are greatly reduced.      

 SEASAT and JERS-1 SARs operated at L-band which was determined to not be 

particularly good for differentiating ice types.  Conversely, the ERS-1, ERS-2, and 

RADARSAT-1 SARs operated at C-band, were found to work quite well for differentiating 

among major ice types during winter. 

 Multiyear ice and first-year ice can be distinguished in the winter independent of 

wavelength within the C to Ku portion of the microwave region.  However, in the spring and 

summer, discriminating first-year from multiyear ice becomes difficult because of the free water 

in the snow, and on the ice surfaces, and warm upper ice volume.  The free water prevents 

significant microwave penetration, eliminating the volume scattering that distinguishes the 

multiyear ice return.   

 One example of how polarization sensitivity may be exploited is in the discrimination 

between open water and ice. There is a significant difference between the electrical properties of 

open water and ice (about an order of magnitude).  Because of this difference and the 

polarization sensitivity of backscatter from a rough surface, a comparison of the ratios of 

backscatter for two orthogonal polarization sets (i.e., vertical-transmit and vertical-receive with 

horizontal-transmit and horizontal-receive) for these two ice forms results in an exploitable 

difference.  Furthermore, with the discrimination of open water, new ice may then be 

discriminated by detecting weak return areas within lead regions.  This capability was 

demonstrated using aircraft SAR imagery, and represents a key opportunity for future space-

based polarimetric radar.   

 Additional examples of polarization behavior of sea ice and its application to the 

classification of sea ice may be found in Drinkwater et al. [1992].   
 

3.4.6.1 Polarimetric Discriminants.  The term polarimetric discriminants utilized here is defined 

in terms of the elements of the covariance matrix.  The polarimetric discriminants include phase 

difference, span, depolarization ratio, and correlation coefficient.  

 

Phase Difference  

 One of the pieces of new information provided by a polarimetric radar is phase 

difference.  It is the result of the examination of the correlation of the two co-polarization 
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returns, specifically the difference between the phase at HH and VV polarizations.  This 

information may be retrieved from the covariance matrix by performing the calculation where 
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A simple manmade target made of a conducting material will produce a mean phase difference 

of 0
o
 and a probability distribution that is very narrow, if not a delta function.  Complex shapes 

and multiple reflections have been observed which often produce non-zero phase difference 

values.  The phase differences for plane dielectric surfaces are known to increase with increasing 

angle.  Phase differences may originate from polarization sensitivity to the population of 

scatterers in the clutter scene where scatterer Set A dominates HH backscatter, while a scatterer 

Set B dominates VV backscatter. Large local slopes also contribute to differences. For natural 

clutter mean phase differences are typically near 0
o
.  Distribution width is often related to 

complexity of the composition of the clutter scene that includes local slope, element size, and 

dielectric property distributions.  

 

Total Power or Span  

 Span is the term used to represent the total power of the scatter field.  It may be 

calculated accordingly  
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Depolarization Ratio  

 The depolarization ratio has been defined here as the ratio of the power associated with 

the copolarization elements of the scattering matrix and the cross polarization elements. It is 

defined as  
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One of the advantages of this definition for depolarization ratio is that it allows for an intuitive 

understanding and provides a reduction in the variance since it is composed of four elements 

rather than just two.  

 

Correlation Coefficient  

 The correlation between the copolarization elements (VV and HH) is defined  
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Expected Utility of Polarimetric Discriminants 

 The expected utility of the polarimetric discriminants is presented in Table 3.2. 
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Table 3.2.  Expected Utility of Polarimetric Discriminants 
 

Discriminant Utility 

Phase Difference Difference in the phase of the like polarizations.  Its value is determined by the 

magnitude of the ice or water dielectric constant.  The largest difference will be 

observed for new ice, the smallest for MY ice.  Phase difference assists in 

separating open water from ice.   

Total Power or Span Provides feature fill in, improves feature delineation, and reduces signal variance. 

Depolarization Ratio Aid in discriminating ice type and determining ice age.  MY ice will have a high 

ratio.  New ice will have the lowest ratio.  FY ice will fall in between. 

Correlation Coefficient Utility is yet to be determined. 

Polarization Ratio Ratio of the like polarizations. Its value is determined by the magnitude of the ice 

dielectric constant.  The largest ratio will be observed for open water and new ice.  

MY and FY ice have ratios near 1.  This ratio will assist in separating open water 

from ice.   

 

3.5 Summary 

 This chapter presented the fundamentals of active microwave remote sensing of sea ice. 

Empirical data, collected over a wide range of frequencies, polarizations, and angles of 

incidence, have contributed to the use of microwaves to classify ice type and to characterize the 

physical and electrical properties that control emission and backscatter levels.  The other ice 

chapters in the Manual show how by understanding the processes and properties responsible for 

producing microwave signatures from sea ice, it has been possible to develop approaches to 

retrieve critical geophysical parameters including: edge characteristics, type, floe size 

distribution and concentration, thickness, age, and snow cover.  
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Chapter 4.  Microwave Scattering from the Sea 
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4.1 Introduction 

 There is at present considerable interest in achieving a better understanding of the physics 

that governs the scattering of microwave radiation from the sea.  This interest is due in large part 

to the rapid advances in ocean remote sensing using microwave techniques during the past two 

decades or so.  These advances were triggered by the extremely rich and varied data sets 

collected by microwave sensors on numerous spaceborne satellite missions undertaken during 

this period.  The microwave instrumentation flown on these missions included synthetic aperture 

radar (SAR), wind scatterometers, and altimeters.  Additional missions with advanced 

microwave sensors are planned for launch in the near future.  As these missions proceed and 

analysis of the data progresses, the operational use of microwave radar for the estimation of 

useful geophysical parameters should become possible. 

 In order to extract geophysical information from the data collected by microwave 

sensors, it is clear that one must understand not only the scattering physics, but also surface wave 

hydrodynamics and the structure of the marine boundary layer.  In particular, a method for 

characterizing the shape of the sea surface (and perhaps even its evolution) is necessary in order 

to properly apply the electromagnetic boundary conditions.  A convenient way to proceed with 

this characterization is through the surface-height spectral density.  Thus, we begin this chapter 

by presenting a general description of rough-surface scattering based on knowledge of the 

surface spectrum.  This description will motivate the more general discussion of spectral 

modulation by wind fluctuations and spatially varying current fields that follows. 

 

4.2 Background 

Perhaps the most common example of electromagnetic scattering is that from a 

completely flat horizontal interface between free space and another medium with relative 

dielectric constant εr and relative permeability µr.  (For conducting media such as the ocean, εr is 

a complex number whose imaginary part is related to the conductivity, and for most common 

materials, µr is of order unity.) It is a standard problem in electrodynamics to apply the boundary 

conditions on the electric and magnetic fields at the interface to obtain the Fresnel reflection and 

transmission coefficients [e.g., Jackson, 1997].  As expected, one finds that a portion of the 

incident field is reflected at the interface in the plane defined by the incident wavenumber and 

the surface normal vector (called the plane of incidence) along a direction such that the angle of 

reflection equals the angle of incidence (like an ordinary mirror).  This process is sometimes 

called “specular reflection.” The remaining portion of the incident field is transmitted into the 

medium (also in the plane of incidence) along a direction defined by the familiar Snell’s law.  A 

schematic of the situation is shown in Figure 4.1.  The top panel shows the case when the 

incident electric field is in the plane of incidence, while in the bottom panel, the incident E field 

is perpendicular to the incident plane.  The former case is commonly referred to as vertical 

polarization, the latter is horizontal polarization.  The Fresnel coefficients are generally different 

for the two cases.  Note that for both cases, the directions of the electric field vector (  
r 
E ), the 
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Figure 4.1.  Reflection and refraction from a plane interface where the lower medium has relative dielectric constant 

εr and relative permeability µr.  The top panel shows the field orientation when the incident electric field is in the 

plane of incidence (Vertical Polarization).  In the bottom panel, the E field is perpendicular to (directed into) the 

plane of incidence (Horizontal Polarization). 

 

magnetic field vector (  
r 
B ), and the direction of propagation (  

r 
k ) are mutually orthogonal and 

satisfy the relation ˆ E × ˆ B = ˆ k .  The strength of the transmitted field is attenuated as it penetrates 

into a conducting medium.  For sea water, the “skin depth” (distance where the intensity falls to 

e
-1

 of its initial value) of microwave radiation is about 0.4 cm for a frequency of 1 GHz (30-cm 

wavelength) and 0.1 cm for 10 GHz (3-cm wavelength).  For a perfect conductor, there is no 

penetration into the medium, and all the incident energy is reflected from the interface for both 

polarization states regardless of the angle of incidence. 
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 As seen above for the special case of a smooth flat surface, the incident energy is 

reflected into the specular direction (or dissipated in the medium).  Thus a monostatic radar 

system, which transmits and receives using a single antenna, will receive no (backscattered) 

signal from such a surface.  The sea surface, of course, is not smooth and flat.  Its roughness 

spectrum can span scales covering more than five decades; from several hundred-meter swell 

waves, through wind-generated waves with wavelengths ranging from several tens of meters to a 

centimeter or so, to short capillary waves with wavelengths of only a few millimeters.  Since the 

root-mean-square (rms) slope of the sea surface is generally small, most incident electromagnetic 

radiation is still scattered in the specular direction.  The presence of the surface roughness 

however causes a small amount of the incident radiation to be scattered into all other directions; 

in particular back toward the transmitting antenna (in the backscatter direction).    

 An accurate description of microwave scattering from the sea is therefore considerably 

more complicated than for the case of the smooth flat interface discussed above.  In particular, 

the complicated nature of the sea-surface roughness spectrum renders proper application of the 

electromagnetic boundary conditions quite difficult.  We turn our attention now to a discussion 

of methods for handling this rough surface scattering problem and implications of these methods 

on the interpretation of microwave remote-sensing data. 

 

4.3 Scattering from a Rough Surface 

 All available closed-form models for electromagnetic scattering from rough surfaces are 

asymptotic approximations to an exact solution of Maxwell’s equations.  The two most 

commonly used models are the Kirchhoff approximation [Beckmann and Spizzichino, 1963] and 

the small perturbation method (SPM) [Ulaby et al., 1982].  The Kirchhoff approximation is valid 

for small slopes and long wavelengths.  It correctly models quasi-specular scattering, but lacks 

polarization sensitivity.  The SPM is valid for small slopes and short wavelengths.  It yields the 

proper polarization sensitivity for this regime, but does not properly account for long-scale 

features in the surface spectrum and does not account for specular scattering.  Recently, a 

popular approach has been to investigate successive iterations of the so-called surface-current 

integral equation in order to find a model that is correct for both of the above limits.  In fact, 

several authors have found relatively simple closed-form expressions for the scattered field that 

satisfy this criterion.  For detailed discussion of these scattering models and interaction of the 

surface-current integral equation, see for example: Voronovich [1994], Fung, [1994], and 

Elfouhaily et al.  [1999, 2001a], and references contained therein.   

 

4.3.1 Analytical Model 

 To continue our general discussion of backscatter from the sea in this chapter, we will 

assume for simplicity that the ocean is a perfect conductor and utilize the scattering model 

developed by Elfouhaily et al.  [1999, 2001a].  In the context of this model, the scattered 

(magnetic) field, Bs
p
(r), at the field point r resulting from a plane-wave incident field is given by  

 ( )[ ] [ ] xdxqixiqPB
r

e

i
rB H
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where B0 is the magnitude of the incident field, 
  

r 
P s

p
 is a polarization vector that describes the 

scattered field for incident polarization state p, and 
  
η

r 
x ( ) is the surface elevation (above the mean 

level) at position   
r 
x .  The vector 
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P s

p
 has the form 
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with ˆ P i
p

 being the polarization of the incident field, ˆ P H = ˆ e z × ˆ P i
p

, and  

 

  

r 
Q H =

1

2
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k H
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k H

i

kz
s + kz

i
 (3) 

Also in (1), (2), and (3),   
r 
k 

s
 and   

r 
k 

i
 are the scattered and incident wavenumber vectors, 

respectively, with horizontal and vertical components indicated by the subscripts H and z.  The 

vector   
r 
q  is the difference between the scattered and incident wavenumber vectors with the same 

meaning for the subscripts H and z.  Finally, the indices i and s denote incident and scattered 

fields, respectively, while the indices p and q denote respectively the incident and scattered 

polarization states.    

 The normalized radar cross section (NRCS), σ pq
0

, described by (1) and corresponding to 

the component of the scattered field with polarization ˆ P s
q

 when the incident field has 

polarization ˆ P i
p

 is given by 

 

  

σ pq
0

= lim
r→∞

4πr2

A

r 
B s r( )

r 
B s r( )*

B0
2

 (4) 

where A is the illuminated area on the horizontal surface, • represents ensemble averaging, and 

the scattered field is given by (1). 

The bistatic scattering model specified by (1), (2), and (3) has been compared against an 

exact numerical solution of Maxwell’s equations for microwave scattering from a random ocean 

surface with broadband roughness spectrum characteristic of the ocean as discussed qualitatively 

above.  Results of this comparison for 0.1-m radiation (S-band) from a 1-dimensional random 

surface with roughness scales corresponding to a 10 m s
-1

 wind speed are shown for vertical and 

horizontal polarization in the upper and lower panels of Figure 4.2, respectively.  The values 

shown in the figure are the average NRCS computed from 50 surface realizations.  Positive 

angles indicate forward scattering, while negative angles represent scattering toward the quadrant 

where the radar transmitter is located.  The angle of incidence was -30° for both polarizations.  

One can see from Figure 4.2 that for both polarization states, the scattered intensity is maximum 

at 30° which corresponds to the specular direction, but that scattered intensity is present at all 

directions including the backscatter direction of -30°.  Note that the blue diamonds 

corresponding to the new bistatic model described above agree quite well for both polarizations 

with the red crosses that represent the results of an exact numerical computation using the multi-

grid iterative approach (MGIA) for scattering angles whose magnitude is less than about 50°.
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Figure 4.2.  Bistatic NRCS for scattering of 0.1 m wavelength radiation from a simulated 1-D random ocean surface 

corresponding to a 10 m s
-1

 wind speed.   The red crosses indicate the NRCS from an exact numerical computation 

(MGIA), the green asterisks show the Kirchhoff values, and the blue diamonds give the results of the analytical 

bistatic model.  The top panel shows the results for vertical polarization, while horizontal polarization is shown in 

the bottom panel. 
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(For a discussion of the MGIA, see e.g. the article by Donohue, et al. in Brown, [1998].)  For 

angles greater than this, the HH-pol predictions are slightly low.  The Kirchhoff cross section 

(green asterisks) is the same for both polarization states, and is lower than the exact results at 

VV-pol and higher than those for HH-pol.  More details of the calculations and the comparisons 

shown in Figure 4.2 may be found in Elfouhaily et al. [2001a].     
 

4.3.2 Scattering from the Sea Surface in the SPM (Bragg) Limit  

 Given the general validity of the analytical model for the bistatic scattered field discussed 

in the previous sub-section, we may now use this model to examine how the measured NRCS is 

related to the properties of the sea surface itself.  Understanding of such relationships forms the 

basis of ocean remote sensing.  To begin, we look at the form of the scattered field given by (1) 

when the rms surface height is small compared to the microwave wavelength; the small 

perturbation method (SPM) or Bragg scattering limit. 

 To find the form of (1) in the SPM limit, we may simply expand the phase factor 

involving the surface height in the integrand to obtain 
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This expression may now be substituted into (4) to find the corresponding cross section, SPM
pqσ  to 

be 
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where ˆ P s
q

 describes the polarization of the scattered field.  The ensemble average in (6) is simply 

the surface autocorrelation function.  If the scattering surface, 
  
η

r 
x ( ), can be described in terms of 

a two-point correlated Gaussian random process, then the autocorrelation function, ( )xx ′−
rr

φ , is a 

function only of the difference vector xx ′−
rr

.  Recognizing that the Fourier transform of the 

(symmetrized) surface spectrum ( )k
r

ψ  is the autocorrelation function, we may write the cross 

section in the SPM limit as 
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The first term in this expression involving the Dirac δ-function represents specular scattering, 

and contributes only when   
r 
q H  is zero; that is when 

  

r 
k s

H
=
r 
k i

H
 so that the angle of incidence 

equals the angle of reflection as we found earlier in the simple example of a mirror-like surface.  

Since we will be primarily concerned with backscattering geometry in the following discussion, 

we can further simplify (7) to this geometry by recalling that for backscattering, 
  

r 
k s = −

r 
k i .  With 
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this simplification and the substitutions θs = θi ≡θ , we finally arrive at the desired expression, 

BSPM

pqσ , for the backscatter NRCS in the SPM limit 

 ( ) ( ) ( ) ( )[ ]
HH

pp

sH
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pq kkGkkk
rrr

22824
2

42 −++= ψψθπδπσ  (8)  

where Gs
pp θ( )

2
 represents the dot product of the polarization vectors in (7) evaluated for 

backscatter geometry, and takes the form  
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Note that for backscatter geometry, the specular term in (8) contributes only at nadir (θ=0°).  

One can also see that an important parameter in (8) is twice the projection of the radar 

wavenumber vector on the horizontal surface.  This quantity,   2
r 
k H (= 2ksinθ ) , is known as the 

Bragg wavenumber, and in the SPM limit it probes different components of the surface wave 

spectrum as the incident angle θ varies.  Finally, we have included only like polarization states, 

pp, in (8) and (9) since for the SPM, the de-polarization NRCS is zero.     

 At this point, the reader may wonder why we have bothered to examine the SPM limit of 

(1), (2), and (3) since, except for very light wind conditions, the rms surface height of the sea 

surface is considerably larger than the radar wavelength, and the SPM conditions are not 

generally valid.  The reason for the examination of the SPM is that the dependence of the NRCS 

on the properties of surface waves, not readily apparent in (1), (2), and (3), is more easily 

appreciated in this limit.  We should mention here that a model which includes the effects of 

longer surface waves may be explicitly developed in a manner similar to that used for the SPM 

above by dividing the surface spectrum into long and short waves.  This yields the so-called two-

scale or composite model.  (For a review of this development in particular and the composite 

model in general, see Thompson, 1989; Plant, 1991, and references contained therein.) The form 

of the composite-model expression for the backscatter NRCS is similar to (8) except that the 

small-scale waves now propagate on a “wavy” long-scale surface instead of a flat one.  The 

presence of the long-wave surface effectively modulates the local incident angle.  This 

modulation broadens the angular region (around θ=0°) where specular scattering is important, 

and also changes the Bragg wavenumber as a function of position along the long-wave surface.  

In particular in the composite model, the long-wave slope moments affect the NRCS as well as 

the local Bragg spectral components.  We will have more to say about the composite model in 

Section 4.3.5.  The point we want to emphasize here is that the 2-dimensional properties of the 

sea surface (i.e., the magnitude and direction of the 2-D surface wave spectrum) determine the 

characteristics of the measured NRCS.  Now that we’ve motivated this dependence using the 

SPM through (8), we turn to a discussion of the properties of the surface wave spectrum and how 

they depend on environmental parameters such as the local wind vector. 

 

4.3.3 Properties of the Ocean Surface Wave Spectrum  

 Precise specification of a 2-D function whose value is the surface height at every point 

contained inside the footprint of a microwave radar at a given instant in time is extremely 
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challenging.  This is not only because of the broad range of roughness scales present on the sea 

surface, but also because such an area extensive measurement usually requires complicated 

optical and photographic systems that are themselves difficult to calibrate.  Most routine 

measurements of the sea surface are limited to the height and directional characteristics of the 

wave field collected from a wave buoy at a single position in space as a function of time.  There 

are many studies in the recent literature that discuss how to assimilate such measurements into 

models for the sea-surface wave spectra.  (e.g., Phillips [1977] or Komen et al., [1994] and 

references contained therein.) These models generally characterize the measured properties of 

the sea surface through the spectral moments.  Also as we have seen above, concise analytical 

formulation of the models is important for remote sensing applications. 

 A few of the more popular spectral models are those of Bjerkaas and Riedel [1979], 

Donelan and Pierson [1987], Apel [1994], and Elfouhaily et al., [1997].  For our general 

discussion here, we choose the spectral model of Elfouhaily et al., [1997].  This model 

reproduces the Cox-Munk slope moments [Cox and Munk, 1954], and its development is based 

only on hydrodynamic properties of the sea surface.  No tuning of the spectrum to obtain 

agreement with microwave scattering data has been done.   

 We write the 2-D sea surface spectrum in the form 

 ( ) ( ) ( ) ( ) ( )
2

2cos wks
knkSk

φφ
ψ

−
=

r
 (10)  

where the omni-directional spectrum, S(k), is a function of  the magnitude of the surface-wave 

wavenumber,   
r 
k , and the cosine term describes the 2-D angular spreading properties.  The angle 

φ is the polar angle of the wavenumber vector   
r 
k , and φw is the wind direction.  The spectrum is 

defined such that  
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and n(k) is chosen as the reciprocal of  the integral over the cosine term.  With this 

normalization, the mean-squared height of the surface, h
2

, and the second-order slope 

moments, sisj  are given by 
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Figure 4.3.  Omni-directional surface wave spectrum versus wavenumber.  The red, green, blue and cyan curves 

show the spectral density for wind speeds of 5, 10, 15, and 20 m s
-1

, respectively. 

 

 

Figure 4.4.  Surface wave curvature spectrum versus wavenumber.  The red, green, blue and cyan curves show the 

spectrum for wind speeds of 5, 10, 15, and 20 m s
-1

, respectively. 
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The red, green, blue, and cyan curves in Figure 4.3 show the behavior of S(k) as a function of k 

for wind speeds of 5, 10, 15, and 20 m s
-1

, respectively.  One can see from this figure that the 

spectral peak occurs at lower wavenumbers as the wind speed increases and the spectral density 

of the dominant components increase with wind speed as one expects.  This behavior is simply 

because stronger winds produce longer and higher waves.  The dominant (peak) wavenumbers 

for the wind speeds of 5, 10, 15, and 20 m s
-1 

plotted in Figure 4.3 correspond to wavelengths 

)/2( kπλ =  or about 28 m, 114 m, 256 m, and 438 m, respectively.  The power in these 

components is 10 or 15 orders of magnitude larger than that in the spectral region of the 

microwave Bragg waves (k~30 rad m
-1

 to 600 rad m
-1

 corresponding to λ~0.2 m to 0.01 m) 

which play an important role in microwave scattering.   

 An important, but not immediately apparent feature of the spectra plotted in Figure 4.3 is 

that in wavenumber region between about 1 and 10 rad m
-1

, the spectra show very little wind 

speed dependence.  This is the so-called equilibrium sub-range.  Energy input at the high 

wavenumber end of this region is very nearly balanced by output at the low wavenumber end.  

One can therefore conclude by dimensional arguments that the spectral density in this region 

should be proportional to k
-4 

[Phillips, 1977].  It can be seen from Figure 4.3 that this dependence 

is indeed present.  Based on our findings concerning the dependence of the NRCS on the surface 

spectrum as given in (8), we conclude that a radar whose wavenumber is less than about 10 rad 

m
-1

 (λ≈0.6 m, ν≈0.5 GHz) would not be a particularly good wind sensing device since the 

spectral components to which it would be sensitive have only a small wind speed dependence. 

 Figure 4.4 shows the wind dependence of the high wavenumber portion of the surface 

wave spectrum in a more convincing manner.  In this figure, we have plotted the curvature 

spectrum; k
4
 S(k), versus k.  As before, we show the results for a range of wind speeds from 5 to 

20 m s
-1

.  The factor of k
4
 in the curvature spectrum accentuates the high-wavenumber portion of 

S(k), and renders the equilibrium sub-range more or less independent of k.  One can see 

immediately from Figure 4.4 that, aside from the low-wavenumber behavior associated with the 

decrease of the spectral peak position with increasing winds, the major wind-speed dependence 

is clearly concentrated in the wavenumber band between about 30 and 700 rad m
-1

 (wavelengths 

of 0.2 to .009 m).  The peak sensitivity to changes in wind speed appears to occur at a k-value of 

about 300 rad m
-1

 (λ≈0.02 m).  Since surface waves in this wavenumber band are the slowest 

moving waves on the surface, initial energy input from the wind occurs at these wavenumbers; 

hence the high sensitivity to wind fluctuations.  This sensitivity is well known to yacht skippers 

who look for local patches of small-scale ripples (cats’ paws) on the sea surface to assess wind 

conditions.  In fact, many microwave scatterometer satellite platforms, including QuikScat 

(launched by NASA in June 1999) [Spencer et al., 2000], operate at Ku-band (ν≈15 GHz) 

corresponding to a 0.02 m wavelength to take advantage of this wind-speed sensitivity to 

produce estimates of the near-surface wind field over the world’s oceans.   

Up to now, we’ve concentrated on the wind dependence of the omni-directional factor, 

S(k), in the expression for the 2-D surface wave spectrum in (10).  We now want to examine the 

form of the cosine term that determines the angular width of the spectrum.  Note from the form 

of this term that the angular width is determined by the exponent 2s(k) in (10).  As this exponent 

becomes larger, the directionality of the corresponding wave component becomes more focused 

along the wind direction.  This property is shown graphically in Figure 4.5 by polar plots of 

( ) ( )( )
2

2cos
φks

kn .  The red, blue, green and cyan curves show this function for k-values of 0.25, 10, 

100, and 1000 rad m
-1

, respectively, and a wind speed of 10 m s
-1

.  Notice from the figure that 

the 0.25 rad m
-1

 (λ ≈ 1.6 m) curve is highly directional.  The two crosswind spectral components 
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Figure 4.5.  Polar plot showing the angular dependence of the surface wave spectrum.  The red, blue, green and cyan 

colored curves show this function for k-values of 0.25, 10, 100, and 1000 rad m
-1

, respectively, and a wind speed of 

10 m s
-1

. 

 

 

Figure 4.6.  Plot showing the spreading exponent of the cosine term that describes the angular dependence of the 

surface wave spectrum.  The red, blue, green and cyan colored curves show this exponent as a function of k for wind 

speeds of 5, 10, 15, and 20 m s
-1

, respectively. 
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(along the ±ky-directions) are roughly 10 times smaller than the along-wind component.  The 

larger k-value components have about a 1:4 ratio of crosswind to along-wind spectral density.  

We also see from Figure 4.5 that for wavenumbers larger than 10 rad m
-1

 or so, the spectral 

components again become somewhat more directional.  This effect is less pronounced for low 

winds, and is a result of the shorter waves being partially aligned in the direction of the longer 

wind waves (if they exit). 

 We can see more clearly how the angular dependence of the spectrum varies with wind 

speed by plotting the exponent of the cosine term in (10).  Such a plot is shown in Figure 4.6 

where wind speeds of 5, 10, 15, and 20 m s
-1

 are shown by the red, blue, green and cyan curves, 

respectively.  The large values of the spreading exponent (2 s(k)) for small wavenumbers 

indicate the strong focusing of the longer waves.  The broadest portion of the spectrum occurs 

for somewhat shorter waves in the equilibrium sub-range, and still shorter waves become more 

focused as the wind increases because of their alignment with the long waves.  (The reader 

should be reminded here that the behavior of the spreading exponent shown in Figure 4.6 is 

based on a spectral model.  Actual measurements of this and related quantities are difficult to 

collect, and error bounds tend to be large.)  

 With our discussion of the properties of the ocean surface wave spectrum complete, we 

are finally in a position to examine how microwave backscatter from the sea depends on 

environmental parameters (e.g., wind velocity) and radar geometry (e.g., incidence angle and 

look direction with respect to the wind vector).   

 

4.3.4 Dependence of Ocean Backscatter NRCS on the Surface Wind Field  

 If a model of the ocean wave spectrum that gives a robust characterization of the surface 

behavior as a function of a set of environmental parameters is available, then one can, at least in 

principle, estimate these parameters from measurements of the backscatter NRCS of the sea.  In 

Section 4.3.3, we examined the functional dependence of a particular spectral model on the near-

surface wind vector.  What we want to show in the present section, using the results of Section 

4.3.3 as an example, is how backscatter NRCS measurements from the ocean surface can be used 

to estimate the surface wind.  To proceed, we simply insert the example spectral model 

[Elfouhaily et al., 1997] from Section 4.3.3 into (8) and (9), and compute the resulting 

backscatter for the small-perturbation NRCS.  The results of this computation are shown as a 

function of radar look direction (with respect to wind direction), φ, for VV- and HH-polarization 

in the upper and lower panels of Figure 4.7, respectively.  The results in both panels were 

computed for an incident angle θ=45° and a microwave wavelength of 0.02 m (Ku-band).   

 The panels in Figure 4.7 illustrate several important points concerning general properties 

of microwave backscatter from the sea surface.  First, we see that the cross section, for any 

particular look direction or polarization state, increases with wind speed.  This is because the 

corresponding (Ku-band) Bragg component of the surface wave spectrum also shows such wind 

dependence.  (e.g., Figure 4.4 for k≈535 rad m
-1

.) Also, in the SPM limit shown here, the ratio 

between the HH-pol and VV-pol cross section (the polarization ratio) for fixed incident angle 

and look direction is simply the ratio of the Gs
pq θ( )

2
 terms evaluated for the relevant 

polarization states.  In the SPM limit, this ratio depends only on the incident angle and equals 

about 10 dB for the case of interest here.  One of the most important features illustrated by 

Figure 4.7 is the sinusoidal behavior of the NRCS as a function of φ.  In particular, one sees that 

the crosswind NRCS (φ=90°) is significantly less than that for upwind or downwind looks (φ=0° 
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or 180°).  The upwind to crosswind ratio increases with wind speed and is about 3 dB for a wind 

speed of 10 m s
-1

 at both polarizations.  The difference between the upwind and crosswind 

NRCS (in the SPM limit) is caused by the (wind-dependent) spreading of the surface wave 

spectrum that we discussed in Section 4.3.3 and illustrated in Figures 4.5 and 4.6.  Note also 

from Figure 4.7 that in the SPM limit, the upwind to downwind cross section ratio is unity.  This 

will be discussed in more detail later. 

 Because of the sinusoidal behavior of the NRCS as shown in Figure 4.7, it is clear that 

one cannot uniquely specify the surface wind vector from a single NRCS measurement (even if 

one had complete confidence in the surface spectral model).  This is because a particular NRCS 

value could result either from a particular wind vector aligned along the radar look direction or 

from another vector with a somewhat higher magnitude (speed), oriented at some (non-zero) 

angle to the radar look.  Thus, measurements of the NRCS from a particular spot on the sea 

surface from different look directions (and a fixed incident angle) are required to uniquely 

specify the wind vector. 

 If the goal is to estimate the surface wind from measurements of microwave backscatter 

measurements from the sea surface, one might conclude at this point that the surface wave 

spectral model is not needed.  This is partially true since one can simply collect backscatter 

measurements, for example from an airborne platform, over areas of the ocean where wind fields 

are available from in situ buoys or other independent sources.  If a wide range of environmental 

conditions is sampled, one can use the database to determine an empirical relationship between 

the NRCS and the wind vector for each look direction and the desired range of incident angles.  

This is, in, fact the basis for present-day wind scatterometry where the results of this type of 

analyses has been extremely impressive.  (For an overview of the topic of wind scatterometry, 

see e.g., Atlas and Hoffman [2000].) For the discussion in this chapter, we have introduced the 

surface wave spectrum in order to motivate the general physical ideas that govern the scattering 

physics.  It is however interesting at this stage of our development to compare the very simple 

SPM scattering model with a commonly used scatterometer algorithm.   

 Scatterometer algorithms typically are written in the form  

 ( ) ( )[ ]{ }ww

scatt

pp cb aU φφφφσ γ −+−+= 2coscos1  (13)  

where U is the wind speed, φ is the radar look direction, φw is the wind direction, and the wind-

speed exponent γ > 0 .  The parameters a, b, c, and γ are generally functions of incident angle, 

radar frequency, and polarization.  One can see from (13) that 
scatt
ppσ  is symmetric about the 

wind direction, and for fixed φ, is a monotonically increasing function of U.  The functional form 

for the scatterometer algorithm given by (13) is more flexible than the expression of (8) and (9) 

for the NRCS in the SPM limit due to the presence of the cos φ − φw( )..  This cosine term allows 

for a different cross section for upwind and downwind radar looks since such a difference is seen 

in the data.  For moderate incident angles (  20
o
≤ θ ≤ 60

o
), microwave scatterometer algorithms 

generally predict that the ratio of the upwind to crosswind cross section is around 3 dB, while the 

upwind-to-downwind ratio is more like 1 dB.   

In Figure 4.8, we plot the NRCS from the SaSS-II algorithm, developed for use with the 

Ku-band (λ=0.02 m) scatterometer on board the  SEASAT satellite [Wentz et al., 1984], as a 

function of radar look direction for an incident angle of 45º.  The solid blue curve shows the VV-

pol results and the solid red curve shows the results for HH-pol.  The red and blue dashed curves 
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Figure 4.7.  Small Perturbation (SPM) NRCS as a function of radar look direction, φ, with respect to the wind 

direction for a radar wavelength of 0.02 m and an incident angle of 45º.  Cross sections for wind speeds of 5, 10, 15, 

and 20 m s
-1

 are shown by the red, green, blue, and cyan curves, respectively.  The top panel shows the results for 

VV-polarization while the bottom panel is for HH-pol. 
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Figure 4.8.  Ku-band NRCS at 45º incidence at VV- (blue curves) and HH-polarization (red curves) as a function of 

radar look direction.  The solid curves show the NRCS computed with the empirical SaSS-II scatterometer algorithm 

and the dashed curves show the SPM results. 

 

in Figure 4.8 show the corresponding NRCS values computed using the simple SPM model 

developed in Section 4.3.2.  It is interesting that the NRCS computed for VV-pol using the SPM 

agrees reasonably well with that from the empirical SaSS-II algorithm.  The mean levels are 

roughly the same for both methods, but the SPM slightly underestimates the upwind-to-

crosswind ratio.  The upwind-to-downwind ratio for VV-pol from the SaSS-II algorithm is about 

1 dB, while the SPM predicts no difference between the upwind and downwind NRCS as we’ve 

seen before.  For HH-pol , on the other hand, there is more than a 6 dB underestimate of the 

mean cross section by the SPM as well as an underestimate of the upwind-to-crosswind ratio 

similar to that found for VV-pol. 

 At this point, it should be mentioned that we have chosen to use the SaSS-II 

scatterometer algorithm in our discussion for illustrative purposes only.  Since the development 

of SaSS-II in the mid 80’s, other scatterometer algorithms have been developed for use at several 

microwave frequencies besides Ku-band.  Of particular interest for this volume, is the C-band 

algorithm Cmod4 [Stoffelen and Anderson, 1997] widely used with the ERS-1/2 scatterometer, 

and more recently to extract high-resolution wind estimates from the ERS-1/2 and  

RADARSAT-1 SAR.  This latter research is discussed by Monaldo and Beal in Chapter 13. 

 

4.3.5 Refinements to Analytical Rough-Surface Scattering Models 

 As shown in Figure 4.8, a simple SPM prediction shows reasonable agreement at VV-pol 

with the NRCS predicted by the empirically derived SaSS-II scatterometer algorithm.  At HH-

pol, however, the agreement is much less satisfactory.  This feature of the SPM can be explained 

qualitatively by at least two different physical processes occurring on the sea surface.  The first 

process not explicitly accounted for in the SPM is that for realistic situations, the short-scale 
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Bragg waves responsible for the scattering are not propagating on a flat surface (as assumed in 

the SPM).  Rather, these waves are propagating over the crests and troughs of the long-scale 

surface waves, and the local angle of incidence at each point along this path deviates from the 

vertical according to the local slope of the long-scale surface.  This situation is the basis for the 

composite model, discussed earlier in Section 4.3.2, and is represented schematically in Figure 

4.9.  The arrows in Figure 4.9 represent the local normal to the long-wave surface (red curve) 

and indicate how the local angle of incidence, and hence the scattering from the short-scale 

waves (blue curve), can change along the long-wave surface.  The SPM backscatter cross 

section, BSPM
pqσ , given by (8) and (9) is much more sensitive to changes in the incident angle, θ, 

for HH-pol than for VV-pol.  This means that the HH-pol NRCS is more sensitive to changes in 

the local incident angle produced by variations in the long-scale surface slope.  Thus, if the effect 

of long-scale slope variation is not included in the description of the scattering process, one 

should expect that this omission would be more important for HH-pol scattering.  The change in 

the NRCS of microwave backscatter from the sea surface due to the changing local incident 

angle is sometimes referred to as tilt modulation.    

 The backscatter cross section in composite-model type calculations, σ pq
BCM

, may be 

written by weighting the SPM cross section expression given by (8) and (9) by the probability 

density function (PDF) of the in-plane and out-of-plane slope components sx and sy of surface 

waves longer than 3 or 4 times the Bragg wavelength (λ=2π//kB).  Schematically, this operation 

yields 

 ( )[ ] += ∫∫ yxyxyxB

BCM

pq ds)dss,P(s  s,sk δ k
r

24πσ  

 ( )[ ] ( )[ ] ( )[ ]{ } ( )∫∫ −+ yxyxyxBlyxBl

2

yxl

pq

s

4
dsds s,sP  s,sk ψs,sk   ψ  s,sθG 8ππ

rr
 (14) 

where P(sx, sy) is the surface slope PDF.  The remaining terms in the integrand of (14) have the 

same meaning as those in (8) and (9) except that the incident angle, θ, in those equations has 

been replaced by the local incident angle θl.  The slope dependence of θl as well as that of  kB  

(=2 k0 sinθl ) on sx and sy  is shown explicitly.  The PDF is usually assumed to be Gaussian with 

a variance equal to the mean squared slope obtained from (the long-wave portion of) ψ at the 

wind speed in question.  Physically, σ pq
BCM

 is simply computed from (14) by weighting the 

behavior of the simple SPM by the expected slope (tilt) of the long waves.  The first term in (14) 

represents specular scattering, which now occurs whenever the local incident angle is zero, and 

generally dominates the scattering process out to incident angles of 20° or so for typical 

microwave frequencies.  For a Gaussian PDF, this term reduces to the familiar geometrical optics 

result [Beckmann and Spizzichino, 1963].   

The second term in (14) represents the composite (or tilted) Bragg contribution, and is 

simply the average NRCS from the SPM model over the local incident angles chosen according 

to the long-scale slope PDF.  As we have already discussed above, the SPM cross section, 

especially at H-pol, increases rapidly as the local incident angle decreases, so that the cross 

section predicted by (14) is larger than that predicted by the simple flat-surface SPM for both 

polarizations, with the HH-pol NRCS showing the largest percentage increase compared to the 

corresponding SPM result.  Finally we should point out that in the composite model of (14), the 

polarization state of the incident field is referenced to the (tilted) local surface normal rather than 
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 Composite-Model Surface with Long-Wave Facets 

 

Figure 4.9. Schematic of composite-model surface.  The red curve represents the long wave portion while the blue 

curves show the short-scale waves that propagate over this surface.  The changing local angle of incidence over the 

long-wave surface is illustrated by linear facets whose normal vector is shown by the arrows. 

 

Composite-Model Surface, Hydro-Modulation 

 

Figure 4.10. Schematic of the effect of hydrodynamic modulation on a composite-model surface.  The amplitude of 

the short-scale roughness (blue curve) is enhanced near the crests of the long-wave surface (red curve). 

 

to a fixed vertical direction.  A vertically polarized incident field (referenced to a fixed 

coordinate system), for example, will generally have a small horizontally-polarized component 

when referenced to the local surface normal.  Thus, unlike the case for the simple SPM, 

depolarization (i.e., the polarization state of the received field different from that of the incident 

field) can occur in the composite model due to out-of-plane tilting of the scattering surface.  We 

represent this in (14) by the pq subscripts on σ pq
BCM

 rather than pp on σ pp
BSPM

 in (8).  For further 

discussion of tilt modulation in composite model calculations, see e.g., Thompson [1989] and 

references contained therein. 

 There is another mechanism that can cause the observed backscatter cross section from 

the sea to be larger than the NRCS predicted by the SPM.  This mechanism is related not so 

much to a deficiency in the description of the scattering physics in the SPM, but rather to the 

assumption that the height statistics of the scattering surface may be described as a two-point 

correlated Gaussian random process.  (See the discussion in Section 4.3.2.) This assumption 

implies that the surface height autocorrelation function depends only on the separation distance 
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of the two points where the height is being correlated, and does not depend on the surface 

location where the autocorrelation is computed.  Under these conditions, the surface is said to be 

homogeneous.  The assumption of Gaussian height statistics further implies that the surface-

wave field is linear.  That is, the surface may be described as a linear combination of statistically 

independent sinusoidal (Fourier) components whose amplitudes are related to the components of 

surface wave spectrum ψ.   

 Although in many analyses of microwave scattering the assumption of Gaussian height 

statistics is present (explicitly or sometimes implicitly), the tendency for ocean waves to have 

rougher crests and smoother troughs than predicted by a Gaussian height distribution has been 

known for many years.  (See, for example, the discussion in Phillips [1977].) One of the reasons 

for the non-Gaussian behavior of the ocean surface is the nonlinear nature of the equations that 

describe the free-surface boundary conditions that the wave field must satisfy [Johnson, 1997].  

Other processes that affect the shape and evolution of the sea surface are energy input by the 

wind, dissipation of energy by breaking waves, and spectral modulation by variable surface 

current fields.  For a detailed discussion of these and other processes important for understanding 

the behavior of surface waves, see Komen et al. [1994].  The upwind-to-downwind NRCS ratio 

observed in the scatterometer algorithms discussed in Section 4.3.4 is a result of the nonlinear 

nature of ocean surface waves.  In particular, a non-zero, upwind-to-downwind NRCS ratio is 

due to the fact that the front (downwind) face of a sea surface wave tends to be rougher than the 

back face.   

 One of the most common mechanisms used to estimate the non-Gaussian behavior of the 

surface wave height distribution is through the modulation of the short-scale spectral density by 

the orbital currents associated with the long-wave surface.  This modulation can be computed 

quantitatively using an action-balance formulation [Plant, 1990; Thompson and Gotwols, 1994], 

and usually predicts enhanced roughness near the crest and on the front (downwind face) of 

long-scale surface waves.  In the spirit of the composite model, we schematically illustrate such 

spectral modulation in Figure 4.9 where one can see that the short-wave roughness (blue curve) 

is enhanced near the crests of the long-wave surface (red curve).  This variable short-scale 

roughness will cause a modulation in the NRCS measured by a small-footprint radar over the 

long-wave phase.  Such change in the NRCS of microwave backscatter from the sea surface due 

to spectral modulation of the short-scale waves induced by orbital currents associated with the 

long-wave surface is sometimes referred to as hydrodynamic modulation.  Since it affects the 

magnitude of the short-wave spectral density, one can see from (14) that hydrodynamic 

modulation generally causes a similar increase in the NRCS for both VV- and HH-polarization.  

For HH-pol however, interference between tilt and hydrodynamic modulation is a strong 

function of radar look direction with positive interference for waves traveling toward the radar 

and negative interference for the opposite case.  Therefore, researchers studying hydrodynamic 

modulation at intermediate angles of incidence (between approximately 20° and 60°) usually 

work at VV-pol where tilt modulation is small and the effect of hydro-modulation is maximized. 

 

4.4. Remaining Problems and Future Directions 

 In recent years, it has become apparent that for incident angles greater than 25° or so, the 

difference between the measured polarization ratio (HH/VV) is greater than that predicted by 

standard composite-type scattering models.  This under-prediction is generally larger for higher 

microwave frequencies, and becomes larger as the incident angle increases [Thompson et al., 

1998].  Even relatively sophisticated models that include the tilt- and hydrodynamic-modulation 
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effects discussed above [Romeiser et al., 1997] generally cannot produce a large enough HH-pol 

NRCS to obtain agreement with experiment.  We believe that this discrepancy may be at least 

partially explained by a more exact treatment of the non-linear nature of the ocean surface 

waves.  This non-linearity is manifest not only in the non-uniform distribution of short-scale 

roughness over the long-scale surface discussed above, but also in the shape of the long-scale 

surface itself.  Therefore, many commonly used models of the hydrodynamic modulation 

process, which assume that the short-scale roughness variation is proportional to a linear long-

wave surface, do not capture all of the features in the inherently nonlinear process.  We have 

recently shown that such features can have a significant influence on the surface statistics 

[Elfouhaily et al., 2001b].  This influence is most evident in microwave backscattering at high 

incident angles (greater than 70° or so).  For this geometry, higher than usual wave crests 

resulting from nonlinear surface statistics are more effective scatterers (especially at HH-pol) 

than for lower incident angles where microwave backscatter is not so sensitive to small changes 

in crest height resulting from the nonlinearities.  Much of the current research in rough-surface 

scattering is focused on understanding the differences between measurement and theoretical 

predictions of the backscatter cross section at high incident (low grazing) angles.  (For a survey 

of some of this research see, e.g., the articles in the IEEE special issue on low grazing-angle 

scattering edited by G.S.  Brown [1998].) 

 As alluded to in the preceding paragraph, the treatment of nonlinearities inherent in 

surface wave hydrodynamics leads to a scale separation reminiscent of that encountered in the 

derivation of the composite model for microwave scattering.  It is important to keep in mind, 

however, that the separation wavenumber, kc, for these two situations is quite different.  The 

separation wavenumber for hydrodynamics corresponds to a wavelength of a few meters or so 

[Elfouhaily et al., 2001b], while that required in the composite model for microwave scattering 

corresponds to several Bragg wavelengths; on the order of at most a few tens of centimeters 

depending on the specific radar frequency.  Fortunately, as discussed in Section 4.3.1, a 

reasonably accurate analytic model, for which an electromagnetic scale separation is not 

required, already exists [Elfouhaily et al., 1999].  We can therefore formulate a new 

hydrodynamic composite-type model using the same philosophy as that used to write (14).  In 

our new composite model, we replace the expression for the SPM cross section used in (14) by 

that for the analytic model [Elfouhaily et al., 1999] defined by (1) through (4) with the incident 

angle implicit in these equations now being the local angle of incidence referenced to the long- 

(hydrodynamic) scale surface.  Note for this new formulation, there is only one term in the 

integrand.  The specular term in (14) is already accounted for in the analytic model.  Also 

following the previous development, the slope PDF appearing in (14) would be for the long-

hydro-scale surface and in particular would not need to be Gaussian.  In this way, the new model 

would include tilt modulation from the nonlinear long-scale surface.  Hydrodynamic modulation 

of the short-scale spectrum could be included, for example, as outlined in Elfouhaily et al. 

[2001b].  Also as outlined in this reference, the formulation of the polarization dependence of the 

analytic model in terms of coordinate-independent vectors greatly simplifies the required 

transformations to local coordinate system.  At the time of this writing, development of a 

nonlinear surface scattering simulation of the type discussed here is underway.  In addition to the 

NRCS, this simulation will also predict the local Doppler spectra of the scattered field based on 

the general ideas discussed in Thompson [1989].  Knowledge of the Doppler spectra is required, 

for example, in the remote sensing of ocean surface currents [Thompson et al., 1991]. 
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4.5. Conclusion 

 In this chapter, we have presented a general discussion of the basic physics that must be 

included in any quantitative description of microwave scattering from the sea.  We have 

attempted to highlight general concepts with simplified descriptions for the non-specialist, but 

have also included numerous references for those who may be interested in more technical 

details.  It is clear that an understanding of the relationship between the scattered field and the 

scattering surface at a fundamental level is a necessity for the proper interpretation of existing 

remote sensing data as well as the efficient implementation of future ocean remote-sensing 

techniques.   

 Although the examples in this chapter are concentrated mainly on scatterometry 

applications, the basic physics is applicable to other microwave sensors (both active and passive) 

including altimeters [Fu and Cazenave, 2001] and passive microwave radiometers [Ulaby et al., 

1982].  A useful discussion of these and other remote sensing instruments for oceanographic 

applications is given in chapter 8 of Apel [1987].  Perhaps most important, at least for the present 

volume is that the scattering physics discussed in this chapter applies directly to microwave SAR 

imaging of the sea surface. 

 We hope, as readers proceed to chapters in the remainder of this volume discussing 

applications of synthetic aperture radar for the imaging of coastal internal waves or the 

production of high-resolution wind field maps using many of the scatterometry techniques 

discussed above, they will recall the description of microwave scattering in this chapter.  If they 

do this, they will realize that the internal waves are apparent in the imagery essentially because 

the orbital motion associated with these waves modulates the short-scale surface waves to 

produce alternating rough and smooth regions over the internal wave phase (hydro-modulation).  

As we have seen, this roughness modulation can produce a corresponding modulation in the 

NRCS, and thus render the internal waves visible in the imagery.  Likewise, variability in the 

strength of the surface wind field will modulate the spectral density of short-scale surface waves, 

again producing modulation in the imagery characteristic of the boundary-layer wind field.  In 

this way, the basic scattering physics reviewed in this chapter should assist readers not only to 

understand but also to assess the validity and accuracy of the various applications discussed later 

on in the volume. 
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5.1 Introduction 

 Waves are the ocean’s most obvious surface feature.  Wavelengths can range from 

centimeters (for capillary waves or ripples) to hundreds of meters (for wind sea or swell) and 

wave heights can range from tiny perturbations of the ocean surface to tens of meters.  Surface 

waves are generated by wind and turbulence in the atmosphere immediately above the ocean 

surface.  Ocean surface waves interact with the atmosphere, ocean currents, the bottom 

topography, and with one another.  Wave energy eventually dissipates through breaking in open 

water or upon shoaling. 

 There are many activities that require an understanding of the properties and 

characteristics of ocean surface waves in general, as well as their statistical properties for 

specific locations.  Information on ocean surface waves has bearing on ocean engineering and 

structural design, ship design and navigation, prediction of and response to coastal processes, and 

the dissipation of marine pollution, to name just a few. 

 Measuring ocean surface waves from space may be one of the key contributions that 

satellites will make to further our understanding of the earth’s oceans.  If wave parameters such 

as wave height, wave length, and propagation direction can be obtained globally, fundamental 

knowledge of the generation and propagation of waves would become available and would 

provide a synoptic view of waves that is unattainable by buoys or ships.  This knowledge would 

improve our understanding of the atmospheric forcing on the ocean surface, of the distribution of 

this energy across the ocean basins and downward into the water column through upper ocean 

mixing, and help to mitigate hazards to shipping and coastal regions . 

 Wave modeling is an important approach to generating and predicting ocean surface 

wave statistics.  Operational wave models are driven by forecast wind fields and can include an 

update of the wave’s initial conditions based upon both in-situ and remote sensing wave 

measurements.  Remote sensing data can be used to improve the model’s initial conditions, to 

verify forecast skill, and to provide insight into the physics that are implemented in the model. 

 Ocean surface waves are traditionally measured in-situ at a point on the ocean surface by 

averaging wave properties such as vertical and horizontal displacement over time as the waves 

propagate past a fixed location, such as a moored buoy.  This approach can provide the 

directional distribution (i.e., in the direction of wave propagation) of wave energy at each wave 

frequency that is present, which constitutes the directional wave spectrum.  Most wave buoys are 
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near the coast and only a limited number measure wave propagation direction.  Remote sensing, 

however, offers some alternate approaches.  For sensors that provide an image of the waves, a 

spatial average is acquired at a fixed instant in time, rather than a temporal average at a fixed 

point in space.  This approach can also provide the directional distribution of wave energy, but at 

each wavelength present rather than each frequency.  In principle, the two approaches are related 

through the wave dispersion relation. 

 Synthetic aperture radar (SAR) is a unique sensor for ocean surface wave measurement 

since SAR is the only sensor that can provide images from space with high enough resolution, 

independent of cloud cover and light conditions, to detect ocean surface wave scales of interest.  

As first demonstrated from aircraft flights during the early to mid-1970s, the two-dimensional 

surface wave field can be imaged by SAR.  A RADARSAT-1 SAR image of ocean surface 

waves refracting along a beach and around a headland is shown in Figure 5.1.  The SEASAT 

mission in 1978 provided the first realization of extensive global ocean wave measurements from 

space, with the SAR providing directional wave information and the altimeter providing 

significant wave height.   

 Since the microwave backscatter is from the short scale ripples, the apparent modulation 

of the ripples by the longer waves renders the longer waves visible in the SAR image.  If the 

waves are long and are not too high, the SAR imaging mechanisms may be linear and it is 

possible to directly estimate a directional wave spectrum from a SAR image spectrum.  As this 

chapter will highlight, the motion of the waves during SAR data acquisition causes the imaging 

process to become non-linear as the waves become steeper (that is, for higher or shorter waves).  

In this case, the wave image and the derived wave spectrum could become distorted, with an 

important impact being a reduction in the ability of SAR to accurately sense the wave component 

in the along-track direction.  A good understanding of the SAR wave imaging process was 

reached rather recently.  The derivation of ocean surface wave properties from SAR images often 

benefits from non-linear inversion schemes that are constrained by wave data, usually taken from 

a wave forecast model.  When SAR-derived ocean surface wave properties were combined with 

the extensive spaceborne SAR image data that became available in the early 1990s, a wide 

variety of SAR wave studies and applications ensued. 

 In this chapter, we first present an historical perspective on ocean surface wave 

measurement by SAR.  We then present elementary ocean surface wave properties and discuss 

how SAR responds to them.  Next we present examples of SAR image spectra and applications 

derived from several different SAR systems.  Finally, we discuss the future prospects for ocean 

surface wave measurement from spaceborne SAR. 

 

5.1.1 Historical Perspective 

 The most ambitious and uncertain instrument carried aboard the SEASAT satellite in 

1978 was its SAR.  In comparison to the other payload instruments, the SAR consumed large 

amounts of power and download bandwidth.  There were additional technical challenges in 

processing the raw data into imagery, especially given the modest, at least by contemporary 

standards, computing power that was available.  Up to that time, SAR images had largely been 

processed on optical benches.  Even more fundamentally, there were real concerns and 

apprehensions as to what might be visible from a spacecraft SAR. 

 When SEASAT SAR imagery became available, it was clear that many phenomena, 

including internal waves, wind signatures, oil slicks, and ocean surface waves were visible [see 

Beal et al., 1981; Fu and Holt, 1982; Vesecky and Stewart, 1982].  It was also clear that it would 
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Figure 5.1.  RADARSAT-1 (C-band, HH) S1 image from 22 November 2001 showing ocean surface waves 

refracting along Point Reyes Beach and around Point Reyes (the leftmost point), Point Reyes National Seashore, 

CA, USA.  The imaged area is 31.5 km  x 31.5 km.  ©CSA 2001 

 

take some time to acquire the skill and knowledge necessary to make quantitative ocean 

measurements from SAR imagery.  Though the SEASAT satellite mission ended prematurely 

after only three months, it provided a wealth of data that would occupy researchers for years; 

SAR images of ocean surface waves continue to be an application of interest. 

 Gonzalez et al. [1980] and Beal [1980] looked in detail at the ocean surface wave 

detection capabilities of SEASAT.  In particular, Beal et al. [1983] devoted considerable effort to 

measuring the spatial evolution of SEASAT SAR-measured wave spectra from a pass taken off 

the U.S. East Coast.  The wavenumber of the dominant wave spectra was shown to have changed 
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Figure 5.2.  RADARSAT-1 (C-band, HH) SAR image (©CSA 1996) showing ocean waves (left) and the 

corresponding SAR image spectrum (right).  The image covers 6.4 km by 6.4 km. 

 

in a way that was consistent with deep-water wave dispersion as the waves propagated away 

from a storm and interacted with the Gulf Stream current. 

 Since SEASAT was short-lived, subsequent efforts to study SAR ocean surface wave 

measurement often focussed on airborne SARs [e.g., Vachon et al., 1988] and remained largely 

anecdotal.  In 1981 and 1984, SIR-A and SIR-B (Shuttle Imaging Radar) carried out one-week 

missions on the space shuttle Challenger.  Perhaps the most capable SAR, with multiple 

frequencies (L-, C-, and X-bands) and polarizations, was launched for two, one-week missions in 

1994 on the space shuttle Endeavour as part of the SIR-C/X-SAR mission.  These missions were 

of interest since they provided very favorable acquisition geometry for ocean surface wave 

imaging.  The SIR-C/X-SAR missions included a real time processor and downlink system for 

ocean surface wave measurement of the southern ocean (see Section 5.4.5). 

 In part due to the intriguing SEASAT results, SARs eventually found their way onto 

ERS-1 (1991), ERS-2 (1995), JERS-1 (1992), and RADARSAT-1 (1995).  All of these but 

JERS-1 carry (or carried) C-band SARs and all have provided useful ocean surface wave 

information (e.g., Figures 5.1 and 5.2).  JERS-1 carried an L-band SAR, but an antenna problem 

forced a reduction in the transmitted power, which resulted in a poor signal-to-noise ratio for 

ocean images and rather limited ocean applications.  The Soviet satellite ALMAZ carried an S-

band SAR that also provided some ocean surface wave observations [e.g., Tilley and Beal, 

1994]. 

 The launch of ERS-1 by ESA in 1991 marked the advent of routine ocean surface wave 

spectra measurement from space via SAR images, or more specifically, via imagettes from the 

ERS wave mode of operation.  For this mode, a full resolution imagette covering 5 km by 10 km 

is acquired every 200 km along track.  This mode offers global coverage through available 

onboard data storage.  Image spectra are then calculated from the imagettes and are distributed to 

weather forecasting centers on a quasi-operational schedule.  These wave mode products have 

received considerable attention for the development of SAR inversion and assimilation 

algorithms [e.g., Breivik et al., 1998; Dunlap et al., 1998], as well as for wave applications on a 

basin scale [e.g., Heimbach and Hasselmann, 2000]. 
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 ERS-2 was launched in 1995 and provided continuity of coverage and modes with    

ERS-1.  Canada’s RADARSAT-1 was launched in 1995 and provided SAR ocean images with a 

more flexible geometry and on a commercial basis.  The derivation of ocean surface wave 

parameters from RADARSAT-1 SAR images has also been considered [e.g., Dowd et al., 2001]. 

 

5.2 Elementary Ocean Surface Wave Properties 

 There are many elementary treatments of ocean surface wave properties available in the 

literature [e.g., Pond and Pickard, 1983].  In this chapter, we are interested in waves on the 

ocean surface that are generated by wind forcing.  These wind waves propagate away from their 

source location as swell and eventually dissipate their energy through wave breaking in the open 

ocean (as white caps) or near the coast (as surf). 

 The irregular undulations of the ocean surface can be described mathematically as a sum 

of simple cosine-shaped waves with different amplitudes, relative phases, and frequencies.  The 

wave spectrum is a decomposition of the surface wave component energy (proportional to the 

amplitude-squared) that is plotted as a function of wave frequency or wavenumber. 

 For waves that are not too steep (i.e., the wave height is just a few percent of the 

wavelength), linear wave theory applies.  A particular ocean surface wave component may be 

written as: 

 cos( )A kx tη ω= −  (1) 

where A is the wave amplitude 2 /k π= Λ  is the wavenumber, Λ  is the wavelength, 2 /Tω π=  

is the wave frequency, and T  is the wave period.  The argument ( )kx tω−  is the wave phase, 

which varies from 0  to 2π  in moving from one crest to the next at a fixed instant in time, or in 

waiting through one cycle of the wave at a fixed point in space.  The phase speed is the speed of 

propagation of a wave crest and is given by /C kω= . 

 For freely propagating ocean surface waves, the wavenumber and wave frequency are not 

independent, but are linked through the wave dispersion relation: 

 2 tanh( )gk khω =  (2) 

where h  is the water depth.  For deep water (h >> Λ), gkω = , /C g k= , and we see that the 

waves are dispersive with longer waves travelling faster.  This leads to wave groups that travel 

with group speed / / 2gC d dk Cω= = . 

 The phase speed is a measure of the speed of travel of a point of constant phase (e.g., the 

crest or trough) along a wave cycle.  A particle of water on the ocean’s surface, on the other 

hand, is subject to an orbital motion as the wave propagates past it.  For deep water, the 

horizontal and vertical orbital motion components are given by:  

 
cos( )

sin( )

u A kx t

v A kx t

ω ω

ω ω

= −

= −
 (3) 

The top panel of Figure 5.3 shows a plot of the orbital velocity of a sinusoidal wave.  A radar 

scatterer on the ocean surface follows a circular motion with orbital velocity given by (3). 
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Figure 5.3.  Conceptual diagram showing SAR velocity bunching image mapping.  A single azimuth traveling wave 

cycle, moving left-to-right, is considered.  The upper panel shows the orbital velocity that controls the velocity 

bunching.  The middle panel shows a case of small nonlinearity.  The scatterers are bunched in azimuth, with 

density, hence image contrast, shown by the solid curve.  The lower panel shows a case of larger nonlinearity.  In 

this case multiple peaks are produced in the image for each actual wave cycle 
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Figure 5.4.  A simulated image of a sinusoidal wave (left) of 120 m wavelength traveling 45° off azimuth, and the 

corresponding image spectrum (right).  The simulated image covers an area of 6.4 km by 6.4 km 

 

An important wave field property is the significant wave height sH , sometimes referred to as the 

sea state.  Historically, sH  is defined as the average of the highest one-third of the observed 

waves.  Borgman [1982] shows that, for a Gaussian wave height distribution, 24 η=sH , or 

four times the standard deviation of the ocean surface displacement. 

 Ocean surface waves are usually measured as a time series of height displacements at a 

particular point, as with a moored wave buoy.  The measurements may be gathered over a certain 

period of time and then a wave spectrum may be estimated as a function of wave frequency.  On 

the other hand, a SAR provides an image of the waves at essentially a fixed instant of time.  This 

spatial view allows the wave spectrum to be estimated as a function of wavenumber.  These two 

approaches are related through the wave dispersion relation of (2). 

 

5.2.1 Image Spectral Analysis 

 The use of SAR imagery for ocean surface wave measurement would be straightforward 

if the surface radar cross section were proportional to the ocean surface wave slope or wave 

height.  In such an ideal case, simply computing the Fourier transform of a SAR image and 

computing the magnitude-squared of the result would produce an estimate of the two-

dimensional ocean surface wave spectrum. 

 In Figure 5.4 we show an example of an ideal sinusoidal ocean surface wave image and 

its corresponding image spectrum.  This example corresponds to a sinusoidal wind-wave with a 

wavelength of 120 m travelling 45º off the SAR’s azimuth direction.  The corresponding image 

spectrum contains the mapping of wavelength and direction that are present in the image.  The 

circles of constant wavenumber (or alternately, circles of constant wave length) that are included 

on the spectrum allow a quick visual assessment of the wavelengths that are present.  Note that 

the spectral peaks are located perpendicular to the crest orientation.  Two peaks appear in the 

image spectrum since it is impossible to resolve the wave propagation direction by inspection of 
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the image alone.  As such, the energy in the image is split equally between the two possible 

propagation directions.  Measurement of the peak location ( , )x yk k  allows estimation of the wave 

propagation direction as 1tan ( , )y xk kφ −=  as well as estimation of the peak wavelength as 

2 22 / x yk kπΛ = + . 

 Under more generalized circumstances, there could be a distribution of wavelength 

components present, and indeed, several wave systems (e.g., wind-waves and/or one or more 

swell components).  As such, the resulting image spectrum would be distributed over the set of 

wavenumbers that are actually present. 

 For the spectral analysis of an actual SAR image, we first produce an image of relative 

image contrast.  This is accomplished by dividing the image intensity by its mean value.  It is 

worth noting that, as long as image intensity is proportional to radar cross section, 

radiometrically-calibrated imagery is not required for quantitative ocean surface wave analysis.  

Following spectral analysis, the starting point for estimation of ocean surface wave properties is 

the SAR image intensity-variance spectrum, ( )IS k
r

.  An example of an ocean surface wave 

image and its corresponding SAR image spectrum was shown in Figure 5.2. 

 

5.3 Wave Spectrum from SAR 

5.3.1 Linear Transform 

 The first efforts to extract quantitative ocean surface wave spectral information from 

SAR imagery used a linear system approach in which the non-linear aspects of SAR imaging in 

the relationships between the surface waves and the radar cross section were simply ignored.  

Nonetheless, under certain circumstances such an approach can be used.  The geometry of the 

SAR imaging process (for a flat earth and rectilinear platform motion) is shown in Figure 5.5.  

The local radar incident angle is θ  and the propagation direction of the waves with respect to the 

SAR azimuth (i.e., along track) direction is φ . 

 Elachi and Brown [1977] described some of the mechanisms that permit SARs to image 

ocean surface waves.  In preparation for the launch of SEASAT, they explained that radar cross 

section variations were essentially proportional to wave slope variations. For side-looking radars, 

the radar cross section is proportional to the roughness on the surface at the scale of the radar 

wave length, typically on the order of a few centimeters or decimeters.  In the “Bragg” scattering 

model, Wright [1960] showed that for a perfectly conducting rough surface, the radar cross 

section is given by: 

 2 2

0 016 (1 sin ) (2 sin )o
k kσ π θ θ= ± Ψ  (4) 

where 0k  is the radar wavenumber and ( )kΨ  is the wave height-variance spectrum.  The “plus” 

sign applies for vertical transmit and receive polarization while the “minus” sign applies for 

horizontal transmit and receive polarization.  The short wave spectrum in this expression is 

evaluated at the Bragg wavelength, 02 sink θ , which is the projection of the radar wavenumber 

onto the local surface. 

 There are two ways that long ocean surface waves (longer than 50 m, for instance) can 

modify the radar cross section.  The first is that the long waves modify the local surface angle 
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Figure 5.5.  SAR ocean wave imaging geometry. 

 

with respect to the angle of incidence. The second is for the long waves to hydrodynamically 

interact with the short Bragg-scale waves in such a way as to alter the roughness of the surface at 

the Bragg wavelength.  This effect is called hydrodynamic modulation and it is still not 

particularly well modelled [Alpers et al., 1981; Hasselmann et al., 1985; Engen et al., 2000]. 

 These two mechanisms are most sensitive to wave components in the range direction, that 

is, those moving towards or away from the radar.  Alpers et al. [1981] referred to these 

mechanisms as “real aperture radar” (RAR) modulation mechanisms because they apply equally 

well to real aperture and synthetic aperture radar images of the ocean surface. 

 There is a third modulation mechanism that is specific to SAR, allowing this class of 

radar to image ocean surface waves with an azimuth-traveling component.  This mechanism is 

inherently linked to how a SAR creates a radar image.  A SAR achieves its high resolution in the 

along track direction (azimuth) from the Doppler signal from the surface.  As a SAR passes by a 

particular scatterer, the relative velocity, or Doppler shift, is measured.  When the Doppler shift 

is zero, the azimuth position of the scatterer is assigned to the azimuth position of the SAR 

platform.  However, if a scattering element has a velocity component u  that is radial (i.e., 

towards or away from the radar platform), this velocity component adds to the Doppler shift 

caused by the relative motion of the SAR platform.  The consequence is that a scattering element 

moving towards the radar with velocity u  has its apparent position in the SAR image shifted in 

the azimuth direction by d = (R/V)u.  Swift and Wilson [1979] and Alpers and Rufenach [1979] 

explained how the periodic orbital motion of the ocean surface induces surface velocities that can 

shift the surface elements differentially in the azimuth direction in such a way as to increase and 
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decrease the density of scattering elements in the SAR image.  This variation in scatterer density, 

as illustrated in Figure 5.3, occurs at the spatial frequency of the long ocean surface waves, thus 

rendering them visible in the SAR image. This third mechanism for the SAR imaging of ocean 

surface waves is commonly known as velocity bunching modulation. 

 In principle, the relationship between the observed SAR image intensity-variance 

spectrum, ( )IS k
r

, and the ocean surface wave height-variance spectrum is given by 

 ( ) ( ) ( )IS k T k k= Ψ
r r r

 (5) 

where ( )kΨ
r

 is the wave height-variance spectrum, k
r

 is the ocean surface wavenumber vector, 

and ( )T k
r

 represents all of the modulation mechanisms that describe the mapping of an ocean 

surface wave spectrum into a SAR image spectrum.  Equation (5) is a straightforward point-by-

point matrix multiplication of the ocean surface wave spectrum and the modulation transfer 

function ( )T k
r

.  If ( )T k
r

 can be completely specified, then it is possible to invert (5) in a 

straightforward way, and to estimate the wave height spectrum directly from the SAR image 

spectrum.  The linear approximation here consists of assuming that we can estimate ( )T k
r

 with 

no foreknowledge of the actual wave height spectrum.  In practice, the derived ( )kΨ
r

 would 

contain the 180° propagation direction ambiguity. 

 

5.3.2 Azimuth Cut-Off 

 SEASAT demonstrated that SAR could measure ocean surface waves from space, at least 

under certain circumstances.  However, images from that sensor also revealed important 

limitations to SAR ocean surface wave imaging.  While the orbital motion of longer ocean 

surface waves with an azimuth component allows the waves to be imaged through the velocity 

bunching mechanism, the random motions of the ocean surface caused by the shorter scale 

waves introduce random position shifts in azimuth that in turn degrade the azimuth resolution 

[Harger, 1970; Raney, 1971; Raney, 1980; Raney and Vachon, 1988].  This degraded azimuth 

resolution effectively introduces an azimuthal cut-off in the SAR-observed ocean surface wave 

spectrum.  That is, the SAR cannot sense ocean surface wave components that are shorter than 

the cut-off wavelength. 

 This azimuthal cut-off effect grows monotonically with ( )/R V , the range-to-velocity 

ratio of the SAR platform, and with the sea state.  The higher the satellite orbit, the higher the 

value of ( )/R V .  For polar orbiting SARs that orbit the Earth at an altitude of about 800 km and 

for small incident angles, this parameter has a value of around 115 s.  For the space shuttle, 

which orbits the Earth at an altitude of about 200 km, this parameter can be reduced by a factor 

of four.  For airborne SARs, it is also possible to acquire ocean wave images with smaller values 

of ( )/R V . 

 The larger the value of ( )/R V  and the higher the wave height, the less able a SAR is to 

image ocean surface waves with an azimuth-traveling component.  At typical ocean surface wave 
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heights and for polar orbiting SARs, wave systems with wave lengths as long as 300 m traveling 

in the azimuth direction may not be visible [Alpers et al., 1981; 1986; Beal et al., 1983; Monaldo 

and Beal, 1986; Tucker, 1985].  Beal et al. [1983] proposed a semi-empirical relationship for the 

minimum detectable azimuth wavelength: 

 sH
V

R
=Λ min   (6) 

where ( )/R V  is expressed in seconds and sH  is expressed in meters (there is an implied factor 

of unity with units m
1/2

 s
-1

).  The azimuth cut-off is often modelled as an azimuth-oriented low-

pass filter function (e.g., Gaussian-shaped) of width minΛ . 

 A number of approaches have been proposed to alleviate the azimuth cut-off problem.  

Since the ERS SARs have been making routine image spectra measurements through their wave 

mode, there has been considerable effort invested into using SAR measured image spectra in 

conjunction with wave models to improve ocean surface wave forecasts.  Despite severely 

reduced response to the azimuth-traveling component of ocean surface waves, SAR image 

spectra were blended with wave spectra from wave models in a way that recognized that some of 

the wave systems might not be imaged.  Indeed, much of the time, ocean surface waves have a 

component in the range direction (perpendicular to the satellite track) and useful information can 

be extracted [Alpers, 1983; Alpers et al., 1986; Hasselmann et al., 1991; Vachon et al., 1994; 

Heimbach et al., 1998; Holt et al., 1998].  Such efforts require a more complete description of 

the non-linear aspects of SAR wave imaging to extend the wave retrieval fidelity. 

 

5.3.3 Quasi-Linear Transform 

 We can write (5) more completely as: 

 ( ) ( ) ( ) ( ) ( ) .I D NS k H k T k k S k = Ψ +
 

r r r r r
 (7) 

The azimuth cut-off that is caused by random surface motion is represented by the dynamic 

response function, ( )DH k
r

, which is normally a function of minΛ , which is in turn a function of 

the properties of the ocean surface wave spectrum itself.  The ( )T k
r

 term is called the SAR 

modulation transfer function and includes the effects of the tilt, hydrodynamic, and velocity 

modulation mechanisms.  ( )NS k
r

 is added to the image spectrum to model the effect of speckle 

noise on the image spectrum.  ( )NS k
r

 may be estimated from low contrast images produced by 

the same SAR and processor combination and is discussed further in the Section 5.3.4.  Since the 

mapping between the ocean surface wave spectrum and the SAR image spectrum involves the 

properties of the ocean surface wave spectrum through ( )DH k
r

, the relation of (7) is often 

referred to as a quasi-linear transform [e.g., Hasselmann and Hasselmann, 1991; Plant and Zurk, 

1997]. This transformation is more complete than (5) and is often adequate to describe the SAR 

imaging physics and can also be used in a straightforward way to estimate ( )kΨ
r

, provided that 
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Figure 5.6.  RADARSAT-1 (C-Band, HH) SAR image (©CSA 1996) showing image speckle (left) and the 

corresponding SAR image spectrum (right).  The image covers an area of 6.4 km by 6.4 km. 

 

all of the required matrices are available or can be modelled or estimated.  In some cases, 

( )DH k
r

 may be estimated from analysis of the azimuth structure of the observed SAR image 

spectrum, or can be based upon an external estimate of the wave conditions, from a wave 

forecast model, for example. 

 

5.3.4 Speckle Noise 

 A SAR is a coherent imaging system, so speckle noise is an inherent property of the 

image.  The speckle noise is correlated structure at the scale of the radar resolution.  Multi-

looking and image smoothing may be used to reduce this noise source at the expense of spatial 

resolution.  In the spectral domain, speckle expresses itself as a broadband noise component.  In 

the linear system model, a noise term, ( )NS k
r

, is added to the image spectrum to model the 

effect of speckle noise on the image spectrum [Goldfinger, 1982].  Spaceborne SARs often 

maintain high resolution at the expense of speckle noise; ( )NS k
r

 represent a significant and 

sometimes dominant contribution to the SAR image intensity-variance spectrum. 

 In Figure 5.6, we show a RADARSAT-1 SAR image of speckle noise, along with the 

corresponding image spectrum.  In this case, the image is from a wind-roughened, enclosed body 

of water, which contains virtually no contrast.  It is possible to further reduce the speckle 

contribution to the SAR image spectrum, but only at the expense of spatial resolution, which 

could compromise the ability to detect the wave scales of interest.  Image spectra such as these 

have previously been used to examine the stationary response (i.e., resolution) of various SARs 

and SAR processors [Tilley, 1986].  In practice, ( )NS k
r

 may be estimated from the image 

spectrum in spectral regions that don’t contain any wave energy (e.g., outside of the azimuth pass 

band).  The inter-look cross spectrum technique, which will be discussed in a Section 5.3.7, 

allows calculation of an image contrast spectrum with a significantly reduced speckle noise 

component. 
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5.3.5 Limitation of Polar Orbiting SAR 

 In principle, by using the linear approximation of (7) and a measured SAR image 

spectrum, we can solve for the corresponding ocean surface wave slope spectrum.  Another use 

for (7) is to study SAR geometries that allow the imaging of ocean surface waves with the best 

possible fidelity.  Figure 5.7 contains plots of the total SAR transfer function as a function of 

range and azimuth wavenumbers, composed of ( ) ( )DH k T k
r r

, which relate a wave slope 

spectrum to a SAR image spectrum.  Figure 5.7a represents the SIR (i.e., space shuttle) 

geometries for low sea states.  Note that, for wavelengths less than about 100 m, the transfer 

function is essentially constant.  Hence, for this geometry, the SAR image spectrum is roughly 

proportional to the ocean surface wave slope spectrum.  In this case, it is rather straightforward 

to interpret SAR image spectra as ocean surface wave spectra. Similar improvements in ocean 

surface wave imaging fidelity have been demonstrated for airborne SARs operated with a small 

( )/R V  [e.g., Vachon et al., 1994]. 

 On the other hand, when we increase the spacecraft altitude to 800 km, similar to the 

altitudes of SEASAT, ERS-1/2, JERS-1, RADARSAT-1, and ENVISAT in their polar orbits, we 

find that ( )/ 115R V >  s (becoming as large as 155 s for the outer beams of RADARSAT-1) and 

the transfer function is not nearly as benign as for smaller R/V (see Figure 5.7b).  The response 

for the azimuth wavenumber component is severely degraded.  This lack of azimuth response 

arises for all polar orbiting SARs since they orbit the earth at an altitude of roughly 800 km; a 

linear transform is certainly not suitable, and the suitability of a quasi-linear transform is limited 

to rather low sea states.  This has motivated interest in non-linear techniques for retrieval of 

wave spectra from SAR imagery. 

 

5.3.6 Non-Linear Transform 

 By the mid 1980s, a general consensus had emerged on the nature of SAR ocean surface 

wave imaging [Hasselmann et al., 1985; Lyzenga, 1986; Brüning et al., 1988; Raney and 

Vachon, 1988; Jensen, 1991].  An important step ahead occurred when Hasselmann and 

Hasselmann [1991] and later Krogstad [1992] derived an expression for the non-linear transfer 

function in the spectral domain.  Prior to this development, complete analyses of ocean surface 

wave imaging had required a Monte Carlo approach in which the forward mapping and its 

intrinsic non-linearity were modelled exclusively in the image domain [e.g., Alpers, 1983; 

Brüning et al., 1990]. 

 The non-linear spectral transform resembles a Fourier transform of the ocean surface 

wave spectrum, but the transform kernel depends on spatial position and wavenumber, making it 

genuinely non-linear.  Krogstad [1992] discussed the numerical evaluation of this transform and 

the onset and effects of the non-linearity, such as the onset of an azimuth cut-off.  There have 

been many studies that attempt to relate the observed cut-off to ocean and SAR parameters [e.g., 

Vachon et al., 1994; Kerbaol et al., 1998].  The spectrum computed from the non-linear 

transform also has an intrinsic azimuth cut-off, which in many cases fits very well with actual 

observations [Hasselmann and Hasselmann, 1991; Engen et al., 1994; Krogstad et al., 1994]. 

Inversion is the process of deriving an ocean surface wave spectrum from an observed 

SAR image spectrum.  The non-linear inversion problem is usually formulated as the 

minimization of a cost function that involves the best guess a priori ocean surface wave 

spectrum, which would usually come from a wave model, the non-linear spectral transform, and 
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Figure 5.7.  SAR transfer function for a) a linear imaging case: 25θ = o
, ( )/ 30R V =  s, and 1sH =  m and b) a 

nonlinear imaging case: 25θ = o
, ( )/ 120R V =  s, and 1.6sH =  m 
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the observed SAR image spectrum [Hasselmann and Hasselmann, 1991].  Weight functions are 

chosen to identify where in the wavenumber domain the various available spectra apply.  For 

example, no information can be gained directly from the SAR image spectrum from outside of 

the azimuth passband. 

 Various choices of the weight functions and other inversion constraints have been 

considered [Hasselmann and Hasselmann, 1991; Engen et al., 1994; Krogstad et al., 1994].  For 

example, the a priori spectrum may be used as a guide in resolving the wave propagation 

direction and to supply high frequency information for waves that would otherwise be obscured 

by the azimuth cut-off in the SAR imaging process. 

 The iterative inversion procedure may be conveniently combined with a quasi-linear 

approximation to the non-linear spectral transform to produce a fast and simple inversion 

algorithm [Krogstad et al., 1994].  The fully non-linear ocean-SAR transform may be used for 

fine-tuning the solution near the end of the iterative procedure.  Other a priori information, such 

as the wind vector derived from scatterometery, can also aid the SAR spectral inversion process 

[Mastenbroek and de Valk, 2000].  Recently, Lyzenga [2002] described an inversion process that 

avoids the use of a priori information. 

 

5.3.7 Inter-Look Cross Spectrum 

 A SAR requires a finite period of time, on the order of 1 s for spaceborne systems 

operating at C-band, to collect the required data to form the synthetic aperture.  The waves 

propagate during this observation interval.  An inherent property of large time-bandwidth 

product systems such as SAR is that there is a one-to-one relationship between Doppler 

frequency and time.  As such, individual looks that are extracted from discrete bands of the 

Doppler spectrum in order to reduce image speckle, correspond to slightly offset observation 

times during which the relative position of the imaged wave shifts along the wave propagation 

direction.  Several techniques have been proposed to take advantage of time offset looks in order 

to resolve the 180° ambiguity in wave propagation direction that is inherent in a single SAR 

image [Vachon and Raney, 1991; Vachon and West, 1992]. 

 The most advanced approach, proposed by Engen and Johnsen [1995], uses the inter-look 

image cross spectrum.  Phase terms present in the cross spectrum allow the wave direction to be 

resolved in many cases.  In addition, by using individual look data from non-overlapping 

portions of the Doppler spectrum, the inter-look cross spectrum has the important property of 

canceling a significant portion of the broadband speckle noise contribution to the SAR image 

spectrum (i.e., multi-looking is carried out specifically to generate images of the same scene with 

uncorrelated speckle content). 

 The time separation between looks is given by: 

 
2 p f

R
T B

V V

λ
∆ = ∆  (8) 

where λ  is the radar wave length, R  is the scene range, pV  is the platform velocity, fV  is the 

footprint velocity, and B∆  is the Doppler bandwidth between look centers.  For typical ERS or 

RADARSAT-1 SAR parameters, the time offset for individual looks corresponds to a few tenths 

of a second, which is often adequate to resolve the wave propagation direction.  As such, there 

may be less reliance on a priori wave information (from models for resolving wave propagation 
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direction ambiguities, for example) when inverting the SAR image spectra.  Some of these 

benefits of inter-look cross spectra are illustrated by the example SAR image spectra that are 

considered in the next section. 

 

5.4 Applications 

5.4.1 Examples of SAR Image Spectra 

 Figures 5.8a and 5.8b show two examples of SAR images and image spectra derived 

from contemporaneous ERS-1 and airborne SAR images, along with the corresponding in-situ 

measured directional ocean surface wave spectrum.  The data were acquired during an ERS-1 

validation project in late 1991 [see Dobson and Vachon, 1994]. 

 For the ERS-1 SAR cases, we have included the conventional image spectrum and the 

magnitude of the inter-look cross spectrum.  Comparison of these two spectra illustrates the 

reduction in broadband background noise through the reduction of the speckle contribution to the 

image spectrum.  We have also included the directionally resolved image spectrum that arises by 

keeping only those components of the inter-look cross spectrum that have a negative phase 

component (corresponding to a “going-to” wave propagation direction convention). 

 Airborne SAR image spectra that were acquired at the same time and location are also 

available.  The airborne SAR data were acquired with a small ( )/R V  compared to the 

spaceborne SAR data, which is strikingly evident by comparing the degree of azimuthal cut-off.  

The airborne SAR spectra contain much more information in azimuth, illustrating the 

fundamental geometry constraint of polar orbiting spaceborne SARs. 

 The corresponding in-situ directional spectrum was measured by a moored buoy and was 

transformed into directional wavenumber format.  For the 18 November 1991 case (Figure 5.8a) 

a long swell was present and it is clear from the images and the respective image spectra that the 

two SARs have measured the same ocean surface wave component as the buoy.  For the 23 

November 1991 case (Figure 5.8b) the situation was more dynamic with both a swell and 

developing wind sea present.  It is evident that the SAR has significantly shifted the wavelength 

and apparent propagation direction of the shorter wave mode towards range travelling direction 

due to the non-linear nature of velocity bunching causing an azimuth cut-off.  Also apparent 

from the image are cells of several kilometers scale that are aligned with the wind direction, 

which are SAR image signatures of convection. 

 To better illustrate the azimuth cut-off effect, Figure 5.8c shows the azimuth spectra 

corresponding to these two sets of spectra.  In effect, the Look Sum spectrum and the two Cross 

Spectra from each case were integrated in the range wavenumber direction and plotted relative to 

the local spectral maximum.  In each case, for ERS-1, we see more than an 8 dB reduction in the 

speckle noise in comparing the Look Sum spectrum to the magnitude of the cross spectrum.  

Also evident is the broader azimuth passband for the CV-580 spectra, acquired in each case with 

a much smaller /R V  than that of ERS-1. 

 

5.4.2 Wave Refraction 

 Several studies have used SAR to observe wave refraction related to bathymetry, 

propagation through sea ice (see below) [Liu et al., 1991B] and through a current field as an 

indirect means of deriving current velocity [Beal et al., 1983, 1986; Barnett et al., 1989].  Ray 

tracing has often been used to model the current and resulting wave refraction to compare with 
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Figure 5.8a.  Example SAR image spectra from the ERS-1 (C-band, VV) and CV-580 (C-band, HH) SARs and the corresponding in-situ ocean wave spectrum 

(lower-left) acquired during an ERS-1 SAR validation field program carried out on the Grand Banks of Newfoundland in November 1991.  The measured wind 

speed was 10 m s
-1

 and the wave height was 3.4 m.  This case is dominated by swell and there appears to be general agreement among the SARs and the wave 

buoy in terms of the direction and length of the dominant spectral peak.  Included are the ERS-1 Look Sum image spectrum (upper-left), as well as the magnitude 

(center column) and directionally resolved (right-hand column) spectra derived from individual look image data of the inter-look cross spectrum for both SARs. 
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Figure 5.8b.  As for Figure 5.8a, but acquired on 23 November 1991.  In this case, the measured wind speed was 8 m s
-1

 and the wave height was 3.7 m.  The 

ERS-1 image spectrum is severely constrained in the azimuth direction compared to the CV-580 image spectrum.  This is also apparent from inspection of the 

respective SAR images.  According to the wave buoy, several wave modes were present. 
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Figure 5.8c.  Azimuth image spectra for the cases of Figure 5.8a (top) and 5.8b (bottom). 
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the SAR measurements [e.g., Liu et al., 1989; Irvine and Tilley, 1988].  Liu et al. [1994] used ray 

tracing to detect eddies in SAR imagery by assuming that the propagating long swells of interest 

were imaged in a linear manner.  As such, the evolution of the peak location in the SAR image 

spectrum was correlated directly with predictions from a ray-tracing model. 

 

5.4.3 Waves in Ice 

 In the polar regions, ocean surface waves interact with the sea ice cover in several 

geophysically important ways [see Squire et al., 1995; Wadhams, 2000].  Waves can alter the 

morphology and distribution of the ice cover.  Incoming waves may cause an effectively 

continuous ice cover to flex and break into smaller floes.  Floe-floe interaction from waves 

increases floe deformation, especially around the edges.  The newly fractured ice cover becomes 

even more responsive to redistribution by winds and underlying currents and to melting through 

increased contact with the relatively warmer ocean.  A persistent swell can then lead to the rapid 

disintegration and reduction of an extensive marginal ice zone [Carsey et al., 1989].  In other 

regions, particularly surrounding Antarctica, considerable ice formation takes place in turbulent 

conditions at the outermost margins of the ice cover.  The ice forms as a viscous slurry of so-

called frazil crystals, which gradually accrete into small (1 m to 3 m) diameter floes, called 

pancake ice.  Extensive zones may be composed of pancake ice, as the incoming swell serves to 

maintain pancake edge abrasion while also preventing the loose pancakes from forming into 

consolidated pancakes.  The heat transfer from the ocean to the air is greater for pancake ice than 

thicker ice types. 

 Conversely, the highly varying ice cover may damp incoming waves.  Wave attenuation, 

or reduction of energy, increases with increasing penetration into the ice cover, with the 

attenuation coefficient generally decreasing with increasing wave period.  The dispersion relation 

may be altered compared to the open water, depending on whether the ice cover is composed of 

frazil/pancakes/small floes or is a more continuous and elastic ice cover made up of interacting 

larger floes.  Wave refraction and reflection also take place.  Thus waves can be used as a 

diagnostic tool for ice properties and mechanics. 

 SAR observations of ocean surface waves propagating into the marginal ice zone (MIZ) 

have been used to address two main research objectives: first, to provide a synoptic-scale 

overview for the study of wave evolution in the sea ice cover (discussed further below); and 

second, to work towards an understanding of the SAR imaging physics for ocean surface waves 

by studying the simplified case (for SAR) of waves-in-ice [Lyzenga et al., 1985; Vachon et al., 

1993]. 

 For waves-in-ice, the ice cover acts as a natural low-pass filter, essentially eliminating the 

high frequency waves.  This has two effects for the SAR: first, the SAR no longer relies upon 

Bragg scattering from time-dependent patches on the ocean surface; and second, the effective 

scene coherence time is lengthened so that the degree of azimuth cut-off is reduced.  The ice 

cover also inhibits hydrodynamic modulation of radar cross-section in terms of wave-wave 

interactions modifying the Bragg-scale waves.  Thus, the case of waves-in-ice allows direct 

observation of the velocity bunching SAR imaging mechanism. Waves within the ice are often 

more clearly detected on SAR imagery than the same wave field before it enters the ice cover.  

 Wave attenuation measurements in the marginal ice zone from airborne SAR imagery off 

the Labrador coast were found to favorably compare with a wave-ice model [Liu et al., 1991a; 

1992].  The attenuation measurements were derived from the contrast in the spectral peak, which 

is analogous to wave amplitude.  Other studies used the SAR spectral measurements to estimate 
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Figure 5.9.  SEASAT (L-band, HH) SAR image of the Chukchi Sea acquired 8 October 1978 and associated wave 

spectra.  Boxes A through D are enlargements from areas shown on top image and associated wave spectra (below), 

labeled as open water (A), frazil ice (B), and pancake ice (C-D).  Note the reduction in appearance of waves in Box 

B, as frazil ice dampens out shorter frequency waves and hence reduces Bragg scattering.  The incoming waves are 

shortened in wavelength and show slight refraction due to wave attenuation imparted by the ice cover. [After 

Wadhams and Holt, 1991]. 

 

ice thickness, based on comparisons with theoretical estimates of wave dispersion in different ice 

types and models [Wadhams and Holt, 1991; Shuchman et al., 1994].  Figure 5.9 illustrates 

attenuation and refraction of waves passing through frazil and pancake ice on SEASAT SAR 

imagery.  Note the reduction in spectral noise as higher frequency wave components are damped 

[Wadhams and Holt, 1991; Shuchman et al., 1994].  Figure 5.9 illustrates attenuation and
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Figure 5.10.  Schematic of storm-generated waves in the Pacific Ocean from 1991, showing the location and times 

of wave buoys and ERS-1 SAR measurements from 3 acquisition tracks.  Wavelength and wave direction (where 

available) are indicated. Superimposed is the surface analysis synoptic weather chart at 0000 UTC on 28 December 

1991 from the National Climatic Data Center. The low pressure region (954 mbar) identifies the storm location.  

Also shown are the initial and revised wave source regions.  [After Holt et al., 1998.] 

 

refraction of waves passing through frazil and pancake ice on SEASAT SAR imagery.  Note the 

reduction in spectral noise as higher frequency wave components are damped as the waves pass 

through frazil ice and into pancake ice.  Additional studies examined the impact of waves on the 

ice edge and water/ice edge upper circulation [Liu et al., 1991b; 1993; 1994).  Interestingly, for 

nearly all of these SAR studies, while the SAR measurements appear accurate, the wave-ice 

models developed to explain the SAR measurements have encountered controversy [Squire et 

al., 1995; Squire, 1995; Newyear and Martin, 1999].  Lastly, a recent study using ERS-1 SAR 

imagery made use of the inter-look cross spectra technique to assess waves traveling through 

frazil and pancake ice [De Carolis, 2001]. 

 

5.4.4 Storm-Generated Wave Fields 

 Waves generated by storms have been examined with SAR imagery both near to and far 

from the source regions.  Such studies provide insight to the characteristics and variability of 

large storms and how energy is transmitted into the upper ocean, and improve predictive 

capabilities for monitoring potentially hazardous conditions for ship navigation and coastal 

hazards. 

 Within the close proximity of hurricanes, multiple fan-shaped wave fields of varying 
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energy have been identified as emanating from the rotating wind fields, using aircraft [e.g., 

Elachi et al., 1977], SEASAT [Gonzalez et al., 1982; McLeish and Ross, 1983], and SIR-B 

imagery [Holt and Gonzalez, 1986; Gonzalez et al., 1987; Monaldo et al., 1993].  The large Hs  

within hurricanes forces the azimuth cut-off toward longer wavelengths (Equation 6).  However, 

for the SIR-B imagery of Hurricane Josephine, the lower platform altitude resulted in a small 

/R V  and a lower degree of azimuth cut-off.  One study estimated the age of the waves (between 

0 and 9 hours) as well as radial distance (between 200 km and 300 km) of generation from 

Josephine’s center [Gonzalez et al., 1987].  Making use of the fact that the dominant wave field 

of Josephine rotated over 90°, Monaldo et al. [1993] examined the effect of three different wave 

imaging mechanisms on the SAR modulation transfer function. 

 Early oceanographic studies found that swell can propagate large distances from their 

generation source [e.g., Barber and Ursell, 1948; Munk et al., 1963].  Using SEASAT SAR 

imagery, Beal et al. [1986] examined the spatial evolution of a storm-generated wave field that 

propagated northward across the North Atlantic and through the Gulf Stream.  In that case, 

different dominant wave fields had been generated from different times and stages of the highly 

variable tropical depression.  Two more recent studies have compared ERS-1 SAR wave spectra 

with wave model hind casts, followed by the use of simple kinematic models to retrace the 

waves over considerable distances to the source region [Holt et al., 1998; Heimbach and 

Hasselmann, 2000].  In both cases, the source regions were recalculated based on the SAR 

spectra and by invoking the deep-water group velocity, 
1

/
2

gC g k= .  In one case, the 

recalculated source region was considerably farther away from the storm center than the initial 

estimate for the radius of maximum winds [Holt et al., 1998] (Figure 5.10).  Using this revised 

position, the recalculated wave travel times were found to match more closely with the remote 

buoy records than in the original comparisons.  This suggested the value of using SAR 

directional wave spectral information for advanced warning of high swell, which could be 

critical to the safety of offshore operations and coastal regions. 

 

5.4.5 Real-Time Wave Demonstration 

 The SIR missions with their low values of VR /  demonstrated significantly improved 

response to azimuth-traveling waves [Monaldo and Lyzenga, 1986; 1988; Monaldo et al., 1993].  

As a demonstration of the benefits of this approach, the Johns Hopkins University, Applied 

Physics Laboratory designed and built an onboard processor that was carried on the space shuttle 

Endeavour during the SIR-C mission.  Raw C-band SAR signal data were sent to a processor 

that computed 7.68 km × 7.68 km, 30-m resolution images, and computed the image spectra in 

real time.  An image spectrum was sent to the ground every 1.3 s.  SAR image spectra were then 

computed and relayed back to earth in real-time, and were posted on the World Wide Web 

[Monaldo and Beal, 1995; 1998].  During the two SIR-C missions, over 100,000 SAR image 

spectra were computed, mapping the Southern Ocean surface wave field.  Figure 5.11 shows two 

spectra from orbit crossovers separated by six hours.  The image spectra were computed in real 

time during the SIR-C mission.  The spectra were converted to slope-variance and show nearly 

the same ocean surface wave spectra from two different aspect angles; nearly the same result is 

achieved in each case.  This example clearly demonstrates that by choosing the SAR geometry to 

reduce VR / , it is possible to accurately image waves with high fidelity, whether they are 

traveling in the range or azimuth directions. 
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Figure 5.11.  Wave height variance spectra from the Southern Ocean derived from SAR image spectra that were 

acquired and processed by the SIR-C onboard wave processor in near-real time. 

 

5.4.6 Wave Groups from SAR Imagettes 

 Wind generated waves tend to form well-defined wave groups that travel across the 

ocean.  Wave groups, characterized by sequences of high waves with nearly equal wave lengths, 

can cause serious damage to ships, as well as to on- and offshore structures, especially when the 

period of the individual waves in the group is close to the resonance period of the ship or 

structure.  Furthermore, wave groups can contain extremely large wave heights, which increase 

the danger to offshore activities. 

 Traditionally, studies of wave groups have been based upon wave elevation time series 

measured by buoys anchored at fixed ocean locations.  A common method to analyze wave 

groups from wave elevation time series is based on estimation of the statistical properties of runs.  

A run is a set of consecutive waves with wave heights higher than a specified threshold height.  

Typically, the threshold heights may be the median wave height or the significant wave height 

[Goda, 1995]. 

 At present, global satellite data can provide information on single waves and wave 

groups.  For more than a decade, the ERS-1/2 satellites have almost continuously recorded SAR 

imagettes of the ocean surface.  Operating in wave mode, these instruments have acquired 

roughly 1400 imagettes per day (10 km by 5 km in size, spaced every 200 km along the orbit).  

The accumulated database permits the study of ocean surface wave properties on a global basis 

[see Lehner et al., 2000]. 

 Unfortunately, only coarsely gridded SAR image spectra are available as official wave 

mode products from ESA.  Improved processing methods have been developed since the initial 

availability of ERS-1 wave mode data.  As a demonstration, about three weeks of ERS-2 SAR 

wave mode raw data were reprocessed to provide 34,000 complex SAR images using the BSAR 

processor of the German Aerospace Center (DLR).  Note that ENVISAT will provide almost 

3000 imagettes per day with its higher along-track sampling rate (spaced every 100 km). 
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 By applying a wavelet-based edge detection method to the amplitude imagettes and using 

a region-growing algorithm to encompass edge free areas, it is possible to estimate the group run 

size and the number of large groups as measures of wave “groupiness” in each imagette.  The 

wavelet coefficients provide a measure of edge strength that is correlated to both wave height 

and steepness.  Thus, groups of waves that are higher and steeper than the surrounding sea 

surface may be found and isolated. 

Figure 5.12.  The Grouping Algorithm 

applied to an ERS-2 SAR imagette acquired 

on 7 October 1996, 0732 UTC at 61°11'S 

22°47'E;  Hs >> 3.4 m,  Λ = 238 m.  This 

imagette is part of the data set that was 

reprocessed at the German Aerospace 

Center, DLR. 
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 Figure 5.12 provides an overview of this wave grouping algorithm applied to an ERS-2 

SAR imagette.  The edge detection (decomposition and thresholding) and block tracing are 

described by Niedermeier et al. [2002].  Wavelet edge detection applied to range travelling ocean 

surface waves provides edge positions that approximately fit the position of the actual wave 

crests and valleys on the ocean surface.  Block tracing separates regions with high and low edge 

density and is used for wave group separation.  Grouping then enumerates the disjoint groups 

and selects those above a certain area threshold to yield the large groups that are delineated on 

the imagette. 

 Using this data set and these techniques, a global map of dangerous areas (high wave 

group activity) may be generated.  This information will help to avoid ship accidents caused by 

severe weather conditions in dangerous areas.  Many of the ships lost in such cases report 

damage due to groups of several high waves (i.e., three sisters). 

 

5.5 Future Prospects 

 For continuity with the ERS missions, ESA launched ENVISAT in early 2002.  

ENVISAT carries an Advanced SAR (ASAR) that features single beam modes, dual-polarization 

modes, ScanSAR, as well as an improved wave mode.  The latter will provide imagettes with 

more acquisition choices (e.g., geometry, along track spacing, and polarization).  Furthermore, 

the distributed products will be based upon the inter-look cross spectrum technique and will 

feature all of the benefits of that method.  Beyond this, ESA will provide methodology to invert 

the ENVISAT wave mode products into ocean surface wave spectra.  The single beam mode will 

offer dual polarization acquisition, which could provide important opportunities to better 

understand the RAR modulation transfer function by using methods such as those of Engen et al. 

[2000]. 

Future satellites that will carry SAR include the Japanese ALOS and RADARSAT-2.  

ALOS will carry an L-band SAR, while RADARSAT-2 will carry a C-band SAR.  Both will 

offer fully polarimetric modes of acquisition, which could provide further insight into SAR 

ocean surface wave imaging.  All of these future missions will be polar orbiting, which does not 

offer an optimal SAR geometry for ocean surface wave imaging. 

Nevertheless, the understanding of the SAR wave imaging process has reached a point 

where use of the now extensive SAR image catalogues of surface waves, particularly from the 

over ten years of data from the two ERS missions and over 5 years from RADARSAT-1, can be 

examined with considerable confidence.  These data sets may be considered for climate studies.  

For example, Young [1999] assessed ten years of satellite data to determine the seasonal 

variability of wind and waves.  For wave period and direction, this analysis used model results 

from a third generation spectral global wave model (WAM) rather than ERS SAR imagery 

because the transfer function between the SAR and wave spectrums was thought to not be 

conclusive.  More recently, comparisons of ERS SAR wave mode data and WAM found WAM 

to over predict wind-sea wave heights and under predict swell wave heights [Heimbach and 

Hasselmann, 2000].  Furthermore, several studies are finding climatically related changes in 

wave height and winds, reflecting changes in storm intensities due to oscillating atmospheric 

patterns [Kushnir et al., 1997; Gulev and Hasse, 1999; Young, 1999; Allan and Komar, 2000].  

This suggests there is much remaining to be learned from these extensive SAR ocean surface 

wave data sets, including improvements to wave models and the impacts of climate change and 

subsequent effects on coastal hazards. 
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6.1 Introduction 

 Near-shore water regions generate a rich range of surface signatures observable by a 

Synthetic Aperture Radar (SAR) sensor, mainly due to effects of spatially changing water depths 

that cause variations in the ocean surface roughness.  In the open ocean (sometimes referred to as 

blue water), the water depth is large enough that it has little to no effect on the surface signatures, 

and is often ignored in theories and simulations of surface waves.  However, in the near-shore 

region (often referred to as green water), depths are much smaller and rapidly changing, and 

surface waves can “feel” the bottom, causing changes in how the waves propagate and the wave 

shape and, eventually, causing the waves to break before reaching land.  All of this generates a 

very dynamic environment in which changing surface waves cause changing currents throughout 

the near-shore water column.  These currents, in turn, interact with currents from other sources 

(such as tidal flow or river outflow), which, in turn, affect the surface waves that pass through 

them, among other interactions.  The interaction and feedback among all of these processes are 

extremely complex and, hence, very difficult to model.   To date there are still unanswered 

questions about the physics of the near-shore region and how processes relate to each other.  

Even more difficult is to model SAR signatures of these processes by adding scattering theories 

for the various surface features along with the velocity effects important to SAR imaging theory.  

These complexities make the near-shore region an area of on-going research. 

 The near-shore processes can be divided into three main effects identifiable by SAR 

signatures: (1) spatially-variant surface wave fields (caused mainly by wave refraction); (2) surf 

zones where wave breaking occurs; and (3) strong, spatially-variant, surface current fields.  In 

this chapter we will discuss the SAR signatures typically generated by each of these major 

effects, and show that for most near-shore regions, these effects can be identified separately and 

interpreted. 

Because of its great utility in interpreting SAR signatures in near-shore regions, the two-

scale Bragg scattering model for SAR ocean imaging (discussed in more detail in Chapters 2 and 

4) is summarized briefly in Section 6.2.  Section 6.3 subsequently discusses SAR signatures of 

the spatially-variant wave fields found in near-shore regions and what can be inferred from these 

patterns about water depth changes and surface currents.  In Section 6.4 we discuss the breaking 

wave signatures found in the surf zone, how they are created, and what can be inferred from 

them.  Section 6.5 discusses near-shore currents, how they are caused, and how they can be 

interpreted.  Finally, we need to acknowledge that it is in the near-shore regions where most 

recreation and fishing activities occur, and thus these regions are abundant with man-made 

objects.  Therefore, in Section 6.6, we show examples of SAR signatures of fishing vessels that 

are often observed in the imagery. 
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Figure 6.1.  Illustration of Bragg scattering.  The radar electromagnetic wavelength is λe, the wavelength of the 

ocean surface wave is λB, and the incident angle of the radar is θ.  For the energy backscattered from the ocean wave 

peaks to be in phase (i.e., the wave is resonant with the radar radiation) the distance that the radiation travels 

between peaks (λBsinθ) must be equal to half the wavelength of the radiation.  Thus, we must have λe=2λBsinθ.  

 

6.2 Summary of SAR Ocean Imaging 

 Because of its power in interpreting near-shore signatures, the simple two-scale Bragg 

scattering theory for SAR ocean imaging [Wright, 1968; Valenzuela, 1978; Plant, 1986; 

Romeiser et al., 1997] is reviewed briefly in this section.  Bragg scattering theory utilizes two 

ideas: (1) that the radar cross section observed by a SAR for a patch of ocean surface can be 

modeled strictly by the scattering from so-called Bragg waves; and (2) that the ocean surface can 

be considered to consist of two scales of waves: small-scale waves on the order of Bragg waves 

and large-scale waves on the order of three times the Bragg wave length or larger.  The first idea 

is the Bragg scattering component, the second idea is the two-scale component. 

 Bragg scattering assumes that the radar cross section (and thus the brightness of the cross 

section in the SAR image) of a patch of ocean is determined strictly by the amplitude of the 

small-scale waves called Bragg waves (and in fact is proportional to this amplitude).  Bragg 

waves are ocean surface waves which have wavelength equal to the projection of the SAR 

electromagnetic wavelength onto the local ocean surface and which are propagating either 

directly toward or away from the look direction of the sensor.  This can be expressed by  

 
θ

λ
λ

sin2

e

B =   (1) 

where λB is the wavelength of the Bragg wave, λe is the SAR electromagnetic radiation 

wavelength, and θ is the local incident angle of the ocean surface (see Figure 6.1).  The Bragg 

wave is the ocean wave that is resonant with the SAR electromagnetic wave in that all of the 

electromagnetic wavefronts scattering from different portions of the ocean wave come back to 

the sensor in phase (i.e., the backscattered radiation travels an integral number of wavelengths 

back to the sensor). Thus, the waves add constructively (see Figure 6.1 for an illustration) and 

cause a bright response in the SAR image that is considered the only contributor to the ocean 

surface radar cross section.  Since most existing SAR sensors operate with electromagnetic 
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Figure 6.2.  Example of the two-scale model where facets are shown as straight lines along the wave and the Bragg 

wave is shown as a smaller wavelength wave riding on the longer wavelength wave.  The motion of two facets 

caused by the passage of the long wavelength wave is indicated with the large, gray, arrows. 

 

wavelengths between 3 and 23 centimeters, their corresponding Bragg waves can be very small 

scale.  Using the Bragg model, the radar cross section signature of any ocean feature can be 

calculated if we know how the Bragg wave amplitudes change as they interact with the feature.  

The feature will generate a bright signature if it causes an increase in the Bragg wave amplitude 

or a dark signature if it causes an amplitude decrease. 

 The ocean surface wave that is resonant with the SAR electromagnetic radiation (i.e., the 

Bragg wave) depends on the local slope of the ocean surface  (that is the incident angle, θ, in 

Figure 6.1) since it depends on how the SAR electromagnetic radiation projects onto the surface.  

This means that the changes in ocean surface slope caused by the passage of large-scale waves 

are important for determining which ocean surface wave corresponds to the Bragg wave.  The 

passage of large-scale waves also affects the motion of the Bragg wave scatterers since the Bragg 

waves interact with the orbital velocities of the large-scale waves.  This motion has a very 

important effect in SAR imaging; radial motion shifts where the target is imaged, whereas 

azimuth motion smears the target signature (see Chapter 2 for more information on SAR motion 

effects).  To handle both of these phenomena, we bring into the model the two-scale assumption.  

The two-scale model assumes that we can break the ocean surface into two scales; small-scale 

Bragg waves (wavelengths less than approximately 1 m) and large-scale surface waves 

(wavelengths greater than approximately 10 m).  We then model the ocean surface as a series of 

flat plates.  The flat plates have length scales on the order of a few Bragg wavelengths, and they 

are riding on the ocean surface.  The surface height is determined by the sum of all the large-

scale waves.  Each plate is considered a flat surface consisting of Bragg waves; the amplitude of 

these waves determines the radar cross section of the plate.  The slope of the plate is determined 

by the slope of the underlying large-scale waves at that location (the slope of the underlying 

waves is needed to determine the local angle of incidence and, thus, the wavelength of the ocean 

wave that corresponds to the Bragg wave).  The motion of the plate is determined by the 
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instantaneous surface velocities of the underlying large-scale waves caused mainly by the orbital 

velocities of the large-scale waves.   

 The combination of Bragg scattering with the two-scale assumption is illustrated in 

Figure 6.2, which shows a one-dimensional cut through an idealized ocean surface consisting of 

a single large-scale wave and a single small-scale Bragg wave.  The plates are illustrated with 

arrows indicating their motion as determined by the large-scale waves.  The amplitude of the 

Bragg wave on each plate would determine the radar cross section of the plate. 

The usefulness of this model for interpreting SAR signatures, particularly in the near-

shore region, comes largely from its capability to break the problem into two pieces.  First, we 

consider how the large-scale waves are being affected by the feature--in particular how their 

surface velocities are changing.  Second we consider how the small-scale Bragg waves’ 

amplitudes are changing.  The former gives us the motion effect we will see in the SAR image, 

along with the changes in which surface wave will correspond to the Bragg wave.  The latter 

gives us the expected changes in brightness of the feature. 

 The model summarized here is a simplified form of the more general model.  For 

example, it is known that the large-scale surface velocities not only move the plates, but also 

affect the amplitudes of the Bragg wave riding on those plates, since the Bragg waves are also 

moving through the surface velocity field.  This phenomenon is referred to as a hydrodynamic 

modulation of the Bragg waves, and a number of theories have been put forth to account for it 

[Alpers and Hasselmann, 1978; Alpers et al., 1981; Plant, 1989; Plant, 1992; Romeiser et al., 

1994].  In addition, it is known that the small-scale waves also move and thus need to be 

accounted for in the SAR imaging theory [Hasselmann et al., 1985; Bruening et al., 1991].  This 

movement is often handled by assuming that the mean motion of the small-scale waves on a 

given plate is zero, but that the waves have some standard deviation of velocities that causes an 

azimuth smear in the image.  Finally, a number of approaches have been developed to handle the 

intermediate-scale waves; waves with wavelengths between 1 m and 10 m which are ignored in 

the simple version [Lyzenga, 1998].  All of the above phenomena can be shown to be important 

when performing actual SAR image simulations, but are not necessarily useful in our more 

general interpretations. 

 

6.3 Wave Refraction in the Near-Shore Region 

 The most significant environmental feature of the near-shore region is that water depths 

are shallow and change rapidly.  The shallow depths mean that ocean surface waves can “feel” 

the bottom, which causes a change in how waves move, or propagate, along the surface, and a 

change in the shape of the wave as the depth gets shallower [Dean and Dalrymple, 1991].  A 

general rule of thumb is that a wave will start to be affected by water depth when the depth is 

less than or equal to half the wavelength.  At this point, two main effects will start to occur.  The 

first effect is that the wave will start to turn toward shore so that eventually the wave crests 

become parallel to the shoreline regardless of the angle at which they started in deeper water.  

This turning is referred to as wave refraction, and it occurs more rapidly (i.e., over shorter 

lengths) for regions where the depth is getting shallow faster than in regions where the depth 

change is gradual.  Naturally, if the waves start in deep water with their crests parallel to shore, 

then wave refraction cannot be seen since there is no turning.  The second effect is that the 

wavelength and amplitude of the waves change as depth gets shallower.  In general, the 

wavelength will get smaller and the amplitudes larger as the wave shoals (i.e., moves into shore).  

Since these wavelength and amplitude effects are happening simultaneously, the wave is in fact 
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Figure 6.3. RADARSAT-1 (C-band, HH) SAR image of Willapa Bay, WA.  An ocean surface wave pattern can be 

seen propagating generally from the upper left toward land.  The refraction of the wave pattern as the waves shoal 

can be seen; Figure 6.4 provides a detailed view of the waves.  The bright/dark linear features throughout the water 

regions are signatures from internal waves.  The imaged area is 50 km x 50 km.  ©CSA 

 

getting steeper as it moves into shore, increasing the slope of its facets.  Eventually, the wave 

gets so steep that it can no longer support the water and it breaks (breaking signatures are 

discussed in Section 6.4 below). 

 Taken together, these effects cause wave patterns to rotate and get shorter as the waves 

shoal (see Figures 6.3 and 6.4 for an illustration).  The image in Figure 6.3 was collected by the 
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Figure 6.4.  Detailed view of a subset 

of the ocean waves in Figure 6.3 from 

a deep water region (top) and a 

shallow water region (bottom).  The 

dominant wave direction is shown in 

each by a white arrow.  Note the 

rotation of the wave pattern toward 

shore and the decrease in wavelength 

as the waves shoal.  Each image 

covers an area 5 km x 5 km 
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Canadian RADARSAT-1 satellite SAR sensor that operates at C-band with HH polarization.  

The image covers 50 km on a side.  Land can be seen on the right side of the image.  The left 

side of the image represents deep water, and water depths decrease toward the land on the right.  

The image contains a number of near-shore features.  The dark/bright wavy lines throughout the 

water are manifestations of internal waves (see Chapter 7).  The brighter responses in the water 

along the shore and at the mouth of the bay result from breaking waves (see Section 6.4).  An 

ocean surface wave pattern can be seen throughout the water, propagating in deeper water at 

approximately a 45 degree angle downward in the image, then rotating to make the wave crests 

parallel to shore in shallow water.  One can also see that the wavelengths decrease from the deep 

water to the shallow water.  To show this decrease more clearly, Figure 6.4 shows detailed views 

of the image in Figure 6.3 of a 5km x 5km patch of deep water (taken from the bottom of the 

image) and a 5km x 5km patch of shallow water.  The wave propagation direction for each patch 

is indicated with an arrow.  Figure 6.3 clearly shows the change in both direction and wavelength 

caused by wave refraction. 

 Wave refraction in SAR images can be used to estimate bathymetry; a classic process for 

studying ocean topography [Williams, 1947].  In Figure 6.3, one could determine the distance 

from shore that the wave system first begins to rotate toward shore and change its wavelength.  

This would represent the location at which the wave first is affected by the bottom.  Using the 

general rule that a wave feels the bottom when the water depth is half the wavelength, one can 

estimate the wavelength of the deep water wave from the SAR image, and then estimate the 

water depth at the point when the wave first begins to refract.  Although this is a coarse estimate, 

it can provide general information about depth changes. 

 Wave propagation models exist to predict wave refraction as a function of depth [Lui et 

al., 1985].  By estimating the wave direction and wavelength throughout the image, one can get a 

better estimate of water depth by inverting these models; i.e., finding a depth map that generates 

the correct wave directions and wavelengths.  Such an approach requires the assumption that the 

same wave train exists throughout the image, so that changes in wavelength are caused only by 

changes in depth.  Automated algorithms that utilize this approach are currently being developed 

[Stockdon and Holman, 2000; Greidanus, 1997; Bell, 1999]. 

Finally, note in Figure 6.3 that the wave crests appear to get brighter as the waves shoal.  

This brightness increase is caused by the steepening of the long-scale waves, which causes a 

decrease in the local angle of incidence for the flat plate riding on the surface of the wave and, 

thus, an increase in the Bragg scattering (since the ocean surface wave that corresponds to the 

Bragg wave for these smaller angles of incidence has a larger amplitude). 

 

6.4 Wave Breaking in the Surf Zone 

 Anyone who has stood on the beach and watched waves can attest to the violence of 

wave breaking.  As waves approaching the shore, the water depth rapidly gets shallower causing 

the wave to increase its height and decrease its wavelength; both effects act together to increase 

the steepness of the wave.  When the wave gets so steep that it can no longer support the water, 

the wave will break.  Exactly when a wave breaks, and how it breaks, are matters of on-going 

research and no clear model exists.  However, two prominently used approaches say wave 

breaking occurs when the downward acceleration of the water (caused by the passage of the 

steep wave) exceeds some percent of the gravitational constant, or that wave breaking occurs 

when the forward velocity of the water (again caused by the passage of the steepening wave) 

exceeds how fast the wave shape is moving (i.e., the phase velocity of the wave). 
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Figure 6.5.  Fine resolution (2 m) airborne SAR image of breaking waves (X-band, HH).  The bright smears are 

signatures of breaking events.  Although the breaking events themselves are spatially small, the random motions in 

the breaking region cause the SAR image to be significantly smeared and shifted from the breaking location.  Thus 

each smear in the image above represents one small-scale breaking event.  Note that the smears are aligned in the 

azimuth direction (i.e., orthogonal to the SAR look direction) and that breaking is occurring throughout the water 

region of the image, indicating a high wave-state day.  The imaged area is approximately 500 m x 500 m. 

 

 When a wave breaks, it creates a region of very turbulent, very rough, water [Peregrine, 

1983; Battjes, 1988].  The increased roughness of the water produces an increase in the 

amplitude of the small-scale waves within the breaking regions, and thus implies a bright radar 

cross section for the breaking regions [Jessup et al., 1991; Lee et al., 1995; Chubb et al., 1999; 

Ericson et al., 1999].  In addition, the turbulence, or motion, of the water within the breaking 

region as well as the overall motion of the breaking region as it is being propagated along with 

the wave cause shifting and smearing effects in the SAR response.  In particular, the speed at 

which the breaking region is propagating across the surface (usually some fraction, between 0.5 

and 0.9, of the phase speed of the breaking waves) causes a shift in the azimuth direction of the 

SAR signatures by an amount, (R/V) vb, where R is the range (i.e., distance) from the SAR to the 

region, V is the velocity of the SAR, and vb is the radial velocity (the velocity along the line-of-

sight direction back to the sensor) at which the breaking region is moving across the ocean 

surface.  In addition, the turbulence in the breaking region causes random motion of the 

scatterers within the breaking region.  This, in turn, causes a smearing of the SAR cross section 

where the width of the smear will be (R/V)σb with σb being the standard deviation of velocities 

within the breaking region. Putting these pieces together, the SAR signatures of a breaking event 

will be a very bright smear, shifted in the azimuth direction some distance from the actual 
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Figure 6.6.  Fine resolution (2 m) airborne SAR (X-band, HH) image of breaking waves.  This shows a much lower 

wave state than Figure 6.5.  Note that the breaking is only occurring very near to shore and non-breaking waves can 

be seen in the water region.  As in Figure 6.5, the imaged area is approximately 500 m x 500 m. 

 

breaking region.  For satellite-based SAR systems, such as RADARSAT-1 and ERS-1/2, the 

ratio (R/V) will be around 120.  For breaking waves, values of vb and σb will be around 1 m s
-1

.  

This means that the breaking wave signatures could be shifted around 120 m from where the 

actual breaking is occurring, and the resulting smear could be around 120 m even if the breaking 

event is only occurring in a 1 m x 1 m region.  For an aircraft-based SAR, values of (R/V) are 

usually smaller, between 50 and 80.  This means that the shifts and smears will be corresponding 

smaller; 50 m to 80 m. 

 A good example of this shifting and smearing is shown in Figure 6.5, an aircraft-based 

SAR (the Digital Collection System flown by Veridian Systems Division) image of the surf zone 

off the coast of Duck, North Carolina.  This is a fine resolution SAR image (2 m sample spacing, 

X-band, HH polarization) and the streaks from the breaking events can clearly be distinguished 

on the right side of the image (some examples annotated in the image).  The left-hand portion of 

the image shows land; note that houses on the shore can be distinguished.  The look direction of 

the SAR sensor is also indicated in Figure 6.5, note that the smears from the breaking events are 

aligned orthogonal to the look direction (i.e., in the azimuth direction) even though the actual 

breaking waves must be aligned parallel to the shore (i.e., vertically in the image) because of 

wave refraction.  As discussed above, each smear comes from a single breaking event which is 

probably no larger than a sample cell size (i.e., 2 m x 2 m), although in the image it looks like a 

large (i.e., 200 m long) breaking crest.  However, the large size of the smear comes from the 
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Figure 6.7.  RADARSAT-1 (C-band, HH) SAR image of breaking waves off the coast of Washington (at Gray’s 

Harbor).  The image is approximately 25 km on a side.  Note that farther from shore individual breaking events can 

be seen, but closer to shore they merge into a single bright band.  Also note the breaking in the middle of the image 

that extends much farther out to sea than the breaking in the rest of the image.  We conjecture that this is caused by 

the interaction of the waves with an outflowing current.  The imaged area is 25 km x 25 km.  ©CSA 

 

SAR velocity effects discussed above and not the actual physical extent of the breaking event.  

This is why the smear is always in the azimuth direction, regardless of the actual physical 

orientation of the wave crests.  In addition, note that the location of the breaking event is 

probably not where the smear appears, but rather is shifted in the azimuth direction as discussed 

above. 

 The image in Figure 6.5 was collected on a very high wave-state day, and breaking is 

occurring throughout the water region in the image.  Figure 6.6 shows an example of the same 
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location, collected with the same airborne SAR system, for a much lower wave state.  As 

annotated in the figure, the waves are only breaking near to shore.  Non-breaking wave 

signatures can be seen in the right portion of the image.  In contrast to the breaking events, non-

breaking waves do not appear as narrow streaks, but rather bright regions aligned parallel to 

shore and not to the azimuth look direction. 

 It is interesting to note that if one knew the bathymetry of the region in Figures 6.5 and 

6.6, then the wave state for that day could be estimated by noting where waves are breaking.  A 

rule of thumb is that waves start to break when their heights are approximately 0.3 to 0.8 times 

the water depth [Mei, 1983].  For Figure 6.6, one can tell that the wave states must be rather 

small since the breaking is occurring close to shore, and thus at a shallow depth, and, therefore, 

with a smaller height at breaking.  In contrast, Figure 6.5 shows breaking occurring all the way to 

the right edge of the image, showing that breaking is occurring at larger depths, and, therefore, 

higher wave amplitudes than in Figure 6.6. 

 Figures 6.5 and 6.6 are fine resolution images of breaking events.  Satellite-based SAR 

systems, although they have larger smears, will have coarser resolutions and may not be able to 

distinguish individual breaking events since the events will be contained in a smaller number of 

image samples.  Figure 6.7 shows an example of a RADARSAT-1 SAR image collected off the 

coast of Washington with 12.5 m sample spacing, where the breaking events can be seen as 

bright smears close to land.  Note that individual smears (and thus breaking events) can be 

distinguished as the waves are just starting to break, but closer to shore the bright smears 

combine into a single bright region of multiple breaking events (which can be used to detect surf 

zone location and width).  As with the earlier examples in this chapter, an estimate of the wave 

state (and, in particular, the height of the breaking wave) can be derived from noting where the 

breaking starts and comparing this to the local bathymetry.  Figure 6.7 also shows an interesting 

example of wave breaking occurring from interaction with surface currents as opposed to 

breaking caused by changing water depth [Chawla and Kirby, 1998; Chawla and Kirby, 2002].  

A water channel can be seen in the middle of Figure 6.7, having breaking signatures occurring 

much farther out to sea than either above or below the channel.  If all the breaking in the image 

was being caused by shallow water depths, this would imply that there was a tongue of shallow 

depth in this middle region.  However, channels tend to be dredged and thus deeper than the 

surrounding water, so we have hypothesized that the incoming ocean waves are hitting a surface 

current and breaking.  Note that this implies that the current from the channel must be flowing 

out to sea at the time of the image collection since otherwise the incoming waves would not be 

breaking.  This same phenomenon can be seen in Figure 6.3. 

 

6.5 Near-Shore Currents 

 Near-shore regions tend to have strong currents that change rapidly over small spatial 

scales.  Such rapid changes are caused by the many sources of currents in the near-shore region, 

including river outflow, rip currents (and undertow) caused by shoaling/breaking waves, and 

circulation effects caused by the continental shelf.  What is important to interpreting SAR images 

of currents is the spatial change, or gradient, of the current [Lyzenga, 1991; Johannessen et al., 

1996; O’Donnell et al., 2000].  See Chapter 8 for more details on SAR imaging of current fronts. 

SAR detects the effect that currents have on the amplitude of the Bragg waves (i.e., the two-scale 

model described above), and this effect is most pronounced when the Bragg waves interact with 

a sharp current change (i.e., a large current gradient).  If a propagating Bragg wave suddenly 

moves into a current field that has a component in the direction that the wave is propagating, the 
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Figure 6.8.  ERS-1 (C-band, VV) SAR 

image taken off the west coast of Norway 

on 3 October 1992.  The bright/dark 

meandering linear features are signatures 

from strong current gradients that are 

perturbing the amplitude of the Bragg 

waves.  The brightness of the signature 

(and whether it appears bright or dark) 

depends on the strength and orientation of 

the current gradient.  The imaged area is 

100 km x 300 km.  ©ESA 
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wave length will increase, amplitude will decrease, and, thus, its radar cross section will 

decrease.  In contrast, if the propagating Bragg wave enters a current field that has a component 

in the opposite direction from its propagation, this will decrease the wavelength, increase the 

amplitude, and increase the radar cross section.  Note that once the Bragg wave has crossed the 

change in current, the local wind will cause the amplitude to relax to its previous state even 

though the mean current has changed.  Thus the radar cross section in the two current fields will 

be the same even though the current is different.  It is only when the Bragg wave experiences an 

abrupt change in current (i.e., it crosses a current gradient) that the wave amplitude is perturbed 

and, thus, the radar cross section is modulated.  

 Figure 6.8 shows an example of the effect of current change with an image collected by 

the ESA ERS-1 satellite-based SAR system (C-band, VV polarization).  This image was 

collected off the west coast of Norway; land can be seen along the right side of the image.  In 

these waters, the warm gulf currents interact with colder water moving south, thereby causing 

meandering current shears.  Current shears are manifested in the SAR image as the curving 

dark/bright lines seen along the coast.  The features are lines (as opposed to regions within the 

image) because they are only caused by the change in the Bragg wave amplitude when it first 

interacts with the new current field.  The brightness of the feature is determined by the direction 

of the meandering current, as described above.  This can be exploited to estimate the direction of 

the current from the SAR image and the strength of the current change by fitting the observed 

brightness to a model that predicts Bragg wave amplitude changes from the current gradient 

[Johanessen et al., 1996]. 

 Figure 6.9 shows a rather severe example of Bragg wave and current interactions in a 

RADARSAT-1 SAR image collected off of the east coast of the United States.  The dominantly 

bright, curved lines throughout the ocean region represent near-shore currents interacting with 

the Bragg waves.  Note that although most of the features are bright, there are some dark lines, 

and the orientation of the lines generally determines whether the line is bright or dark (lines 

sloping from upper left to lower right are bright, lines sloping from upper right to lower left are 

dark).  The appearance of the lines is affected by orientation because, when the current gradient 

switches direction, the Bragg wave propagation direction with respect to the current direction 

changes, thus changing whether the Bragg waves are enhanced or suppressed.  Figure 6.9 is a 

somewhat unique example in that the winds were most probably too light to significantly mix the 

upper layer of the ocean, thereby allowing these current patterns to be observed. 

 

6.6 Man-Made Near-Shore Signatures 

Most recreation and commercial fishing occurs in the near shore regions.  Fishing 

operations (ships, nets, farms, floats, etc.) tend to be congregated in the near-shore region, and 

most recreational activities (swimming, boating, etc.) are performed in the near-shore region.  

Thus, signatures from these man-made events will often be present in SAR imagery.  In general, 

man-made objects (or activities) in the water will have a much larger radar cross section than the 

water itself due to the fact that the water is generally flat (and thus generating radar cross section 

only through the two-scale model), whereas man-made objects tend to have edges and sides that 

act as very bright radar reflectors.  Thus man-made signatures appear as bright dots in radar 

images; larger dots for ships, smaller dots (if visible at all) for floats, nets, and drifting bathers, 

for example. Figure 6.10 shows an example of a fishing fleet off the coast of Alaska collected 

with the RADARSAT-1 SAR at coarse resolution (100 m sample spacing).  Note that the ships 

are quite evident as bright dots.  Even though the ships may be smaller than the image sample 
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Figure 6.9.  Example of current changes in the near-shore region.  The bright/dark curvy lines represent current 

fronts in this RADARSAT-1 (C-band, HH) SAR image taken off the east coast of the United States.  Note that the 

orientation of the lines generally determines its brightness (since orientation changes the direction that the Bragg 

waves are propagating with respect to the direction of the current gradient).  The imaged area is 500 km x 500 km.  

©CSA 

 

size (100 m), they still are quite bright because they are the strongest radar cross section scatterer 

within the sample.  Fishing ships will often be grouped close together as they are in the image.  

SAR imagery can be used to automatically locate and track ships such as these, providing a good 

means of monitoring fishing activities and fisheries  [Wackerman et al., 2001].  Note that the 

wave-like feature observed in the image moving through the water is actually a processing 

artifact, not an ocean surface wave.  
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Fishing Ships

 

Figure 6.10.  Fishing ships in Alaskan waters as seen by RADARSAT-1 (C-band, HH) SAR.  As man-made objects, 

the ships appear as bright dots in the image.  The imaged area is approximately 30 km x 30 km.  ©CSA 

 

6.7 Summary 

 Near-shore regions provide a rich array of oceanic features that can be imaged and 

interpreted with SAR data.  Refracting waves can provide estimates of bathymetry or can locate 

regions of outflow.  Breaking wave signatures indicate the location of the surf zone, identify 

bathymetry changes, and generate estimates of wave heights.  Current fronts can be readily 

detected with SAR sensors, and their signatures in SAR imagery can be used to characterize the 

current gradient across the front.  Finally, SAR sensors can easily detect large ships and fishing 

vessels, providing a means for monitoring fisheries and tracking recreational activities.  In 

summary, near-shore regions provide a fertile ground for SAR imagery exploitation. 
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7.1 Introduction 

 Internal waves are, as their name implies, waves that travel within the interior of a fluid.  

Such waves are most familiar as oscillations visible in a two-layer fluid contained in a clear 

plastic box often sold in novelty stores.  In the box, two immiscible and differently colored fluids 

fill the entire volume; when the box is tilted or otherwise disturbed, a slow large amplitude wave 

propagates along the interface between the fluids.  This internal wave has its maximum 

amplitude at the interface, and has vertical displacements of zero at the top and bottom.  The 

wave owes its existence to the stratified density structure of the two fluids, with a very sharp 

density change occurring along the interface and with the properties that the smaller the density 

contrast, the lower the wave frequency, and the slower the propagation speed [Apel, 1987]. 

 Similar modes exist within the geophysical fluids of the atmosphere and ocean.  Solar 

radiation is absorbed in the near surface ocean layers, resulting in warmer water and lower 

density in that region, thereby resulting in a stratified fluid.  Upper ocean temperature and 

salinity gradients are relatively sharp under most conditions and any excitation or disturbance of 

the pycnocline (a zone where density changes maximally) will tend to propagate away from the 

region of generation as an internal wave [Apel, 1987]. 

 The particular type of internal wave most often observed is termed a solitary wave or 

soliton.  Solitary waves are a class of nonsinusoidal, nonlinear, more-or-less isolated waves of 

complex shape that occur frequently in nature.  These waves maintain their coherence, and hence 

visibility, through nonlinear hydrodynamics and appear as long, quasilinear stripes in imagery.  

The internal wave signatures are made visible by wave/current interactions; wherein the near-

surface current associated with the internal wave locally modulates the surface wave height 

spectrum.  Primary modulations typically occur at wavelengths ranging from a few meters to 

between 10 cm and 50 cm, but secondary interactions further transport surface wave energy 

down to sub-centimeter scales.  Thus, a roughening of the short-wave portion of the surface wave 

spectrum takes place in regions of internal wave phase where the currents are convergent.  At a 

distance of one-half of an internal wave's phase to the rear of a depression wave, the sea surface 

has been swept relatively clean of surface wave energy and the ocean in this phase region is very 

flat. 

 The earliest recognition of internal waves appears to have been made by J. Scott Russell 

[1838, 1844] who reported on the formation of a single, unchanging hump or mound in the 

shallow water of the Scottish Canal, generated when a towed barge was brought to a sharp halt in 

the canal.  Russell followed the wave for several miles on horseback until he lost it in the 

windings of the canal.  Later Korteweg and deVries [1895] derived some of the interesting 

mathematical properties of such a wave and produced their now-famous soliton solutions.   

 
1
This chapter was produced from material authored by Dr. John R. Apel.  The primary source of material was 

Nonlinear Solitary Internal Waves by J. R. Apel and D. M. Farmer, Global Ocean Associates (GOA) Report 2000-2 

September 2000, with additional material taken from [Apel, 1987, Apel, 2000 and Apel and Worcester, 2000].  The 

editors contributed some additional material, primarily to Section 2.2 Remote Sensing of Coherent Internal Solitons. 
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Subsequent attention to solitary waves had been given mainly because of their strange and 

interesting mathematical characteristics.  Recently, however, it has been the recognition of the 

widespread occurrence of internal waves in the ocean that has spurred geophysically-oriented 

investigations; including studies not only of the internal hydrodynamics, but also of their impacts 

on surface wave spectra, air-sea interaction, remote sensing science, shallow-water acoustics, 

and coastal mixed-layer dynamics. 

 Reports of what are almost certainly surface manifestations of oceanic internal solitary 

waves are centuries, if not millennia old, but the scientific study of the phenomenon is more 

recent.  For example, it has been known for over 150 years that in the island archipelagos of the 

Far East, long, isolated stripes of highly agitated features that are defined by audibly breaking 

waves and white water are occasionally seen on the surface of the sea [Wallace, 1869].  These 

features propagate past vessels at speeds that can exceed two knots. The features are often seen 

in deep water and are not usually associated with any nearby bottom feature to which their origin 

might be attributed.  In the nautical literature and charts, they are sometimes identified as “tide 

rips.”  In Arctic and sub-Arctic regions, especially near the mouths of fjords or rivers flowing 

into the sea, analogous waves of lower energy may have been observed as long ago as Roman 

times with reports of “sticky water,” but have certainly been a recognized phenomenon– dead 

water–since Viking times [Ekman, 1904]. 

 Internal solitary waves are important for many practical reasons.  They are ubiquitous 

wherever strong tides and stratification occur near irregular topography.  As such, they are often 

prominent features in optical and radar satellite imagery of coastal waters.  They can propagate 

over several hundred kilometers and transport both mass and momentum.  Indeed, an early 

motivation for studying internal waves was the unexpectedly large stresses they impose on 

offshore oil-drilling rigs.  Internal waves are often associated with a net change in stratification 

in which case they are referred to as travelling internal undular bores.  Their propagation carries 

with them considerable velocity shear that can lead to turbulence and mixing.  The mixing often 

introduces bottom nutrients into the water column, thereby fertilizing the local region and 

modifying the biology therein.  

 This chapter examines the signatures of internal waves in synthetic aperture radar (SAR) 

imagery.  To help understand these signatures, the discussion includes material on the inherent 

characteristics, mechanisms of generation, and global distribution of internal waves.  Our survey 

is necessarily brief and therefore frequent reference is made to the literature.   

 

7.2 Observations 

 In-situ observations of internal solitons can be made using almost any ocean 

instrumentation capable of recording current, density, displacement of planktonic layers, or 

similar measurements.  However, it has been remote sensing, both satellite radar and optical, that 

has brought about the realization of the widespread existence of internal solitons and provided 

the major impetus for their study.  

 

7.2.1 Characteristics of Oceanic Solitary Internal Waves. 

 Internal solitons occur in stratified coastal waters as groups or packets of oscillations, 

with the number of cycles varying from a very few to a few dozen, depending on age and 

distance from generation point.  They are usually produced by tidal currents flowing normal to 

the local bathymetry.  Such processes are statistically quite reproducible given the same season, 
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the same phase of both the daily and fortnightly tides, and the bathymetry. 

 One often observed type of wave packet is usually characterized by several dominant 

features.  The individual oscillations are nonsinusoidal, with predominantly downward 

displacements (i.e., depression internal waves); the amplitudes are rank-ordered, with the largest 

at the front of the packet and the smallest at its rear; the wavelengths and the crest lengths are 

also rank-ordered, with the longest waves again at the front of the group. The number of 

individual oscillations within the packet increases as its age increases, with one new oscillation 

added per Brunt-Väisälä period.  The Brunt-Väisälä, or buoyancy period, describes the 

oscillation of a water parcel about its equilibrium depth, is used as a parameter to express the 

strength of stratification in a fluid.  These wave packets are consistent with the Korteweg-de 

Vries equation, which approximately describes the dynamics.  Additionally, the maximum 

amplitude of the leading oscillations appears to be related to the magnitude of the downward 

displacement of the pycnocline during the ebb (offshore) tidal phase. 

 A schematic of internal wave features is shown in Figure 7.1.  Here are sketched two 

individual packets, the rightmost one having just been generated by offshore tidal flow at the 

shelf break within the last few hours, and the leftmost one being about 12 hours older and having 

been generated on the previous semidiurnal tide, and then propagating up onto the continental 

shelf on the order of 25 to 35 km from its formative point.  This implies a phase speed of about 

0.6 to 0.7 m s
-1

, although phase speed needs to be carefully defined in terms of the theoretical 

models  

 Figure 7.1 shows both a vertical section of displacement and a horizontal plan of the 

wave crests.  The vertical section shows that the displacements are mostly negative, and that the 

downward oscillations of the pycnocline are followed by a several-hour average depression of 

the density interface to the rear of the oscillatory region.  A slow recovery of the pycnocline then 

takes place near the trailing edge of the undulation. 

 Typical scales for summertime continental shelf internal waves are given in Table 7.1.  It 

should be emphasized that these characteristics are canonical, and any individual realization of a 

soliton packet can be expected to deviate from the ideal by significant factors. 

 Figure 7.2 shows an ERS-1 synthetic aperture radar image of four continental shelf 

soliton packets northeast of the Hudson Canyon off New York, generated during the previous 50 

hours of tidal action at the shelf break.  Such data, together with in-situ observations, have gone 

into making up the canonical description of the wave field. 

 The proper view of these soliton groups is that they are oscillations of the leading edge of 

an undulatory internal bore, or nonlinear internal tide on the shelf.  Both observational evidence 

and numerical models of nonlinear hydrodynamics under these conditions show that the linear 

deep-sea barotropic tides (where the stratification structure of the water column remains intact) 

are transformed into nonlinear baroclinic tides (where the stratification structure of the water 

column is altered) as they move onto the shelf.  Later, after several tidal cycles, dissipative forces 

reduce the nonlinearities to small values, so that near the shoreline, the tides are once again 

sinusoidal. 

 Soliton packets are also generated by tidal flow over relatively shallow sills or banks.  

While the generation process is probably similar to that at the continental shelf break, the 

subsequent evolution of the individual packets can be considerably different.  Instead of 

encountering ever-decreasing water depths, the sill-formed soliton radiates into a deeper sea, and 

is less controlled by bathymetry (although depths continue to play a role as long as they are 
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Figure 7.1.  Schematic showing tidally-generated solitons on the continental shelf.  VmaxT is the internal tidal 

wavelength; c0T is distance between packet centroids. 

 
Table 7.1.  Typical scales for continental shelf solitons 

Characteristic Symbol Scale 

Packet Length L (km) 1 – 10 

Amplitude Factor  2η0 (m) -15 

Upper Layer Depth  h1 (m) 20 – 35 

Lower Layer Depth  h2 (m) 30 - 200 

Long Wave Speed  c0 (m s-1) 0.5 - 1.0 

Maximum Wavelength  λMAX (m) 100 – 1000 

Crest Length  Cr (km) 0 - 30 

Internal Tidal Wavelength  D = VT (km) 15 – 40 

Characteristic Soliton Width  l1 (m) 100 
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Figure 7.2.  ERS-1 (C-Band, VV) SAR image of the New York Bight acquired on 31 July 1995.  Four packets of 

tidally-generated internal waves are visible north of the Hudson Canyon, which lies near the bottom center of the 

image.  Distance between packets is set by 12-½ hr semidiurnal tidal period.  The imaged area  is approximately 100 

km x 100 km.  Original Image ©ESA 1995 

 

roughly less than the soliton wavelength).  The restrictions in the Strait of Gibraltar, i.e. the 

Camarinal and Spartel Sills, are generation regions of great importance for the western 

Mediterranean and regularly produce solitons with amplitudes of 50 m to 100 m and wavelengths 

of 2 km to 4 km [Farmer and Armi, 1988; Armi and Farmer, 1988; Brandt et al., 1996].  

Figure 7.3 shows a packet of solitons radiating eastward from the Strait of Gibraltar, 

having been formed by intense westward tidal flow across the Camarinal Sill several hours 

earlier.  Such packets reach at least 200 km into the western Mediterranean Sea and exist for 

more than two days before decaying toward background levels [Apel, 2000].  Similar situations
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Figure 7.3.  ERS-1 (C-band, VV) SAR image just east of Strait of Gibraltar, showing a large packet of solitons 

propagating into the Alboran Sea.  The lead soliton is approximately 80 km from the generation region near the 

Camarinal Sill.  Imaged area is 50 km × 50 km.  Original image ©ESA 1994. 

 

occur in the Sulu Sea in the Philippines [Apel and Holbrook, 1983; Apel et al., 1985; Liu et al., 

1985], the strait between Luzon and Taiwan [Hsu and Liu, 2000a; Hsu and Liu, 2000b], and the 

arcs of the Andaman and Nicobar Islands in the eastern Indian Ocean [Apel, 1979; Osborne and 

Burch, 1980; Alpers et al., 1997].  In the western tropical Pacific, the pycnocline depths are in 

excess of 100 m and, therefore, these sill regions are sources of intense internal solitons whose 

amplitudes can exceed 100 m and whose wavelengths can grow as large as 20 km. 

 

7.2.2 Remote Sensing of Coherent Internal Solitons  

 Figures 7.2 and 7.3 show a few examples of internal waves detected using ERS SAR 

satellites.  Because internal waves are coherent processes, they can be recognized in photographs 
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of the sea surface, in multispectral radiometer images, in real and synthetic aperture radar 

images, and in side-by-side plotting of repeated echo-soundings made in the water.  Even the 

unaided eye at sea level can detect the induced surface-wave changes as rough and smooth 

regions.  Remote sensors, however, with their Olympian view, provide a much broader picture of 

the horizontal distribution of the solitons than can be obtained by any other means.  When 

enhanced by in-water measurements, it is possible to derive a nearly three-dimensional picture of 

internal waves, especially if aided by theoretical models of both the internal hydrodynamics and 

the surface wave-electromagnetic scattering processes.  Internal waves were among the first 

oceanic phenomena to be studied with SAR.  Even before the flight of space-based SARs, such 

waves had been identified in aircraft SAR imagery and analyses made of the variations in 

scattering cross section across the wave crests [Elachi and Apel, 1976]. 

 In general, most internal waves exhibit the following characteristics that are observable in 

SAR imagery: 

• They propagate in separate groups or "packets," with each packet being generated by the 

semidiurnal tidal cycle.  The separation between packets can range from about 10 km up to 

90 km. 

• Each packet contains a few to a few dozen individual waves.  Individual wavelengths can 

range from 100 m up to 20 km.  Along the crest, lengths vary from 10 km to more than 100 

km.  

• The largest waves (in amplitude, wavelength, and along crest length) are found at the leading 

edge of the packet.  The waves decrease in all aspects to the trailing edge. 

• Wave signatures observed in SAR imagery are a series of alternating light/dark linear or 

curvilinear bands that represent the crests and troughs of the waves. 

The light/dark signatures are the result of variations in sea surface roughness [Alpers, 1985].  

Since a rough region of the ocean surface is an enhanced scatterer (See Chapter 2), the region 

appears bright in an image.  Smooth regions appear darker, since the radar energy is more nearly 

specularly reflected away from the detector.  The result is a characteristic signature of a lineal 

feature in SAR images typified by a bright region, then a dark region, and finally followed by 

normal roughness.  Modulations of the surface wave spectrum can be quite strong.  Under very 

low-wind conditions, it is not unusual for the smooth areas to provide essentially no signal to the 

detector.   

 For internal waves, the characteristic light/dark band signature (i.e., the alternating rough 

and smooth sea surface with the rough side leading) is caused by the generally down-going 

nature of the oscillations when the thermocline depth is smaller than the lower layer thickness.  

However, in shallow water, where the lower layer thickness becomes less than the upper layer, 

the polarization of the solitons becomes positive (i.e., internal waves of elevation) and the dark 

part of the phase leads the bright part, at least in principle.  A similar phenomenon has been 

observed in the East China Sea [Liu et al., 1998]. 

 Figure 7.2 and Figure 7.4 show typical internal solitary wave packets in the New York 

Bight (the continental shelf off New York).  The area is a prodigious source of internal solitons.  

The waves are generated by tidal flow near the edge of the continental shelf and occur in groups 

separated by about 20 km to 35 km, depending on the speed of propagation, which is typically 

between 0.5 m s
-1

 and 1 m s
-1

 on the shelf.  Several field programs
‡
 in this area have measured 

 

‡
SAR Internal wave Signature Experiment (SARSEX)-1984, [Gasparovic et al., 1988]; Joint U.S./Russian Internal 

wave Remote Sensing Experiment (JUSREX)-1992, [Gasparovic and Etkin 1994]; Shallow Water Acoustics in 

Random Media (SWARM)-1995, [Apel et al., 1997] 
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Figure 7.4.  ERS-1 (C-band, VV) SAR images of the New York Bight acquired 18 July 1992 overlaid on a 

bathymetric chart [Smith and Sandwell, 1997].  The internal wave packets can be seen aligned roughly parallel with 

the local bathymetry.  Original ERS-1 imagery ©ESA 1992. 
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Figure 7.5. Solitons generated southwest of Hudson Canyon in the New York Bight, 18 July 1992.  Nascent 

solitons are forming very near to the 200 m shelf break (cf. Figure 7.4) and will propagate toward the northwest.  

Original image ©ESA 1992. 

 

soliton amplitudes between 5 m and 25 m, nonlinear phase speeds on the order of 0.65 m s
-1

, and 

wavelengths from 200 m to over 1000 m.  Figure 7.4 shows that north of the Hudson Canyon, 

the crests are strongly oriented along isobaths and have crest lengths in excess of 120 km.  The 

groups shown in Figure 7.2 represent waves excited during the last four semidiurnal tidal cycles.  

It is thought that the waves form via some kind of lee-wave mechanism when the tidal flow is 

directed offshore, during which the flow leaving the edge of the continental shelf depresses the 

pycnocline by significant amounts.  When the tide slacks, the depression moves onto the shelf 

and develops increasing numbers of oscillations—the solitons.  Figure 7.5 is an enlargement of 

the segment of Figure 7.4 south of the Hudson Canyon.  A nascent packet with one or two 
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oscillations is noted on the image; its position is very close to the shelf break, slightly inshore of 

the 200-m isobath.  This demonstrates that the generation process takes place quite close to the 

shelf break.  

 Packets disappear as they approach shallow (typically 25 m to 40 m depth) water–

approximately the upper layer depth, because of strong bottom attenuation.  Just a few broken 

crests can be seen inside the 50 m isobath on Figure 7.4.  Additionally, the phase velocities are 

reduced by both the shoaling and (usually) by the decreasing pycnocline depth as distance to 

shore decreases. 

 The result is that the distance between packets is reduced; in Figure 7.2, the spacing 

between the last two packets in the image is only about 25 km, as contrasted with the other 

packets, which are spaced about 35 km.  South of the canyon, seven packets are visible, with 

interpacket separations near 15 km, suggesting possible generation on both ebb and flood 

semidiurnal tides.   

 At sills or other underwater barriers, the generation process is somewhat similar to that at 

the continental shelf break, but the details differ.  During the ebb phase of the tide, either a lee-

wave or a hydraulic jump tends to form on the down-current side of the sill.  When the tide 

slacks and reverses, this depression is released, moves across the sill, and radiates into the space 

beyond, developing oscillations along its leading edge.  These oscillations are the solitary waves.

 Figures 7.6a through 7.6d present ERS-1 imagery of four different internal wave packets 

from the Strait of Gibraltar.  They show the internal waves at different times in their life cycle 

(i.e., distances from the generation point).  Figure 7.6a (24 March 1996) shows a newly formed 

soliton packet propagating through the Strait of Gibraltar.  There are four fairly uniform 

oscillations that have wavelengths about 1-½ km.  Atlantic winds and long surface waves (light 

gray) are penetrating into the Alboran Sea about as far as the leading crest.  In Figure 7.6b (12 

June 1994) a soliton packet has broken free of the strait and radiates as a curved wavefront.  The 

curvature is determined by a combination of refraction and tidal advection.  The signature of the 

group is quite intense, in spite of what appears to be a strong surface wind over much of the 

western Mediterranean.  To the east at a distance of roughly 25 km, another weak packet is 

slightly visible.  Figure 7.6c (19 July 1994) shows a large packet advancing into the Alboran Sea 

with upwards of 10 or more solitons in the packet.  The internal wave packets develop a new 

oscillation each buoyancy period and diminish in amplitude as time goes on.  The center of the 

wavefront shows evidence of advection by large-scale current, probably tidal.  Figure 7.6d (26 

May 1994) shows a well-evolved soliton packet some 50 hours after generation.  It has reached 

over 200 km from its formation region and developed over 30 oscillations.  Spreading of the 

packet is caused by the range of amplitude-dependent phase speeds present [Apel, 2000; Apel 

and Worcester, 2000].  The ultimate eastern extent of the solitons in the Mediterranean has not 

been determined, although the present data show that soliton lifetimes are at least a few days, 

quite similar to the Sulu Sea [Apel et al., 1985]. 

 Figure 7.7 is another example of sill generated solitons from the Sulu Sea.  Figure 7.7 is a 

composite of seven ERS-1/2 images collected during three overpasses (April 1996, July 1996 

and January 1998).  The Sulu Sea contains some of the oceans largest internal waves with 

observed amplitudes up to 90 m, speeds in excess of 2.0 m/s and lifetimes exceeding 2½ days 

[Apel et al., 1985].  Like the Strait of Gibraltar, after generation the Sulu Sea waves propagate 

out into deeper water. 

 Figure 7.7 shows how the Sulu Sea internal wave packets evolve in terms of their 

wavelength, crest length, and number of solitons per packet.  The lead soliton wavelength is 
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(a) 

 
(c) 

 
(b) 

 
(d) 

Figure 7.6.  ERS-1 (C-Band, VV) SAR images showing internal wave packets in the Mediterranean at various 

distances from the generation point at the Camarinal Sill.  Lead soliton distances are approximately a) 30 km, b) 55 

km, c) 80 km, d) 210 km. Original images ©ESA 1994, 1996. 

 

approximately 2 km, shortly after formation and grows to approximately 14 km as the waves 

approach at Palawan Island.  The along crest length and number of solitons per packet also 

increase as the packet propagates away from its generation point.  Interpacket separations, are 

approximately 100 km for the three packets visible in the left (April 1996) image.   

 The bottom right (January 1998) image shows three packets shortly after generation in 

the region around Pearl Bank.  Current flow around Pearl Bank can reach 3.4 m/s, which 

generates the waves.  The wave crests from these three different packets will combine to form a 

single packet internal wave packet that will propagate across the Sulu Sea.  Wavefront variation 

can be seen on the left side of the middle (July 1996) image due to the effects of bathymetry. 
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Figure 7.7.  (Left/Below) Composite 

of ERS-1/2 (C-band, VV) imagery 

showing the development of internal 

wave packets in the Sulu Sea.  The 

area of each frame is 100 km x 100 

km.  ERS images ©ESA 1996, 1998. 

Images courtsey of Werner Alpers: 

The Tropical and Subtropical Ocean 

Viewed by ERS SAR 

 

Satellite Date Frame(s) 

ERS-2 30-Jan-1998 3483 

ERS-2 03-July-1996 3465 

3483 

ERS-1 07-Apr-1996 3411 

3429 

3447 

3465 

 

 
Figure 7.8.  (Right) SIR-C (L-Band 

HH) data of internal waves off the 

west coast of South Africa acquired 

on 11 April 1994 1:22 GMT (Data 

Take 26.7).  Imaged area is 300 km x 

60 km, centered near 31
o
39.7'S., 

16
o
53.1'E 
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Figure 7.9.  RADARSAT-1 (C-band, HH) image showing internal waves off the coast of Washington State acquired 

9 August 1999 at 0155UTC.   A seaward propagating wave generated by the plume of the Colombia River can be 

seen in addition to the usual shoreward propagating internal waves.  Imaged area is 50 km x 50 km.  ©CSA 1999 

 

The left image also shows refraction effects around the San Miguel Islands were small solitons 

appear to be radiating away nearly orthogonal to the propagation direction of the main wave 

packet.  

 Figure 7.8 is a SIR-C (Shuttle Imaging Radar-C) C-band survey image off the west coast 

of South Africa taken on 11 April 1994.  The internal waves along the southwest African coast 

have been observed between the months of November and April, which corresponds to the 

austral summer.  The nature and character of the waves are very similar to those observed on the 

U.S. continental shelf in the New York Bight.  Just like the New York Bight, summer heating of 

the upper layers in coastal waters enhances the stratification and the internal waves.  The waves 

appear to form just inside the 200 m isobath.  Interpacket separation is approximately 35 km, 
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which implies a propagation speed of around 0.75 m s
-1

 on the shelf.  The distinction between 

packets disappears as they approach shore because the phase velocities of the waves are reduced 

by both the shoaling and (usually) by the decreasing pycnocline depth.  The result is that the 

leading waves in one packet overtake the trailing waves in the previous packet and the 

interpacket boundary disappears. 

 While sills and continental shelves provide the most common locations for soliton 

generation, any disturbance penetrating the pycnocline is capable of generating internal waves.  

Other generation sources may include seamonts, banks, mid-ocean ridges, river and glacial 

outflows, and current-current interaction.  Figure 7.9 presents an example of internal waves 

apparently generated from outflow of the Colombia River off the coast of Washington State.  

The image shows the usual shoreward propagating internal waves in addition to a seemingly 

westward propagating internal wave packet along the southwestern edge of the Colombia River 

plume [Clemente-Colón, 2001].  Unlike the east coast of the United States, the west coast lacks a 

wide continental shelf, so internal wave generation by the tides takes place closer to shore.  [Fu 

and Holt, 1982] 

 

7.2.3 Global Occurrences   

 The remotely sensed images acquired during the quarter-century since the first glimpses 

of oceanic solitons were obtained from the ERTS/Landsat-1 spacecraft [Apel et al. 1975a, 1975b; 

Sawyer and Apel, 1976] have allowed the construction of global maps of soliton occurrence.  

Figure 7.10 shows the locations of solitons observed around the world by a variety of remote and 

in-situ sensors.  The majority of these sensors are synthetic aperture radars operated by the 

United States, Canada, the European Space Agency, the USSR/Russia and Japan.  Indeed, SAR 

is the premier sensor for the detection of solitons because of its sensitivity to small surface 

roughness changes at ocean surface wavelengths on the order of the radar wavelength as well as 

its independence from cloud cover and solar illumination.  In addition, SAR is a quantitative 

instrument because of control over factors such as frequency, phase, polarization, incidence 

angle, power, and swath width, all of which are important in the observation of oceanic 

phenomena 

 Figure 7.10 shows that soliton generation appears to be mostly confined to regions where 

relatively strong currents flow over bottom topography that protrudes up into the pycnocline.  

This happens mainly in coastal regions, but there are interesting and important exceptions, such 

as the apparent solitary waves observed near the Mid-Atlantic Ridge north of the Azores [Apel, 

1987], and in packets seen with shipboard acoustic Doppler current profilers (ADCPs) northeast 

of the Bismarck–Solomon Islands chain in the open South Pacific [Pinkel et al., 1997; Pinkel, 

2000].  The Mid-Atlantic waves could be caused by the Gulf Stream extension (pycnocline 

depths near 600 m) flowing over the Ridge (bottom depths near 900 m), and the Pacific Island 

solitons were probably generated near one of the inter–island sills in the region.  However, there 

is a dearth of open-ocean SAR imagery, so it is difficult to say how frequently deep-water 

solitons occur. 

 Nevertheless, it is clear that solitary internal waves are widespread.  If the theories of 

internal wave generation and propagation are even approximately correct, then Internal waves 

should occur globally at the many locations where the combination of stratification, bathymetry, 

and current flow conspire to give the conditions necessary for internal wave generation.  It is 

apparent that these conditions are common especially during the summer months in water of less 

than a few hundred meters depth.  Internal solitons, then, are likely to be ubiquitous. 
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Figure 7.10.  Locations of observed soliton occurrences around the world.  Most locations were detected in satellite imagery.  As additional data and imagery are 

collected, the number of noted occurrence locations will certainly increase. 
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7.3 Summary 

 Internal waves are among the most easily recognized of the oceanographic phenomena 

observed in remote sensing imagery.  The characteristic signature of alternating bands of light 

and dark quasilinear strips have been noted in photographs of the sea surface, in multispectral 

radiometer images, and in real and synthetic aperture radar images 

 It has been nearly four decades since the first in-situ observations were made of 

nonsinusoidal waveshapes for internal waves on the continental shelf [LaFond, 1962].  However, 

it has only been since satellite images have been acquired in sufficient quantity that the global 

extent and the recurrency of the waves have been appreciated.  In this regard, the accumulation 

of some ten years of SAR data from ERS-1, ERS-2, and Radarsat-1 has added greatly to the 

limited but tantalizing pictures from LANDSAT [Sawyer and Apel, 1976] and SEASAT [Fu and 

Holt, 1982]. 

 Internal solitons are among the most coherent and reproducible phenomena in the sea, 

barotropic astronomical tides perhaps excepted.  Since tidal currents are one ingredient in the 

recipe for producing most observed solitons (others being stratification and variable bathymetry 

that perturbs the density structure), it is not surprising that solitons follow the tides and the 

seasons.   

 The characterization of soliton packets as oscillations on the leading edge of the 

nonlinear internal tide is more recent [Gerkema, 1994, 1996; Apel, 1998].  Viewed from this 

perspective, the solitons can be regarded as part of the response of a fluid to an imposed internal 

shock, that is, they are a “ringing” of the leading edge of a super-Froude shock front moving 

across the ocean and repeating every 12-½ hours.  This front transports mass and momentum in 

both its mean and its fluctuations.  The other part of the response lies in the recovery from the 

initial downward displacement of the density field during the remainder of the tidal cycle.  The 

inclusion of Coriolis effects, which has not been mentioned here in detail, has an inhibiting 

influence on the onset of oscillations [Gerkema, 1994]. 

 Differences and similarities between solitons generated at shelf breaks and sills are 

pointed out, with the water depth in the far field being important to the lifetime of the waves.  

Packets generated at sills appear on the average to be more energetic than those generated at 

shelf breaks, and to take on more of the characteristics of solibores [Henyey and Hoering, 1997]; 

this is probably related to the intensity of tidal flows near sills.  The exact mechanisms for 

generation are not yet established, but the two main hypotheses, lee-wave formation and 

barotropic–baroclinic scattering, seem to happen at various locales.  This is a first-order problem 

for future research.  The relative magnitude of the various dissipation mechanisms are also 

unknown.  This difficult problem is also a first-order research issue that is important to resolve 

because of its impact on oceanic optical opacity, nutrification, and bio-stimulation.  
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8.1 Introduction 

 Ocean currents influence global and local climates and impact marine and terrestrial life 

through the redistribution of heat, nutrients, and pollutants.  Many of these processes are 

influenced by the strong current gradients that exist near the boundaries of major current systems 

and in regions of outflow from rivers and estuaries.  Frontal instabilities cause these boundaries 

to frequently evolve into meanders which may ultimately break off to form eddies.  Deep-water 

current gradients are typically characterized by a mixture of (1) cyclonic or anticyclonic shear in 

geostrophic balance, and (2) ageostrophic flow across the frontal boundary.  Although the 

ageostrophic component is usually much weaker than the geostrophic component, it can have a 

significant impact on the three-dimensional circulation patterns in the frontal region, and thus on 

physical and biochemical conditions in the mixed layer, via the downwelling or upwelling 

circulation associated with the surface current convergence or divergence in the frontal vicinity. 

 Ocean current boundaries are often accompanied by changes in surface roughness that 

can be detected by synthetic aperture radar (SAR) and other imaging radar systems.  These 

surface roughness changes are due to three main mechanisms.  The first mechanism involves the 

accumulation of naturally occurring (biogenic) surfactant materials in regions of converging 

surface currents [Ochadlick et al., 1992; Gower, 1994].  These materials attenuate short (cm to 

dm scale) surface waves and hence reduce the radar backscatter.  The resulting dark bands in 

imagery not only indicate regions of convergence, but also act as passive tracers, as discussed in 

Section 8.2.  The second mechanism involves the interaction of surface waves directly with 

surface current gradients [Lyzenga, 1991; 1998].  These interactions can cause either an increase 

or decrease in the surface roughness depending on the type of current gradient (convergence, 

divergence, or shear) and the wave propagation direction.  Therefore, these interactions may be 

manifested by either bright or dark bands in the imagery.  In some cases, changes in the 

wavelength and/or direction of longer waves can be observed directly and used to infer the 

underlying currents [Sheres, 1982; Beal et al., 1986; Barnett et al., 1989]. The final mechanism 

is due to atmospheric stability effects associated with the surface temperature gradients that 

frequently accompany current systems [Brown, 1990; Wu, 1991; Beal et al, 1997].  Convective 

instabilities occur in regions where the air temperature is lower than the water temperature, as the 

air in contact with the water becomes heated.  These instabilities cause an increase in near-

surface wind stress which, in turn, increases the surface roughness and the radar backscatter.  

Examples of each of these mechanisms are presented in the following sections. 
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 Current boundaries can frequently be observed in radar images, even in the presence of 

clouds that may obscure visible or infrared images.  However, these features depend on 

environmental conditions, and are ambiguous in the sense that they may be similar to features 

caused by other phenomena.  For example, the effects of surface slicks and of wave-current 

interactions decrease with increasing wind speed, while atmospheric stability effects depend on 

the temperature of the air relative to that of the water.  Therefore, interpretation of SAR images 

requires a knowledge of the general environmental conditions and may be aided by comparisons 

with imagery from other types of sensors.  For example, thermal fronts can be observed by 

infrared radiometers under cloud-free conditions, and the use of such imagery is frequently 

helpful in interpreting SAR images [Fu and Holt, 1982; 1983].  Surface slicks may also be 

expressed via sunglitter in visible images, as recently demonstrated by Munk et al. [2000] in a 

comprehensive study of 10-25 km spirals on the sea using space photography and imaging radar. 

 This chapter provides examples of current-related image features and discusses the 

relationships between these features and the underlying current fields.  Examples include the 

Norwegian Coastal Current, the Gulf Stream, and coastal fronts associated with the Chesapeake 

Bay outflow, arranged roughly from larger to smaller spatial scales.  

 

8.2 Norwegian Coastal Current  

 A good example of SAR-observed surface features associated with mesoscale circulation 

patterns is presented in Figure 8.1.  This figure shows a thermal infrared (IR) image (left) from 

the National Oceanic and Atmospheric Administration’s (NOAA) Advanced Very High 

Resolution Radiometer (AVHRR) and an ERS-1 SAR image (right) acquired about seven hours 

later on 3 October 1992 off the west coast of Norway.  The fairly weak temperature contrast 

shown in the AVHRR image is typical of the late fall time period.  The maximum temperature 

gradient is about 0.6°C km
-1

.  Previous observations across such temperature fronts have 

established corresponding salinity and density fronts, which combine to maintain a baroclinic 

current boundary.  The structure of the sea surface temperature field suggests mesoscale 

variability of 10 km to 50 km scale, characteristic of the unstable Norwegian Coastal Current 

[Johannessen et al., 1989]. 

 The ERS-1 SAR image contains frontal features at a scale, configuration, and orientation 

in agreement with those seen in the IR image.  The SAR image shows both bright and dark radar 

cross-section modulations of various widths across the boundaries.  This comparison clearly 

verifies that a SAR can image current boundaries, including meanders.  Based upon the surface 

weather analysis, winds were northerly at 5 m s
-1

 and air temperatures ranged from 12° to 14°C 

along the coast where the SAR image was acquired.  A moored buoy deployed about 20 km 

offshore reported a northward near-surface current of 0.30 m s
-1

, a water temperature of about 

13.5°C, and a significant wave height of 1 m at the satellite overpass time [Johannessen et al., 

1996].  The agreement between the locations and shapes of the meandering frontal features in the 

two images suggests that the same basic oceanic processes are being imaged by both sensors. 

 The air-sea temperature difference indicates near neutral atmospheric stability.  An 

analysis was conducted [Johannessen et al., 1996] to determine whether the SAR image patterns 

could be caused by atmospheric stability effects. This analysis indicated that the observed 

backscatter variations would require an air-sea temperature difference of –6°C to –12°C.  Since a 

temperature difference of this magnitude was not present, we conclude that the SAR image 

expressions for this case are primarily due to wave-current interactions involving short gravity 

waves along the current fronts.  This conclusion is strengthened by an analysis of the sign of the 
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Figure 8.1.  Mesoscale current features in the Norwegian Coastal Current as imaged by the NOAA AVHRR 

(thermal infrared) (left) at 1420 UTC and by the ERS-1 (C-band, VV) SAR (right) at 2135 UTC on 3 October 1992.  

Surface temperatures indicated by AVHRR image range from 12 °C (dark blue) to 14 °C (white).  Each image 

covers an area of 100 km x 300 km. [After Johannessen et al., 1996] 



SAR Marine User’s Manual 

 210

 

Figure 8.2. The Gulf Stream off North Carolina imaged via AVHRR (thermal infrared) (left panel - 1300 UTC) and 

RADARSAT-1 (C-band, HH) (right panel - 2300 UTC) on 16 October 1996 under low winds (between 2 
 
and 3      

m s
-1

).  Surface temperatures in AVHRR image range from 15°C (light green) to 30°C (red).  The imaged areas are 

each approximately 300 km wide.  [After F. Monaldo, R. Beal, and D. Thompson, 

http://fermi.jhuapl.edu/sar/compendium, 2002].  RADARSAT-1 image ©CSA 1996 

 

radar cross section perturbations (i.e., the presence of bright or dark lines) for the features in 

Figure 8.1, and for similar features observed in both aircraft and ERS satellite imagery over this 

area [Lyzenga and Wackerman, 1997].  Wave-current interaction theory predicts that for shear- 

dominated current gradients; the sign of the perturbation varies with look direction in a manner 

consistent with the observed features in these images. 
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Figure 8.3. The Gulf Stream off North Carolina imaged via AVHRR (thermal infrared) (left panel - 1300 UTC) and 

RADARSAT-1 (C-band, HH) (right panel - 2300 UTC) on 13 February 1997 under high winds (14 to 16 m s
-1

).  

Surface temperatures in AVHRR image range from 8 °C (blue) to 22 °C (orange).  The imaged areas are each 

approximately 300 km wide.  [After F. Monaldo, R. Beal, and D. Thompson, 

http://fermi.jhuapl.edu/sar/compendium, 2002]. RADARSAT-1 image ©CSA 1997 

 

8.3 Western Gulf Stream 

 Features associated with the Gulf Stream boundary were observed in SEASAT images 

[Hayes, 1981; Fu and Holt, 1982; 1983] and later in ERS-1 images [Beal et al., 1997].  Several 

examples illustrating the appearance of the Gulf Stream boundary in RADARSAT-1 images 

under different wind conditions are shown in Figures 8.2, 8.3 and 8.4 (additional ERS examples 

can be found at http://fermi.jhuapl.edu/sar). 

 Figure 8.2 shows the northern edge of the Gulf Stream near Cape Hatteras, North 

Carolina as imaged by the AVHRR IR sensor (left panel) and the RADARSAT-1 SAR (right 

panel) on 16 October 1996.  The wind speed at the time of the RADARSAT-1 overpass was 

between 2 m s
-1

 and 3 m s
-1

 from the northwest, as measured at NOAA buoy DSLN7 (just off 

Cape Hatteras). The warmer Gulf Stream water appears brighter in the SAR image, probably 

because of the atmospheric stability effect discussed in the previous section, since the air flowing 

from the northwest onto the warmer Gulf Stream would be expected to produce unstable 

conditions.  Wave-current interactions may cause the subtle modulations within the Gulf Stream. 

 Figure 8.3 shows a similar comparison of AVHRR and RADARSAT-1 images under 

higher winds (between 14 m s
-1

 and 16 m s
-1

) on 13 February 1997.  In this case, the AVHRR 

image is partially obscured by clouds (white), but a general correspondence still exists between 

the Gulf Stream boundary locations as indicated by the IR and SAR images.  The boundary in 

the SAR image in this case is demarcated by a narrow dark line that may be caused by the 

accumulation of surfactants. Alternatively, the dark region may indicate a transition from near 

neutral atmospheric stability over the Gulf Stream to highly stable conditions to the west, since 

the wind was from the east in this case. 
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Figure 8.4. The Gulf Stream off the U.S East Coast imaged AVHRR image (left panel - 1300 UTC) and 

RADARSAT-1 (C-band, HH) (right panel - 2300 UTC) on 10 October 1996 under moderate winds (6 to 8 m s
-1

).  

Surface temperatures in AVHRR image range from 10°C (light blue) to 30°C (red).  The imaged areas are each 

approximately 300 km wide.  [After F. Monaldo, R. Beal, and D. Thompson, 

http://fermi.jhuapl.edu/sar/compendium, 2002].  RADARSAT-1 image ©CSA 1996 
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 Figure 8.4 shows a strip of RADARSAT-1 imagery, along with the corresponding 

AVHRR image, acquired on 10 October 1996 about 600 km east of the previous images shown 

in Figures 8.2 and 8.3. The wind speed was between 6 m s
-1

 and 8 m s
-1

, as measured at NOAA 

buoy 41001 (34° 41′ N, 72° 38′ W).  The main Gulf Stream boundary, just below the center of 

the image, appears as a dark line in the SAR image.  A secondary thermal boundary farther to the 

north also shows up clearly as a difference in backscatter.  However, several distinct features 

near the bottom of the SAR image do not have any clear counterparts in the IR imagery.  Some 

of the differences may be attributed to the time delay between the images.  Other differences 

may be caused by processes such as small-scale mixing, eddies, and the formation of 

atmospheric fronts near the thermal boundaries.  The discontinuity in sea surface temperature 

along the edge of the Gulf Stream affects the atmospheric boundary layer wind fields on a 

variety of scales.  In particular, the mesoscale solenoidal flow can lead to frontogenesis, so that a 

wind front can often be found nearly parallel to the ocean front but possibly offset by synoptic 

winds or by frontal propagation.  Further examples of atmospheric fronts along the Gulf Stream 

boundary are shown in the aircraft SAR images discussed in the following paragraphs. 

 Figures 8.5 (a) and (b) show two smaller-scale airborne SAR images acquired about 20 

minutes apart near the northwestern boundary of the Gulf Stream east of Cape Hatteras, at 

approximately 35.3
o
N and 75.0

o
W.  A variety of surface features appear in these images, as 

identified in (c), including a large number of narrow slicks that were advected by the Gulf 

Stream currents during the 20 minute interval between frames (a) and (b).  The displacements of 

several of the slicks during this interval, indicated by arrows in (b), were measured by computing 

the local cross-correlation function for the two images.  The currents that are inferred from these 

displacements agree with shipboard ADCP measurements along the tracks shown by the dotted 

lines in (b) with an root mean square (rms) difference of approximately 4 cm s
-1

 for the easterly 

component and 13 cm s
-1

 for the northerly component of the current (the mean current was 67 

cm s
-1

 to the east and 102 cm s
-1

 toward the north).  Part of the difference between these 

measurements may be caused by wind drift, since the slicks are confined to a very thin surface 

layer. 

 The example in Figure 8.5 shows that quantitative surface currents can be obtained from 

pairs of suitably acquired SAR images, provided that surface features such as those shown in 

Figure 8.5 exist within the images.  Of course, such features do not always occur, and it is rarely 

possible to obtain pairs of images with a suitable time spacing from existing spaceborne SAR 

systems.  Surface slicks occur frequently near current boundaries and it may be possible to infer 

something about the currents from the orientation of the slicks observed within a single image.  

However, as shown in Figure 8.5 and as discussed in Lyzenga and Marmorino [1998], the 

orientations of the slicks are related more closely to the current gradients than to the current 

direction.  The orientation of the slicks in Figure 8.5 was well reproduced by a simple surface 

deformation model using the measured current gradients. 

 Also shown in Figure 8.5 is a wind front that corresponds roughly with the northern edge 

of the Gulf Stream.  The wind speed or wind stress is above the threshold for wave generation on 

the southeast side of this front and below the threshold on the northwest side, leading to the large 

difference in backscatter that is visible in the images.  Closer inspection shows that the position 

of the wind front has translated about 2 km between the images, corresponding to a speed of 

about 1.7 m s
-1

.  Such wind fronts can be confused with current or temperature fronts, although 

to the extent that wind fronts are correlated (as in this case), they may be used as crude indicators 

of current boundaries.  Time lapse images such as those shown in Figure 8.5 can be used to 
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Figure 8.5.  Airborne SAR images acquired by the ERIM/NAWC SAR (L-band, VV) system off Cape Hatteras, 

North Carolina.  Image (a) was acquired at 1630 UTC and image (b) was acquired at 1650 UTC on 16 September 

1991.  Superimposed on (b) are the surface current vectors obtained by tracking surface slick features that appear in 

both images (dotted curves indicate ship tracks).  Panel (c) identifies several other features appearing in the images.  

After Lyzenga and Marmorino, 1998].  The ERIM/NAWC SAR system was built by the Environmental Research 

Institute of Michigan and operated by the Naval Air Warfare Center. 
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distinguish these types of wind fronts, although image pairs are not presently available from 

spacecraft platforms, as noted previously. 

 

8.4 Estuarine outflows and channel convergence fronts 

 Figure 8.6 is an ERS-1 SAR image showing the mouth of the Chesapeake Bay, which is 

the largest estuary in the United States.  The data were acquired in the spring when the total river 

discharge rate into the bay is relatively high (about 3000 m
3 

s
-1

) but images obtained at other 

times of the year show similar features.  As relatively fresh water is discharged on successive 

ebb tidal cycles, a shallow salinity front develops and moves outward with the current into the 

denser continental shelf water.  The front is narrow ( ≤ 10 m wide) and has strong surface current 

convergence [Marmorino and Trump, 2000].  In Figure 8.6, the seaward edge of the outflowing 

plume is delineated by a high-backscatter (relatively bright) frontal signature (feature 1), located 

about 20 km from the mouth of the bay.  Similar SAR signatures appear for other outflow 

plumes, e.g., the Rhine River [Vogelzang et al., 1997; Hessner et al., 2001].  In the absence of a 

strongly opposing wind, water in the outflow turns back toward the coast and flows southward as 

a narrow coastal current. These narrow currents have been observed in SAR imagery to extend 

more than 70 km along the coast [Donato and Marmorino, 2002].  The frontal signatures (feature 

2) that are aligned approximately parallel to the coast correspond to the seaward edge of this 

coastal current.  Because the water from the bay was warmer than the shelf water, both the plume 

and coastal current are further accentuated by generally higher radar backscatter through the 

effect of reduced atmospheric stability.  Note, however, that a darker area of lower backscatter 

occurs along the coast southeast of Cape Henry (feature 3).  The lower backscatter results from 

cooler shelf water that upwells near Cape Henry and subsequently flows back toward the mouth 

on flood tide [Gallacher et al., 2000; Marmorino et al., 2000].  The seaward edge of this wedge 

of denser water forms another convergent front that is also apparent in Figure 8.6.  Although 

wind and stability effects are present, the frontal convergence is so strong that there is little doubt 

about the location of the current boundaries.  

 Additional SAR signatures appear within the mouth of the bay (features 4 and 5).  These 

relatively bright or dark bands lie approximately over the edges of two channels that are used for 

navigation.  Similar features occur along channels in smaller estuaries and rivers.  The bright 

band corresponds to a region of converging currents.  Converging currents can result from phase 

differences between the tidal current over the channel and the current over the adjacent shoals 

[e.g., Valle-Levinson et al., 2000].  An alternative explanation is that a cross-channel circulation 

cell develops from vertical shear acting in the presence of the Earth's rotation.  This circulation 

cell induces a surface convergence-divergence pair, which could account for the bright and dark 

bands in the imagery [Handler et al., 2001].  Therefore, it is possible that SAR signatures of 

estuarine channels result from a combination of physical processes. 

Added perspective and understanding of the underlying dynamics can be obtained from a 

sequence of radar images obtained during a tidal cycle.  Such measurements for the Chesapeake 

Bay have been reported by Sletten et al. [1999], who used a real-aperture radar deployed on a 

Navy P-3 aircraft to observe fronts that formed within the mouth on flood tide and that translated 

seaward on the subsequent ebb tide.  A new result is that bumps develop on the fronts and grow 

in amplitude during ebb tide.  The sharp bend, or kink, appearing in the plume front in Figure 8.6 

(feature 1) is likely an example of this.  Mied et al. [2002] show how such growing frontal 

bumps can result from initial perturbations to the across-front velocity.  A possible source for the 

initial perturbation is an abrupt change in bathymetry such as the change that occurs along shoal  
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Figure 8.6.  ERS-1 (C-band VV) SAR image of the lower Chesapeake Bay and adjoining continental shelf off the 

coast of Virginia (37 
o
N, 76 

o
W).  Data were acquired during orbit 4257, at 0321 UTC on 9 May 1992.   At that 

time, winds were about 6 m s
-1

 from the south (bottom of image) and the tidal current was about 1 hour into flood.  

Image resolution is about 100 m.  The width of the bay mouth (Cape Henry to Cape Charles) is about 17 km.  

Figure modified from Mied [1997].  The numbers refer to features described in the test.  Original image is ©ESA 

1992 and was provided by Dr. Robert Beal (Johns Hopkins University Applied Physics Laboratory) from his US8-

2c dataset. 
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regions in the bay mouth.  Similar ongoing studies aim to better understand the details apparent 

in high-resolution radar imagery of estuarine areas. 

 

8.5 Future Directions 

 The outlook for SAR oceanography continues to improve with the deployment of new 

spaceborne SAR systems such as ENVISAT (ESA, C-band, VV/HH), RADARSAT-2 (CSA, C-

band, HH), and ALOS/PALSAR (NASDA, L-band, VV/HH).  These systems offer wide swath 

imaging capabilities and will therefore significantly improve the temporal and spatial coverage 

needed to monitor the mesoscale current variability in coastal zones. It should be mentioned that 

ENVISAT includes an along-track scanning radiometer (AATSR) and an imaging spectrometer 

(MERIS) along with the imaging radar (ASAR), which offers the possibility of observing 

thermal fronts and water mass boundaries (under clear sky conditions) in addition to the surface 

roughness variations discussed in this chapter.  Under conditions of partial cloud cover, SAR can 

also be used to connect sea surface temperature fronts masked by the clouds.   

 Quantitative estimation of currents or current gradients from SAR image intensity 

modulations remains a goal, but is contingent on further progress in modeling the effects of 

wave-current interactions.  Such progress requires, among other things, a better parameterization 

of the source terms describing the growth of short gravity-capillary waves and the interaction of 

these waves with longer waves, including breaking waves.  Another effect that needs to be better 

understood is the interdependence of wind stress, surface roughness, and atmospheric stability.  

In general, since the current information provided by SAR is area-extensive but indirect, this 

information is best used in the context of assimilation into oceanographic process models [e.g. 

Johannessen et al., 1993 and Johannessen, 2000]. 

 A promising new technology for measuring ocean currents involves the use of two or 

more antennas separated in the along-track direction.  The signals from these antennas are 

combined coherently to form a complex image (or interferogram), and the phase of the 

interferogram provides a direct measure of the radial velocity of the scatterers within each 

resolution cell.  The scatterer velocity is related to the component of the surface current in the 

line of sight direction, but also includes contributions due to the phase velocity of the Bragg 

waves, so some interpretation of the data is required.  The use of this technique for ocean current 

estimation has been demonstrated with airborne SAR systems [Goldstein et al., 1989; Lyzenga 

and Malinas, 1994; Graber et al., 1996].  The performance of the method depends on the ratio of 

the antenna spacing to the platform velocity, i.e. the time delay between looks.  Thus, application 

of this method to spaceborne systems requires larger antenna separations than those used in 

airborne systems. 

 Although no satellite systems specifically designed for along-track interferometry are yet 

in operation, the Shuttle Radar Topography Mission (SRTM), which was flown on the Space 

Shuttle in February 2000, provided some preliminary information on the feasibility of such 

systems.  The SRTM included two antennas separated by 60 m in the cross-track direction, 

intended for surface topographic measurements.  For technical reasons, the antennas were not 

aligned exactly in the cross-track direction, and were in fact separated by 7 m in the along-track 

direction.  Data from this mission has been analyzed by Romeiser et al. [2002] in order to 

estimate surface currents off the Dutch coast with some success, although better results would 

have been obtained with a larger along-track antenna spacing.  As a result, Romeiser et al. [2003] 

have proposed similar experiments utilizing the split antenna planned for the German TerraSAR-

X satellite to be launched in 2005.  It should be noted that RADARSAT-2 will also have a split 
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antenna, and similar experiments could conceivably be carried out with this system.  Of course, 

fore and aft looks would also be desirable in order to resolve both components of the surface 

current [Frasier and Camps, 2001]. 

 Finally, the possibility of extracting surface current information using special processing 

of conventional spaceborne SAR data should be mentioned.  This processing involves estimating 

the Doppler centroid of the SAR signals, which is done by Fourier transforming the complex 

image data in the azimuth direction.  This technique was used with some success using aircraft 

SAR data but with very limited success using SEASAT SAR data [Lyzenga et al., 1982; 

Rufenach et al., 1983].  The limited success using SEASAT data may have been due to the 

(optical) processing method used and the frequency (L-band) of the SEASAT SAR.  More 

promising results have been obtained recently by Chapron [2002] using a more sophisticated 

processing of C-band ENVISAT ASAR data.  This processing includes a correction for Doppler 

centroid variations due to the antenna look direction, which is made possible by the precise 

orbital information available for ENVISAT.  The spatial resolution is less than the nominal SAR 

resolution because a certain number of azimuth samples are required for the Doppler spectrum 

estimation and additional samples are required for averaging the estimates.  The method has not 

yet been fully validated, but appears to warrant further development and evaluation. 
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9.1 Introduction 

 Ocean upwelling is the ascending motion of water from subsurface layers resulting from 

horizontal divergence at the surface layer and convergence below [Smith, 1968].  A more 

restrictive definition can be adopted by which upwelling is described as the “upward penetration 

of a mass of water into a surface mixed layer” and coastal upwelling, in particular, can be 

described as “the rise of the thermocline toward the coast” [Yoshida and Mao, 1957].  Detection 

and monitoring of upwelling activity from space over the world’s oceans is of importance as 

these regions are characterized by very high primary productivity and sustain roughly about half 

of the world’s fisheries catch, while accounting for only about 1 percent of the ocean surface 

area.  Upwelling dynamics are also considered a significant mechanism in the marine 

biogeochemical cycling of carbon and nitrogen and have important implications to local surface 

property fluxes and weather. 

 Upwelling activity commonly happens in coastal regions in response to wind forcing 

parallel to the coastline that produces a net surface water mass transport to the right of the wind 

direction in the Northern Hemisphere, to the left in the Southern Hemisphere, due to the Coriolis 

effect caused by Earth’s rotation.  Areas of intense upwelling activity are typically observed 

extending offshore from continental shelf regions that experience strong favorable winds 

throughout extended periods of time.  These include the United States (U.S.) west coast and 

northwest coast of Mexico, the coast of Ecuador and Peru, the northwest and southwest coasts of 

Africa, and the east coast of Somalia and the Arabian Peninsula.  Additional areas of less intense 

or shorter duration coastal upwelling activity are also found in many places around the world.  

Wind forcing over the equatorial ocean regions can produce ocean surface divergence and 

consequently upwelling, where the Equator itself serves as a boundary analogous to the coastline 

in coastal upwelling.  Open ocean upwelling may also be induced by atmospheric pressure 

changes such as those imposed by low-pressure storm systems.  In addition to atmospheric 

forcing, ocean currents can produce upwelling through current interaction with bathymetry that 

induces vertical mixing, sometimes referred to as tidal pumping, and through geostrophic 

adjustments of the mean circulation, known as dynamic uplift.  Current-driven upwelling is in 

general independent of wind forcing although a combination of both atmospheric and current 

effects may enhance the upwelling conditions observed in some regions.   

 Generally, upwelling is a seasonal or intermittent process that leads to significant changes 

in water mass distribution in the upper layers.  As the thermocline rises and in many cases 

reaches the surface, the vertical temperature gradient is decreased.  Changes in the subsurface 

density structure produce significant changes in the properties of the surface waters.  These 

properties can be detected and monitored through a variety of in-situ or satellite instruments.  

Satellite observations of upwelling indicators have the advantage of providing a synoptic view of 

a region compared to the limited spatial coverage afforded by in-situ sensors.  

 The focus of this chapter is on the capabilities and limitations of spaceborne synthetic 

aperture radar (SAR) as a tool to detect ocean surface signatures associated with upwelling 
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activity.  After a brief discussion of upwelling surface effects and their detection from space, a 

series of SAR upwelling signatures from the U.S. west coast, a major upwelling region, and the 

U.S. east coast, a minor upwelling region, are then examined.  These data are interpreted vis-à-

vis thermal infrared (IR) and visible observations currently used to routinely detect and monitor 

upwelling activity. 
 

9.2 Upwelling and its Effect on Surface Water Properties 

 Ekman [1905] deduced the fundamental dynamics of wind-forced upwelling from 

looking at the deflection in the drift of icebergs.  A balance between wind frictional forcing at the 

sea surface and the Coriolis forcing due to Earth’s rotation explained the observed current 

deflection. The Coriolis force deflects the motion of currents to the right in the Northern 

Hemisphere and to the left in the Southern Hemisphere within the time-scale of an inertial 

period.  Surface wind forcing imposes a shearing stress in the water.  The resulting total water 

mass transport, also referred to as the Ekman transport, has a mean transport direction to right 

(left) of the wind stress direction in the Northern (Southern) Hemisphere.  If there is a barrier 

such as the coast to the left of the wind direction (to the right in the case of the Southern 

Hemisphere), the divergent horizontal Ekman transport at the surface can produce a significant 

compensating upward flow, hence the term upwelling (Figure 9.1).   

 The presence of stratification (i.e., a mixed layer and thermocline) is required under the 

definition of upwelling used here.  For coastal upwelling and assuming two-layer stratification, 

the average upwelling speed (vertical movement) at the base of the upper layer is estimated to be 

of the order of 10
-3

 cm s
-1

 [Smith, 1968].  This upward movement typically brings low 

temperature, high nutrient, low oxygen, and in most cases lower salinity waters to the upper 

layer.  The process creates anomalies in the surface distribution of these physical and chemical 

properties.  These surface anomalies serve as indicators of upwelling dynamics.  Since upwelling 

brings nutrients into the euphotic zone, it also significantly enhances the primary productivity of 

coastal waters, which further contributes to changes in the bio-optical properties of the surface 

water mass such as an increase in the chlorophyll-a (Chl-a) content.  The presence of upwelling 

can be detected through in-situ, airborne or spaceborne sea surface observations of the 

distribution of these properties.  The strength of upwelling may be further assessed by comparing 

measurements of properties inside with measurements outside the effective width of the 

upwelling region.   

 

9.3 Upwelling Observations from Space 

 The ability to spatially map and monitor upwelling activity is important because of both 

its effect on coastal productivity and its contribution to the marine biogeochemical cycling of 

carbon and nitrogen, the cross shelf transport of properties and pollutants, and the exchange of 

properties across the air-sea interface.  Under cloud-free conditions, routine observations of 

upwelling are currently being done from space through passive observations made in the 

thermal-IR and in the visible part of the electromagnetic spectrum.  Observations of sea surface 

temperature (SST) from thermal-IR sensors such as the NOAA Advanced Very High Resolution 

Radiometer (AVHRR) are the most commonly used to map areas of active upwelling.  Ocean 

color products such as Chl-a or fluorescence from satellite visible (ocean color) sensors like the 

Sea-viewing Wide Field-of-view Sensor (SeaWiFS), the Moderate Resolution Imaging 

Spectroradiometer (MODIS), or the Medium Resolution Imaging Spectrometer (MERIS) are 

also useful in detecting and mapping upwelling activity through its effects on biological activity.   
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Figure 9.1.  a) Schematic of wind-forced coastal upwelling in the Northern  Hemisphere indicating the direction of 

the wind stress relative to the coastline, the surface drift direction ( 45° to the right of the wind  direction), the 

offshore direction of the Coriolis effect and net Ekman  transport, the raising of isotherms toward the coast, and the 

inshore  upwelling circulation.  b)  Schematic of current-induced upwelling over shallow bathymetry indicating the 

raising of isotherms over a shoal as flow induces water mixing.  An offshore current flowing into the page and an  

over the shelf current flowing out of the page are also depicted in the figure. 

 

In the case of SAR, the key mechanisms for imaging upwelling patterns are 1) the reduction of 

sea surface roughness due to lower sea surface temperatures that decrease the wind stress and 2) 

the presence of upwelling-associated biogenic slicks and the ensuing damping of capillary and 

gravity (Bragg) waves.  In the first mechanism, colder waters resulting from upwelling can 

impose significant changes in the stability of the marine boundary layer as well as in the surface 

water density relative to the surrounding waters.  Lower wind stress produced by increased 

stability (i.e., colder sea level temperatures) and by possible increased damping of capillary 

waves over colder and denser waters contribute to produce lower sea surface roughness, thus 

creating areas of lower backscatter in SAR imagery.   In the second mechanism, biogenic slicks 

that dampen the sea surface roughness are caused by biological activity associated with the 

higher concentration of nutrients in the upwelled waters and the increased availability of sunlight 

at the surface layer.  Thus, the imaging of upwelling patterns by SAR may result from both 

thermal and biological effects.  The interpretation of SAR imagery over upwelling regions 
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Figure 9.2.  SEASAT (L-band, HH) SAR image of the Nantucket Shoals, south of Cape Cod, Massachusetts, 

acquired on 27 August 1234 UTC.  Nantucket Island is shown in the upper-left quadrant of the image.  The decrease 

in backscatter over the region was suggested by Apel [1987] to be the result of SAR sensitivity to upwelling 

conditions.  Bathymetric patterns and oceanic internal waves are also evident in this image. [Image courtesy of 

NASA/JPL] 

 

is unfortunately complicated by other atmospheric and oceanic factors such as low wind speeds, 

rain, or the presence of mineral surfactants that also cause the occurrence of low radar 

backscatter features [Clemente-Colón and Yan, 2000]. 

 Since the advent of the first spaceborne SAR aboard SEASAT, certain circulation 

patterns imaged by this active microwave imaging sensor have been linked to upwelling activity.  

These observations are of interest since a SAR is not limited to operating under cloud free 

conditions, like thermal and visible sensors.  Fu and Holt [1982] showed circulation patterns 

captured by SEASAT indicating the offshore intrusion of shelf water and associated coastal 

eddies that result from the seasonal upwelling dynamics off Point Arena, California.  However, 
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Figure 9.3.  ERS-1 (C-Band, VV) SAR image (left) off the Northern coast of Taiwan acquired on 23 July 1994 at 0226 UTC and NOAA-11 AVHRR SST image 

in °C (right) acquired 22 July 1994 at 0803 UTC. The predominant low backscatter feature is interpreted as an indication of upwelling induced by the Kuroshio 

Current interaction with bathymetry [After Hsu et al. 1995, 2000].  The ERS imaged area is 200 km x 100 km with its coverage outlined on the SST image.  ERS 

image ©ESA 1994, courtesy of The Tropical and Subtropical Ocean Viewed by ERS SAR. http://www.ifm.uni-hamburg.de/ers-sar/]. 
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many of the interpretations of low backscatter regions associated with upwelling have been put 

forward without validating or supporting ancillary observations.  Apel [1987] provided one of the 

earliest suggestions by associating relatively low backscatter regions imaged by SEASAT over 

the Nantucket Shoals off Cape Cod, Massachusetts, shown in Figure 9.2, with the presence of 

upwelling.  In this case, upwelling is thought to be caused primarily by the interaction of the tidal 

and coastal currents with the shoals, which produces increased speed, turbulence, and significant 

mixing of the water column that lowers SST.  Using ERS-1 data acquired off the island of 

Taiwan, Hsu et al. [1995] provided one of the first actual comparisons between SAR and sea 

surface temperature (SST) observations of upwelling activity.  Figure 9.3 presents a two-frame 

ERS-1 SAR image acquired on 23 July 1994 and an AVHRR SST image acquired less than a 

day earlier over the East China Sea.  The distinct low backscatter features correspond with low 

temperature features in the AVHRR data.  These low temperature patterns routinely form off the 

coast of Taiwan and are interpreted as an indication of upwelling induced by Kuroshio Current 

interaction with the bathymetry [Hsu et al. 1995, 2000].  The presence of slicks, indicating 

biological activity, as well as of internal wave patterns, indicating the presence of stratification 

and a thermocline, is additionally captured by SAR. In spite of the evident detection potential of 

SAR, upwelling investigations using this technology have been very limited due in part to the 

difficulties in acquiring coincident thermal or ocean color observations that can be used to 

properly characterized the SAR detections over upwelling regions.  The lack of sufficient 

validation data sets is due in part to a combination of physical factors such as the presence of 

non-optimum atmospheric conditions and significant  SAR access and availability limitations as 

compared to other sensor data.    
 

9.4 U.S. West Coast Upwelling 

 The U.S. west coast is one of the major upwelling regions in the world because of the 

presence of intense and persistent upwelling-favorable (northerly) winds. Significant upwelling 

research has been conducted in this region using thermal as well as ocean color spaceborne 

observations.  In order to identify imagery that contained upwelling signatures, a search of  

RADARSAT-1 and ERS-1/2 SAR archived data available over the U.S. west coast for which 

image thumbnails were provided was done in the Canadian Centre for Remote Sensing (CCRS) 

Earth Observing Catalogue [CCRS, 2001] and the ESA Earth observation catalogue [ESA, 2001].  

Although limited in spatial resolution and lacking optimal enhancement, the available thumbnails 

indicated the regular detection of many features consistent with upwelling activity in the region.  

Overall, the imagery found conveyed the potential that SAR has for coastal monitoring of the 

region.  

 Based on the thumbnail assessment, a full resolution RADARSAT-1 ScanSAR Wide 

image of the California coast south of Monterey Bay acquired on 3 May 1998 at 1410 UTC was 

obtained, a portion of which is shown in Figure 9.4.  A region of lower backscatter and slick 

signatures along the coast can be seen, indicating upwelling activity.  The upper and left side of 

the image shows a region dominated by high winds and atmospheric variability patterns.  These 

atmospheric features increase the surface roughness and limit the SAR imaging of the low 

backscatter upwelling patterns.  

AVHRR SST observations obtained during relatively clear conditions on 9 and 10 May 

show active upwelling from Monterey Bay to Point Conception, as indicated by the lower 

temperature waters (blue and greenish colors) along the coast seen in Figure 9.5.  Additional 

SAR thumbnail images over the region show low backscatter SAR upwelling signatures along 
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Figure 9.4.  RADARSAT-1 (C-band, HH) ScanSAR Wide image of the California coast south of Monterey Bay on  

3 May 1998 at 0157 UTC showing a low backscatter region and slick patterns associated with coastal upwelling. 
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Figure 9.5.  AVHRR images of SST off the California coast acquired on 9 May (left) and 10 May (right) 1998 at 

approximately 2100 UTC and showing upwelling activity south of Monterey Bay.  The upwelling activity along the 

coast is indicated by the lower temperature waters (blue and greenish colors).  These images were obtained from the 

Monterey Bay Aquarium Research Institute Biological Ocean Group remote sensing data server, MBARI, 2001] 

 

the coast, but are similarly limited in offshore extent.  In fact, a preliminary assessment of the 

available SAR thumbnail imagery of the west coast suggests that observed SAR low backscatter 

patterns do not tend to delineate the full offshore extent of SST upwelling signatures in the 

region.  That is, while SAR low backscatter patterns that correlate with upwelling thermal 

patterns were found near the coast, offshore thermal upwelling patterns do not appear to produce 

identifiable SAR signatures.  The fact that the strongest SST coastal upwelling signals typically 

occur inshore and that strong winds (greater than approximately 10 m s
-1

) tend to decrease ocean 

SAR signatures provides an explanation for the partial capture of upwelling features by SAR 

along the west coast.  In other words, the same strong winds responsible for the extraordinary 

upwelling activity observed in this region may at the same time be hindering the imaging of the 

phenomenon by SAR. 

 Of course, atmospheric “contamination” of the SAR upwelling signature may not be 

limited to the offshore area but could also affect the observation of expected upwelling patterns 

inshore.  This is shown in Figure 9.6 where convective cell signatures contaminate the upwelling 

lower backscatter and slick patterns. In spite of the potential complications from either low wind 

speed or other atmospheric or oceanic signatures, SAR has the potential to detect upwelling 

activity under certain conditions.  However, to date there has been very limited upwelling 

research and applications development using this sensor.  An early example of unpublished 

research was worked done by Pierre Flament as part of a NASA JPL project that looked at the 

detection of a coastal jet feature associated with West Coast upwelling conditions using airborne 

SAR and 1994 Shuttle SIR-C SAR data [Evans and Plaut, 1996].  A dissertation work on 

biological oceanography conducted by Paul DiGiacomo under the advice of Ben Holt appears to 

be one of the first to link SAR observed features with upwelling activity in the Southern 

California Bight (SCB) [DiGiacomo, 1999].  Figure 9.7 shows the ERS-1 SAR and AVHRR 

SST images of a small-scale cyclonic eddy observed in the Santa Monica Basin on 29 November 



Upwelling 

 229

© CSA 1998 20 km

sssuuurrrfffaaaccceee   wwwiiinnnddd
vvvaaarrriiiaaabbbiiillliiitttyyy
pppaaatttttteeerrrnnnsss

MMMooonnnttteeerrreeeyyy
BBBaaayyy

California

555   kkkmmm

region of low-backscatter
affected by slicks and
atmospheric variability

 

Figure 9.6.  RADARSAT-1 ScanSAR Wide (C-Band, HH) image of the California coast south of Monterey Bay on 

20 June 1998 at 0157 UTC showing low backscatter features associated with upwelling patterns contaminated by 

atmospheric conditions near the coast. 

 

1994.  The eddy, approximately 25 km in diameter, was interpreted by DiGiacomo to be 

associated with an upwelling event off Point Dume at the northwest edge of Santa Monica Basin.  

The cold eddy is delineated in the SAR image by counterclockwise spiraling slicks.  Although in 

this case the slicks are interpreted as being of biogenic origin, the SCB is also characterized by 



SAR Marine User’s Manual 

 230

  

Figure 9.7.  ERS-1 SAR image  (above) of a cyclonic eddy in the Santa Monica Basin and near-coincident AVHRR 

SST image (below) of the same feature 2.5 hours earlier on 29 November 1994.  The author associated the eddy 

with an upwelling event off Point Dume. [After DiGiacomo, 1999] 
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Figure 9.8.  ERS-1 SAR and AVHRR images off Cape Blanco, Oregon, 26 August 1994; AVHRR SST (left), 

AVHRR chlorophyll estimate from the visible channel (right) and SAR (bottom).  Circulation vectors were obtained 

from feature tracking on a series of AVHRR images.  [After Svejkovsky and Shandley, 2001] 

 

the widespread presence of natural mineral oil slicks that can also delineate circulation patterns.  

Thus, caution needs to be exercised in the interpretation of similar slick features in SAR 

imagery, as shown in Chapter 2 Figure 2.20 of this manual. 

 The Oregon State University GLOBEC Program in collaboration with Ocean Imaging 

has also looked at upwelling conditions to the north, off the Oregon-Washington coast. The 

program obtained 1994 ERS-1 and AVHRR images that captured upwelling-associated features.  

Based on these data, Svejkovsky and Shandley [2001] provided a comparison between coincident 

SAR observations. Figure 9.8 shows an upwelling filament as captured by ERS-1 SAR and 

AVHRR images acquired about 3 hours apart off Cape Blanco, Oregon, on 26 August 1994.  In 
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Figure 9.9.  ENVISAT ASAR (C-band, VV) image (left) acquired off the coast of Mauritania in Northwestern 

Africa on 22 March 2002 along with a fluorescence product from MERIS ocean color data (right) simultaneously 

acquired.  High biological activity associated with upwelling in the region is indicated by the red and green colors.  

[ENVISAT ASAR and MERIS images were acquired from the ESA’s Observing the Earth web portal, ESA, 2002]   

 

addition to the SST pattern, an AVHRR estimate of chlorophyll from the visible channel was 

produced that also matched the observed low backscatter area imaged by SAR, further pointing 

toward the biological nature of the upwelling filament. 

 Upwelling-favorable northerly wind forcing in the U.S. west coast is significantly 

stronger and more persistent than that experienced in the eastern coastal regions of the U.S. 

because of major atmospheric circulation patterns moving from the west over the Pacific Ocean.  

The offshore spatial extension of upwelling thermal (SST) or biological (ocean color) patterns is 

consequently much greater in the west coast than it would be in the east.  In contrast, a closer 

match between the smaller SST and ocean color upwelling patterns observed off the east coast 

and their associated SAR low backscatter patterns has been found, as we will see in the next 

subsection. 

 Other strong upwelling areas characterized by strong winds should similarly exhibit 

apparent weakening of SAR upwelling detection offshore, as that observed off the west coast.  

An example of SAR observations of another major upwelling region is shown by the ENVISAT 

ASAR image of the coast of Mauritania in Figure 9.9.  In this case, the presence of strong 

northerly winds at the time of the observation is indicated by the wind rows signatures in the 

image.  Again, the presence of high winds, which produces excessive surface roughening and 

mixing, is responsible for the relatively weak contrast of the upwelling backscatter pattern than 

what would otherwise be expected over an active upwelling region.  The occurrence of 

upwelling conditions in the region is confirmed in this case by the MERIS fluorescence data 

obtained simultaneously and also shown in the figure. 



Upwelling 

 233

9.5 U.S. East Coast Upwelling  

 The U.S. east coast is one of many regions around the world that is impacted by localized 

seasonal upwelling events.  Localized seasonal upwelling throughout the U.S. Middle-Atlantic 

Bight (MAB), from New England to the North Carolina Capes, occurs during the summer 

months (June to September) because of episodic wind forcing generally from the south.  While 

upwelling events in the region are more confined and of less duration than over the west coast, 

they still are of local importance to the water mass distribution and productivity of the region.  

Because of the University of Delaware College of Marine Sciences interest in studying the 

interaction between coastal circulation and upwelling dynamics over the MAB continental shelf, 

a detailed investigation of upwelling detection by SAR was undertaken by NOAA/NESDIS that 

made available a large amount of full-resolution RADARSAT-1 SAR data over the U.S. east 

coast [Clemente-Colón, 2001].  Multiple RADARSAT-1 observations during periods of 

confirmed upwelling and non-upwelling conditions in June, July, and August 1998 have 

provided insight as to the ability of SAR to detect and monitor the phenomenon.  Interpretation 

and validation of SAR upwelling observations were done using a series of available AVHRR 

SST, GOES IR, and SeaWiFS ocean color (Chl-a) images obtained before, during, or after the 

SAR observations.  These data were supplemented by in-itu observations from weather buoys, 

Coastal-Marine Automated Network (C-MAN) stations and the Rutgers University Long-term 

Ecosystem Observatory off the coast of New Jersey. 

  Upwelling conditions off the Delaware Bay and the Chesapeake Bay were detected in 

three Standard Mode RADARSAT-1 SAR images on 2 June 1998 shown in Figure 9.10a.  Near-

coincident SST images indicate upwelling areas off the Delmarva (Delaware, Maryland, and 

Virginia) Peninsula down to the North Carolina coast, which developed in response to southerly 

winds.  Low backscatter patterns imaged by SAR match closely the upwelling locations observed 

in the near-coincident SST data.  Figure 9.10b shows a close-up of the southernmost upwelling 

feature in these SAR images revealing the substantial presence of slicks within the lower 

backscatter areas on the colder side of the isotherms.  Donato and Marmorino [2002] provide 

further analysis of this coastal feature.  Through a semi-analytical approach, the sensitivity of the 

radar backscatter to SST over “slick-free” waters has been found to be of the order of 1
º
C/dB and 

is attributed mostly to changes in the marine boundary layer stability, i.e., a decrease in the 

turbulent flow and consequently in the wind stress over cooler waters.  It was also noted that this 

radar sensitivity to SST changes decreases as wind speed increases [Clemente-Colón, 2001].  

When slicks are present, extremely low backscatter values are observed, in some cases down to 

the noise floor of the instrument.  The upwelling-associated biogenic surfactants are in fact very 

effective in damping Bragg waves and in many cases dominate the SAR imaging of upwelling 

patterns.  

 An apparent detachment or coastal separation of the location of upwelling low 

backscatter features off the Chesapeake Bay and Delaware Bay mouths is also noted and can be 

observed in more detail in Figures 9.10c and 9.10d.  The edge of the SAR upwelling patterns 

sharply delineates the offshore frontal extent of a bay outflow and southward coastal flow feature 

in both cases.  It can be expected that the presence of upwelling activity in the vicinity of an 

estuary outflow would impose restrictions or boundary conditions on the development and 

surface manifestation of each other.  The impact of both, atmosphere-ocean interactions and the 

buoyant low salinity outflows, on the circulation dynamics of this region are further addressed by 

Austin and Lentz, [1999] and Rennine et al., [1999]. 
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Figure 9.10a.  Coastal upwelling activity from the Delaware Bay to the North Carolina coast as imaged by 

RADARSAT-1 Standard Mode (C-Band, HH) frames at about 1115 UTC (left) and AVHRR SST (°C) at 1108 UTC 

(right) on 2 June 1998.  The dark line offshore in the AVHRR image represents the 100m isobath and indicates the 

extent of the continental shelf. 
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Figure 9.10b.  Close-up of upwelling activity off the North Carolina coast as imaged by SAR on 2 June 1998 at 1115 

UTC with the 18°C and 16°C isotherms from AVHRR data acquired at 1108 UTC superimposed. 

 

 Upwelling along the coasts of New Jersey and Long Island was relatively intense on 30 

July 1998 due to persistent winds and was captured by both RADARSAT-1 SAR and AVHRR 

SST as shown in Figure 9.11a.  The data show a direct correspondence between the low 

backscatter SAR and low SST patterns along the upper coast of New Jersey and the southern 

coast of Long Island.  In addition, the SAR image shows a large filament pattern that extends 

southward from the Long Island coast as well as noticeable large low backscatter patterns in the 

middle of the image over the outer continental shelf.  The outer low backscatter regions 

correspond closely with SeaWiFS Chl-a concentration observations (Figure 9.11c) rather than 

with SST.  

 Figure 9.11b shows a close-up of the SAR observations off the upper New Jersey coast 

and the Hudson River Estuary revealing the location of several distinct upwelling centers, slick 

patterns associated with the upwelling filament extending off Long Island as well as a Hudson 

River Estuary plume front.  Similar to the observations off the Delmarva Peninsula (Figure 

9.10c), the low backscatter areas along the New Jersey coast correspond to lower SST 

temperatures.  Again, the lower backscatter is caused by the cooler upwelled waters and the 
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Figure 9.10c.  Close-up of upwelling activity off the Delaware Bay mouth 

as imaged by SAR on 2 June 1998 at 1115 UTC. 
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Figure 9.10d.  Close-up of upwelling activity off the Chesapeake Bay 

mouth as imaged by SAR on 2 June 1998 at 1115 UTC. 
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Figure 9.11a.  Upwelling activity off the upper New Jersey and Long Island coasts as imaged by RADARSAT-1   

(C-band, HH) Standard Mode at 2240 UTC (left) and AVHRR SST (in °C) at 1832 UTC (right) on 30 July 1998.  

The dark line offshore in the AVHRR image represents the 100m isobath and indicates the extent of the shelf. 
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Figure 9.11b.  Close-up of upwelling activity and offshore filament patterns off the New Jersey coast, the Hudson 

River Estuary, and the southern coast of Long Island as imaged by RADARSAT-1 (C-band, HH) Standard Mode on 

30 July 1998 at 2240 UTC. 

 

presence of biogenic surfactants.  The image also shows a sharp frontal region between the 

warmer and fresher estuarine waters of the Hudson River and the colder and saltier shelf waters 

similar to the patterns off the Delaware and Chesapeake Bays in Figure 9.10c and 9.10d.  In the 

SAR image, the Long Island cold filament is characterized by the delineation of eddy circulation 

patterns by surfactants as it extends southward.  The filament is also observed in the SeaWiFS 

Chl-a concentration data extending southward past mid-shelf (Figure 9.11c) along with two other 

offshore bloom features that correspond closely with the offshore low backscatter patterns visible 

in SAR image (Figure 9.11d).  This close correlation supports the interpretation of both of these 

SAR features as being in fact manifestations of offshore biological activity resulting as a 

secondary effect of the coastal upwelling activity.  Internal waves imaged in the blooms, 

indicating the presence of stratification conditions below, are also noteworthy.  
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Figure 9.11c. Upwelling and offshore bloom patterns in a SeaWiFS Chl-a (in mg m
-3

) image (right) of upper New 

Jersey, the Hudson River Estuary, and Long Island from 2 August 1998 at 1713 UTC compared against the 30 July 

RADARSAT-1 SAR (C-Band, HH) observations (left).  The white line offshore in the SeaWiFS image represents 

the 100m isobath and indicates the extent of the shelf. 
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Figure 9.11d.  Close-up of upwelling and offshore bloom features off the New Jersey coast imaged by  

RADARSAT-1 (C-band, HH) Standard Mode on 30 July 1998 at 2240 UTC. 

 

A series of observations over the Nantucket Shoals upwelling region off Cape Cod were 

also available as part of the 1998 MAB data studied.  Both SST and ocean color imagery 

captured a recurrent upwelling center sustained mainly by the coastal current interaction with the 

shoaling bathymetry.  An example of SAR’s ability to closely delineate this upwelling feature is 

shown by the near-coincident RADARSAT-1 and NOAA AVHRR SST observations off Cape 

Cod on 13 August 1998 in Figure 9.12a.  A well-defined upwelling region observed in the sea 

surface thermal data is in strong agreement with the observed low backscatter pattern shown also 

in a close-up in Figure 9.12b.  These data support Apel’s [1987] interpretation of an upwelling 

induced decrease in backscatter in the 1978 SEASAT data (Figure 9.2).   In addition to the low 

backscatter conditions imposed by the presence of upwelling, multiple bright bathymetry 

signatures generated over the Nantucket Shoals are imaged.  These features are the result and 

confirm the presence of a shallow bathymetry and a strong flow over the region.  The presence of 
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Figure 9.12a.  Upwelling activity over the Nantucket Shoals as imaged by RADARSAT-1 (C-Band, HH) Standard 

Mode at 2232 UTC (left) and AVHRR SST (in °C) at 1906 UTC (right) on 13 August 1998.  The dark line offshore 

in the AVHRR image represents the 100m isobath and indicates the extent of the shelf.  

 

oceanic internal wave packets to the north indicates stratified conditions in the area.  In addition, 

lower wind speeds over the upper region in the image allows for the SAR imaging of biogenic 

slicks that are not directly associated with the upwelling conditions. 

 

9.6 Summary 

 The coincident and near-coincident SAR, SST, and ocean color observations shown in 

this chapter demonstrate the ability of SAR to detect upwelling patterns in major (e.g. U.S. west 

coast) and minor (e.g. U.S. east coast) regimes.  The potential for offshore imaging in major 



SAR Marine User’s Manual 

 242

 

10 km  © CSA 1998 

 

upwelling 
signature 

bathymetric 
signatures 

Nantucket 
Island 

upwelling 
signature 

 

Figure 9.12b.  Close-up of Cape Cod upwelling pattern as imaged by RADARSAT-1 (C-band, HH) Standard Mode 

on 13 August 1998 at 2232 UTC. 

 

upwelling regions may be diminished by the prevalence of associated stronger or more prevalent 

winds.  In fact, SAR appears to provide better imaging of upwelling patterns over minor wind-

forced as well as current-induced upwelling areas than over major upwelling regions.  In general, 

the presence of colder waters resulting from upwelling coincides with an overall decrease in 

backscatter due to an increase in the boundary layer stability that in turn produces a decrease on 

the wind stress.  The presence of slicks associated with enhanced biological activity in upwelling 

regions significantly contributes to an additional decrease in the observed radar return trough the 

effective damping of the Bragg waves.  In addition, SAR can delineate circulation patterns 

associated with upwelling and other coastal processes through current modulation as well as the 

imaging of slick patterns. 
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 When wind speed conditions are optimum SAR for observation, the fine spatial 

resolution of the sensor, compared to present spaceborne SST ocean color data, may provide 

better delineation of upwelling fronts.  The ability of SAR to detect other ocean features such as 

internal waves, coastal fronts, and plumes, provides additional information that can be useful in 

the analysis of the upwelling region, particularly as it relates to the interaction between 

upwelling and these dynamical processes.  Because of its ability to provide observations through 

clouds, SAR can help increase the available monitoring capabilities already provided by both IR 

and visible satellite sensors.  Thus, SAR observations could help decrease temporal gaps in the 

monitoring of coastal upwelling conditions while providing a connection between thermal and 

biological observations as well as between upwelling and other coastal processes at different 

spatial scales.  

 However, it is clear that SAR observations of upwelling conditions are best interpreted 

when additional ancillary data such as SST or ocean color data are available.  When combining 

SAR with these ancillary observations to interpret the presence of upwelling activity, it is 

important to keep in mind a number of caveats.  First, thermal and ocean color upwelling 

observations do not always correlate with each other, i.e., although their dynamics may be linked 

initially, the evolution of SST and Chl-a may ultimately not.  Thus, pattern mismatches between 

SAR and SST and between SAR and Chl-a observations should be expected.  Second, although 

an abundance of natural slicks is characteristic of regions of enhanced biological activity, 

observations of increased Chl-a may not in fact directly correlate with the presence of slicks in 

SAR since the appearance of slicks may also depend on the degree of development of the 

biological activity as well as the wind conditions at the time of the observation.  Third, ocean 

color observations indicating various degrees of biological activity are possible throughout the 

year, particularly in the coastal ocean, and may not indicate by themselves a response to 

enhanced upwelling activity in a region.  And fourth, given that the presence of surfactants in 

seawater is indeed prevalent, including both biogenic and mineral substances, very low wind 

speed conditions can allow for the appearance of natural slicks to occur even when no upwelling-

enhanced biological activity is present. 

 In summary, the capability of SAR should be used to complement the classical and 

widely accepted ways of monitoring upwelling phenomena such as in-situ observations of wind 

and ocean parameters or satellite observations of SST and ocean color.  The addition of SAR as 

an upwelling observing tool should help improve our understanding of upwelling associated 

physical and biological coastal processes.  These processes may include the distribution of 

biological productivity, the effect of enhanced productivity on the development of hypoxic 

conditions, water clarity, water mass exchange across the shelf, coastal outflow and currents, 

larval distribution and dispersion, and the dispersion and detection of pollutants, among others. 
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10.1 Introduction 

 Knowledge of underwater features and ocean bathymetry is essential to support activities 

such as shipping, boating, dredging, pipeline and cable laying, and for the determination of 

coastal hazards.  In certain areas (for example the Dutch and the German coasts) the location, 

shape, and depth of underwater banks or shoals is highly variable due to the presence of strong 

currents and a seafloor that consists of sand or gravel.  Under these conditions, regular 

monitoring and dredging are required in coastal areas.  Conventionally, depth charts are obtained 

by sonar measurements carried out from dedicated vessels (survey vessels), which are quite 

expensive to operate with typical operating costs of US $5000 per day. 

 Under favorable conditions, synthetic aperture radar (SAR) has the ability to detect sea 

floor topographic features in shallow water areas.  The radar detects underwater features 

indirectly by means of variations of the sea surface roughness induced by variations of a current 

overflowing the submarine feature.  Thus this technique relies on the presence of a (strong) 

current, along with the presence of small-scale waves (wind waves) on the sea surface to provide 

the radar backscatter.  While at present it is not possible to generate depth charts from radar data 

alone (acoustic sounding data must be used for calibration), the data can be used to highlight 

areas of significant change, or to interpolate between depth profiles measured by acoustic 

sounders operated from ships.  Thus radar measurements can serve to reduce greatly the number 

of ship tracks required for generating bathymetric maps of a given accuracy and therefore can 

reduce greatly the costs of bathymetric surveying. 

 In Section 10.2 the principle of radar imaging of underwater topography is described and 

in Section 10.4 a more detailed description of the present status of the synthetic aperture radar 

(SAR) imaging theory is given.  Some representative examples of SAR images showing 

bathymetric features acquired by satellite SARs are presented in Section 10.3.  A method that 

uses (in conjunction with acoustic sounding data) ERS SAR data to generate bathymetric maps is 

described in Section 10.5.  An assessment of the accuracy of this method, called Bathymetry 

Assessment System (BAS) and developed by ARGOSS in the Netherlands, is also presented in 

Section 10.5.  Finally, Section 10.6 contains a short summary and a historical note. 
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Figure 10.1.  Schematic plot showing the relationship between radar image intensity, sea surface roughness, tidal 

flow, and underwater bottom topography. 

 

10.2 Principle of radar imaging of underwater bottom topography 

 It has been known for more than thirty years that, under certain conditions, underwater 

topographic features, like (sand) banks and shoals, become visible on radar images of the sea 

surface.  This is surprising because the electromagnetic waves emitted by the radar penetrate into 

sea water only to a depth that is small compared to the radar wavelength, i.e., to a depth on the 

order of millimeters to centimeters depending on radar wavelength.  Already in 1969, de Loor 

and coworkers in the Netherlands noticed radar signatures of underwater sand waves on Ka-band 

(36 GHz) real aperture radar (RAR) images taken from an aircraft over the North Sea  [de Loor 

and Brunsveld van Hulten, 1978].  However, the knowledge that radar is capable of detecting 

underwater bottom features down to depths of tens of meters below the sea surface in ocean 

regions with strong (usually tidal) currents became widespread only in 1978 when the first radar 

images acquired by the synthetic aperture radar (SAR) aboard the American SEASAT satellite 

became available.  In particular, SEASAT SAR images acquired over the English Channel and 

the Nantucket Shoals have been used extensively in studies dealing with the radar imaging 

mechanism of underwater sand banks [Lodge, 1983; Alpers and Hennings, 1984; Shuchman et 

al., 1985; Valenzuela et al., 1985; Hennings et al., 1988]. 

 Imaging radars like real aperture radar (RAR) or synthetic aperture radar (SAR) sense 

underwater topographic features indirectly by variations of the small-scale sea surface roughness 

induced by a variable surface current.  The radar imaging mechanism of an underwater 

topographic feature (sand wave) is depicted schematically in Figure 10.1 [Alpers and Hennings, 

1984; Shuchman et al., 1985; Vogelzang et al., 1992; Vogelzang, 1997].  The tidal current is 

modified by the variable water depth as indicated by the arrows.  The current velocity at the sea 

surface is higher over shallow areas than over deep areas, giving rise to convergent flow regimes 

where the sea surface roughness is increased and to divergent flow regimes where roughness is 
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decreased.  In the convergent areas, the waves are "squeezed", while in the divergent areas they 

are "stretched".  This leads in the convergent areas to an increase of the amplitude of the Bragg 

waves responsible for the radar backscattering (see Section 10.4) and thus to an increase of the 

backscattered radar power; in the divergent areas it leads to a decrease in Bragg wave amplitude.  

Therefore on radar images the convergent areas appear as areas of enhanced image intensity and 

the divergent areas as areas of reduced image intensity.  In most cases, the surface current is a 

tidal current.  The strongest modulation of the sea surface roughness and thus the strongest 

variation of the backscattered radar signal is obtained when the tidal velocity is at its peak value.  

At slack tide, when the tidal velocity is zero, no topographic features can be delineated on radar 

images. 

 As mentioned in the introduction, a second prerequisite for underwater topographic 

features to become visible on radar images is the presence of Bragg waves on the sea surface.  

The wind-generated waves provide the small-scale surface roughness needed for the 

backscattering of the microwaves [Valenzuela, 1978].  Thus, the wind speed must be above the 

threshold for small-scale wave generation, (i.e., the wind speed has to be above 2 to 3 m s
-1

).  But 

the wind speed has also to be below 8 to 10 m s
-1 

where the wind induced roughness would mask 

the modulation of the small-scale water waves by the underwater topography.  The optimum 

wind speed for detecting underwater bottom topography is 3 to 6 m s
-1

. 

 Thus in order to retrieve depth information from radar images of the sea surface, one has 

to have a good knowledge of the three processes contributing to the radar imaging mechanism: 

(1) the interaction of the current with the underwater topographic features, (2) the modulation of 

the sea surface roughness by the surface current (hydrodynamic modulation), and (3) the 

interaction of the electromagnetic (radar) wave with the sea surface.  Today there exists good 

models to describe all three processes; but some uncertainties remain.  In particular, the second 

process constitutes the weakest link in the procedure to invert radar images into quantitative 

depth charts.  The modulation of the short water waves depends strongly on wind speed and 

wind direction relative to the current direction [Romeiser and Alpers, 1997].  Therefore, present 

inversion schemes rely on some kind of tuning by data obtained from conventional acoustic 

depth sounding.  A more detailed description of these processes is presented in Section 10.4.  

 

10.3 Examples of SAR images showing underwater topographic features 

 In this section we present some examples of SAR images showing underwater 

topographic (or bathymetric) features acquired by the L-band SAR aboard the American 

SEASAT satellite, the C-band SAR aboard the European ERS-1 and ERS-2 satellites, and the C-

band SAR aboard the European ENVISAT satellite launched on 1 March 2002.  Imagery from 

these satellites shows that underwater topography is visible in a number of coastal regions 

around the world.  Examples of such areas include the German, Dutch, Belgian, and French 

coasts, the Taiwan Tan Shoals located between Taiwan and Mainland China, the Strait of 

Malacca separating the Malay Peninsula from the Indonesian island of Sumatra; the Xinchuan 

Gang Shoals off the east coast of China north of Shanghai, the Nantucket Shoals off the coast of 

Massachusetts, USA, and the Bay of Bengal near the Mouths of the Ganges.  

Figure 10.2 shows a SEASAT SAR image of the northeastern approach to the English 

Channel.  This image was acquired on 19 August 1978 at 0646 UTC (orbit 762).  The center of 

the imaged area is located at 51°32'N, 2°05'E.  On the right-hand side of the image, the French-

Belgian coast is visible with the French town Calais at the bottom.  The V-shaped feature in the 

lower left-hand section of the image is a pair of two underwater ridges called South Falls (the 
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Figure 10.2. SEASAT (L-band, HH) SAR image of the northeastern approach to the English Channel acquired 19 

August 1978.  Visible on the right-hand side is the French/Belgian coast.  (Because this image is not corrected for 

the variation of brightness with incident angle, the image intensity is high along the left side of the image 

corresponding to near range [steep incident angles].)  The imaged area is 100 km x 100 km. 

 

thin line to the left) and Sandettie (the broader line to the right).  South Falls is about 30 km long 

and 600 to 800 m broad and rises to within 7 m of the sea surface.  The seafloor between the two 

ridges has a depth between 30 and 40 m. At the time of the SAR data acquisition the tidal flow 

was directed toward the southwest with a speed between 1.7 and 2.4 m s
-1

.  The wind speed was       

4 m s
-1

. Thus optimum SAR imaging conditions were encountered: the tidal current velocity was 

close to its peak value during the tidal cycle and the wind speed was well above threshold for 

small-scale wave generation (above 2 to 3 m s
-1

), but not too high (above 8 m s
-1

) such that the 

sea surface roughness modulation caused by the variable current associated with the tidal flow 

over the sand banks was masked by wind effects.  
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Figure 10.3. (left) ERS-1 (C-band, VV) SAR 

image of the central part of the Taiwan Tan 

Shoals (see Figure 10.4) acquired 27 July 1994. 

The water depth in most of the shallow areas 

(the areas to the North showing wave-like 

patterns in the image) is between 10 m and 20 

m. The Taiwan current is visible in the lower 

section of the image. The bright streaks are sea 

surface manifestations of current fronts that 

closely follow the depth lines. The imaged area 

is 100 km x 100 km. ©ESA 1994 

 

 
Figure 10.4. (below) Location of the imaged 

area depicted in Figure 10.3. Mainland China is 

located to the left and Taiwan to the right.  

Depth contours are in meters (–200 (blue),        

-100, -50, -20, -10 and –5 (dark red)) 
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Figure 10.5.  ERS-1 (C-band, VV) SAR image acquired 10 May 1996 showing a section of the Strait of Malacca 

separating the Malayan Peninsula (at the top) from the Indonesian island of Sumatra (at the bottom).  The land area 

in the lower right-hand section of the image is the Indonesian Island Rupat.  Northeast of Rupat sea surface 

manifestations of sandbanks are visible.  The sandbanks are quite shallow (typically only a few meters deep).  The 

bright spots visible in the northern section of the strait are ships.  The imaged area is 100 km x 100 km.  ©ESA 1996 

 

 Figure 10.3 shows an ERS-1 SAR image of the central part of the Taiwan Tan Shoals, 

The location of the imaged area is depicted in Figure 10.4. This image was acquired on 27 July 

1994 at 1431 UTC (orbit 158509, frame 459).  The Taiwan Tan Shoals are located in the 

southern part of the Taiwan Strait between 22.5° to 23.3°N and 117.8° to 119.2°E. They are one 

of the largest shoals in the world's ocean covering an area of about 10,000 km
2
.  In most parts of 

the Taiwan Tan Shoals, the water depth is between 10 and 20 m, but there are also some isolated 
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Figure 10.6.  ERS-1 (C-band, VV) SAR image acquired 1 July 1999 showing a section of the Strait of Malacca 

which is located south of the area shown in Figure 10.5, but with overlapping areas.  The island in the center of the 

image is the Indonesian Island Rupat.  The sandbanks north/northeast of Rupat are also visible on the ERS-1 SAR 

image depicted in Figure 10.5.  Note that the radar signatures of the same sandbanks are quite different on both ERS 

SAR images due to different flow and atmospheric conditions.  The imaged area is 100 km x 100 km.  ©ESA 1999. 

 

areas that fall dry during ebb tide.  To the south, the bottom depth first increases slowly and then 

rapidly. At this slope the northward flowing Taiwan current is deflected to the east.  The Taiwan 

Tan Shoals consist of ridges which are separated by channels and of sand waves.  The orientation 

of the sand waves is approximately perpendicular to the direction of the major axis of the tidal 

ellipse, i.e., from NNW/NWW to SSE/SEE.  The wavelength of the sand waves varies between 

300 m and 2000 m and the peak-to-trough amplitude can sometimes exceed 20 m.  Most of the 
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top sediments are composed of medium coarse sands that can be advected by strong currents.  

The Taiwan current is visible in the lower section of the image.  The bright streaks are sea 

surface manifestations of current fronts that closely follow the depth lines. During the ERS-1 

SAR data acquisition a light wind was blowing.  

 Figure 10.5 shows an ERS-1 SAR image of a section of the Strait of Malacca.  The 

central coordinates of the imaged area are 2°32’N 101°27’E.  This image of dimension 100 km x 

100 km was acquired on 10 May 1996 at 335 UTC (orbit 25199, frame 3555).  At the bottom of 

the image the coast of Sumatra is visible and at the top the coast of Malaysia is seen. The land 

area visible in the lower right-hand section of the image is the Indonesian island Rupat, and the 

river delta in the upper left-hand section is the river system on which the port of Kuala Lumpur, 

Kelang, is located.  The irregular features in the lower section of the image are sea surface 

manifestations of sandbanks. At the time of the SAR data acquisition the tidal flow was directed 

eastwards. The sandbanks in this region are only a few meters deep and some of them even fall 

dry at low tides. The shipping lane is located north of this area. 

 Figure 10.6 shows an ERS-2 SAR image of a section of the Strait of Malacca, which 

partly overlaps with the section shown in Figure 10.5.  The central coordinates of the imaged 

area are 1°54’N, 101°14’E.  This image of dimension 100 km x 100 km was acquired on 1 July 

1999 at 1553 UTC (orbit 21938, frame 27).  Note that on this SAR image the sea surface 

manifestations of the same sandbanks differ significantly from the ones visible on the previous 

SAR images. This is due to different flow and atmospheric conditions on both days. 

 Figure 10.7 shows an ENVISAT ASAR image acquired on 21 August 2002 over the 

Strait of Dover.  Sandbanks can be clearly delineated.  The bright area in the lower left-hand 

section of the image results from enhanced local wind in this area.  Fluctuations of the wind 

speed and direction at the sea surface are less visible on SEASAT SAR images than on ERS and 

ENVISAT SAR images.  This is mainly due to the fact that SEASAT SAR was an L-band SAR 

operating at a radar frequency of 1.275 GHz corresponding to a wavelength of 23.5 cm, while 

the ERS and ENVISAT SARs are C-band SARs operating at a frequency of 5.3 GHz 

corresponding to a wavelength of 5.7 cm.  Thus, the wavelength of the Bragg waves (i.e., of 

those small-scale water waves that are responsible for the radar backscattering) is more than a 

factor four larger for SEASAT SAR than for ERS or ENVISAT SAR.  It is intuitively evident 

that the longer SEASAT Bragg waves (wavelength approximately 30 cm) respond much slower 

to wind fluctuations than ERS/ENVISAT SAR Bragg waves [Weissman et al., 1996].  Thus, as a 

consequence of the longer radar wavelength, underwater bottom features are better visible on 

SEASAT SAR images than on ERS/ENVISAT SAR images because they are less corrupted by 

wind effects.  Another, but probably minor factor contributing to the better visibility of oceanic 

phenomena on SEASAT SAR images as compared to ERS SAR images is the difference in 

polarization.  SEASAT SAR operated at horizontal/horizontal (HH) polarization, while ERS 

SAR operates at vertical/vertical (VV) polarization.  However, ENVISAT SAR (ASAR) can 

operate in HH, VV as well as in cross polarization (VH or HV). 

 As will be discussed in Section 10.4.3, second-order scattering theory [Romeiser and 

Alpers, 1997] predicts that the modulation of the backscattered radar power is stronger at HH 

polarization than at VV polarization.  This has also been confirmed experimentally.  However, 

the difference in polarization between SEASAT SAR and ERS SAR very likely contributes little 

to the difference in the observed modulation depths 

 Figure 10.8 shows an ERS-1 SAR image of the near-shore section of the Xinchuan Gang 

(Subei) Shoal off the coast of China.  The image was acquired on 8 July 1995 at 0234 UTC 
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Figure 10.7.  ENVISAT (C-band, VV) ASAR image of the Strait of Dover (English Channel) acquired on 21 August 

2002.  The image shows the English coast with the Thames estuary (upper left) along with a section the French and 

Belgian coasts (lower right).  Underwater bottom features can be delineated east of the Thames estuary and north of 

the Belgian coast. ©ESA 2002 

 

(orbit 20804, frame 2943).  The imaged area of dimension 100 km x 100 km is depicted in the 

map shown in Figure 10.9.  Its center is located at 32
o
56’N, 121

o
12’E. The light gray area in the 

left-hand side and at the bottom of the image is land.  The irregular dark band adjacent to the 

coast and the dark areas farther off the coast are tidal flats that have fallen dry.  The light-gray 

patterns in the right-hand section of the image are submerged sand ridges, which are quite similar 

to the underwater sand ridges visible in Figure 10.2. 
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Figure 10.8.  ERS-1 (C-band, VV) SAR image acquired 8 July 1995 showing the 

Xinchuan Gang (Subei) Shoal off the coast of China (north of Shanghai).  The dark areas 

are sea areas that have fallen dry during ebb tide.  (Also, because this image is not 

corrected for the variation of the image brightness with incident angle, the image 

intensity is high in the lower section of the image corresponding to near range [steep 

incident angles].)  The imaged area is 100 km x 100 km.  ©ESA 1995 

 

 

 

 
Figure 10.9. Map of the Xinchuan Gang (Subei) Shoal located off 

the Chinese coast.  The inserted box marks the imaged area shown 

in Figure 10.8. 
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10.4 Theory of radar imaging of underwater bottom topography 

 As stated in Section 10.2, three processes are involved in the radar imaging mechanisms 

of underwater topography: (1) the interaction of the current with the underwater topographic 

features, (2) the modulation of the sea surface roughness by the surface current (hydrodynamic 

modulation), and (3) the interaction of the electromagnetic (radar) wave with the sea surface.  

These three processes are now discussed in more detail. 

 

10.4.1 Current-bottom topography interaction 

 The interaction of a three-dimensional time variable current with a three-dimensional 

underwater bottom topographic feature can be a very complex process which requires extensive 

mathematical modeling [see, e.g., Loder, 1980, Loder et al., 1992].  In these numerical models 

the conservation of mass equation together with the two-dimensional shallow water 

hydrodynamic equations are solved.  Input parameters are: (1) depth averaged flow, (2) surface 

wind stress, (3) bottom friction, (4) reference height of the water, (5) local elevation of the water 

relative to the reference height, (6) Coriolis force, (7) water density, and (8) underwater bottom 

topography.  As model output, the perturbation of the surface current imposed by the bottom 

topography is obtained.  For many specific underwater topographic features, simplifications are 

possible.  Often one assumes that the current flow above the topography is laminar, free of 

vertical current shear, and only weakly time-dependent.  If applied to a long underwater ridge or 

long sand wave, one can approximate the interaction of the flow above with the obstacle as 

follows: the velocity component normal to the direction of the ridge or sand wave obeys the 

continuity equation and the velocity component parallel to it remains constant [Alpers and 

Hennings, 1984]  

 Of course, when aiming at inverting radar images into bathymetric maps, the bottom 

topography is unknown.  But as stated in the introduction, at present it is impossible to retrieve 

bathymetric maps from radar images by using a stand-alone radar-imaging model that is not 

calibrated by acoustic data.  Usually, the inversion scheme for retrieving bathymetric maps from 

radar data starts with a first-guess coarse-grid bathymetric map obtained from sounding data.  

Then the best-fit bathymetric map is determined by an iterative procedure.  

 

10.4.2 Wave-current interaction 

 All theories developed so far for describing the modulation of the short-scale ocean 

waves by a variable current induced by a tidal flow over underwater topographic features are 

based on weak hydrodynamic interaction theory [see, e.g., Longuet-Higgins and Stewart, 1964].  

The underlying equation is the action balance equation.  The theories differ only in the 

parameterization of the source function that describes the combined effect of wind input, non-

linear wave-wave interaction, and dissipation by wave breaking.  In combination, these three 

processes force a wave spectrum that has been perturbed by a variable surface current always 

back to its equilibrium state.  The time it takes a wave to resume its equilibrium amplitude after 

perturbation is called relaxation time.  The larger the relaxation time, the longer the wave can 

keep its imbalance (non-equilibrium) caused by the variable current, and thus the stronger is the 

modulation of the wave amplitude by the variable current.  Obviously, the relaxation time must 

be a function of the wavelength of the water wave and of the wind speed.  It turns out that the 

larger the wavelength and the lower the wind speed, the larger is the relaxation time.  This has 

been confirmed in experiments carried out in the laboratory as well as in the field (open ocean). 
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 A theory describing the modulation of the wave spectrum by a variable current using the 

action balance equation, where the source function is approximated by a linear term in the 

spectral energy density of the water waves, was first presented by Alpers and Hennings [1984].  

If this model is reduced to the one-dimensional case and if it is assumed that the advection time 

(i.e., the characteristic time during which the current varies) is large compared to the relaxation 

time, then this model yields the result that the relative variation of the spectral energy density, or 

of the square of the wave amplitude, is equal to the gradient of the surface current multiplied by 

the relaxation time.  It turns out that already this first-order hydrodynamic interaction model can 

explain qualitatively many basic features observed in radar images showing underwater bottom 

topographic features. 

 However, despite the ability of the first-order hydrodynamic interaction theory to 

describe qualitatively or semi-quantitatively many observed phenomena, it has obvious 

shortcomings. 

 A hydrodynamic model capable of describing quantitatively the wave-current interaction 

at all wavelengths and wind speeds is presently not available.  There have been many attempts to 

improve the first-order theory by including a second order term in the source function 

[Shuchman et al., 1985, Thompson and Gasparovic, 1986; Trulsen et al., 1990] or even higher 

order terms [Donelan and Pierson, 1987].  Still, the current-wave interaction module remains the 

weakest link in the inversion of radar images into bathymetric maps when trying to abstain from 

any soundings for calibration. 

 

10.4.3 Radar-ocean wave interaction  

 The dominant radar backscattering mechanism responsible for radar backscattering from 

the rough ocean surface at incident angles, θ, between 20 and 70 degrees is Bragg scattering 

[Valenzuela, 1978].  According to Bragg scattering theory, the backscattered radar power or the 

normalized radar cross section (NRCS) is proportional to the spectral energy density of those 

waves which travel away or towards the radar look direction and which have wavelengths λΒ 

which are related to the radar wavelength, λ, and the incident angle, θ, by the Bragg resonance 

condition: 

λΒ = λ /2 sin θ. 

 This simple Bragg scattering model was used in the early imaging models developed by 

Alpers and Hennings [1984] and Shuchman et al. [1985] for describing the radar imaging of 

underwater bottom topography.  In these models, the relative variation of the normalized radar 

cross section is equal to the relative variation of the spectral energy density of the Bragg waves, 

which implies that the modulation is independent of polarization.  This means that, if this model 

were correct, there would be no difference in the modulation depth between radar images 

acquired at vertical and horizontal polarization.  Another prediction of this first order model is 

that underwater bottom features are better visible on L-band radar images than on C-band radar 

images, because at L-band the water waves responsible for the radar backscattering (the Bragg 

waves) have a longer wavelength than at C-band (approximately four times longer).  As 

discussed in Section 10.4.2, the longer the Bragg wavelength, the longer the relaxation time.  

This results in a larger modulation of the spectral energy density of the Bragg waves, a larger 

modulation of backscattered radar power, and a greater image contrast or the modulation depth.  

Furthermore, since the relaxation rate decreases with wind speed, the image contrast should be 
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higher for low wind speeds than for high wind speeds.  Indeed, this prediction of the first-order 

theory has been confirmed by many observations  

 However, the first order theory has shortcomings; the most severe one is that it cannot 

explain the large image contrast (modulation depth) observed in ERS SAR images of underwater 

bottom topography.  On ERS SAR images, the image contrast should be a at least a factor of four 

smaller than on the SEASAT SAR images. 

 Therefore, a more refined model must be developed.  The model needs to take into 

account that not only the Bragg waves are modulated by the variable surface current associated 

with the underwater bottom topography, but that the whole wave spectrum is affected.  Although 

the Bragg waves are responsible for the radar backscattering, they are tilted and 

hydrodynamically modulated by the other waves, in particular by the intermediate-scale waves, 

i.e., by those waves which have wavelengths typically an order of magnitude larger than the 

Bragg waves [Lyzenga and Bennett, 1988, Romeiser et al., 1997, Romeiser and Alpers, 1997].  

Since the tilt modulation is polarization dependent, this refined radar backscattering model, 

called composite surface model, predicts that the modulation depth at horizontal polarization is 

larger than at vertical polarization [for details see Romeiser and Alpers, 1997]. 

 A further improvement of this composite surface model over the first-order model of 

Alpers and Hennings [1984] and Shuchman et al., [1985] is that it yields comparable modulation 

depths at L- and X-band, which is in agreement with observations.  However, it still 

underestimates somewhat the measured modulations at high radar frequencies, in particular the 

strong positive modulations in convergent current regions.  Better agreement with observations is 

probably obtained when in the action balance equation the source term is augmented by a term 

describing the wind modulation and wave breaking [R. Romeiser, private communication, 2003]. 

 

10.5 Generation of bathymetric maps using SAR images 

 As stated already in the introduction, there exists quite a demand worldwide for 

bathymetric surveying.  The commercial users include construction companies, oil companies, 

pipeline and cable companies, and the government users include harbor and shipping control 

authorities, resource-mapping agencies, and coastal protection agencies.  The market is of a 

considerable size: the total value of bathymetry services in 1995 was estimated to be between 0.8 

and 1 billion US dollars.  Conventionally, bathymetric surveying is carried out by dedicated 

ships sailing along tracks with a lateral spacing dependent on the level of precision required for 

the customer.  Sometimes depth accuracy of 30 cm is required. 

 Since depth measurements carried out from ships are quite expensive, it is a challenge to 

find a way to reduce the number of sailed tracks without reducing the accuracy of the depth 

measurements.  Here SAR imagery comes into play, which can be used to interpolate depth 

values between tracks sailed by the survey vessel.  In some cases track spacing can be increased 

by up to a factor of 10, which leads to significant cost savings.  

 A further factor to be considered is that the SAR data can be used to accurately 

interpolate measurements into regions such as estuaries where survey ships could experience 

difficulties.  The surveys can therefore be completed at a reduced level of risk to the crew.  

Finally, in terms of update times, spaceborne SAR imagery is frequently available because the 

satellite which carries the SAR revisits a specific area typically every few weeks allowing for 

regular updates of bathymetry maps for areas where the bathymetry can experience rapid change 

(e. g., shipping channels subject to sediment deposition). 
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Figure 10.10.  ERS-1 (C-band, VV) SAR image of the Waddenzee acquired on 3 August 1995.  The imaged area is 

100 km x 100 km.  Between the land (lower section of the image) and the open sea (upper section) several islands 

are located.  The Plaatgat area is located approximately in the center of the image.  ©ESA 1995 

 

 A method to incorporate SAR images in conventional bathymetric surveying has been 

developed by ARGOSS in the Netherlands called the Bathymetry Assessment System (BAS).  

For inverting SAR images into bathymetric maps, additional data are needed for calibration. 

[Vogelzang et al., 1997; Wensink and Campbell, 1997] 

 In their inversion scheme, the depth profiles are retrieved from the SAR data in an 

iterative process such that the closest possible correspondence between modeled and measured 

depth profiles is obtained.  This is achieved by defining a cost (or penalty) function calculated 

from the weighted sum of the squares of the differences between model predictions and 

measurements at all grid points within the area to be mapped.  The following data are assimilated 

into BAS: (1) sonar sounding data along calibration tracks to allow tuning, (2) tidal data relating 

to the acquisition time of the SAR image, (3) wind speed and direction relating to the acquisition 

time of the SAR image, and (4) the SAR image.  

 In several validation experiments, it has been shown that this inversion scheme yields 

fine-grid bathymetric maps with depth accuracy better than 30 cm in accordance with user 

requirements. 

In the following, we present an example of bathymetric surveying carried out in Dutch 

coastal waters by using sounding data from a ship and an ERS SAR image.  The test area is 
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Figure 10.11.  Reference seabed elevation surface (”base chart”) interpolated from all soundings (tracks are 200 m 

apart). 

 

located in the Plaatgat area, which is a tidal inlet between the islands of Ameland and 

Schiermonnikoog in the Waddenzee north of the Netherlands.  It has been used extensively to 

test the skill of tidal flow models, radar imaging models, and bathymetry assessment models 

because the seabed topography in this area is very complex and has many features such as tidal 

flats, deep, curved channels, sand waves, and an ebb delta.  Another advantage is that detailed 

depth measurements and many SAR images of this area are available. 

 Figure 10.10 shows an ERS-1 SAR acquired over this area on 3 August 1995 at 1035 

UTC.  The dimension of the imaged area is 100 km x 100 km.  At that time, the wind was about 

5 m s
-1 

from the north.  Depth-averaged currents at two points from a tidal simulation were used 

to guide the high-resolution current simulation within the depth retrieval procedure. 

 An area of 2 km x 3.2 km in the central part of the Plaatgat area has been chosen for a 

detailed comparison.  In order to assess the amount of information retrieved from the SAR 

image, two depth charts were compared: (1) a depth chart retrieved from the SAR image and the 

reduced set of sounding data, and (2) a chart obtained by interpolation of the reduced set of 

soundings.  In addition, a “base chart” interpolated from the full set of soundings (along tracks at 

a distance of 200 m) was prepared for comparison (see Figure 10.11). 

In Figure 10.12, the seabed surfaces obtained with and without SAR image are shown.  

These figures give a qualitative impression of the information that the SAR image adds to the 

interpolation of calibration soundings.  The elevation surface interpolated from the calibration 
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Figure 10.12a.  Seabed elevation surface retrieved from SAR image and calibration soundings (tracks are 600 m 

apart).  Deviations between the calibration soundings and the surface are shown as colored bars (red: sample above 

surface; blue: sample below surface). 

 

Figure 10.12b.  Seabed elevation surface interpolated from calibration soundings (tracks are 600 m apart).  

Deviations between the calibration soundings and the surface are shown as colored bars (red: sample above surface; 

blue: sample below surface). 
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(Figure 10.12b) shows the main features of the Plaatgat area: the shoal in the south-west (left in 

image), the ebb delta in the north and the main channel curving through the shallow parts.  

However, these features are rounded and blurred.  The surface based on the SAR image (Figure 

10.12a) shows fine-scale features and, for instance, the shape of the channel agrees much better 

with the base chart (Figure 10.11). Figures 10.12a and 10.12b also show the deviations from the 

calibration soundings. 

 The root-mean-square (rms) difference between the depth surface retrieved from the SAR 

image and the validation sounding data (along tracks at 200-m distance) is 0.36 m. Without the 

SAR image, a rms of 0.47 was obtained.  This means that the addition of the SAR image has 

reduced the mean square error by over 40%. 
 

10.6 Summary  

 It has been known for more than thirty years that, under certain conditions, synthetic 

aperture radar has the ability to detect sea floor topographic features in shallow water areas.  The 

radar detects underwater features indirectly by means of variations of the sea surface roughness 

induced by variations of a current overflowing the submarine feature.  Thus this technique relies 

on the presence of a (strong) current, along with small-scale waves (wind waves) on the sea 

surface to provide the radar backscatter.  While at present it is not possible to generate depth 

charts from radar data alone (acoustic sounding data have to be used for calibration), the data can 

be used to highlight areas of significant change, or to interpolate between depth profiles 

measured by acoustic sounders operated from ships. 

Finally a remark on how important good knowledge about underwater bottom topography 

can be.  The fact that this paper is written in English and not in Spanish can be linked to it.  If, in 

1588, the Spanish Fleet, the Armada, had not been defeated by the English Fleet in the English 

Channel then, very likely, the official language in the U.S. today would be Spanish, and not 

English.  The records of this battle reveal that the Spanish fleet had great difficulty maneuvering 

in the waters at the southern coast of the English Channel, where many shallow sandbanks are 

located.  One of the leading ships of the Armada, the San Lorenzo, stranded on a sand bank near 

the harbor of Calais (France) on 8 August 1588 and was immediately set on fire by English 

sailors assaulting the ship [Padfield, 1988].  According to historians, this event was the turning 

point of this famous sea battle from which England emerged as the leading colonial World power 

that paved the way for the Britons to colonize North America and spread the English language to 

the New Continent. 
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11.1 Introduction 

 Pollution of the sea surface by mineral or petroleum oil is a major environmental 

problem.  Increased public pressure has forced national and international organizations to set up 

effective legislative protection of the marine and coastal environment over the last 15 to 20 

years.  As a result, many countries have signed the International Convention for the Prevention 

of Pollution from Ships (MARPOL 73/78) which sets standards for ship discharges, allowing 

discharges only beyond certain distances from the nearest coast and only at very small amounts.  

Several sea areas have been declared as Special Areas, where ship discharges are prohibited 

almost completely. Such Special Areas are the Mediterranean Sea, the Baltic Sea, and the North 

Sea.  However, despite the MARPOL convention, large quantities of mineral oil are still being 

discharged from ships in these Special Areas. 

 Mineral oil floating on the sea surface does not always originate from ships. Other 

sources are refineries, oil terminals, industrial plants, oil platforms and seepage of natural oil 

from the sea bottom [Espedal and Johannessen, 2000]. It is estimated that 0.25% of world oil 

production ends up in the ocean.  However, the main contribution of oil pollution originating 

from transportation activities still originates not from ship accidents, but from routine ship 

operations like tank washing and engine effluent (mostly sludge) discharges [Lean and 

Hinrichsen, 1992]. 

 Synthetic aperture radar (SAR) images acquired by the ERS-1, ERS-2 and   

RADARSAT-1 satellites have been used extensively for obtaining statistical information on oil 

pollution [e.g. Lu et al., 1999, 2000, Gade and Alpers, 1999].  In particular, satellite images are 

very useful in locating the preferred areas ("hot spots") where tankers are washed and/or engine 

room effluents are discharged.  In a study by Pavlakis et al. [2001], 1600 satellite SAR images 

from the Mediterranean Sea were analyzed. The study revealed the dramatic extent of oil 

pollution originating from ships in this sea area, which is designated a Special Area according to 

the MARPOL convention. 

 Satellite SAR imagery can also be used for monitoring oil pollution in coastal waters 

[Wahl et al., 1996].  ERS SAR imagery has been successfully adopted in an operational oil spill 

monitoring service performed by Kongsberg Satellite Services, KSAT (formerly Tromsø 

Satellite Station) in Norway [Pedersen et al., 1996].  The researchers use the SAR imagery 

acquired by satellites (ERS, RADARSAT-1 and ENVISAT) to locate potential oil spills.  

Information on high probability spills can immediately be sent by fax to the Norwegian Coast 

Guard, which may then redirect a monitoring aircraft for further investigations.  The service is 

also currently in use for Denmark, Sweden, Finland and the Netherlands.  A demonstration phase 

is also operating in Germany, England and Scotland. 

 Mineral oil floating on the sea surface becomes visible on radar images because it damps 
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the short gravity-capillary waves that are responsible for the radar backscattering.  Real aperture 

radars (RARs) as well as synthetic aperture radars (SARs) used for monitoring coastal waters for 

oil pollution usually operate at incident angles between 20 and 70 degrees, i.e., at incident angles 

where the radar backscattering can be described by Bragg scattering theory [e.g., Valenzuela, 

1978].  According to Bragg theory, the backscattered radar power is proportional to the spectral 

energy density of those short ocean waves which propagate toward or away from the look 

direction of the radar antenna and which have wavelength λB = λ0 / 2sinθ, where λ0 is the radar 

wavelength and θ the incident angle (the angle between nadir and look direction of the antenna).  

These waves are called Bragg waves and have wavelengths in the centimeter to decimeter range.  

A precondition for detecting mineral oil spills on the sea surface is that the wind is strong enough 

for generating Bragg waves.  For X- and C-band radars operating at wavelengths between 3 cm 

and 5 cm, and between 5 cm and 7 cm, respectively, the threshold for generating Bragg waves 

lies between 2 and 3 ms
-1

.  According to Bragg scattering theory, lower frequency radars respond 

to longer surface waves.  Since the damping of the Bragg resonant waves is more efficient at 

shorter wavelength, X- and C-band radars are more efficient in detecting oil films than L- or P-

band radars operating at wavelengths between 19 cm and 77 cm, and between 77 cm and 133 

cm, respectively. This efficiency has been confirmed in several experiments [Johannessen et al., 

1995, Gade et al., 1998].  The ERS, RADARSAT-1 and ENVISAT satellites all carry C-band 

SAR systems.  However, while the ERS SAR uses VV polarization, RADARSAT-1 SAR uses 

HH polarization, and the new ENVISAT SAR, called ASAR (which stands for Advanced SAR), 

has an alternating polarization capability (HH, VV and cross-polarization).  According to radar 

theory, VV polarization gives higher radar backscatter from the sea surface than HH polarization 

because of the large dielectric constant of the ocean surface [Elachi, 1988].  Thus, VV polarized 

radars will provide more contrast (better signal-to-background ratio) when oil is floating on the 

sea surface.  VV is therefore the preferred polarization for detecting oil pollution at sea. 

 In addition to the low wind detection threshold, there is also a maximum wind speed 

above which oil films become undetectable by radar.  At high wind speed the damping effect can 

disappear in the background noise of wind-generated waves [Demin et al., 1985], and at higher 

wind speed the oil disappears from the sea surface because it is washed down by breaking waves 

[Scott, 1986, Espedal and Wahl, 1999].  Depending on the type of the oil and the thickness of the 

oil film, oil films become undetectable at wind speeds between 10 ms
-1

 and 14 ms
-1

. 

 In addition to mineral oil, surface films of natural origin floating on the sea surface 

(called biogenic slicks) damp the short gravity-capillary waves [Lucassen, 1982; Huehnerfuss et 

al., 1983, 1987, Alpers and Huehnerfuss, 1989].  Biogenic slicks are produced by marine plants 

and animals and are frequently encountered on the sea surface, especially during plankton bloom 

seasons [Espedal et al., 1996, 1998].  The frequent presence of biogenic slicks often makes it 

difficult to decide whether the dark patches visible on radar images of the sea surface (or, more 

accurately, the sea areas of reduced radar backscatter relative to the surrounding areas) originate 

from mineral oil spills or from biogenic slicks. 

 To make things even more difficult, dark patches on radar images of the sea surface can 

also be caused by (1) turbulence generated in the water by the propeller of a ship, (2) rain 

impinging on the sea surface, and (3) grease ice floating on the water.  These phenomena also 

damp the short gravity-capillary waves and thus reduce the backscattered radar power at 

intermediate incident angles where radar backscattering can be described by Bragg scattering 

theory.  Furthermore, dark patches can also result from reduced wind speed as encountered, e.g., 

in the wind shadow behind islands or coastal mountains.  Alternatively, they can result from 
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Figure. 11.1.  A ship traveling northward (bright spot at the front of the black line) discharging oil.  The oil disperses 

with time causing the oil trail to widen.  The oil trail is more than 80 km long.  This ERS-1 (C-band, VV) SAR 

image was acquired on 20 May 1994 at 1420 UTC over the Pacific Ocean, east of Taiwan (orbit 14874, frame 2364, 

frame center 23°01'N, 121°41'E).  The imaged area is 100 km x 100 km.  ©ESA 1994. 

 

reduced wind stress due to colder sea surface temperatures as encountered, e.g., in upwelling 

regions or in cold plumes of river outflows.  The colder water often changes the stability of the 

air-sea interface.  If the water is colder than the air above, then the air-sea interface is stable and 

it takes a higher wind speed to generate small-scale sea surface roughness (Bragg waves) than in 

the case of a neutral interface (water temperature is equal to the air temperature) or an unstable 
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Figure 11.2.  Section of an ERS-2 (C-band, VV) SAR image from the Indian Ocean acquired 6 April 1999 at 0458 

UTC (orbit 20700, frame 3393, frame center 10°36'N, 81°49'E) showing a "feathered" structure of an oil trail.  Wind 

causes the heavy components of the mineral oil film accumulate at the downwind side (dark line in the image).  The 

"feathered" side is always located upwind.  The wind direction arrow in the image was obtained from the modeled 

surface wind field provided by the European Centre for Medium-range Weather Forecasts (ECMWF). ©ESA 1999. 
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Figure 11.3.  Oil polluted sea area in a busy shipping lane off the coast of Malaysia (near Kuantan).  The wind blows 

from an easterly direction causing the feathering of oil trails.  This ERS-2 (C-band, VV) SAR image was acquired 

on 4 April 1997 at 0325 UTC over the South China Sea (orbit 10221, frame 3519, frame center 4°20'N, 103°59'E).  

The imaged area is 100 km x 100 km.  ©ESA 1997. 

 

interface (water temperature is higher than the air temperature).  Thus we conclude that it is often 

difficult to identify unambiguously mineral oil floating on the sea surface by associating them 

with areas of reduced radar backscatter in radar images (dark areas in the SAR image or areas 

that are darker than the surrounding area).  However, some algorithms have been developed to 

minimize the risk of false classification of oil patches in SAR imagery, see, e.g., Espedal et al. 

[1998] or Fiscella et al. [2000].  These algorithms are based on various parameters calculated 

from dark areas in radar images, but may also include contextual information such as wind (or 

wind history), current, bathymetry, and location of potential pollution sources. 
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11.2. Mineral oil films 

 As stated before, not all mineral oil encountered at the sea surface originates from ships.  

But if the oil originates from moving ships, then the identification on radar images is much 

easier.  In general, ships discharge oily effluents en route, leaving behind the ship linear-shaped 

spills or trails.  When oil is discharged in a current-free and calm sea, the resulting overall spill 

geometry will follow the route of the ship.  Automatic oil detection techniques often use this 

linearity for identifying such oil spills.  However, when the ship is maneuvering or when a non-

uniform surface current is present, then the contour of the spill can deviate significantly from 

linearity [Ochadlick et al., 1992].  When oil is discharged from a moving ship, it will also spread 

laterally, resulting in an oil trail whose width increases with distance from the ship (see Figure 

11.1). Typical spreading rates were found to be proportional to time raised to the 0.6 power (t
0.6

).  

During their fate in the sea, mineral oil films are subject to spreading (by the action of wind and 

currents), evaporation of lighter chemical components, dispersion (mixing with seawater), 

emulsification, dissolution, oxidation, sedimentation, and biodegradation [Jordan and Payne, 

1980].  Thus, after some time, oil slicks become undetectable on radar images of the sea surface.  

The time at which oil slicks become undetectable depends on the type, quantity, and thickness of 

the oil and on environmental conditions.  The stronger the wind, the shorter the time oil slicks 

persist on the sea surface [Espedal and Wahl, 1999].  The time of persistence usually varies 

between a few days and several weeks. 

 Winds (especially high winds) strongly affect the shape of an oil trail behind a ship.  

Directly, through accumulating the majority of the spill in its downwind side, but also through 

generating a "feathered" trail structure.  The feathering is caused by vortices known as Langmuir 

circulation which split the spill into streaks [Pavlakis et al., 2001, Langmuir, 1938].  The 

feathered side is usually the upwind side (Figure 11.2).  To the non-expert, this may seem to be 

counter-intuitive.  But it has been experimentally verified that, at most wind and wave 

conditions, the heavy constituents of an oil spill are moved faster by the wind (the wind drift) 

than the lighter constituents are.  Furthermore, several radar images of feathered oil trails with 

collocated wind information have confirmed this behavior. 

 In addition to Figure 11.1, more examples of radar images acquired by the C-band (5.3 

GHz) synthetic aperture radar aboard the European Remote Sensing satellites ERS-1 and ERS-2 

over ocean areas polluted by mineral oil films are shown in Figures 11.3 through 11.5. 

 Figure 11.3 shows a large number of oil trails having various shapes in a busy shipping 

lane in South East Asia.  In the case of fresh oil spills, the direction of the ships can be inferred 

to be opposite of the direction in which the oil trails widen.  This is the case for the three large oil 

trails visible in the northern section of Figure 11.3.  From the "feathered" shape of the oil trails, it 

can be inferred that the wind was blowing from a northeasterly direction.  The large oil spills 

visible in the southern section of the image are apparently older than the ones in the northern 

section. 

 Many of the black patches visible in Figure 11.4 likely do not originate from ship 

discharges, but rather from natural oil seeps, which are known to exist in this area.  The oil seeps 

at the ocean bottom are stationary, but the position of the oil patches on the sea surface varies 

according to the oceanic and meteorological conditions.  Thus by repeatedly taking SAR images 

over the same ocean area and taking into account the advection of the oil films by ocean currents 

and by wind drift, the position of oil seeps can be determined.  This method of detection is 

widely used by oil companies in offshore oil prospecting. 
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Figure 11.4.  Area of the Mediterranean Sea located off the southeast coast of Sicily (Italy).  Some of the dark 

patches visible on this image are very likely due to oil slicks originating from natural oil seeps that are known to 

exist in this area.  If dark patches are found repeatedly at approximately the same location at the sea surface and if 

they do not have the characteristic linear shape of a ship-generated oil spill, then one may suppose that they 

originate from natural oil seeps.  This ERS-1 (C-band, VV) SAR image was acquired on 26 May 1994 at 0941 UTC 

(orbit 14957, frame 2871, frame center 36°28'N, 15°04'E).  The imaged area is 100 km x 100 km.  ©ESA 1994. 

 

 Figure 11.5 shows a cluster of oil rigs (the bright dots) in the Caspian Sea east of Baku 

surrounded by oil slicks.  These oil rigs are quite old and it is well known that they leak a large 

amount of oil into the sea.  In other cases, black slicks connected to oil platforms may be caused 

by drilling mud or drain water and may contain only small amounts of oil. 
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Figure 11.5.  A cluster of oil rigs (bright dots) in the Caspian Sea surrounded by oil slicks is visible in the upper 

right-hand corner of the image.  The imaged area is located east of Baku, Azerbaidzan.  This ERS-1 (C-band, VV 

polarization) SAR image was acquired on 12 May 1996 at 0723 UTC (orbit 25230, frame 2799, frame center 

40°04'N, 50°27'E).  The imaged area is 100 km x 100 km.  ©ESA 1996. 

 

11.3. Biogenic slicks 

 Biogenic slicks are natural surface films that consist of surface-active compounds that 

originate from marine plants or animals.  Surface-active compounds are substances that, 

according to their chemical structure, accumulate at the water-air boundary.  The composition of 

biogenic slicks varies, but substances such as proteins, lipids, organic acids, saccharides and 



Oils and Surfactants 

 271

 

Figure 11.6.  Area of the Baltic with the German island of Fehmarn (in the center) and the Danish island of Lolland 

(in the upper right-hand section).  The sea area is partly covered with biogenic slicks that are abundant at this time of 

the year because of the spring plankton bloom in the Baltic Sea.  The slicks act as tracers for the surface currents 

associated with eddies and thus render them visible on the SAR image.  This ERS-2 (C-band, VV) SAR image was 

acquired on 10 May 1998 at 2115 UTC over the Baltic Sea (orbit 15972, frame 1098, frame center 54°28'N, 

11°13'E).  The imaged area is 100 km x 100 km.  ©ESA 1998. 

 

metals associated with the organic matter are usually present at higher concentrations than in the 

corresponding bulk water [Duce et al., 1994].  In general, the biogenic surface slicks consisting 

of sufficiently hydrophobic substances are only one molecular layer thick (approximately 3 nm). 

This implies that only a few liters of surface-active material are needed to cover an area of 1 

km
2
.  The prime biological producers of natural surface films in the sea are algae and some 
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Figure 11.7.  Biogenic slicks in the Caspian Sea south of the Volga estuary.  This is an area of high eutrophication 

because of the high input of nutrients from the Volga river.  The surface features visible on this image very likely 

result from wind-induced surface currents.  This ERS-2 (C-band, VV) SAR image was acquired on 12 October 1993 

at 1854 UTC (orbit 11724, frame 0891, frame center 44°45'N, 49°03'E). The imaged area is 100 km x 100 km.  

©ESA 1993. 

 

bacteria.  In addition, zooplankton and fish produce surface-active materials, but the amount is 

usually small in comparison with the primary biological producers.  Primary production depends 

on the quantity of light energy available to the organism and on the availability of inorganic 

nutrients.  In the higher latitudes, light energy depends strongly on the season of the year.  This 

results in a seasonal variation of the primary biological production in the ocean and thus of the 
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Figure 11.8.  An example of natural film damping the ocean surface waves.  The edges of the slick are clearly 

delineated along the center of the photograph.  The small slick sampler device seen in the bottom left corner of the 

photograph took samples that confirmed presence of natural film in the damped region [Espedal et al., 1996]. 

 

coverage by biogenic slicks.  At times when the biological productivity is high, i.e., during 

plankton blooms, the probability of encountering natural biogenic surface films is strongly 

enhanced. 

 The area extent, the concentration, and the composition of the surface films vary strongly 

with wind and sea conditions and with time.  At high wind speeds (typically above 7 to 10 ms
-1

) 

the surface film disappears from the sea surface because of entrainment into the underlying water 

by wave breaking.  The Bragg waves are no longer damped and thus the surface films become 

undetectable by radar.  In general, the probability of encountering surface films of biogenic 

origin decreases with increasing wind speed.  This is because the higher the waves, the more the 

surface films are removed from the sea surface, mainly by wave breaking, including micro-

breaking.  Furthermore, after the passage of storms when the wind has calmed down, enhanced 

coverage of the sea surface with biogenic slicks is often observed.  This is because the amount of 

surface-active material released by plankton into the water increases during high wind speed 

periods, and because the surface-active substances are being transported to the sea surface by 

turbulence and rising air bubbles generated by breaking waves.  The composition of biogenic 

slicks also varies with time because dissolution, evaporation, enzymatic degradation, and 

photocatalytic oxidation selectively remove constituents of the surface films.  Examples of large 

sea areas covered with natural surface films are shown in Figures 11.6 and 11.7.  Because 

surface films tend to accumulate along convergence zones of current systems and spread out in 

divergent zones, they render surface current patterns visible on radar images as evident in 

Figures 11.6 and 11.7 [Johannessen et al., 1996].  Figure 11.8 shows a photograph of natural 

film damping surface waves. 
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 The image depicted in Figure 11.6 shows an area of the western Baltic Sea between 

Germany and Denmark.  This ERS-2 SAR image was acquired at the peak of the spring plankton 

bloom season when large parts of the Baltic Sea are covered with biogenic slicks.  Since the sea 

surface is only partially covered by biogenic slicks, surface current features, in particular eddies, 

become visible on this radar image because the surface current re-distributes the slick material 

and, thus, the slicks act as tracers for the surface current field. 

 Figure 11.7 shows a similar image from the Caspian Sea.  The imaged area is located 

south of the mouth of the river Volga.  This river carries a heavy load of pollutants originating 

from fertilizers that are washed out from agricultural fields, but also originating from industrial 

and municipal plants.  The pollutants serve as nutrients for marine organisms that experience a 

rapid growth that leads to enhanced generation of biogenic slicks.  The oceanic eddies in Figure 

11.7 are very likely wind-induced.  The most remarkable feature on this image is the mushroom-

like feature consisting of two counter-rotating eddies. 
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12.1 Introduction 

 Although not strictly an environmental measurement like the other parameters discussed 

in this manual, ship signatures are significant features frequently found in Synthetic Aperture 

Radar (SAR) ocean imagery.  These signatures can provide information useful to environmental 

scientists, coastal and fishery managers, and law enforcement agencies.   

 Characteristics such as high resolution (10 to 100 m), sensitivity to small variations in 

surface roughness (on the order of centimeters), and especially the strong signal return from hard 

targets like ships make SAR systems particularly adept at detecting vessels at sea.  Ships may be 

detected via three main mechanisms: (1) identification of radar energy reflected directly from the 

vessel, (2) detection of wake patterns, and (3) identification of slicks on the ocean surface 

resulting from release of engine or fish oils.  Each mechanism is described and illustrated in this 

chapter, including the physical processes at work, important SAR image characteristics, and 

limitations inherent in today’s satellite SAR systems.   Finally, an example of a pre-operational 

ship-detection applications demonstration is presented.   

 

12.2 Direct Detection of Ships 

12.2.1 Physical Process 

 Spaceborne SAR instruments send out pulses of electromagnetic radiation and then 

measure the amplitude and phase of reflected radiation from the ocean, the land, or man-made 

objects (referred to as hard targets).  Strong radar returns result from direct reflection from 

objects with high dielectric constant (i.e., conductors such as steel) oriented so that large surfaces 

are perpendicular to the incoming radar beam or arranged in angular corner-shaped structures 

(i.e., corner reflectors).  Corner reflectors have the property of returning radiation back to the 

source, parallel to its incoming direction. Ships often contain superstructure or deck 

configurations that act as direct reflectors or corner reflectors.  In addition, under the right 

orientation with respect to the radar beam, the hull and ocean together can, through a double 

reflection, return significant energy back to the satellite SAR antenna (see Figure 12.1).  
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Figure 12.1  Radar pulses from a satellite can be reflected back to the detector by: (a) direct reflection, e.g. from 

portions of the ship perpendicular to the radar beam, (b) a double bounce off a dihedral reflector, e.g. the ocean and 

then the ship or vice versa, or (c) a corner reflection (triple bounce) e.g from the ship superstructure. 

 

12.2.2 SAR Imaging Characteristics 

 The direct radar return from a ship is the most common ship signature in SAR imagery.  

Depending on the SAR resolution, the SAR image signature of a ship direct return may simply 

be a single pixel with significantly greater normalized radar cross section (i.e., large backscatter 

and therefore brighter) than surrounding pixels or, at higher resolution (e.g., 30 m or better), an 

elongated series of brighter pixels.  At the highest resolutions (10 m or less), details of the ship 

superstructure may become distinguishable (see Figure 12.2c). As long as the ship has good 

radar backscatter characteristics, even ships smaller than the SAR pixel resolution can be easily 

detected under a fairly wide range of wind and wave conditions. The direct return from the ship 

is often the only ship signature, particularly (1) when the ship is not underway,  (2) when higher 

winds or waves quickly destroy wake and slick signatures, or (3) when lower resolution modes, 

such as ScanSAR, are employed. Figure 12.2 is a collection of ship direct return signatures.

 Automated ship detection algorithms generally look for a statistically significant contrast 

between the ship and the local ocean background.  A single detection threshold cannot be used 

for the whole image since the background backscatter changes substantially with SAR angle of 

incidence, wind speed, and sea state.  Various algorithm approaches have been developed which 

automatically adapt to changing background backscatter during the search for targets.  Many of 

these algorithms are referred to as constant false alarm rate algorithms.  Examples of ship 

detection algorithms can be found in Eldhuset [1996], Vachon et al., [1997], and Wackerman et 

al., [2001].  

 

12.2.3 Limitations in SAR Detection 

 Limitations to the success of direct detection of ships with SAR systems can be grouped 

into the following five categories: (1) ship characteristics, (2) environmental conditions, (3) radar 

characteristics, (4) image quality, and (5) image resolution. 

 

 12.2.3.1.  Ship characteristics.  Ship characteristics, such as structural configuration, 

orientation with respect to the radar, ship size, and structural material have a highly significant 
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Figure 12.2a (left).  RADARSAT-1 

(C-band, HH) ScanSAR Wide B 

image acquired 20 February 1998 at 

1729 UTC showing U.S. trawler 

fleet vessels (circled) anchored in 

Dutch Harbor, Alaska under very 

low wind conditions.  Vessels are 

easy to detect since their large 

backscatter makes them stand out 

against the calm waters of the 

harbor.  Outside the protection of the 

harbor where the wind is much 

higher, the ship/sea contrast is 

reduced.  ©CSA 1998 

 

 

 

Figure 12.2b RADARSAT-1 (C-band, HH) ScanSAR Wide B image acquired 30 July 2000 at 1809 UTC showing 

the Russian walleye pollack trawler fleet lined up along the U.S./Russia maritime border.  The U.S. Coast Guard 

seized a Russian trawler 800 yards inside the U.S. Exclusive Economic Zone on the U.S. side of the maritime border 

on 1 August 2000 in this area of the border.  ©CSA 2000 
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Figure 12.2c  RADARSAT-1 (C-

band, HH) Standard Mode image of 

a large ship showing some ship 

structure.  Image was acquired on 5 

November 1997 at 1111 UTC.  The 

ship is located off the east coast of 

the U.S. near Chesapeake Bay.  

©CSA 1997. 
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Figure 12.2d.  RADARSAT-1 (C-band, HH) Standard Mode image acquired 5 July 2004 at 0411 UTC showing 

small fishing vessels (approximately 10 m in length in the Egegik Bay salmon fishery in Bristol Bay, Alaska (58.2N, 

157.5W).  ©CSA 2004 

 

effect on the ability of SAR systems to detect a particular vessel.  A ship made from materials 

with high dielectric constant (i.e., from materials that are good electrical conductors such as 

steel) is a better radar reflector than a vessel made of non-conducting materials such as fiberglass 

or wood.  A vessel with substantial superstructure consisting of natural corner reflectors is a 

particularly good target. Also, a ship traveling perpendicular to the radar beam (i.e., traveling in 

the same direction as the satellite is flying - generally north or south) presents as a larger target 

and has the possibility of a greater double reflection return. 

 

 12.2.3.2. Environmental conditions.   Environmental characteristics, such as sea state, 

wind speed, proximity to land, and presence of ice affect the ability to distinguish SAR ship 

signatures from the ocean background return.  The greater the wind speed or the higher the 

waves, the greater the environmental contribution to the radar return signal, and thus the weaker 

the contrast between the vessel and the ocean background (see Figure 12.2a).  Ships are detected 

under wind conditions ranging from no wind up to somewhat over 10 m s
-1

 [Vachon et al., 2000 

found a validated vessel where the wind speed was 13.2 m s
-1

].  In coastal regions, it is hard to 

distinguish between a ship and a small island without intimate knowledge of the near-shore 

geography.  And along the ice edge, SAR signatures of ship-sized pieces of ice are often 

indistinguishable from those of vessels fishing or traveling nearby.  

 

 12.2.3.3 Radar characteristics.  Characteristics of the radar instrument, such as angle of 

incidence  (i.e., the angle between a line connecting the radar with the reflecting surface being 

viewed and the local normal to the surface), polarization, resolution, and sensitivity affect the 

ability to detect vessels with a SAR system.  The radar signal return from the ocean’s surface is a 
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function of angle of incidence, with the return falling off as the angle of incidence increases.  A 

ship return, however, does not change as dramatically with angle of incidence; thus, at higher 

angles of incidence there is improved contrast between the ship and the ocean background 

(Figure 12.3). In general, RADARSAT-1 Standard Mode HH polarization imagery provide more 

contrast between ships and the background ocean than ERS-1/2 Standard Mode VV polarization 

imagery since VV imagery exhibit greater ocean return at a given angle of incidence than does 

HH imagery. However, more information on wake structures is provided by VV imagery.  

Recent research indicates that use of multipolarization SAR data (e.g., from the ENVISAT 

Advanced SAR and eventually from the ALOS Phased Array L-band SAR and the 

RADARSAT-2 SAR) may allow improvements in discrimination between ships and ocean 

clutter [Touzi et al., 2001; Yeremy et al., 2002].  

 

 12.2.3.4. Image quality.  SAR image processing errors and the inherent speckle noise in 

SAR imagery can interfere with vessel detection algorithms.  Speckle is noise in the image 

manifesting as random pixels that are much brighter or darker than the average of surrounding 

pixels. The speckle noise is a result of constructive or destructive interference during the 

coherent addition (i.e., taking account of phase as well as amplitude) of backscatter from many 

different scatterers within a resolution cell of the SAR image during the image integration time 

(i.e., for all the SAR pulses that illuminate a resolution cell as the satellite passes over). Speckle 

noise in low-backscatter regions of an image where the surface return is below the noise floor 

(i.e., the minimum detectable SAR backscatter) of the SAR instrument can appear as small 

vessels to a ship-detection algorithm.  The speckle noise of a SAR image will also ultimately 

limit the minimum vessel size that can be detected, since smaller vessels will become 
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Figure 12.3.  This 500 km RADARSAT-1 (C-band, HH) ScanSAR Wide B image acquired 13 April 1999 at 1809 

UTC in the North Pacific exhibits a large contrast between ship signatures and the ocean background at high angles 

of incidence (right side of image Target 8).  At smaller angles of incidence (left side of image - Target 10) the 

background ocean return increases and the ship-ocean contrast decreases.  ©CSA 1999 

 

indistinguishable from speckle. Processing problems such as obvious seam boundaries between 

beams in ScanSAR imagery, nadir ambiguities (an along-track bright line resulting from the 

timing of the direct return from the earth immediately below the satellite), scalloping in 

ScanSAR imagery (a cyclic banding pattern caused by errors in Doppler processing), and cross-

track noise lines caused by processing errors can all be problematic—mainly by masking hard 

targets within erroneous high backscatter anomalies.  It should be noted that these processing 

problems are, for the most part, processor dependent; i.e., for the same SAR signal data, different 
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Figure 12.4.  Plot of the ship detection Figure of Merit for the beam modes of RADARSAT-1 as a function of SAR 

angle of incidence [after Vachon et al., 1997].  Figure of Merit (FOM) is defined as the minimum detectable ship 

length for a wind speed of 10 m s
-1

, with wind blowing in a direction toward the radar.  Graphs shown are for 

RADARSAT-1 ScanSAR Wide (SCW) and ScanSAR Narrow (SCN) Near and Far Beam Modes.  Points are for 

various single beam modes: Standard (S), Wide (W), Fine (F), Extended High (EH), Extended Low (EL) of 

RADARSAT-1 and for ERS-1/2 (ERS). 
 

SAR processors will produce slightly different SAR images when attempting to handle 

difficulties encountered during processing. Finally, image earth location errors can interfere with 

the correct discrimination between small coastal islands and coastal vessels. 

 

 12.2.3.5. Image Resolution.  Although all the different modes (with their specific 

resolution and swath width characteristics) of available satellite SAR imagery are useful for 

detection of ships, particularly larger ships, some modes are better than others. Vachon and 

Olsen [1998] recommend for RADARSAT-1 that ship surveillance (i.e., when the approximate 

location is not known) be done with ScanSAR Narrow far-range imagery (50 m resolution, 300 

km swath with angles of incidence between 31
o
 and 46

o
) or ScanSAR Wide imagery (100 m 

resolution, 450-510 km swath with angles of incidence from 20
o
 to 49

o
 - see Figure 12.2b).  

Tracking (i.e., when the area of operation of the ships are known approximately) can be done 
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more effectively with higher resolution modes (Standard, Wide, or Fine Beam - see Figure 

12.2d). The ScanSAR beams provide greater area coverage but are not useful for detecting small 

coastal fishing boats.  

 Figure 12.4 [Vachon et al., 1997] shows the relative utility for ship detection of all the 

RADARSAT-1 beam modes and ERS-1/2 imagery.  The angle of incidence (or range of angles) 

for each beam is indicated along with a Figure of Merit (FOM) for ship detection.  The FOM is 

defined as the minimum detectable ship length for a wind speed of 10 m s
-1

, with wind blowing 

in a direction toward the radar (i.e., the case resulting in the highest ocean clutter and thus the 

worst ship detection conditions).  Considerably smaller ships will be seen for lower wind speeds 

or other wind directions.  This figure clearly shows the performance of each SAR mode relative 

to all the other modes when employed for vessel detection.  Also, one can see that for a particular 

type of beam as the angle of incidence increases, smaller and smaller vessels are detectable. 

 In a test of the ship detection algorithm used in the Alaska SAR Demonstration (see 

Section 12.6 below), Friedman et al., [2000] found that between 45% (for 200 m resolution data) 

and 60% (for 100 m resolution data) of the vessels participating in the Bristol Bay Alaska red 

king crab fishery were detected in RADARSAT-1 ScanSAR Wide imagery.  It is estimated that 

the detected ships were all longer than 33.5 m.  Vachon et al., [2000] obtained a detection rate 

(for ships averaging 120m) of 84% overall and 97% using the higher resolution modes of 

RADARSAT-1 that are recommended for ship detection.  Ship detection performance improved 

as wind decreased, angle of incidence increased, and resolution increased.   

 

12.3 Wakes 

 The track left in the water by a moving vessel, the wake, is an important clue in the 

detection of ships. Wake structures fall into four categories: (1) turbulent wakes stretched out 

directly behind the vessel, (2) the Kelvin wake formed by decameter-scale surface gravity waves 

generated by the passage of the vessel and propagating outward from the vessel track, (3) 

narrow-V wakes visible through Bragg scattering from short centimeter-scale waves generated 

by hydrodynamic processes along the ship's hull, and (4) internal wave wakes generated under 

conditions of shallow stratification [Lyden et al., 1988; Shemdin, 1990].  Figure 12.5 illustrates 

the geometry of these different wake categories.  Each category will be discussed below in terms 

of physical processes, SAR image characteristics and limitations in today's SAR systems. 

 

12.3.1 Turbulent Wakes  

 Turbulence formed by breaking waves, water disturbed by the ship’s hull, and the action 

of the ship’s screws all disturb and then dampen the small-scale waves directly behind a passing 

vessel. Immediately behind the ship is a region of foamy, turbulent water followed by a much 

longer region of smooth water [Peltzer, et al., 1987].  This is called the turbulent wake (see 

Figure 12.5b).  Rising plumes of bubbles bring surface-active materials from within the water 

column and concentrate them at the surface, enhancing small-scale wave suppression.  Damping 

of small waves in the turbulent wake is a result of increased viscosity, decreased temperature, 

and changes in surface tension and elasticity in the surface skin of the ocean [Peltzer et al., 

1992]. 

 After the direct radar return from the ship itself, the most common ship-related signature 

in SAR imagery is the turbulent wake. This type of wake appears in imagery as a dark line 
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Figure 12.5a.  Oblique 35 mm photograph of ship and its wake in Chesapeake Bay acquired 20 November 1999 near 

Annapolis, Maryland, showing a classic Kelvin "V" wake and a turbulent wake.  Photo by author taken from plane 

piloted by Ronald Pichel.  Figure 12.5c diagrams the components of the ship wake labeled in the photograph: A) 

bow wave, B) stern wave, C) transverse wave, D) turbulent wake, and E) turbulence region adjacent to the ship.  

 

starting in the vicinity of the ship and stretching for a few kilometers behind; occasionally there 

may be a bright line on one or both edges of the wake [Lyden et al., 1988].  In a wind-roughened 

sea, the turbulent wake will be smoother than its surroundings, reflecting less energy back to the 

radar and, thus, appearing dark in the image (see Figure 12.6a). Under low wind conditions, the 

wake may be slightly rougher than its surroundings and therefore can have a small, but 

measurable, return and appear faintly brighter than its surroundings.  Also when the ship is 

cruising through a region with plentiful natural slicks, the turbulent wake may break up these 

slicks, allowing the wind to generate more Bragg waves producing enhanced backscatter (see 

Figure 12.6b).  As the ship passes, the hull movement through the water generates vortices 

whose surface currents concentrate surfactants at the edges of the turbulent wake.  As the wake 

turbulence dissipates, sometimes the only remaining trace of the wake is these surfactant bands 

which then appear as dark “railroad tracks” extending in excess of 20 km behind the ship 

[Milgram, et al., 1993] (see Figure 12.6c). 

 There are many factors that affect the general probability of detecting ship wakes in SAR 

imagery including the ship speed, hull shape, wind, sea state, and ship propulsion system 

[Peltzer, et al., 1987].  The turbulent wake is the most persistent (as well as the most common) 

wake signature seen in SAR imagery.  Eldhuset [1996] found that in 200 wake-like features seen 

in SEASAT L-band imagery, 85% exhibited turbulent wakes of about 2.5 km; and in 180 ERS-1 

C-band images, 80% of wakes were turbulent with lengths ranging from 2.7 to 3.3 km.  Buoy
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Figure 12.5b (left)  Geometry of turbulent 

wake with associated currents noted.  

[After Lyden et al., 1988]. 

 

 

 

 

 

Figure 12.5c  (below)  Geometry of 

Kelvin wake components shown in 

Figure 12.5a [After Hennings et al., 

1999]. Note particularly the location of 

the cusp waves where the transverse and 

divergent waves intersect at the Kelvin 

envelope.  These are the largest waves 

and the ones most often imaged by SAR 

systems. 
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Figure 12.5d (above)  SAR signal return from Bragg 

waves results in a narrow-V wake seen in SAR 

imagery under the right environmental conditions 

[After Lyden et al., 1988]. 

 

 

 

 

 

 

Figure 12.5e (left)  Geometry of Internal Wake.  

Structure of internal waves generated by passage of 

a ship under conditions of surface water 

stratification. [After Lyden et al., 1988]. 
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measurements of attenuation of small waves in wakes show that turbulent wakes can exist for 

more than 10 minutes in oil tanker wakes, even longer (up to an hour) in the greater turbulence 

within barge wakes or when winds are light.  Turbulent wakes are most commonly seen under 

moderate wind conditions (2.5 to 7.5 m s
-1

), with longer wakes (up to tens of kilometers) found 

at the lower end of this wind speed range [Milgram et al., 1993] 

 

12.3.2 Kelvin Wakes  

 The Kelvin wake, first described by Lord Kelvin in 1887 [Thompson, 1887], consists of 

transverse and divergent gravity waves generated by a moving vessel, which interfere to form the 

cusp waves that are the Kelvin wake structures most often seen in satellite SAR images.  As 

illustrated in Figure 12.5c, transverse waves, propagating approximately in the direction of 

motion of the ship (i.e., with crests approximately perpendicular to the ship direction), have 

propagation directions in the range 0
o
 ≤  φ ≤  35

o
16’, where φ is the angle between the ship track 

and the wave propagation direction (measured from the direction of ship forward movement).  

The divergent waves propagate outwards at angles approaching directions perpendicular to the 

ship's direction of motion, in the angular range 35
o
16’ ≤  φ ≤  90

o
 [Hennings et al., 1999].  These 

two types of waves interfere to form a V-shaped pattern of cusp waves at regular intervals along 

the wake at half angles (i.e., one half the interior angle formed by the "V") β of + 19.5
o
, with the 

ship approximately at the apex of the "V".  This V-shaped pattern is called the Kelvin ship-wave 

wedge [Lighthill, 1978]. The cusp waves are propagating approximately at φ = 35
o
 with crests 

aligned at φ = 55
o
 and a wavelength of 4/3πV

2
g

-1
, where V is the ship speed and g is the 

acceleration of gravity.  It should be noted, however, that these angles and wavelength can 

change for large slow-moving vessels (when the vessel length l is large compared with V
2
/g) or 

for small speedboats (where l is small compared with V
2
g

-1
).  For slow-moving vessels, the 

dominant wake waves have a wavelength of 2πV
2
g

-1
 and propagate at small φ; for speedboats, 

the waves are much shorter and propagate at large φ, close to φ = 90
o
 [Lighthill, 1978].   

 Although not as commonly imaged as the turbulent wake, the Kelvin wake appears in 

higher resolution SAR imagery, such as 30 m resolution Standard Mode RADARSAT-1 and 

ERS-1/2 imagery.  In ERS-1/2 imagery, the Kelvin wake is visible in about 17% of ship 

detections [Melsheimer et al., 1999]. One or both of the arms of the Kelvin wake can be imaged 

as either bright or dark streaks (Figure 12.6d) when wind conditions are moderate (3 to 10 m s
-1

).  

The cusp waves usually have the largest amplitude within the Kelvin wake, and are thus more 

likely to be imaged by a SAR.  The cusp waves are generally smeared into a line in the SAR 

image, at a half angle of approximately +19.5 degrees.  Generally only one of the two Kelvin 

wake arms is visible in SAR imagery. When the cusp waves are propagating toward or away 

from the radar look direction, the Kelvin arm is usually bright from an increase in normalized 

radar cross section; but when the propagation direction is perpendicular to the radar look 

direction, the Kelvin arm is normally not imaged or can be dark from a reduction in normalized 

radar cross section [Hennings et al., 1999].  The angular difference between the cusp wave 

propagation directions for the two arms is such that when the cusp waves for one arm are 

propagating generally in the same direction as the radar look angle, the cusp waves for the other 

arm are propagating generally perpendicular to the radar look direction.  Thus, when one arm is 

at maximum visibility in the SAR image, the other arm is at minimum visibility or is dark.  There 

are certain ship-heading/radar-look-angle combinations where backscatter from the two arms is 

relatively equal; however, in general there will be a disparity in visibility.  
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Figure 12.6a (above).  RADARSAT-1 (C-band, HH) 

Standard Mode image acquired 30 July 1998 at 2240 

UTC off the coast of New Jersey showing a ship with a 

dark turbulent wake. The wake is approximately 4 km 

long in this image.  ©CSA 1998 

 

 

 

 

Figure 12.6b (right)  ERS-1 (C-band, VV) Standard 

Mode image acquired 9 April 1996 at 307 UTC showing 

a bright turbulent wake in the South China Sea (7
o
54’N; 

109
o
04’E).  The turbulent wake from the ship (in the 

lower left corner of the image) breaks up the natural 

surface films in this region, allowing the wind to generate 

Bragg waves which lead to enhanced radar backscatter in 

the wake.  Image is courtesy of Werner Alpers, Institute 

of Oceanography, Center for Marine and Climate 

Research, University of Hamburg, Germany.  ©ESA 

1996 

  
 

 The probability of detecting the Kelvin wake increases with decreasing wind speed, but is 

almost independent of wind direction.  There is very little variation in detection probability with 

radar frequency, but the probability should increase with decreasing incident angle and should be 

higher with HH polarization than with VV polarization SAR systems [Hennings et al., 1999]. 

With current spaceborne systems, however, ERS-1/2 VV polarization images tend to exhibit 

more wakes than RADARSAT-1 HH polarization images as a result of the greater signal to noise 

ratios of ERS-1/2 [Wackerman et al., 2001].  But even in ERS-1/2 imagery, wakes are not seen 

in 37% of all ship targets [Vachon et al., 1997].  V-wakes decay much more rapidly than 

turbulent wakes and are therefore usually much shorter in SAR imagery. 
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Figure 12.6d (above)  RADARSAT-1 (C-band, HH) Standard Mode 

image acquired 2356 UTC, 15 April 2002 in the Gulf of Mexico 

near the Louisiana coast.  Both arms of the Kelvin wake can be 

seen, with the port wake visible only faintly.  A faint dark turbulent 

wake is also visible behind the vessel.  ©CSA 2002 

 

Figure 12.6c (left)  ERS-1 (C-band, VV) Standard Mode image 

acquired 1600 UTC, 4 May 1996 in the Straits of Malacca (4
o
36’N; 

99
o
35’E).  The long turbulent wake ends in two roughly parallel 

dark lines reminiscent of railroad tracks.  The tracks are likely the 

result of lingering surface films generated by convergent surface 

currents at the edges of the turbulent wake.  The port-side arm of the 

Kelvin wake is also imaged (bright line).  Image is courtesy of 

Werner Alpers, Institute of Oceanography, Center for Marine and 

Climate Research, University of Hamburg, Germany. ©ESA 1996 
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Figure 12.6e.  Aircraft SAR (L-band, HH) image of the USS Quapaw in Dabob Bay, Washington, acquired 28 July 

1983 during the U.S.-Canada Joint Ocean Wave Investigation Project (JOWIP).  The Quapaw was traveling at 8 m  

s
-1

 and was imaged at an angle of incidence of 27
o
.  The narrow-V wake has a half angle of about 2.5

o
.  Image 

courtesy of Richard Gasparovic, the Johns Hopkins University Applied Physics Laboratory. 
 

 

Figure 12.6f.  Jet Propulsion Laboratory AIRSAR (L-Band, VV) image acquired on 13 August 1989 showing a ship 

generated internal wave wake (parallel dark and light bands) in Loch Linnhe, Scotland, a highly stratified fiord. 

Image courtesy of Richard Gasparovic, The Johns Hopkins University Applied Physics Laboratory.  
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12.3.3 Narrow-V Wakes  

 Narrow-V wakes seen sometimes in SAR imagery result from resonant (i.e., enhanced) 

Bragg scattering of the radar pulses from the short centimeter-scale waves which are generated 

by the hull moving through the water and which propagate outwards in all directions (Figure 

12.5d).  Only visible to the eye as very small waves, the characteristic V-shaped pattern of two 

bright lines is only visible in SAR imagery.  Narrow-V wakes have included half angles in the 

range of 2 to 3 degrees [Shemdin, 1990]. The angle is determined by the ratio of the group 

velocity of the Bragg waves to the ship velocity [Shemdin, 1990] and the ship heading relative to 

the SAR platform's ground track [Lyden et al., 1988].  Figure 12.6e shows a narrow-V wake. 

Narrow-V wakes are seen in SAR imagery only at low wind speeds (less than 3 m s
-1

); i.e. in 

cases where the wind speed is too low to generate sufficient Bragg waves to form a measurable 

radar backscatter from the surrounding ocean.  Narrow-V wakes have been observed in deep and 

shallow waters regardless of stratification [Shemdin, 1990]. 

 

12.3.4 Internal Wave Wakes  

 In cases of stratified surface water with a strong shallow pycnocline (i.e., a region of 

strong vertical gradient in density), downward displacement of surface water by the ship can 

generate subsurface (i.e. internal) waves.  This results in V-shaped internal wave wakes with half 

angles, β = sin
-1 

(c/v) where c is the phase speed of the outermost internal wave and v is the ship 

speed [Gasparovic, et al., 1989].  Ship-generated internal waves move slowly, with a phase 

speed of about 0.1 to 1.0 m s
-1

. The half angle thus decreases with increasing ship velocity.  The 

wake consists of internal waves propagating roughly perpendicular to the ship track.  As with 

other types of internal waves (see Oceanic Internal Waves and Solitons, Chapter 7), surface 

current variations associated with the internal wave interact with small surface Bragg waves 

resulting in visible wavelike surface roughness changes [Lyden et al., 1988].  See Figure 12.5e. 

 Internal wave wakes appear as V wakes, but with an alternating dark and bright wave 

pattern roughly parallel to the ship track. The wake may be a narrow-V or have a half angle even 

larger than the Kelvin wake.  The angle may change along the ship track because the V narrows 

as the ship speed increases.  Because ship-generated internal waves move slowly there are no 

transverse internal waves generated unless the ship is traveling very slowly, in which case the 

ship may experience internal wave drag known as the dead water effect [Watson et al., 1992]. 

Figure 12.6f depicts an internal wave wake. 

 Internal wave wakes are only observed in regions of shallow water stratification.  They 

are observed under moderate wind conditions (approximately 3 to 10 m s
-1

).  They are more 

readily apparent in L-band imagery than in X-band or C-band imagery because of the longer 

persistence of L-band Bragg waves [Lyden et al., 1988].  Internal wave wakes are more distinct if 

the SAR sensor is viewing perpendicular to the ship track. Internal waves (and indeed ocean 

waves and wakes in general) are much more apparent in higher-resolution SAR imagery (e.g., 

Standard Mode) than in ScanSAR imagery. 

 

12.4 Slicks 

 Although the topic of slicks is addressed in detail in Chapter 11, ship-related slicks are 

mentioned in this chapter to complete the discussion of phenomena related to ship detection.  
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Figure 12.7b (above).  RADARSAT-1 (C-band, HH) ScanSAR Wide B image 

from the Bering Sea (acquired 24 August 1997 at 1817 UTC) showing a fleet 

of vessels with at least some of the vessels fishing in a grid-like pattern, 

releasing fish oils during catch processing as they continue to fish.  The 

resulting persistent, dark, turbulent wake reveals the pattern of fishing.  ©CSA 

1997 

 
Figure 12.7a (left)  RADARSAT-1 (C-band, HH) ScanSAR Wide B image of 

Walleye Pollack fishery in the Bering Sea, acquired 20 February 1998 at 1729 

UTC.  The long slick behind one of the vessels underway extends for over 100 

km. ©CSA 1998 
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Figure 12.7c (above).  RADARSAT-1 (C-band, HH) ScanSAR Wide B 

image acquired on 12 September 2000 at 1825 UTC in the vicinity of the 

U.S./Russian maritime border near Cape Navarin in the Bering Sea.  Many 

ships are evident, but almost none are associated with the dark slick features, 

which presumably were created during past fish processing or fishing activity 

and persist even after the vessels have moved on to other areas. ©CSA 2000. 

 
Figure 12.7d (right)  RADARSAT-1 (C-band, HH) Standard Mode SAR 

image acquired 12 August 1998 at 1115 UTC showing a bilge-pumping slick 

pattern generated by a ship on its way into Delaware Bay [Clemente-Colón, 

2001]  ©CSA 1998. 
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12.4.1 Physical Process 

 In addition to natural surfactants brought to the surface in a turbulent wake, other 

processes can lay down long-lasting surfactant slicks behind a ship.  Fish-oil release as a result of 

catch boarding and processing activities, or inadvertent (or deliberate) release of petroleum 

products (e.g., during normal engine operation or as a result of bilge pumping) can generate 

surfactant slicks.  These slicks dampen small-scale surface waves and thus manifest as a dark 

wake behind a vessel, sometimes stretching for a hundred kilometers [Clemente-Colón, 1998], 

and thus forming some of the longest ship-related ocean disturbances.  

 

12.4.2 SAR Imaging Characteristics and Limitations 

 The presence of slicks in the wake of a ship will result in enhanced and prolonged 

backscatter suppression in the wake, such as is shown in Figure 12.7a.  If a vessel is actively 

fishing or processing catch with concomitant release of fish oils, the pattern of movement of the 

fishing fleet or the fishing pattern of individual vessels can be deduced [Montgomery, 2000; 

Figure 12.7b].  Under some environmental conditions, these fishing slicks can persist even after 

the vessels have moved to other fishing grounds [Figure 12.7c; Clemente-Colón et al., 1998]. 

Finally, bilge pumping often leads to a tell-tale broadening of the turbulent wake as a ship 

approaches harbor (Figure 12.7d). For these ship-related slicks to be visible, there must be 

substantial release of surfactants. There must also be moderate wind—enough to form small 

waves that are damped by the surfactant, but not enough to mix the surfactant down out of the 

surface skin. 

 

12.5 Other Ship-Related Phenomena 

 In addition to cases where surfactant slicks indicate recent vessel activity even when no 

vessel remains, there are other cases where only V-wakes are seen, but one is led to deduce that 

the vessel is still in the area viewed.  The ship may be too small or made of low radar-reflective 

material and consequently cannot provide a hard target return under the existing sea conditions.  

Submarines traveling near the surface may also leave wakes [Liu, 1996].  See Figure 12.8. 

 Another interesting SAR image phenomenon related to ship detection is the displacement 

in the SAR image of a rapidly moving ship under certain viewing angles.  A moving ship with a 

substantial velocity component in the radar range direction (i.e., a ship traveling relatively 

perpendicular to the direction of motion of the SAR satellite) will be displaced (in the SAR 

image) off its turbulent wake or off the apex of its V-wake by a distance proportional to this 

velocity component.  This is a SAR imaging artifact resulting from placing the ship in a different 

image azimuth location (i.e., in the image dimension parallel to the satellite motion) than the 

ocean pixels surrounding the ship, as a result of the extra Doppler shift from the ship's motion 

relative to the sea surface.  A SAR processor maps the azimuth location of an object based on its 

Doppler history.  If a ship is moving away from the SAR platform, its image will be displaced in 

the negative azimuth direction (opposite to the SAR platform direction of motion); motion 

toward the SAR platform will result in positive azimuth displacement (See Figure 12.9).  This 

phenomenon is similar to the "train off the track" artifact seen when imaging moving trains with 

SAR.   
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Figure 12.8a (above).  This is a 25 km x 25 km sector of and ERS-1 

SAR image acquired 31 May 1995, north of Taiwan in the East China 

Sea at 25.62
o
N and 121.15

o
E [Liu, 1996].  The water depth is about 100 

meters.  A ship bright turbulent wake can be seen stretching across the 

image from lower left to upper right with a ship direct return at the end 

of the wake in the upper right corner.  Inside the square is another 

turbulent wake and, faintly, one arm of the Kelvin wake for a vessel 

traveling to the right (east); however, in this case, despite the presence of 

a wake, there is no bright direct return from a ship.  Figure 12.8b (left) is 

an annotated enlargement of the portion of Figure 12.8a enclosed in the 

white square.  The wake structures could have been formed by a small 

ship, a ship made of low radar-reflective material such as wood or 

fiberglass, or perhaps a submarine traveling close to the surface [Liu, 

1996].  Original image ©ESA 1995. 
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Figure 12.9  RADARSAT-1 (C-band, HH) Standard Mode image of a ship displaced from its wake.  The image was 

acquired on 5 November 1997 at 1111 UTC.  The ship is located off the East Coast of the U.S. near Chesapeake 

Bay.  ©CSA 1997  

 

12.6 Ship Detection Applications Demonstration 

 Competition for dwindling fishery resources, increased emphasis on protection of 

endangered species, and a desire to improve safety of life and property under dangerous 

environmental conditions have all led to an increased need for adequate management and 

enforcement of fisheries.  Traditionally, fisheries management has been accomplished through 

use of onboard observers or aircraft surveillance.  However, both are expensive and the latter is 

hampered by weather, darkness, and the large regions that must be surveyed for open ocean 

fisheries. Detection of vessel positions using SAR imagery is a tool useful in aiding management 

and enforcement of fisheries.  Techniques have been developed to automatically detect vessels in 

SAR images and provide these vessel positions to agencies responsible for fisheries resource 

management and protection.  These techniques are being used routinely, if not operationally, at a 

number of facilities around the world.  For example, routine ship detection and oil spill products 

are generated by Kongsberg Satellite Services (formerly the Tromsø Satellite Station) in Norway 

[Vachon and Olsen, 2000], at the European Space Agency European Space Research Institute in 

Fucino, Italy, [Cusano et al., 2000], and by the Canadian Department of Fisheries and 

Oceanography Canada within the Ocean Monitoring Workstation [Henschel et al., 1997; Vachon 

et al., 2000].  In the U.S., NOAA is conducting an applications demonstration  in Alaska [Pichel 

and Clemente-Colón, 2000], where vessel positions are generated each day from images of the 

Bering Sea and Gulf of Alaska received in near real-time from the Alaska Satellite Facility (ASF) 

at the University of Alaska Fairbanks.  These vessel positions are being used to monitor the 

U.S./Russia maritime border, to monitor coastal and open ocean fisheries activities, and to 

monitor environmental hazards such as ice and severe storms, which impact the safety of the 

fishing fleet. 
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Figure 12.10.  A portion of a RADARSAT-1 (C-band, HH) ScanSAR Wide B image acquired 20 February 1998 at 

1729 UTC showing snow crab fishing vessels near the ice edge in the region of St. George Island in the Bering Sea.  

©CSA 1998. 

 

 During this NOAA Alaska SAR Demonstration (AKDEMO), the utility of the vessel 

positions has been assessed for a number of fisheries, including Alaskan crab fisheries.  There are 

two open-ocean crab seasons in Alaska, the snow crab season held usually in January and 

February north of the Aleutian Islands in the Bering Sea and the red crab season in October in 

Bristol Bay, north of the Alaska Peninsula.  Both fisheries employ similar steel-hulled vessels 

typically ranging in length from 15 to 61 meters, with the majority of vessels in the range 24 to 

41 meters. 

 The snow crab (Chinoecetes opilio) fishery in Alaska is among the most dangerous 

fisheries in the world.  During the snow crab season in 1999, 11 seamen died and another 14 
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Figure 12.11 Ships detected in a RADARSAT-1 (C-band, HH) ScanSAR Wide B scene acquired on 4 April 2000.  

Vessels are in the Alaskan snow crab fishery.  Triangles indicate automated detections of open ocean vessels (or 

ship-sized ice pieces).  Green detections are strong, red are weak.  Detections in the upper middle of the image are 

probably ice pieces located along the edge of the ice pack. © CSA 2000.  

 

were seriously injured [Gary Hufford, 1999, personal communication].  This fishery usually 

occurs in the vicinity of the southern limit of ice in the Bering Sea during a time of year when 

severe weather is likely.  Intense cold, superstructure icing, and dangerous wave and wind 

conditions from rapidly developing polar mesoscale cyclones combine to make this fishery 

particularly hazardous.  The fishery is regulated by both the Alaska Department of Fish and 

Game and the NOAA National Marine Fisheries Service.  Weather forecasts are provided to the 

fleet by the National Weather Service Forecast Office in Anchorage. Figure 12.10 shows the 

distribution of the snow crab fleet in February 1998 as imaged by a RADARSAT-1 ScanSAR 

Wide image (100 m resolution).  Features of interest are the large number of vessels and the 

proximity of many of the vessels to the ice edge (threatening life and property should there be 

sudden movement of ice).  A pre- operational test of the AKDEMO ship-detection products in 

support of this fishery was conducted in April 2000.  The winter of 2000 was an especially heavy 

ice year, so much so that the snow crab season was delayed until April.  The season was 

shortened to only one week beginning April 1 and ending April 8.  In this year, the fleet was 

imaged with SAR two days out of the seven.   Figure 12.11 shows a SAR image taken on April 1 

with automatically detected ships superimposed.  Ship position information was sent to the 

Alaska Department of Fish and Game and entered into a geographic information system (GIS) 

for plotting on the maps shown in Figures 12.12a and 12.12b.   Total vessel counts and observer 

reports indicate that the SAR vessel detection algorithm observed a bit less than half of the total 
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Figure 12.12.  These GIS maps of the position of the snow crab fleet on 1 April 2000 (Top) and 4 April 2000 

(Bottom) were compiled using automated ship reports from a number of RADARSAT-1 (C-band, HH) ScanSAR 

Wide B images, including from the image shown in Figure 12.11. Figures courtesy of Fritz Funk, Alaska 

Department of Fish and Game. 
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number of vessels in the Alaskan crab fleet [Friedman et al., 2000].  The SAR ship positions 

indicate that between April 1 and 4, the fleet split into two areas of fishing concentration.  This 

information on overall fleet movement may be as valuable as knowing exactly where all the 

vessels are.  Knowing where the fleet is located allows one to determine whether observer 

reports (on 10% of the vessels) are representative of the entire fleet. 

 Vessel Monitoring Systems (VMS) are increasingly required to be used on registered 

fishing vessels worldwide [Montgomery, 2000; Kourti et al., 2001]. These systems automatically 

report vessel position to enforcement agencies when queried or on a regular schedule. The 

combination of VMS reporting of registered vessels and detection with SAR of unregistered 

vessels can be a valuable combination for fisheries management and enforcement. 

 

12.7 Summary 

 In this chapter we have examined the many aspects of SAR ship signatures and their 

detection.  The most common ship signature is the direct return of the SAR signal from the ship 

superstructure, appearing in a SAR image as a pixel or group of pixels significantly brighter than 

the surrounding ocean.  Wake signatures are the next most common signature.  They include the 

turbulent wake directly behind the ship, the Kelvin wake with an interior half angle of 19.5
o
, 

narrow-V wakes under low wind conditions, and internal wave wakes under conditions of 

stratified surface water.  Finally, the presence of patterns of surface slicks such as long dark 

turbulent wakes and grid patterns indicative of fishing activity are useful in identifying ships 

releasing engine or fish oils.  Automated techniques have been developed for detecting the direct 

return from ships.  These often employ constant false alarm rate algorithms to handle variations 

in ship/ocean contrast due to changing wind conditions and radar angle of incidence.  Limitations 

to ship detection success include the physical characteristics of the ship such as size and 

composition, environmental conditions such as wind and presence of ice, radar characteristics 

such as angle of incidence and polarization, and SAR image quality and resolution.  Despite 

these limitations, satellite SAR systems can provide valuable information on the location and 

distribution of fishing and marine transportation vessels, information of use to coastal and fishery 

managers, law enforcement agencies, and environmental scientists. 
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13.1 Introduction 

 Global wind vector measurements from space aid meteorologists in weather forecasting 

and contribute to the understanding of atmospheric dynamics, air-sea interaction, and 

climatology.  Radar measurements by scatterometers and synthetic aperture radars (SARs) have 

been used to measure wind vectors from space.  In this chapter, we provide a historical context to 

the active microwave wind vector measurements from space and describe the latest efforts to 

routinely measure high-resolution wind fields with SAR.  We also provide examples of some 

meteorological phenomena uniquely visible in SAR imagery.  Finally, we discuss the future of 

SAR wind imagery and the blending of wind speeds derived by SAR and scatterometer. 

 At very low wind speeds and at microwave frequencies, the ocean surface is smooth, 

almost glass-like.  Under these conditions, the radiation from a side-looking radar will reflect 

away from the radar and yield little or no backscattered power.  As the wind speed increases, the 

surface roughens and backscattered power increases.  The backscattered power is greatest when 

the radar look direction and the wind direction are aligned.  However, there is a slight 

asymmetry.  The backscattered power for winds blowing directly toward the radar is greater than 

the power for winds blowing directly away from the radar.  The changes in backscattered power 

as a function of wind speed and direction form the basis of the remote sensing of wind speed and 

direction from spaceborne radar.   

 At a given wind speed and direction and radar geometry, the normalized radar cross 

section (NRCS) can be empirically predicted.  Unfortunately, the inverse is not true—a given 

NRCS does not correspond to a unique wind speed and direction pair. Figure 13.1 is a three-

dimensional plot of a microwave wind speed model function for a 25° radar incident angle.  The 

x-axis represents wind speed, the y-axis represents the angle between the radar look direction and 

the local wind direction, and the z-axis represents the radar cross section.  A single radar cross 

section would define a plane parallel to the xy-plane.  This plane intersects the model function at 

a large number of wind speed and direction pairs.  Thus, many different wind speed and direction 

pairs could produce a particular radar cross section.   

 Measuring the surface NRCS from a number of different aspect and incident angles 

reduces the number of potential solutions and alleviates this inversion difficulty.  This multi-

measurement approach to inversion is the basis of conventional spaceborne radar scatterometer 

measurements of the wind vector. 

 

13.2 Backscattering 

 In 1913, Sir William Bragg demonstrated that when radiation scatters from a crystal, 

there is increased backscatter when the radiation wavelength corresponds to the crystal lattice 

spacing.  The periodic structure of the lattice produces constructive interference and increases 

reflected power.  By extension, Wright [1960] showed that the ocean NRCS for incident angles 
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Figure 13.1.  The CMOD4 geophysical model function relating wind speed and direction with respect to the radar to 

normalized radar cross section.  For this case, the radar nadir incident angle is 25°. 

 

between 20° and 60° primarily depends on the waves on the surface that match the radar 

wavelength projected onto the surface, in which case the ocean waves are called Bragg waves.  

Despite this work and more modern theoretical developments, scatterometry relies largely on 

empirical geophysical model functions relating wind speed and direction to NRCS rather than 

theoretical estimates of this relationship [Wentz et al., 1984; Stofflen and Anderson, 1997; 

Romeiser et al., 1997; Brown, 2001].  It is important to remember that waves of short wavelength 

are the first to be generated by the wind and the fastest to decay when wind speed decreases.  As 

a consequence, the higher the frequency of the radar, the more quickly changes in wind speed are 

reflected in changes in surface roughness and backscattered radar power.  The radar frequency 

and, hence, the surface wavelength of interaction are critical parameters in the design of a 

microwave scatterometer. 

 

13.3 Scatterometers  

 An experimental wind speed vector scatterometer flew aboard Skylab [Moore et al., 

1974].  Based on this experience, a more sophisticated scatterometer flew aboard the SEASAT 

satellite in 1978.  SEASAT’s scatterometer used multiple stick-antenna and operated at 14.6 

GHz (wavelength 2.1 cm).  The instrument generally yielded four possible wind speed and 

direction pairs at a 50-km spatial resolution over two symmetric 500-km-wide swaths [Boggs, 

1982].  The best estimate for the appropriate wind speed and direction pair was selected by 
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comparing possible solutions with numerical weather model wind vector predictions and 

considerations of continuity.  Typically, SEASAT achieved an accuracy of 1.6 m s
-1

 with respect 

to buoy measurements [Brown, 1983; Hawkins and Black, 1983; Pierson, 1983; Wentz et al., 

1986].   

 Since then, scatterometers have flown aboard ERS-1 (1991), ERS-2 (1995), ADEOS-1 

(1996) and QuikSCAT (1999) spacecraft.  The latest SeaWinds [Spencer et al., 2000] 

scatterometer on QuikSCAT represents a significant departure from previous scatterometer 

designs.  SeaWinds uses two rotating pencil beam radars to measure NRCS at different aspect 

angles and incident angles at 25-km resolution over an 1800-km-wide swath.  Multi-stick 

scatterometers have more uniform performance across their entire swaths than rotating beam 

scatterometers, but do not make measurements nadir to the spacecraft.  The performance of a 

rotating pencil beam scatterometer depends on the geometry of the beams as they measure the 

NRCS of the surface.  There are two looks at each point from each of the two beams at different 

incident angles.  At the outer edge of the swath, there are only two looks from the large incident 

angle beam.  Also, near the nadir ground track, the fore and aft looks provide less direction 

information.  Scatterometers have become the instrument of choice for global wind vector 

measurements.  The recent decision to use a rotating beam scatterometer as opposed to the stick 

variety is a practical one based on ease and cost of implementation. 

 

13.4 Synthetic Aperture Radar (SAR) 

 SEASAT was also equipped with an L-band (20-cm wavelength) SAR that created high 

(25 m) resolution, 100-km-wide radar images.  These images have a resolution three orders of 

magnitude finer than can be achieved by conventional spaceborne scatterometers and were 

primarily expected to measure ocean surface wave spectra and not winds.  While conventional 

scatterometry is useful and important for wind vector measurement on a global scale, it fails 

close to shore.  Contamination from land reflections degrades scatterometer measurements near 

land.  By contrast, high-resolution SAR imagery offers the prospect of extending wind speed 

measurements right up to the shore to obtain information valuable to coastal areas. 

 Despite the fact that a SAR views the surface at only one aspect angle, clear wind speed 

signatures were visible in even the earliest SEASAT SAR images in which there were bright 

areas associated with high wind speed.  In the early imagery, there were other areas where the 

wind speed was so low that the ocean surface was smooth and, therefore, reflected radar energy 

and resulted in dark patches in SAR images. 

 Early comparisons by Jones et al. [1981] and Weissman et al. [1979] demonstrated a 

correlation between the L-band SEASAT SAR image intensity and SEASAT scatterometer wind 

speed.  The SEASAT SAR, however, was not sufficiently well calibrated to be easily used with 

NRCS geophysical model functions to estimate wind speed.  Even after empirical adjustment, 

the lack of wind direction information hindered the application of NRCS measurements for the 

unique and quantitative retrieval of wind speed. 

 Early investigations of SAR imagery and scatterometer data indicated that both 

instruments were affected by the details of air-sea interaction in the planetary boundary layer 

[Brown, 1986].  In a seminal paper, Gerling [1986] observed linear features aligned with the 

direction of the wind on the scale of a few kilometers in SEASAT imagery.  Gerling postulated 

that wind rows [Brown, 1980; Fu and Holt, 1982] were responsible for these linear structures.  

An area of downward flow causes more surface roughness and therefore higher backscatter than 

an area of upward flow, thus creating a periodic structure in a SAR image.  Using Fourier 
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transform techniques, Gerling further showed that he could estimate wind directions, albeit with 

a 180° ambiguity, from these wind row signatures.  

 When present, wind rows can indicate the general direction of the prevailing wind 

depending on the thermal stratification of the planetary boundary layer [Brown and Lee, 1972].  

The angular difference between linear features in a SAR image and the wind direction depends 

on atmospheric stability [Brown, 1980].  If the atmosphere is very stable near the surface (a 

positive air-sea temperature difference) wind rows may disappear entirely.  In addition, at times 

there are ocean circulation features at the same spatial scales that may be confused with wind 

rows. 

 The 20-cm radar wavelength of the SEASAT SAR implies that the NRCS depends on 

surface waves of about the same wavelength. When the wind blows, it takes time for waves of 

this wavelength to be generated.  Higher radar frequencies are responsive to shorter ocean waves.  

These shorter ocean waves, in turn, are more immediately responsive to changes in wind speed.  

Wind speeds generally had to be above 2 m s
-1

 before the SEASAT SAR imagery yielded an 

appreciable radar return. The SEASAT SAR did not have an optimum frequency for wind speed 

measurement. The Ku-band (2.1 cm wavelength) SEASAT scatterometer, by contrast, was more 

responsive to wind speed variations. 

 In 1991, the European Space Agency launched the ERS-1 satellite.  ERS-1 was equipped 

with a combined C-band (5-cm wavelength) vertical-vertical (VV) polarization 

SAR/scatterometer Active Microwave Instrument (AMI).  The use of this new frequency 

necessitated the development of a C-band geophysical model function relating wind speed and 

direction to NRCS.  The result of these efforts was the development of the CMOD4 function 

[Stofflen and Anderson, 1997; IFREMER, 1996].  Although there are certain small variations of 

this model function found in the scientific literature, the C-band VV-polarization response to 

wind speed and direction is well characterized. 

 Vachon and Dobson [1996], Wackerman et al. [1996] and Fetterer et al. [1998] used the 

fruits of these efforts to extend the work of Gerling to estimate wind speed and direction from 

the ERS-1 SAR.  In 1995, the Canadian RADARSAT-1 satellite was launched from Vandenberg 

Air Force Base in California.  The primary purpose of its C-band horizontal-horizontal (HH)-

polarization SAR is the monitoring of sea ice conditions.  In its wide-swath mode, the SAR 

imagery covers a 500-km swath at 100-m resolution. 

 While the timeliness of SAR imagery is important in sea ice monitoring, the time scales 

of changes for ice are longer than the six- to twelve-hour time scales of weather fronts.  Until 

recently, sea ice monitoring was virtually the only operational use of SAR imagery.  SAR data 

processing requirements and the sheer data volume have proved in the past to be an important 

limitation in using SAR imagery for making high-resolution wind speed measurements in an 

operationally useful context.  Once the signal data are received, they must be merged with 

satellite ephemeris data and processed into calibrated NRCS imagery.  The imagery must then be 

converted into wind speed estimates.  Fortunately, rapid improvements in data processing have 

alleviated this challenge.  Presently, “quick-look” RADARSAT-1 SAR imagery can be produced 

in one to two hours depending on the processing center  

 In 1998, the National Oceanic and Atmospheric Administration (NOAA), in conjunction 

with Johns Hopkins University Applied Physics Laboratory (JHU/APL) and Veridian Systems 

Division, established a quasi-operational system for estimating wind fields from the 

RADARSAT-1 SAR.  The program began as the Storm Watch Project and has evolved into the 

Alaska SAR Demonstration Project [Pichel and Clemente-Colón, 2000]. 

 In this project, RADARSAT-1 SAR data are downloaded in real-time when the satellite is 
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in view of the Alaska Satellite Facility (ASF) ground station.  ASF quick-look processes the data 

into calibrated SAR imagery.  Next, the data are electronically forwarded to NOAA in Camp 

Springs, Maryland where they are converted into wind speed estimates, and the results are 

subsequently posted on the World Wide Web. During the first two years of operation, the total 

time from satellite to web was about 5 to 6 hours.  Recently, with substantial improvements in 

computer speed, this time has been reduced to 3 hours.  For best use in an operational weather 

forecasting context, the total time needs to be reduced to approximately two hours.  The limiting 

time factor now seems to be the SAR image processing.  This limitation will gradually diminish 

with increased computer speed. 

 There were several challenges associated with using RADARSAT-1 SAR imagery for 

determining real-time wind speeds.  The first challenge involved choosing the appropriate wind 

speed model function.  The CMOD4 model function, while appropriate in frequency, was 

developed for VV polarization.  The RADARSAT-1 SAR operates at HH polarization.  

Thompson et al. [1998] addressed this deficiency by proposing an incident-angle dependent 

polarization ratio function that relates the VV-polarization NRCS to HH polarization NRCS. 

 The second challenge involves choosing which wind direction to use in SAR wind speed 

retrieval.  One approach is to use linear features in the SAR image, such as Gerling [1986], 

Vachon and Dobson [1996], Wackerman et al. [1996], Fetterer et al. [1997], and Horstmann et 

al. [2001] have done, to estimate wind direction. Though often successful, there are times when 

the wind row signature is weak or when there are features associated with other phenomena on 

the same spatial scale.  An alternative approach is to use wind directions from model predictions.  

Model-produced directions have the advantage of always being available.  However, their spatial 

resolutions are generally far worse than the SAR resolution.  For the Alaska SAR Demonstration, 

both approaches were taken in parallel.   

 Veridian Systems Division implemented software that divides wide-swath SAR images 

into smaller 25 km × 25 km sub-images.  For each of those smaller images, Fourier transform 

techniques are used to estimate wind direction, albeit with a 180° directional ambiguity.  This 

direction is combined with the mean cross section of the smaller image to estimate wind speed. 

 In parallel, JHU/APL software uses wind direction predictions provided on a 1° × 1° 

longitude-latitude grid by the U.S. Navy’s Navy Operational Global Atmospheric Prediction 

System (NOGAPS) model.  These directions are interpolated down to each pixel in a 

RADARSAT-1 SAR image and used with the radar cross section measurement to infer wind 

speed. 

 Figure 13.2 is a normalized radar cross section image from the RADARSAT-1 SAR 

acquired on 19 March 2001 at 0248 UTC off the western coast of Canada.  Note the systematic 

falloff in NRCS from near to far range (left to right) in the image.  This falloff is created because 

NRCS decreases with incident angle.  Figure 3 is the same image after it has been converted to 

wind speed and color-coded.  Wind speed structures in the far range are now apparent after 

appropriate correction for the falloff in response with incident angle.  

 In Figure 13.3, the land areas are shown in gray as topographic maps.  The large arrows 

represent the wind speed and direction from the NOGAPS model.  The smaller arrows represent 

the wind speeds from the Veridian Systems Division processing.  There is general agreement 

between the SAR wind speeds and model predictions.  It is also clear that the imagery reveals 

many important coastal wind features. Note the high wind funneling through the inner passage 

from Juneau southward.  This image reveals a phenomenon commonly seen in SAR wind speed 

images, namely gap flow.  Gap flow occurs as the wind passes over topographic features and is 

channeled into intensified flow.  This image also illustrates the high spatial variability of the 
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Figure 13.2.  RADARSAT-1 (C-band, HH) SAR normalized radar cross section image acquired on 19 March 2001 

0248 UTC as processed by the Alaska Satellite Facility.  Although the signatures in the NRCS representation are 

faint, the increased backscattered caused by gap flows is visible.  ©CSA 2001. 

 

wind in coastal areas.  While wind speeds may be unchanging in the direction of flow, 

orthogonal to the wind direction, wind speeds can vary by over 10 m s
-1

 over a few kilometers. 

 In Alaska, local stories abound about the sudden appearance of williwaws—storm-force 

winds that have been known to overwhelm ships.  Figures 13.4 and 13.5 help explain such 

observations.  Figure 13.4 is a RADARSAT-1 SAR NRCS image, acquired 31 October 2000 at 

0344 UTC.  Figure 13.5 is the corresponding wind field image.  It shows intensified gap flow 

between Kodiak Island and the Kenai Peninsula.  
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Figure 13.3.  RADARSAT-1 SAR wind speed image produced for the Alaska SAR Demonstration Project.  The 

colors represent wind speed up to a maximum of 25 m s
-1

.  The large color-coded arrows represent the model winds 

used for the SAR wind retrieval.  The small arrows represent wind vectors from the Veridian System Division 

retrieval process.   The imagery was acquired on 19 March 2001 at 0248 UTC. 

 

The sub-kilometer resolution of SAR wind speed imagery has permitted the observation 

of atmospheric phenomena that has been difficult with other instruments.  The NRCS and wind 

speed images in Figures 13.6 and 13.7 were acquired on 4 May 2001 at 0526 UTC at the western 

end of the Aleutian Island chain.  Of particular interest in these images are the roll vortices being 

shed off Gareloi Island.  The vortices have a periodicity of about 10 km and extend for over 200 

km. 

 Figures 13.8 and 13.9 represent additional meteorological phenomena observable in SAR 

imagery.  The SAR-derived wind speed image in Figure 13.8 covers the northern portion of the 
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Figure 13.4.  RADARSAT-1 (C-band, HH) SAR NRCS image near Kodiak Island, Alaska.  The bright or high cross 

section areas represent high wind speeds. This image was acquired on 31 October 2000 0344 UTC and was 

processed by the Alaska Satellite Facility.  ©CSA 2000. 

 

Gulf of Alaska.  As wind blows north from the Gulf of Alaska, it runs into high topography 

along the coast forming a high-speed barrier jet [Overland, 1984].  The image in Figure 13.9 

covers part of the Alaska Peninsula and the Aleutian Islands.  In the image, there is a uniform 

wind from the northwest.  As the wind flows over the topography, atmospheric internal waves 

are generated.  This wind speed image demonstrates the characteristic periodic structure of 

atmospheric internal waves. 
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Figure 13.5.  RADARSAT-1 SAR wind speed image near Kodiak Island, Alaska.  The intensified gaps flows, 

reaching over 20 m s
-1

 or 40 knots, are responsible for williwaws. This wind speed image was derived from the 

NRCS image shown in Figure 13.4. 

 

13.5 Validation and Future Developments 

The full usefulness and potential of SAR wind imagery will be realized when it is possible to 

know with confidence that the surface roughness can be used to infer wind speed [Brown, 2001].  

In order to validate wind speed retrievals, Monaldo et al. [2001] systematically compared 

RADARSAT-1 SAR wind speed measurements, initiated with model wind directions, with 

comparable National Data Buoy Center (NBDC) buoy wind speeds.  For each buoy-SAR 

comparison, the SAR-derived wind speed was averaged over a 5-km radius circle around the 

buoy position.  Buoy measurements are typically reported once per hour and averaged over 8 

minutes.  As a consequence, a buoy measurement could be reflecting local variability.  The once-
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Figure 13.6.  Vortex shedding from Gareloi Island in the Aleutian Islands.  The radar cross section decreases with 

increasing nadir incidence from left to right.  This image was acqured by RADARSAT-1 (C-band, HH) on 4 May 

2001 at 0526 UTC.  ©CSA 2001. 

 

per-hour sampling guarantees that buoy and SAR comparisons are never separated by more than 

30 minutes.  The standard deviation between the SAR and buoy measured wind speed was 1.76 

m s
-1

, similar to comparisons achieved with conventional spaceborne scatterometers.  

 The natural extension of these buoy-SAR comparisons is the comparison between SAR 

and QuikSCAT scatterometer wind speeds.  Thompson et al. [2001] compared these wind speeds 

for measurements made during the year 2000.  Whenever a SAR overpass coincided with a 

QuikSCAT scatterometer measurement, the SAR wind speeds were averaged over an area of 

diameter of 25 km so that the two measurements would be comparable.  The comparisons 

improved as the temporal difference between the two decreased.  For time separations of less 

than 1 hour, the standard deviations were 2.3 m s
-1

.  At a separation of less than 15 minutes,
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Figure 13.7.  Vortex shedding from Gareloi Island in the Aleutian Islands.  This wind speed image was derived from 

the NRCS image shown in Figure 13.6. 

 

the standard deviation dropped to 2.0 m s
-1

.  The quality of the RADARSAT-1 SAR and 

QuikSCAT wind speed comparison is illustrated in Figure 13.10.  The SAR data for Figure 13.10 

were acquired on 31 January 2001 at 0335 UTC, the QuikSCAT data were acquired on the same 

day at 0438 UTC.  The small colored arrows represent the QuikSCAT wind vector retrievals.  

The color codes for the SAR and scatterometer wind speeds in the figure are identical.  As the 

smaller arrows disappear into the SAR wind speed fields, agreement increases.  It is clear that the 

scatterometer picks up the increased wind speed for flow between Kodiak Island and the Kenai 

Peninsula.  However, it misses the detailed structure apparent in the SAR wind speed field. 

 The key difficulty in SAR wind speed retrieval is determining the wind direction.  The 

previous SAR-QuikSCAT comparisons were made using NOGAPS model wind predictions 
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Figure 13.8.  Wind speed image in northern part of the Gulf of Alaska.  This wind flows to the north until it runs into 

topography along the coast forming a high-speed barrier jet along the coast.  This image was derived from a 

RADARSAT-1 (C-band, HH) image acquired on 18 February 2000 0310 UTC . 

 

interpolated down to the SAR pixel position to initiate the SAR wind retrieval.  To quantitatively 

ascertain the effect of using the model directions for the retrieval, the retrievals were re-

computed using the QuikSCAT wind directions.  The use of these directions dramatically 

improves the SAR and QuikSCAT comparisons.  When the temporal separation between 

measurements is 15 minutes or less, the standard deviation between wind speed measurements is 

as low as 1.34 m s
-1

.  This result suggests that if SAR and QuikSCAT data were routinely 

merged, (i.e., scatterometer wind directions were used, when available, for the SAR wind 

retrieval) the accuracy of SAR wind speeds would improve.  The additional value of the SAR 

wind fields is that they extend to the shore and provide important information in coastal areas. 
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Figure 13.9.  As the wind flows over the Alaska Peninsula atmospheric internal waves are generated.  This image 

was derived from a RADARSAT-1 (C-band, HH) image acquired on 28 September 2000 1650 UTC. 

 

13.6 Conclusion 

 Radar scatterometers like the ones on SEASAT, ERS-1, ERS-2, ADEOS-1, and 

QuikSCAT have matured to the point that they may be considered operational tools for global 

wind vector measurements.  As important as these measurements are, the 25-km resolution of 

these instruments limits their applicability and usefulness in regions where higher resolution will 

reveal smaller scale phenomena, particularly in coastal areas.  Recent research with high-

resolution (sub-kilometer) SAR imagery shows promise for making wind speed measurements 

with better than 2 m s
-1

 accuracy.  Moreover, by combining SAR NRCS measurements with 

scatterometer directions, wind speed measurements are further improved.  The use of wind 
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Figure 13.10.  RADARSAT-1 (C-band, HH) SAR and QuikSCAT wind speed image.  The small arrows are color-

coded QuikSCAT wind speed retrievals.  The SAR image was acquired on 31 Jan 2000 0335 UTC.  The QuikSCAT 

data were acquired on the same day at 0438 UTC . 

 

directions from the SAR imagery itself may also improve retrievals.  The synergistic fusion of 

data from both instruments offers the greatest hope for wind field measurements in coastal areas 

from space. 
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14.1 Introduction 

 The marine atmospheric boundary layer (MABL) is that part of the atmosphere that has 

direct contact and, hence, is directly influenced by the ocean.  Thus, the MABL is where the 

ocean and atmosphere exchange large amounts of heat, moisture, and momentum, primarily via 

turbulent transport [Fairall et al., 1996].  Couplets of cellular updrafts and downdrafts (cells) and 

couplets of roll-like updrafts and downdrafts (rolls) in the atmospheric boundary layer represent 

the organization of these turbulent fluxes.  Thus, cells and rolls over the ocean are coherent 

structures of enhanced air-sea interaction [Khalsa and Greenhut, 1985].  These coherent 

structures can be initiated thermodynamically (i.e. buoyancy-driven) and / or dynamically (i.e. 

wind shear-driven).   

 Cells and rolls each have distinctive signatures on the ocean surface.  These signatures 

are the result of the alteration of the ocean surface roughness on the cm-scale that result from 

gusts of wind emanating from the downdrafts of the coherent structures.  These gusts result from 

the mixing of high-momentum air from aloft downwards towards the sea surface.  At the same 

time, the updrafts tend to transport low-momentum air upwards. Thus both of these processes 

cause a negative turbulent momentum flux. In contrast to this, heat and moisture fluxes can be 

either positive or negative since the updrafts and downdrafts that induce momentum mixing can 

be hot or cold and moist or dry relative to the mean environment.    

 As has been described in earlier chapters, synthetic aperture radar (SAR) senses the cm-

scale (Bragg) wave spectrum and, hence, cm-scale sea surface roughness at a resolution on order 

10 m to 100 m over a swath width on order 100 km to 1000 km.  Changes in wind speed and 

direction change the Bragg wave energy spectrum via the turbulent momentum flux between the 

atmosphere and ocean surface.  Radar backscatter increases with wind speed. The highest signal 

return is obtained when looking in an upwind direction.   At the same time, the intervening 

atmosphere is mainly transparent to SAR, although precipitation can at times affect the radar 

signal  (reviewed by Alpers and Melsheimer (Chapter 17) and in Melsheimer et al. [1998, 2001]).  

Thus, spaceborne SAR is capable of providing a detailed view of sea surface roughness patterns 

of various meteorological phenomena, including cells and rolls.  

 This chapter will describe the phenomena of MABL cells and rolls from a SAR 

perspective.  It will examine their causes and structure, their signatures in SAR imagery, and 

what information can be extracted from those signatures.  Knowledge of the spatial and temporal 

distribution, as well as intensity, of cells and rolls is particularly important to meteorologists and 

oceanographers.  On the microscale (< 2 km) and mesoscale (2 km to 2000 km), cells and rolls 

can lead to organized convective precipitation.  In mesoscale and macroscale (2000 km to 20,000 
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Figure 14.1.  Vertical cross section through an atmospheric convective cells above the ocean surface.  The figure 

shows the cell-induced (perturbation) flow pattern and the resulting sea surface roughness after interaction with the 

mean surface wind.  In this case where the magnitude of the mean surface wind approximately equals that of the 

cell-induced wind beneath the convective cell.  Sea surface roughness (and resulting radar backscatter) are increased 

where the cell winds and mean surface wind are in the same direction minimized when they are opposed. 

 

km) weather forecasting models, the spatial distribution of turbulent fluxes (and, hence, cells and 

rolls) appears as required terms in the governing equations.  On very long temporal scales, the 

statistical representation of cells and rolls becomes important in climate modeling. 

 

14.2 Cells 

 Cells in the MABL can form under relatively light wind conditions over those regions of 

the ocean that have a negative air-sea temperature difference (i.e. where the sea surface 

temperature is higher than the air temperature directly above the ocean). As a result of this 

unstable stratification, convective up- and downdrafts develop. At the sea surface, this either 

causes cell-induced low-momentum air flow directed radially inwards (towards an updraft) or 

high-momentum air flow directed radially outwards (away from a downdraft) over a circular area 

with a diameter on the order of a few to up to several tens of kilometers.    

As illustrated in Figure 14.1, the wind field of a cell is usually superimposed on a more 

homogenous ambient wind field.  A cell’s radial wind vectors are thus in line with the ambient 

wind on one side of the cell, and they oppose the ambient wind on the opposite side of the cell.  

Thus, the resulting total wind speed just above the ocean is higher on one side of the cell than on 

the other, resulting in an increased and decreased intensity of Bragg waves.  Therefore, 

atmospheric cells over the ocean usually produce a mottled signature in SAR images that is 

brighter than the background signal on one side of the cell, and darker than the background 

signal on the other side of the cell  [Mitnik, 1992; Sikora et al., 1995; Zecchetto et al., 1998].   

The exact shape of an individual mottle element and its resulting SAR signature are not only 

affected by local wind speed and wind direction, but also by the SAR frequency, SAR incident 

angle, and the SAR look direction [Mitnik, 1992; Ufermann and Romeiser, 1999b].  Moreover, 

recent research has shown that differences in the SAR imaging mechanism at vertical and 

horizontal polarization can affect the imaging of both atmospheric and oceanic phenomena. 

Wind variations on short spatial scales, such as the ones generated by convection cells (and 

rolls), mainly modulate the short surface (Bragg) waves, whereas hydrodynamic modulation by 
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Figure 14.2.  A SAR image (scaled for presentation) acquired from RADARSAT-1 (C-band, HH) on 17 January 

1997 at 2242 UTC off the east coast of the United States when the MABL stratification was unstable.  The image 

contains the mottled SAR-signature of convection throughout.  The imaged area is 300 km x 300 km centered at 

approximately at 35.7°N, 72.0°W.  The top of the image is directed towards 348°.  ©CSA 1997 

 

oceanic phenomena predominantly acts on longer (decimeter to meter) waves.  As shown by 

Romeiser and Alpers [1997], contributions of the Bragg waves to the backscatter are similar at 

vertical and horizontal polarization, whereas the relative contribution of the long waves to the 

backscatter is larger at horizontal than at vertical polarization.  As a result, oceanic phenomena 

produce stronger SAR signatures at horizontal than at vertical polarization. This polarization-

dependence can be exploited to separate contributions of oceanic and atmospheric phenomena to 

the radar signal [Ufermann and Romeiser, 1999a].  Moreover, recent research has shown that 

differences in the SAR imaging mechanism at vertical and horizontal polarization can affect the 

imaging of both atmospheric and oceanic phenomena.  Wind variations on short spatial scales, 
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Figure 14.3.  An example of a mottled SAR image (scaled for presentation) acquired from RADARSAT-1 (C-band, 

HH) 06 March 1997 at 2242 UTC off the east coast of the United States when the MABL stratification was unstable.  

The imaged area is 300 km x 300 km centered at approximately at 37.3°N, 72.8°W.  The top of the image is directed 

towards 348°.  ©CSA 1997 

 

such as the ones generated by convection cells (and rolls), mainly modulate the short surface 

(Bragg) waves, whereas hydrodynamic modulation by oceanic phenomena predominantly acts 

on longer (decimeter to meter) waves. 

A field of mottling on SAR imagery tends to be quite similar in appearance to what a 

field of cumulus clouds looks like on visible satellite imagery because the cumulus clouds and 

clear spaces between them represent the tops of the updraft / downdraft couplets that produce the 

surface SAR scene.  We point out, however that clouds need not be present in order for SAR to 

sense the presence of cells.  
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Figure 14.4.  Three-dimensional view of idealized roll vortices above the sea surface and the corresponding roll-

induced (perturbation) flow pattern.  Height increases towards the top of the page.  The light dashed arrows are roll-

induced stream lines in the vertical-cross roll plane.  The tubular arrows are roll-induced wind vectors along the axis 

of the rolls.  The heavy dashed lines are roll-induced isotachs along the axis of the rolls.  Finally, the roll-induced 

vertical velocity pattern is represented by the open arrows above the rolls.   The mean wind shear vector is along the 

axis of the rolls and out of the page.  The sea surface roughness variations are shown along the bottom.  Roughness 

(and SAR backscatter) are highest under the descending regions.  Provided courtesy of Dr. Ralph Foster, University 

of Washington Applied Physics Laboratory. 

 

Figure 14.2 shows an example of a SAR image (scaled for presentation) acquired from 

RADARSAT-1 at C-band, horizontal polarization on 17 January 1997 at 2242 UTC off the east 

coast of the United States when the MABL stratification was unstable according to buoy data 

near the imaged area.  The image contains the mottled SAR signature of convection throughout.  

The image is 300 km by 300 km and is centered approximately at 35.7°N, 72.0°W.  The top of 

the image is directed towards 348°. 

Another example of a mottled SAR scene can be seen in Figure 14.3, which was acquired 

from RADARSAT-1 at C-band, horizontal polarization on 06 March 1997 at 2242 UTC off the 

east coast of the United States.  The image is 300 km by 300 km and is centered approximately at 

37.3°N, 72.8°W.  The top of the image is directed towards 348°.  Buoy data in the imaged area 

indicate an unstable stratification of the MABL at the time of image acquisition. 

 

14.3 Rolls  

 As their name implies, longitudinal rolls vortices are quasi-helical circulations.  Etling 

and Brown [1993] and Young et al. [2002] provide thorough reviews of rolls.  The most 

commonly cited mechanism for roll development is thermodynamic instability in an environment 

with sufficient wind shear (what is sufficient is addressed below) and it is this type of roll that we 

discuss here.  We point out, however, that other roll-initiation mechanisms exist.  We refer the 

reader to Etling and Brown [1993] and Young et al. [2002] for further reading on this subject. 

 Figure 14.4 is a schematic of an idealized field of roll vortices.  The axes of the boundary 

layer rolls are oriented parallel to the mean boundary layer wind shear vector.  Ascending and 
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Figure 14.5. SAR image (scaled for presentation) acquired from RADARSAT-1 (C-band, HH) on 06 March 1997 at 

2242 UTC off the east coast of the United States when the MABL stratification was unstable and moderate winds 

were present.  The image contains the SAR-signature of roll vortices throughout its upper right-hand portion.  The 

imaged area is 300 km x 300 km and centered at approximately at 35.7°N, 72.0°W.  The top of the image is directed 

towards 348°. ©CSA 1997  

 

descending regions of the circulation lead to corresponding decreased and increased sea surface 

roughness in the same manner as was described for cellular convection, resulting in lines of 

enhanced and decreased backscatter with the lines of enhanced backscatter effectively being the 

linear organization of mottle elements [e.g., Alpers and Brümmer, 1994; Mourad, 1996; Mourad 

and Walter, 1996; Müller et al., 1999; Babin et al., 2003].  This is quite similar to what a field of 

roll-induced clouds looks like on a visible satellite image.  This is expected because the lines of 
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clouds and clear regions between them represent the locations of the ascending and descending 

branches of the rolls that produce the surface SAR scene.  Along any particular cloud line, there 

is variability in the degree of convection and, hence, the texture of the cloud field.  We point out, 

however that clouds need not be present in order for SAR to sense the presence of rolls. 

 Figure 14.5 shows a SAR image (scaled for presentation) acquired from RADARSAT-1 

at C-band, horizontal polarization on 06 March 1997 at 2242 UTC off the east coast of the 

United States when the MABL stratification was unstable and moderate winds were present.  

The image is 300 km by 300 km and is centered approximately at 35.7°N, 72.0°W.  The top of 

the image is directed towards 348°.  The image contains the SAR-signature of roll vortices 

throughout its upper-right portion.  The scale of the rolls in the direction perpendicular to their 

long axis is on the order of 1 to 10 km. 

 

14.4 Transition Between Cells and Rolls 

 As the ratio of buoyancy to shear (approximated by the ratio of air-sea temperature 

difference to mean wind speed) increases beyond some threshold value, rolls develop into 

cellular convection [e.g., Weckwerth et al., 1999].  The precise threshold value for this transition 

is still a topic for debate [Young et al., 2002].  However, SAR imagery may be employed to 

study this transition in unprecedented spatial detail and without the need for the existence of  

clouds that many previous studies have relied on. 

 An example of a SAR image showing the transition from rolls to cells can be found in 

Figure 14.6.  Figure 14.6a is a RADARSAT-1 SAR image (scaled for presentation) acquired at 

C-band, horizontal polarization.  The image was acquired at 2229 UTC on 14 January 1997 

during a cold-air outbreak off the northeast coast of the United States.  It covers an area of 900 

km by 300 km and is centered approximately at 38.2°N, 69.9°W.  The top of the image is 

directed towards 348
o
.  Nearby NOAA buoys reported air-sea temperature differences changing 

from –9.4°C to –12.4°C from the top to the bottom of the image while the winds remained 

relatively constant across the swath, blowing out of the northwest at 7 to 8 ms
-1

.  Hence, there is 

evidence that the ratio of buoyancy to shear increases from the top to the bottom of the image.   

 Near the top left hand side of the image, 1 km scale mottles appear to be aligned in rows 

extending from the upper left towards the lower right, similar to what was seen in the imagery of 

Figure 14.5.  As distance increases towards the lower right, the size of the individual mottled 

elements within a particular roll signature increases.  Babin et al. [2003] attribute increase in 

scale to the corresponding decrease in static stability, as evidenced by decreased air-sea 

temperature differences reported by the buoys, or due to increased latent heating. 

 About one half of the way down from the top of the image, a dramatic change in the 

backscatter signature of the roll / mottled pattern begins.  There, the mottle elements start to 

evolve into mesoscale (order 10 km) blister-like features.  This transition occurs once the air 

flowing towards the southeast has crossed the Gulf Stream North Wall (the dark bowed line seen 

cutting across the middle of the scene).  The corresponding Advanced Very High Resolution 

Radiometer (AVHRR) image (Figure 14.6b, Channel 1, 2 and 4 composite from 2327 UTC) 

shows the cloud-signature of the above-mentioned transition.  In the lower right hand corner of 

the SAR image, these mesoscale blisters have completely replaced the roll signatures.  Babin et 

al. [2003] argue that the blister-like pattern is the SAR-signature of mesoscale cellular 

convection.  We refer the reader to Atlas and Black [1994], Mourad and Walter [1996], and 

Katsaros et al. [2000].  These articles contain additional discussions on SAR’s ability to sense 

mesoscale cellular convection. 
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Figure 14.6.  A) An example of a SAR image (scaled for presentation) acquired from RADARSAT-1 (C-band, HH)  

on 14 January 1997 at 2229 UTC during a cold air outbreak off the east coast of the United States.  The area covered 

by each image is 300 km x 900 km and centered at approximately at 38.2°N, 69.9°W.  The top of the image is 

directed towards 348°. ©CSA 1997;  B) Corresponding AVHRR image (Channel 1, 2 and 4 composite), acquired at 

2327 UTC on 14 January 1997. [After Babin et al., 2003] 
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14.5 Turbulent Flux Measurements from SAR Imagery 

 Here, we leave the reader with some thoughts on the potential of using SAR-derived 

wind speed imagery of MABL convection to derive turbulent fluxes of momentum and 

buoyancy.  The SAR-derived wind imagery discussed in this book (e.g.  Monaldo and Beal 

(Chapter 13)) is, strictly speaking, 10 m statically neutral wind imagery.  In the presence of non-

neutral conditions, there is a need to correct the neutral SAR-derived wind for the influence of 

static stability.  This correction could be as much as 10 % for moderate wind speeds and negative 

air-sea temperature differences [Young et al., 2000].  Young et al. [2000] present a stability 

correction technique for statically unstable conditions that is based on the boundary layer depth, 

the friction velocity, and the standard deviation of the along-mean flow wind component, which 

is a function of the degree of mottling caused by a field of cells or rolls.  A by-product of this 

stability correction technique is the Obukhov length which, when combined with sea surface 

temperature data, can be used to calculate a buoyancy flux.  Young et al. [2000] and Sikora and 

Thomson [2002] show promising results from this technique and further testing is ongoing.  The 

implication is that it might be possible to employ SAR imagery to generate high-resolution 

turbulent flux data over marine environments where the in-situ data is sparse.  Such data can then 

be used to aid meteorologists and oceanographers in the research areas outlined in the 

Introduction. 
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15.1 Introduction 

 Mesoscale atmospheric storms, by influencing the near surface wind field, affect the sea 

surface roughness, which, in turn, can be imaged with synthetic aperture radar (SAR).  In 

addition to increasing the understanding of typical low pressure systems that make their way 

across the oceans daily, SAR imagery has increased our knowledge of two particularly 

dangerous types of mesoscale storms: the polar mesoscale cyclone (PMC) and the tropical 

hurricane.  The RADARSAT-1 ScanSAR Wide (SCW) mode swath width of 480 km to 520 km 

is wide enough to capture large portions of PMCs and hurricanes.  SAR can penetrate clouds to 

provide images that can be used to infer the wind speed and storm structure at the ocean's surface 

with fine resolution (100 m for the SCW mode and 30 m for the standard mode of RADARSAT-

1).  Traditional visible and infrared weather sensors such as those on the NOAA Geostationary 

and Polar Operational Environmental Satellites, (GOES and POES, respectively), are limited to 

providing information on the top most level of the storm clouds.  Other sensors, such as 

scatterometers (a microwave radar sensor that is used to measure wind speed and direction over 

the ocean surface) can also penetrate clouds, but are limited in their ability to observe localized 

wind events near the coast by its 15 km to 25 km resolution cell size. 

 SAR data have several potential roles in the monitoring and detection of storms over the 

ocean.  First, ocean surface wind vectors can be estimated from the SAR image (see Chapter 13).  

Furthermore, the images provide visual evidence of convective cells, boundary layer rolls, wind 

shear zones, and storm centers (some of these are discussed in Chapter 14).  The imagery also 

provides evidence of precipitation within these storms, which can be vital information if the 

storm is beyond the range of coastal Doppler radar (see Chapter 17).  However, while SAR data 

is spatially rich, it can be temporally poor. A satellite based SAR must be programmed up to 

several days in advance to take data over a specified region.  This makes it difficult to task 

coverage of infrequent and unpredictable storms, such as hurricanes, with more than a couple 

days’ notice.  For frequently occurring storms at high latitudes, such as PMCs, a system of 

staggered coverage can be set up months ahead of time.  For example, for SCW at high latitudes, 

satellite revisit times of 1 to 2 days are possible, so that an area such as the Bering Sea can be 

completely imaged several times a week using multiple swaths.  At lower latitudes, where 

hurricanes exist, the revisit time is 2 to 4 days.  Also, the diameter of a hurricane is at least as 

wide as a SCW swath, so the chance of having a single pass cover the entire storm is low.  For 

this reason, it is best to schedule passes over hurricanes once the predicted path is known, with 

minimum lead time. 
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15.2 Polar mesoscale cyclones  

 PMCs are a high latitude phenomenon, forming over the ocean in cold air masses 

poleward of the polar jet stream and associated frontal zones in both hemispheres.  They are 

commonly found near ice/ocean or land/ocean boundaries where there is strong low-level 

baroclinicity due to differential heating of the atmospheric boundary layer over the water and 

ice/land region, or associated with the outflow of cold surface air from the continent (or ice 

covered ocean) over the water.  PMCs most commonly occur during the fall, winter, and spring, 

form rapidly, and last only a couple of days.  Several studies have examined PMCs with SAR 

[Chunchuzov et al., 2000; Sikora et al., 2000].  The size of PMCs (up to 1000 km, though often 

much smaller) allows a SCW swath to cover large portions of the storm in a single image.   

 PMCs pose a large risk to vessels in their path.  Since PMCs are usually found in data 

poor regions (where few buoys or weather stations exist), there may be little or no warning of 

their existence and the imminent danger.  For this reason, satellite data are important for 

detecting PMCs, especially by a sensor such as SAR that is not limited by clouds, because there 

often are multiple layers of clouds that mask low-level storm systems such as PMCs when 

imaged by passive sensors. 

 Friedman et al. [2000] demonstrated that by using SAR data in experimental forecasts 

involving PMCs, the U.S.  National Weather Service improved its accuracy in the detection of 

such phenomena.  Eventually it may be possible to classify the stages of PMC formation as seen 

in SAR, leading to better forecasts. 

 

15.2.1 PMCs over the Bering Sea  

 PMCs in SAR imagery commonly take the appearance of either a hook or a spiral.  In the 

Bering Sea, the hook-like variety is the most common [Carlton, 1985].  An example of a 

relatively small PMC observed on 16 January 2001 at 1821 UTC by RADARSAT-1 is shown in 

Figure 15.1a.  As is typical of PMCs, it has formed off of the ice edge in the Western Bering Sea.  

The ice in the image is labeled ‘i’.  The center of the PMC is a dark region of low backscatter at 

approximately 61°N, 179.5°E and is labeled ‘c’.  Figure 15.1b is a GOES IR image taken 9 

minutes later, at 1830 UTC, with 4-km resolution.  Here the SAR coverage is outlined in a black 

box; the PMC is slightly but not obviously visible.  The PMC sits in an air mass that is poleward 

of a much larger storm centered at 48°N, 165°W.  The National Weather Service Marine 

Prediction’s Pacific Surface Analysis for 1800 UTC (Figure 15.1c) indicates that this large storm 

has a stationary front to its northwest.  The PMC is on the north side of this front, though it was 

not shown on the analysis. 

 Wind rows in the atmosphere that affect sea surface roughness are found in the region 

labeled ‘r’ (Figure 15.1a) and indicate that the wind is blowing most likely perpendicular to the 

ice edge.  Since this low pressure system rotates cyclonically, it is apparent that the wind is 

blowing from the ice and out to sea.  The air over the ice is much colder than the air it interacts 

with over the ocean.  The SAR image shows that the PMC is associated with a boundary that 

separates the cold air and high wind speeds to the north (higher backscatter) from a region of 

lower winds and warmer air to the south (lower backscatter).  This boundary labeled ‘w’, forms 

the hook and arm shape of the PMC, and is most likely a wind shear boundary.  The shear 

boundary is not straight, but is rather wave-like in appearance, and likely is developing 

instabilities.  The region labeled ‘v’ highlights the SAR surface signature of boundary layer rolls.  

These roll signatures are not as strong as those in Figure 15.2.  The region towards the 
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Figure 15.1a.  RADARSAT-1 (C-band, HH) ScanSAR Wide image of a hook-like PMC over the Bering Sea 

acquired 16 January 2001 at 1821 UTC.  Land in upper left is Cape Navarin, Russia.  Ice covers the northern waters 

with finger-like extensions. The imaged area is 500 km wide.  See text for explanation of labels.  ©CSA 2001 

 

bottom of the image, and south of the PMC’s center, shows a mottled backscatter (labeled ‘m’) 

which is a signature of marine atmospheric boundary layer (MABL) cellular convection [Sikora 

et al., 1995; 1997].  
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Figure 15.1b. NOAA GOES IR image of the Bearing Sea at 1830 UTC with the location of the SAR coverage. 

 

 

Figure 15.1c. NOAA National Weather Service Pacific Surface Analysis from 16 January 2001 at 1800 UTC. 
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15.2.2 PMC over the Labrador Sea 

 An example of a spiral-like PMC taken on 29 December 1997 at 2120 UTC by 

RADARSAT-1 is shown in Figure 15.2.  The core of this well-developed PMC is close to the ice 

edge (labeled ‘i’) off Baffin Island.  The interaction between an upper-level trough and the low-

level baroclinicity near the ice edge is thought to have triggered the PMC.  Organized deep 

convection probably contributed to its development and intensification. 

 The SAR image shows in detail the spiral-form structure of the surface wind field around 

the eye (the dark ellipsoid-shaped pattern) of the PMC.  The convergence zone of the surface 

winds in the core of the PMC is characterized by several sharp wind field gradients that are 

revealed by the fine spatial resolution of the SCW image (labeled ‘w’). 

 According to a coastal weather station, a strong, cold westerly wind was blowing out over 

the coast, and sounding data indicate that the cold air mass was stably stratified over land.  The 

cold air that was advected from Baffin Island to the warmer open water corresponds to the bright 

area visible in the left portion of the image.  Downwind from the coast, the strong airflow 

becomes organized into spiral-form boundary layer rolls (labeled ‘v’) that become broader and 

farther apart as they move away from land.  The horizontal roll spacing reaches 20 km at 300 km 

downwind.  Cellular convection is evident to the northeast of the eye (top center of image 

labeled ‘m’).  At the same time, the strong airflow that leaves the coast appears to be stable (the 

bright area southwest of the eye), but quickly destabilizes with downwind distance from the 

coast, probably because of strong heat fluxes from the warmer ocean. 

 

15.3 Hurricanes 

 Hurricanes originate at low latitudes in the Atlantic and Pacific Oceans, the Gulf of 

Mexico, and the Caribbean Sea.  In the Atlantic Basin (including the Gulf of Mexico and 

Caribbean Sea), they occur between approximately June and November, and they form in the 

eastern Pacific Ocean approximately within the same time period.  A tropical cyclone can form 

when a pre-existing disturbance exists (unorganized mass of thunderstorms with very little, if 

any, organized wind circulation) along with warm ocean temperatures, light upper level winds, 

and low wind shear.  When the tropical cyclone reaches a sustained wind speed of 33 m s
-1

 (64 

knots) it is classified as a hurricane.  Hurricanes have an eye around which the winds blow in a 

cyclonic spiral pattern.  The eye is relatively calm and may be between 30 km and 50 km in 

diameter.  Hurricanes vary in size but their powerful winds can extend more than 500 km out 

from the eye.  Hurricane-like cyclones are created around the world from similar conditions, but 

are known by other names such as typhoon in the Western North Pacific, and tropical cyclone in 

the Indian Ocean and Western South Pacific.  In-situ and ground-based Doppler weather radar 

data are quite common when hurricanes are within a few hundred kilometers of U.S. coastal 

regions, but outside of this range, data are sparse except from satellites.  SAR has the unique 

ability to provide very fine resolution observations of the wind signatures at the ocean surface 

within a hurricane, which in the future may be important inputs to forecast and landfall 

prediction models.  Hurricane winds, rain, and storm surges threaten land, property, and personal 

safety.  Improving the models will lead to better predictions. There have been several case 

studies of SAR imaging of hurricanes [Vachon and Katsaros, 1999; Katsaros et al., 2000; 

Friedman and Li, 2000]. 
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.  

Figure 15.2. RADARSAT-1 (C-band, HH) ScanSAR Wide image of a spiral-like PMC in the Labrador Sea.  The 

imaged area is 500 km wide.  See text for explanation of labels.  ©CSA 1997 
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Figure 15.3a. RADARSAT-1 (C-band, HH) ScanSAR Wide image of Hurricane Floyd acquired 15 September 1999 at 

1108 UTC.  The imaged area is 500 km wide.  Land in upper left is Cape Fear, North Carolina, at the bottom left is 

Florida, and islands at bottom center are the Bahamas.  See text for explanation of labels.  ©CSA 1999 
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Figure 15.3b.  NOAA GOES IR image of Hurricane Floyd at 1115 UTC with the location of the SAR coverage  

 

 

Figure 15.3c.  NOAA National Weather Service Atlantic Surface Analysis from 15 September 1999 at 1200 UTC. 



Mesoscale Storm Systems 

 339

 

Figure 15.4.  RADARSAT-1 (C-band, HH) SAR ScanSAR Wide sub-image (100 km) of the eye of Hurricane Dalila 

(in the Pacific) acquired 26 July 2001 at 0124 UTC.  See text for explanation of labels.  ©CSA 2001. 

 

15.3.1 Hurricane Floyd 

 Figure 15.3a shows a SCW image of Hurricane Floyd off the U.S. East Coast on 15 

September 1999 at 1108 UTC.  The image clearly shows the relatively calm eye of the hurricane 

with a diameter of about 50 km.  The storm covers the full extent of the 500-km SCW swath.  

The SAR image area is indicated by the box in Figure 15.3b (the GOES IR image taken 7 

minutes later).  The SAR image covers only a portion of the hurricane's extent as measured by 

the associated storm clouds.  On the surface analysis at 1200 UTC (Figure 15.3c) high winds 

associated with the hurricane and also a stationary front to its Northwest can also be seen. 

Readily visible in the SAR are dark, banded features that are associated with intense 
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precipitation (labeled ‘p’).  Raincells in SAR imagery are discussed in Chapter 17.  Several pre-

hurricane squall lines composed of a series of convective cells are visible to the north of the eye 

(labeled ‘s’).  The image brightness around the eye is modulated by the changing wind direction 

relative to the SAR look direction (See Chapter 13).  In the center of the hurricane’s eye there 

exists a small region of high backscatter (labeled ‘e’).  This phenomenon has been seen in 

several RADARSAT-1 images of hurricane eyes.  Another example is shown in Figure 15.4 of 

Hurricane Dalila, labeled ‘e’ also.  

 Another interesting phenomenon, seen in some of the SAR images of hurricane eyes, are 

the wave patterns around the eye wall.  This is shown in Figure 15.4 of Hurricane Dalila and 

labeled ‘w’.  It is possible that these are caused by atmospheric instability waves.  

 Besides Floyd and Dalia, there are many SAR images of hurricanes obtained by 

RADARSAT-1 during the 1998, 1999, 2000 and 2001 hurricane seasons.  The images have 

revealed several interesting features that were not well known earlier, including the ubiquitous 

presence of boundary layer secondary flow phenomena such as roll vortices—the effects of small 

intense vortices on the eye wall extending high wind bursts into the eye area and the patterns in 

the wind field along the eye.  The usefulness of SAR imaging in hurricane research is just 

beginning to be understood. 
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16.1 Introduction 

 Under favorable conditions, when stratified air flows around an obstacle such as a 

mountain or an island, atmospheric vortex streets (AVS) or atmospheric gravity waves (AGW) 

often develop around the obstacle.  The AVS consists of counter rotating vortex-pairs shedding 

alternately near each edge of the obstacle and resembles the classic Von Kármán vortex-street 

patterns (Figure 16.1).  AGW generated by flow over topography can happen on either side of an 

obstacle.  An AGW on the lee side of a mountain or an island is called a lee wave.  Lee waves 

have two types of wave patterns: (1) the transverse wave type where the wave crests are nearly 

perpendicular to the wind direction; and (2) the diverging wave type where the wave crests are 

orientated outwards from the center of the wake.  Laboratory experiments and recent satellite 

observations also show that an upstream wave may exist when the fluid Froude number is close 

to unity and the height of topography is in the right range.  

 AGW and AVS contribute to the spatial fluctuations of lower atmospheric wind and 

temperature fields over large ocean areas.  On top of the marine atmospheric boundary layer, the 

wind field associated with an AVS or AGW causes the cloud structure to change around an 

obstacle, allowing the AVS or AGW to be observed in satellite visible and infrared images under 

conditions of high humidity, such as those sometimes found in maritime areas [Hubert and 

Krueger, 1962; Chopra and Hubert, 1964, 1965; Tsuchiya, 1969; Thomson et al., 1977; Gjevik 

and Marthinsen, 1978; Mitchell, 1990; Li et al., 2001].  At the bottom of the atmospheric 

boundary layer, the wind velocity fluctuation at the sea surface associated with an AVS or AGW 

modulates the sea surface roughness allowing imaging of these features by Synthetic Aperture 

Radar (SAR) through the resonant Bragg scattering mechanism.  Such examples include 

atmospheric lee waves [Vachon et al., 1994; Li et al., 1998, Zheng et al., 1998], gravity waves 

[Thomson et al., 1992; Chunchuzov et al., 2000], atmospheric boundary layer rolls and 

atmospheric fronts [Mourad, 1999], mesoscale phenomena such as polar mesoscale cyclones and 

hurricanes [Friedman and Li, 2000], island wakes [Pan and Smith, 1999], cold air outbreaks 

[Thompson et al., 1983] and atmospheric vortex streets [Li et al., 2000]. 

 The spatial coverage and resolution of satellite SAR imagery make it an excellent tool to 

study AVS and AGW whose spatial scale ranges from 100 km to 400 km.  This scale is too small 

to be resolved by a synoptic observation network and too large to be observed by a single station, 

but can be readily captured in a single satellite SAR image. 

 In this chapter, we introduce recent AVS and AGW studies using RADARSAT-1 SAR 

images.  Three cases of AVS using RADARSAT-1 ScanSAR Wide SAR images are presented.  

In addition, four examples of SAR observations of AGW are presented to demonstrate SAR’s 

capability to measure associated near-surface wind field variations.  AGW are presented in the 

form of both transverse and diverging lee waves and upstream propagating waves.  From SAR 

images, radiosonde data, and surface weather charts, the typical parameters associated with 

AGW and AVS (i.e., AGW wavelength, the phase lines pattern, near surface wind field, as well 

as AVS lengths, vortex shedding period, shedding starting time, vortex tangential velocity and 

the energy dissipated during the vortex lifetime) can be derived. 
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Figure 16.1.  Schematic plot of a Kármán vortex street generated by wind passing a cylindrical obstacle of diameter 

D. ā is the vortex wavelength, and h is the width of the Kármán vortex street. 

 

16.2 Atmospheric Vortex Streets (AVS) Observed by SAR 

 The AVS pattern consists of counter rotating vortex-pairs shedding alternately near each 

edge of the obstacle and resembles the classic Von Kármán vortex-street patterns observed in 

laboratory flow experiments and illustrated in Figure 16.1.  Although atmospheric vortex 

shedding from large islands was suggested as early as the 1930s, it was not until the early 1960s 

that researchers [e.g., Hubert and Krueger, 1962; Chopra and Hubert, 1964, 1965] observed the 

AVS pattern in the atmosphere in cloud images taken by the first generation of earth orbiting 

satellites.  

 The ratio h/ā (see Figure 16.1) is a basic property of an AVS. Laboratory experiments 

show that a stable vortex formed on the lee side of an obstacle is characterized by 0.28 < h/ā 

<0.52 [Chopra and Hubert, 1964; Lugt, 1983]. h/ā for the Madeira Island [Chopra and Hubert, 

1965] and Cheju Islands [Tsuchiya, 1969] case studies were 0.43 and 0.33, respectively.  Five 

AVS patterns observed near the Aleutian Islands by Thomson et al. [1977] had h/ā between 0.30 

and 0.60. 

 The RADARSAT-1 SAR images (Figure 16.2 and 16.3) considered in this chapter are 

RADARSAT-1 ScanSAR Wide B mode images that were processed at the Alaska Satellite 

Facility as a QuickLook product (with spatial resolution of 200 m and pixel spacing of 100 m).  

 
Table 16.1. h/ā ratio for different case studies using remote sensing images 

 

 Chopra and Hubert [1965] Tsuchiya [1969] Thomson et al. [1977] Li et al.[2000] 

h/ā 0.43 0.33 0.30-0.60 0.4-0.45 

 

 The dimensions of the two AVS patterns in Figure 16.2 can be measured directly from 

the RADARSAT-1 SAR image.  The h/ā ratio for these two AVS’s is between 0.40 and 0.45.  

We also observe that the h/ā ratio varies for different AVS observed on the same SAR image.  

This is because the vortex shedding depends on the size and shape of the obstacle as well as the 

flow characteristics.  Different obstacles from different islands also cause variation in h/ā.  In 

addition, this ratio becomes larger downstream during the decay of the vortices.  Table 16.1 

gives the observed h/ā value by several researchers using remote sensing images.  

 The vortex shedding frequency, f, can be calculated from the vortex propagation velocity, 

Ue, and the vortex wavelength, ā, as (Ue/ā).  If consecutive satellite images showing the 

evolution of the same AVS are available, Ue can be estimated.  In the two cases mentioned 
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Figure 16.2.  A RADARSAT-1 (C-band, 

HH) ScanSAR Wide B SAR subimage 

containing the sea surface imprint of two 

atmospheric vortex streets. The image center 

is located at roughly 52
o
N and 172

o
W, and 

covers the western side of the Gulf of 

Alaska. The image was acquired at 1725 

UTC on 5 May 1999.  ©CSA 1999 
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Figure 16.3.  An example of Atmospheric Vortex Street observed by RADARSAT-1 (C-band, HH) SAR.  Image 

was acquired 22 December 1999 at 0441 UTC.  ©CSA 1999 

 

above, only one SAR image is available, but one can still estimate Ue from Uo, the undisturbed 

wind velocity.  The relationship between Ue and Uo is given as Ue = 0.75Uo [Tsuchiya, 1969]. Uo 

can be obtained from radiosonde measurements.  Measuring the length (L) of the AVS from the 

SAR images, one can calculate the vortex lifetime, τ = L/Ue. 

 The tangential vortex velocity at the outer edge of the vortex, Vθ, is given by (1) [Wilkins, 

1968; Li et al., 2000]:  

 V k R e R t
θ π υ= − −( / )[ ( / )]2 1

2 4  (1) 
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Figure 16.4.  RADARSAT-1 (C-band, HH) ScanSAR Wide image showing six Atmospheric Vortex Streets 

developed at the lee of Aleutian Island.  The image was acquired on 22 March 2001 at 1827 UTC.  ©CSA 2001 

 

where k is the circulation strength, t is time, ν is the eddy viscosity, and R is the radius of each 

vortex.  The total energy dissipated by a vortex during its lifetime is given by (2) [Wilkins, 

1968]: 
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where ρo is the air density (1 kg m
-3

), ε is the rate of vortex energy dissipation, ν is the eddy 

viscosity, to is the starting time and should be small compared to the vortex’s life time, τ . 
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 In the case represented in Figure 16.2, the wind velocity measured by radiosonde from a 

nearby meteorological station reveals that the wind velocity at the atmospheric inversion layer is 

about 15.9 m s
-1

. From SAR image (Figure 16.2), we measure that the length of the two AVS 

are196 km and 111 km, respectively. Using these equations, we estimate that vortex lifetime, τ, is 

between 2.5 to 5 hr, and shedding period is between 0.5 and 1 hr. 

 In the two AVS cases demonstrated in Figure 16.2, the vortex diameter is measured to be 

about 4 km.  Therefore, we estimate that the tangential vortex velocity, Vθ, is between 1.6 m s
-1 

and 2.3 m s
-1

.  The total energy dissipation for the oldest AVS vortices is 25 J m
-3

.  These values 

are about 50 percent smaller than those estimated by Wilkins [1968], presumably because the 

sizes and strength of the vortices in this case are much smaller. 

 Figures 16.3 and 16.4 show several AVS’s observed in RADARSAT-1 ScanSAR Wide 

SAR images.  In both cases, the surface pressure maps and radiosonde measurements reveal that 

low pressure dominates the observational area.  In Figure 16.3, the AVS contains 10 vortex-pairs 

extending over 200 km.  One of the advantages of RADARSAT-1 ScanSAR is that it can cover 

up to a 525 km swath, which is five times wider than the ERS-1/2 SAR.  The ScanSAR Wide 

SAR image in Figure 16.4 covers a wide range of the Aleutian Islands between 179
o
W and 

186
o
W.  There are five AVSs shedding from five different islands in this image.  Under similar 

atmospheric conditions, the width of AVS and the radius of the vortex within each AVS are quite 

different because of island size and height differences.  

 

16.3 Atmospheric Gravity Waves (AGW) Observed by SAR 

16.3.1  Island lee waves 

 Atmospheric gravity waves (AGW) generated by flow over a topographical features can 

exist downstream and upstream of the feature, depending upon the atmospheric Froude number, 

stratification, and topographic forcing [Baines, 1995].  The downstream waves are often standing 

waves, called lee waves [Gossard and Hooke, 1975].  As long as the atmospheric stratification 

and wind profile remain constant, their wave crest and trough remain the same.  In order to 

remain a standing wave, the lee wave phase velocity must be equal in magnitude and opposite in 

direction to the airstream. 

 Wavelengths of AGW range from a few to several tens of kilometers [Thomson et al., 

1992; Vachon et al., 1994; Li et al. 1998; Zheng et al. 1998; Mourad, 1999; Chunchuzov et al. 

2000].  These waves arise from the action of buoyancy forces on air particles displaced from 

their equilibrium state in a stably stratified atmosphere.  AGW can carry aircraft upward or 

downward, sometimes causing serious safety problems [Christine, 1983].  AGW are usually 

observed as wave-like patterns in SAR images, in the form of: (1) the transverse wave type 

where the wave crests are nearly perpendicular to the wind direction; and (2) the diverging wave 

type where the wave crests are orientated outwards from the center of the wake.  In the diverging 

wave case, the wave crests are located within a wedge-shaped wake behind the terrain obstacle.  

The AGW crest patterns which can occur behind an island are illustrated in Figure 16.5. 

Due to the fine spatial resolution of the RADARSAT-1 SAR (100 m resolution for the ScanSAR 

500 km wide swath), a periodic variation in radar backscatter signal intensity caused by AGW 

may easily be seen in RADARSAT-1 images.  The SAR images show the detailed form of the 

lee wave patterns and allow us to estimate various characteristic parameters such as wavelength, 

amplitude, and the angle of the wedge for diverging lee waves.  Figure 16.6 is an example of a 

group of transverse lee waves observed in RADARSAT-1 ScanSAR Wide B mode 
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Figure 16 5.  Schematic plot of atmospheric gravity wave crests pattern behind an island. 

 

SAR image.  Figure 16.7 shows the diverging lee wave pattern.  Figure 16.8 is a 3-D view of a 

transverse lee wave pattern.  The wave parameters depend strongly on the wind speed and 

temperature stratification of the airflow.  Therefore, the availability of atmospheric sounding data 

that can provide the atmospheric stratification close to the imaged area is of great importance in 

the interpretation of the observed wave patterns.   

 AGWs observed in SAR images (Figures 16.6 through 16.8) often cover large ocean 

areas and appear in the images as wave trains with certain wavelengths.  This shows that we are 

likely dealing with trapped internal wave modes propagating horizontally in atmospheric 

waveducts.  The waveducts are often formed in the stable layers of the lower atmosphere with 

high local values of buoyancy frequency and act as filters for the frequencies of the trapped 

internal waves. 

 Lee wave models have been used to simulate atmospheric lee wave characteristics.  One-

dimensional [Vachon et al., 1994] and two-dimensional [Chunchuzov et al., 2000] lee wave 

models have been used to study both transverse and diverging lee waves observed on European 

Remote Sensing Satellite (ERS-1) SAR and RADARSAT-1 SAR images.  Both studies show 

reasonable agreement between the SAR observed AGW characteristics and the model-simulated 

wave parameters.  

 Atmospheric boundary layer rolls are also commonly observed in SAR images as linear 

streaks [Alpers and Brummer, 1994; Brown, 2000; Levy, 2001].  These streaks are caused by the 

convergence/divergence of atmospheric boundary layer rolls in the planetary boundary layer 

[Brown, 2000].  There are some differences between atmospheric boundary layer rolls and lee 

waves.  First, ocean surface imprints of atmospheric boundary layer rolls are nearly parallel to 

the surface wind direction, but lee waves streaks are usually perpendicular to the wind direction; 

second, the spatial scale of atmospheric boundary layer rolls is usually smaller than that of lee 
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Figure 16.6.  A RADARSAT-1 (C-band, HH) ScanSAR Wide B SAR subimage containing the sea surface imprint 

of transverse atmospheric gravity waves.  The image center is at 60ºN, 145ºW.  The image was acquired 12 June 

2001 at 0310 UTC.  ©CSA 2001 

 

waves; third, lee waves are associated with topography features, where atmospheric boundary 

layer rolls can happen without this limitation.  Therefore, if the coincident wind measurements 

from radiosonde are available when a SAR image is acquired, one can distinguish the two 

phenomena from the alignment of wind direction and the direction of the linear streak in the 

SAR image.  
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Figure 16.7.  RADARSAT-1 (C-band, HH) ScanSAR Wide image shows divering island lee wave pattern in the 

Gulf of Alaska.  The image center is at 55ºN, 154ºW.  The SAR image was acquired 27 June 1997 at 1629 UTC.  

 

16.3.2 Upstream waves 

 AGW may also propagate in the upstream direction.  The upstream wave characteristics 

can be explained by linear wave equations as well as classic Korteweg-de Vries (KdV), or 

extended KdV (eKdV) [Miles, 1979] or forced extended KdV (feKdV) [Melville and Helfrich, 

1987] equations.  Theoretical considerations of this phenomenon have been described for one 

layer systems (fKdV) [Akylas, 1984; Wu, 1987] and two-layer systems (feKdV) [Melville and 

Helfrich, 1987].  The non-dimensional governing equation for the feKdV equation is in the form 

of: 

 xUhxxxodoCx
od

oC
xoCUt

2

12

6

1

2

3
)( =−−−+ ηηηηη  (3) 

where η is the interface displacement, U is the mean airflow velocity, Co is the wave phase 

velocity, and h is the characteristic height of the local topography, hx represents the topography 

forcing in the horizontal (X-axis) direction.  The upstream waves happen when the Froude 

number (f) is close to unity, and they depend upon the characteristic height of the local 

topography (h). The f-h diagram in the neighborhood of <f = 1> shows the different characters of 

the solution to the feKdV equation [Grimshaw and Symth, 1986].  The dark-bright upstream 

AGW pattern in Figure 16.9 is similar to the lee wave patterns in Figure 16.6 and 16.8.  

However, in this case, the surface map and local radiosonde measurement show that the wave 

packet is propagating against the airflow.  
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Figure 16.8.  A RADARSAT-1 (C-band, HH) ScanSAR Wide B SAR subimage containing the sea surface imprint 

of upstream propagating topographic waves.  The SAR image is draped on the local terrain map.  The image was 

acquired 6 June 2001.  ©CSA 2001 

 

 

Figure. 16.9.  A RADARSAT-1 (C-band, HH) ScanSAR Wide B SAR subimage containing the sea surface imprint 

of upstream propagating topographic waves north of St. Lawrence Island in the Bering Sea.  The image was 

acquired at 7 September 1997.  ©CSA 1997 
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Figure 16.10.  Wave evolution is simulated by numerically solving the two-layer fKdV at Froude number F = 0.95.  

In this figure the wave propagation is demonstrated in dimensional x-t space.  The color scale represents the non-

dimensional interface displacement.  

 

 Solutions of Eq. (3) can be obtained numerically using the explicit finite-difference 

scheme of Vliegenthart [1971].  In numerical experiments, we specify the values of parameters 

in Eq. (3) based on radiosonde measurements at the SAR image taken time and St. Lawrence 

Island dimensions.  Figure 16.10 displays the evolution of the upstream solitons in the 

dimensional time-space (t-x) at Froude number F = 0.95. [Li et al. 2004]. 

 

16.3.3 Coastal frontal waves 

 Another type of AGW often observed near coastlines is called a coastal frontal wave. 

This type of AGW is not generated by the local topography, but by the land-sea temperature 

difference and the coastal circulation regime.  Coastal frontal waves have been observed on an 

ERS-1 SAR image off Taiwan Strait [Zheng et al., 1998] and on images of Advanced Very High 

Resolution Radiometer data from the NOAA polar orbiting satellites taken along the Texas coast 

[Li et al., 2001].  The sea surface imprints and the cloud structure modulations from these waves 

are the same as those of mountain or island lee waves.  The waves are generally parallel to the 

coastline with wavelength about 10 km.  The wave crest line can extend for more than 500 km.  

The wave can be simulated using the coastal frontal wave model [Zheng et al., 1998; Li et al., 

2001]. 
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16.4 Conclusion  

In summary, SAR images can provide detailed information on spatial wind field 

variations associated with AGWs and AVSs over large ocean areas.  The shape and scale of the 

AGWs produced by islands can be explained using a flow over topography model.  The most 

commonly observed waves are mountain or island lee waves.  However, when the Froude 

number is close to unity, the wave may propagate against the airflow in the upstream direction.  

In this chapter, several AGW examples observed by RADARSAT-1 SAR are given, and the 

general characteristics and scales of these waves are discussed.  The SAR images, along with 

sounding data available from nearby stations, can allow us to identify the generation 

mechanisms, and thus choose the right model to further study these waves.  With more 

observations made from other satellites sensors, i.e., Moderate Resolution Imaging 

Spectroradiometer (MODIS), Sea-viewing Wide Field-of-view Sensor (SeaWifs) and NOAA 

Advanced Very High Resolution Radiometer (AVHRR), we may, in the near future, observe the 

temporal evolution of the waves and then validate the model calculated wave temporal variation. 

 The SAR-observed atmosphere vortex streets can be interpreted as the atmospheric 

analog of classic Von Kármán vortex streets.  The length and the ratio of the width of the Von 

Kármán vortex street (h) and the vortex spacing (ā) can be measured from SAR images.  On the 

basis of this SAR image and a nearby radiosonde observations, the vortex shedding period, 

tangential velocity at the outer edge of the vortex, the vortex lifetime, and the total energy 

dissipation can be estimated using the Von Kármán vortex streets theory. 
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17.1 Introduction 

 Rainfall is one of the most important atmospheric phenomena.  It has a strong impact on 

the global-scale atmospheric circulation as well as on local weather.  Of the heat energy that the 

global atmosphere receives (and that balances its net radiative energy loss), about 70 to 

85 percent is latent heat released by the formation of precipitation [Simpson et al., 1996; Barry 

and Chorley, 1987; Salby, 1996].   

 Rain can occur as stratiform rain or convective rain (rain cells).  Stratiform rain is the 

dominant from of rain in the high latitudes, while convective rain is the dominant form of rain in 

the tropics and subtropics (in the tropics, 50 to 80 percent of the precipitation is convective rain) 

[Houze, 1997].  However, even on synthetic aperture radar (SAR) images acquired by the 

European Remote Sensing satellites ERS-1 and ERS-2 over the Greenland Sea, strong rain cells 

have been repeatedly identified.  Rain cells typically have diameters between 5 km and 10 km 

and duration of about 10 to 30 min, and can occur singly or in clusters.  Occasionally, so-called 

supercells with diameters exceeding 70 km have been observed.  Stratiform rain is generally 

much less intense, but it lasts longer than convective rain.  In general, stratiform rain is too weak 

and too uniform spatially to be visible in SAR images of the sea.  Thus, it is mainly convective 

rain in the form of rain cells that is observed in SAR images.   

 Currently, the only feasible way to measure the distribution of rainfall on a global scale is 

by satellite remote sensing techniques.  Spaceborne instruments capable of yielding information 

about rainfall include the Special Sensor Microwave Imager (SSM/I) aboard the U.S. Defense 

Meteorological Satellite Program (DMSP) satellites, the microwave instrument (TMI), the 

precipitation radar (PR) flying aboard the U.S.-Japanese Tropical Rainfall Measuring Mission 

(TRMM) satellite [Simpson et al., 1996; Kummerow et al., 1998] and the altimeters operating at 

different microwave frequencies aboard the U.S.-French TOPEX/Poseidon and Jason satellites 

[Tournadre and Morland, 1997].  All these spaceborne instruments have relatively coarse spatial 

resolution (the best is the PR aboard the TRMM satellite which has a footprint of 4 km) and thus 

cannot resolve individual rain cells that often have an extent of only a few kilometers.  All the 

above-mentioned instruments yield rain information by means of scattering or attenuation of 

microwaves by rain drops in the atmosphere.  Information on the rain cell geometry can also be 

extracted from the distortion of the leading edge of the return pulse of a radar altimeter as shown 

by Tournadre [1998].   

 Since at least the time of the SEASAT mission in 1978, it has been noticed that footprints 

of rain cells can also be detected on radar images of the sea surface [Fu and Holt, 1982; Atlas, 

1994a; Atlas and Black, 1994; Iguchi et al., 1995; Lichtenegger, 1996; Jameson et al., 1997; 

Moore et al., 1997; Melsheimer et al., 1998, 2001; Lin et al., 2001].  These observations have 

                                                 
1 
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opened up the possibility to measure the distribution of rain events over the ocean with high 

horizontal resolution (10 m to 100 m) on a global scale.  However, how to extract the best 

rainfall rates from these radar images continues to be a research topic.   

 

17.2 Radar Signatures of Rain Cells 

 Radar signatures of rain in SAR images acquired over the ocean are caused by (1) radar 

backscattering from the sea surface (surface scattering) and (2) by scattering and attenuation of 

the microwaves by rain drops (or hydrometeors) in the atmosphere (volume scattering and 

attenuation).   

 The radar backscattering from the rough sea surface at incident angles (where incident 

angle is the angle between nadir and the radar beam) between 20° and 70° can be described by 

the so-called Bragg scattering theory [Valenzuela, 1978].  The power of the radar backscatter 

from the sea surface is proportional to the power spectral density of those water waves which 

propagate towards or away from the look direction of the radar antenna and which have a 

wavelength, λB, of λB = λ0/2sinθ, where λ0 denotes the radar wavelength and θ denotes the 

incident angle of the radar beam.  The wavelength, λB, is called the Bragg wavelength.  The 

power spectral density (or the amplitude squared) of the Bragg waves is modified by rain via two 

effects that modify the sea surface roughness: (1) rain drops impinging onto the sea surface and 

(2) the wind gusts or downdrafts associated with rain cells. 

 

17.2.1  Rainfall Effects on the Sea Surface 

Raindrops impinging on the sea surface generate ring waves which enhance the sea 

surface roughness [Moore et al., 1979; Bliven et al., 1997; Craeye et al., 1997], and also generate 

turbulence in the upper water layer which attenuates the short surface waves [Nystuen, 1990; 

Tsimplis, 1992].  Analyses of multifrequency data from the Spaceborne Imaging Radar C/X-band 

SAR (SIR-C/X-SAR) mission in 1994 acquired over ocean areas [Melsheimer et al., 1998] and 

laboratory measurements at a wind wave tank [Braun et al., 2002] have shown that the 

modification of the sea surface roughness by impinging rain drops depends strongly on the 

wavelength of the water waves.  The net effect of impinging rain drops on the sea surface is a 

decrease in amplitude of water waves with wavelengths above 10 cm and an increase in 

amplitude of water waves with wavelengths below 5 cm.  The critical wavelength at which 

impinging rain drops cause an increase of the wave amplitude rather than a decrease is not well 

defined.  The critical wavelength depends on rain rate, drop size distribution, wind speed, and 

temporal evolution of the rain event.  At the initial stage of the rain event, the turbulence in the 

upper water layer is not fully developed and thus its damping effect on the water waves is small.  

On the other hand, after it has stopped raining, the turbulence does not decay immediately (the 

lifetime of the turbulence is on the order of one minute) and it keeps damping the waves even 

after the rain event has ended.  The Bragg wavelength of the ERS SAR (radar frequency: 

5.3 GHz, C-band, incident angle 19° to 26°) lies between 8.2 cm and 6.5 cm.  Unfortunately, 

these wavelengths lie in the transition region where, depending on the rain rate, the drop size 

distribution, the wind speed, and the time history of the rain event, the impinging rain drops can 

give rise to either an increase or a decrease in the amplitude of the Bragg waves and, thus, to an 

increase or a decrease of the backscattered radar power.  These factors often make it difficult to 

unambiguously identify rain events on ERS SAR images acquired over the ocean.  For higher 

and lower radar frequencies, the situation is much more clear-cut: X-band Bragg waves (X-band 
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Figure 17.1.  Schematic sketch of the downdraft associated with a rain cell.  The downdraft spreads over the sea 

surface, causing and enhanced roughening of the sea surface and, thus, an increase in the backscattered radar power 

[After Atlas, 1994b]. 

 

frequency: 8.5 to 12.5 GHz) are generally enhanced by impinging rain, and L-band Bragg waves 

(L-band frequency is 1 to 2 GHz) are usually damped by rain, although some exceptions have 

been reported [Atlas, 1994a].   

 

17.2.2 Rain-related Wind Effects on the Sea Surface 

 In general, rain events are associated with wind gusts that roughen the sea surface.  

Precipitation from a rain cell usually produces a downward airflow, called a downdraft, by 

entrainment and by evaporative cooling under the cloud [e.g., Cotton and Anthes, 1989].  When 

the downdraft reaches the sea surface, it spreads radially outward as a strong local surface wind, 

thereby causing an increase in sea surface roughness. 

 The airflow pattern caused by the downdraft of a rain cell is shown schematically in 

Figure 17.1Error! Reference source not found..  The outer edge of this radially-spreading 

downdraft is called a gust front.  If the ambient wind field is weak and does not disturb this 

airflow pattern, the radially-spreading downdraft is visible on SAR images of the sea surface as a 

nearly circular bright pattern with a sharp edge [Atlas, 1994a; 1994b].  Such a pattern is usually 

less bright in the center, where the downdraft reaches the ground and horizontal wind speeds are 

lowest.  The lower the ambient wind speed, the higher is the contrast between the bright pattern 

and the surroundings.  Therefore, radar signatures of rain cells are often more pronounced over 

tropical oceans where low wind speeds prevail. 

 When a strong ambient wind field is present, the radially-symmetric spreading downdraft 

is distorted and likewise is the resulting radar signature.  In the case of a strong ambient wind 
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field, the downwind side of the rain cell is imaged brighter and the upwind side darker than the 

surrounding area.  The brightness increases downwind as the horizontal wind vectors of the 

radially-spreading downdraft add positively to the ambient wind vector; the brightness decreases 

upwind as the two vectors add negatively.   

 Another effect that, in principle, contributes to the asymmetry of radar signatures of 

downdrafts is the dependence of the radar backscattering on azimuth angle, i.e.; on the angle 

between the wind direction and the radar look direction.  However, simulations of open 

convective cells [Mitnik, 1992] have shown that the dominant factors determining the shape and 

orientation of radar signatures of convective cells are the direction of the ambient (or 

background) wind and the ratio between the speed of the ambient wind and the speed of the 

horizontally-spreading radial wind associated with the convective cell.  Furthermore, in the case 

of rain cells with little or no ambient wind, the contrast between the mean backscatter level 

inside and outside the area of the radially-spreading downdraft is usually much larger than the 

variation of the radar backscatter caused by the changing wind direction relative to the radar look 

direction (variation in azimuth direction).  Therefore, in practically all radar images of the sea 

surface that show radar signatures of rain cells, little or no variation of contrast with azimuth 

angle is observed.  Thus, a typical radar signature of a radially-spreading downdraft associated 

with a rain cell is a circular or elliptical pattern that is either (1) brighter than the surrounding 

area, or (2) brighter than the surrounding area on one side (the downwind side) and darker on the 

opposite side (the upwind side). 

 The radar signature of the radially-spreading downdraft associated with a rain cell is 

expected to look qualitatively the same at all radar frequencies, since increased wind speed 

increases the amplitude of the Bragg waves for all radar wavelengths and reduced wind speed 

decreases the amplitude of the Bragg waves.  The response or relaxation time (i.e., the time it 

takes for the waves to build up once the wind starts blowing, or the time it takes for the waves to 

react to changes in wind speed and direction) is longer for longer waves, but in the case of Bragg 

waves having wavelengths between 3 cm and 30 cm, this relaxation time is at most on the order 

of seconds to tens of seconds.   

 

17.2.3 Scattering and Attenuation of Microwaves by Rain Drops in the Atmosphere 

 Microwaves are also scattered and attenuated by raindrops in the atmosphere, or more 

precisely, by hydrometeors—which, in addition to rain, include frozen water particles such as ice 

crystals, frozen drops or clusters thereof.  The effect of hydrometeors is called volume scattering 

and volume attenuation and has been studied extensively by radar meteorologists, who use 

weather radars for measuring rainfall [e.g., Doviak and Zrnic, 1993; Sauvageot, 1991].  Both 

volume scattering and volume attenuation are strong functions of radar frequency and rain rate.  

The higher the radar frequency and the rainfall rate, the stronger are the microwaves scattered 

and attenuated by hydrometeors.  At a radar frequency of 10 GHz (X-band), the attenuation by 

hydrometeors can be quite strong—as evidenced by X-band SAR images acquired over the 

rainforest by the X-band SAR aboard the spaceshuttle Endeavor during the Spaceborne Imaging 

Radar C/X-SAR (SIR-C/X-SAR) mission in 1994 [Jameson et al., 1997; Melsheimer et al., 

1998].  Figure 17.2, acquired over the rainforest near Manaus, Brazil, is an example of an image 

showing the effect of radar frequency and rain rate on volume scattering and volume attenuation. 

It shows on the X-band image a dark area in the lower right-hand section (caused by the 

attenuation), but nothing similar in this area on the L-band image. 
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 L-Band  X-Band 

Figure 17.2.  SIR-C/X-SAR images acquired on 16 April 1994 at 0548 UTC (Data take 110.5) over the Brazilian 

rain forest near Manaus.  Visible are the rainforest (lower left-hand section) and the river Rio Negro (upper right-

hand section).  The two images were acquired simultaneously at L-band (left) and X-band (right) and both at VV 

polarization.  The dark area in the lower right-hand section of the X-band image is caused by raindrops in the 

atmosphere, which attenuate the X-band microwaves.  Each imaged area is approximately 16 km × 12 km, center 

location 1°30’S, 48°54’W  

 

 Backscattering of microwaves by hydrometeors, sometimes called rain echo, is 

sometimes visible on X-band radar images acquired over uniform land areas, where the echoes 

show up as (slightly) bright patches.  Because of the SAR imaging geometry, the bright patches 

are shifted in the radar image towards near range with respect to the position of the rain cell over 

the surface [Melsheimer et al., 1998].  The X-band SAR image depicted in Figure 17.3 was, like 

the image depicted in Figure 17.2, acquired over the Brazilian rain forest during the SIR-C/X-

SAR mission in 1994.  It shows X-band radar signatures of rain cells over dense and uniform 

vegetation.  The radar signatures consist of (1) (slightly) bright patches caused by the 

backscattering of the microwaves by hydrometeors and (2) adjacent dark shadows caused by the 

attenuation of the microwaves by hydrometeors.  However, on X-band SAR images acquired 

over ocean areas, the bright radar echoes caused by scattering at hydrometeors are usually not 

detectable, because rain-induced effects are dominant.  The bright patches that are sometimes 

visible on X-band radar images of rain cells over the ocean are, very likely, almost always due to 

rain-induced enhancement of the amplitude of X-band Bragg waves.  This is inferred because, on 

simultaneously acquired L- and X-band images, the L-band images usually show dark areas 

(caused by rain-induced damping of L-band Bragg waves) where the X-band images show bright 

areas [e.g., Melsheimer et al., 1998]. 

 At 5.3 GHz (C-band), the radar frequency at which the SARs aboard the satellites ERS-1, 

ERS-2, RADARSAT-1, ENVISAT, and RADARSAT-2 operate, the scattering and attenuation 

by rain drops in the atmosphere are usually small and can be neglected.  But there are exceptions: 

if the rain rate is above 50 mm/hour, the attenuation becomes significant and, if the rate is above 
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Figure 17.3.  SIR-C/X-SAR image acquired on 15 April 1994 at 1845 UTC over dense vegetation in Brazil (Data take103.6) at X-band, VV polarization.  The 

image shows several "shadows" of rain cells.  The shadows are due to attenuation of microwaves by raindrops in the atmosphere.  Several of the shadows are 

accompanied by adjacent, slightly bright patches on their near-range side (at top in the image), due to backscattering of microwaves by raindrops in the 

atmosphere.  The imaged area is approximately 100 km x 14 km, center location 9°01'S, 68°23'W. 
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100 mm/hour, it even can become the dominant effect [Lin et al, 2001].  At lower radar 

frequencies, e.g., at L-band, volume scattering and attenuation by raindrops in the atmosphere is 

negligible.   

 

17.3 Examples of SAR images showing radar signatures of rain cells 

 The SAR images showing radar signatures of rain cells presented in this section were 

mainly acquired by the C-band SAR aboard the European Remote Sensing satellites, ERS-1 and 

ERS-2.  A few examples of SAR images are also shown that were acquired simultaneously at 

different radar frequencies and polarizations during the SIR-C/X-SAR missions in 1994.  The 

SAR of the ERS satellites operates at a frequency of 5.3 GHz at VV polarization, whereas the 

SIR-C/X-SAR instrument was capable of operating simultaneously at frequencies of 1.25 GHz 

(L-band), 5.3 GHz (C-band) and 9.6 GHz (X-band).  At L- and C-band, multi-polarization images 

(at HH, VV, and HV polarizations) could be taken. 

 Figures 17.4, 17.5, 17.6 and 17.8 are examples of radar images depicting radar signatures 

of rain cells with strong signatures of the radially-spreading downdraft.  Figure 17.4 shows an 

ERS-1 SAR image acquired on 3 April 1996, 1234 UTC over the Andaman Sea west of the 

Nicobar islands during calm wind conditions.  The circular bright patterns with a dark “hole” in 

the center are sea surface manifestations of tropical rain cells.  The circular bright area depicts the 

radially-spreading downdraft.  Arrow 1 inserted into Figure 17.4 indicates the gust front 

associated with the rain cell and arrow 2 indicates the ocean surface area where the Bragg waves 

are strongly damped by the turbulence generated by rain drops impinging onto the sea surface.  

Also visible are sea surface manifestations of packets of internal solitary waves (see Chapter 7 for 

a discussion of internal waves). 

 Figure 17.5 is an ERS-1 SAR image acquired on 18 April 1994, 0342 UTC over the Gulf 

of Thailand showing a cluster of rain cells.  The inserted arrows labeled “1” point to the gust 

fronts and the arrows labeled “2” point to the areas where the Bragg waves are strongly damped 

by the turbulence generated by heavy rainfall.  Figure 17.6 depicts an ERS-1 SAR image 

acquired on 18 April 1994, 0342 UTC over the Gulf of Thailand (adjacent to the previous image) 

and shows a string of rain cells with decreasing diameters (marked "1" to "6").  Signature 1 is a 

typical almost circular pattern caused by the radially-spreading downdraft (diameter in this case 

is about 20 km).  The dark patch in the center is the radar signature of impinging rain (diameter in 

this case is about 3 km).  The six rain cells are very likely at different stages of their life cycles.  

The more time that has elapsed since the downdraft first reached the sea surface, the larger is the 

diameter of the downdraft pattern.  Thus rain cell 1 should be the oldest, and rain cell 6 the 

youngest.  Note also the mottled texture in the lower right-hand section of Figure 17.5 and in the 

upper right-hand section of Figure 17.6.  This texture is caused by atmospheric convective cells 

as discussed in Chapter 14.   

 Figure 17.7 shows an ERS-2 SAR image acquired on 15 December 1999, 0226 UTC over 

the Sulu Sea near Palawan Island (Philippines).  Several small-scale rain cells located at or near 

an atmospheric front are visible.  This is a typical example for rain cells without a pronounced 

downdraft pattern.  Only irregular and rather small bright and dark patches caused by the 

enhancement and reduction of the amplitude of the Bragg waves by impinging raindrops are 

visible on this radar image. 

 Figure 17.8 shows an ERS-1 SAR image, acquired on 7 November 1996, 1223 UTC over 

the southern coast of Iceland.  The circular pattern is caused by the radially spreading downdraft.  

Near the center of this circular pattern, slightly darker patches indicate the area where Bragg 
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Figure 17.4.  ERS-1 (C-band, VV) SAR image acquired on 03 April 1996, 1234 UTC over the Andaman Sea (orbit 

24684, frame 3429), showing strong circular rain cells.  Arrow “1” points at the gust front of a rain cell and arrow 

“2” points at a dark area where rain-induced turbulence dampens the Bragg waves.  The imaged area is 

approximately 100 km × 100 km, center location 8°48’N, 94°56’E.  ©ESA 1996 
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Figure 17.5.  ERS-1 (C-band, VV) SAR image acquired on 18 April 1994, 0342 UTC over the Gulf of Thailand 

(orbit 14408, frame 3411), showing a cluster of rain cells.  The arrows “1” point at the gust fronts of rain cells and 

the arrows “2” point at dark areas where rain-induced turbulence dampens the Bragg waves.  The imaged area is 

approximately 100 km × 100 km, center location 9°41’N, 100°35’E. ©ESA 1994 
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Figure 17.6.  ERS-1 (C-band, VV) SAR image acquired on 18 April, 1994, 0342 UTC over the Gulf of Thailand 

(orbit 14408, frame 3393), showing a string of rain cells, marked “1” to “6”, which are in different stages of their life 

cycles.  Rain cell “1” is the oldest and rain cell “6” the youngest one.  The imaged area is approximately 100 km × 

100 km, center location 10°39’N, 100°49’E. ©ESA 1994 
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Figure 17.7.  ERS-2 (C-band, 

VV) SAR image acquired on 15 

December 1999, 0226 UTC 

over the Sulu Sea near Palawan 

Island, Philippines (orbit 24320, 

frames 3393-3411), showing 

rain cells without a pronounced 

downdraft pattern.  The imaged 

area is approximately 200 km × 

100 km, center location 

10°08’N, 119°10’E. ©ESA 

1999 
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Figure 17.8.  ERS-1 (C-band, VV) SAR image, acquired on 7 November, 1996, at 1223 UTC over the south coast 

and coastal waters of Iceland (Orbit 8108, Frame 2313), showing a large rain cell.  The imaged area is approximately 

100 × 100 km, center location 63°53’N, 17°03’W. 
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waves are damped by impinging raindrops.  In the high-resolution version of this ERS SAR 

image (not shown here), swell is visible almost everywhere in the sea portion of the image, even 

inside the area of the radially spreading downdraft of the rain cell.  The reason for this is that, 

unlike short water waves (Bragg waves), the long water waves (wavelength of the order of 100 m 

and more) are hardly affected by the local wind field. 

 Figure 17.9 shows an area of the Gulf of Mexico imaged simultaneously at L, C, and X-

band (left to right), at VV, HH, and HV polarizations (top to bottom), by SIR-C/X-SAR on 17 

April 1994, 0830 UTC.  The strong dependence of the radar signatures on the radar frequency is 

apparent in these images.  The areas marked “a” in the VV polarization L- and C-band images 

appear dark at L-band and bright at C-band, which implies that at these locations the impinging 

rain drops damp the L-band Bragg waves (wavelength 21.5 cm) and, at the same time, enhance 

the C-band Bragg waves (wavelength 5.3cm).  The area marked “b” in the X-band image is dark 

only at X-band, which we interpret as the “shadow” of a rain cell caused by the attenuation of the 

X-band waves by the hydrometeors in the atmosphere.  The area marked “c” is bright in all three 

VV polarization images; thus, it must be caused by enhanced wind speed.  Note that in Figure 

17.9, no circular or elliptic radar signatures of spreading downdrafts are visible.  This is because, 

in this case, an isolated rain cell is not imaged, but rather a cluster of irregularly shaped rain cells 

located along a marked air mass boundary (a cold front, according to the weather chart).  The HH 

polarization C and L-band images (second row) look almost identical to the corresponding 

images at VV polarization.  Furthermore, the VV, HH, and HV images at L-band look almost 

identical.  In contrast, the HV polarization C-band image looks remarkably different from all 

others.  It shows very bright areas where the L-band images show dark areas caused by the 

damping of the L-band Bragg waves by the rain-induced turbulence.   

 Similar to Figure 17.9, the strong dependence of rain signatures on radar frequencies is 

visible in Figure 17.10.  Figure 17.10 shows an area of the Northern Straits of Malacca near 

Penang, Malaysia, imaged simultaneously at L-, C-, and X-band (left to right) at VV, HH, and 

HV polarizations (top to bottom) by SIR-C/X-SAR on 17 April 1994, 1847 UTC.  At L- and C-

band, the HH and VV polarization (co-polarization) images are almost identical, but the C-band, 

HV polarization (cross-polarization) image is distinctly different.  While the co-polarization 

images show two adjacent, almost circular rain cells mainly characterized by the radar signature 

of the spreading downdraft with a sharp edge (gust front), the cross-polarization image does not 

show this radar signature as clearly.  Instead, it shows patches of strongly enhanced radar 

backscatter inside the area of the spreading downdraft.  This strong enhancement of radar 

backscatter in rain cells has been regularly observed in cross-polarized C-band SAR images.  It 

has been shown that this effect is not primarily caused by volume scattering by rain drops in the 

atmosphere, but rather by surface scattering [Melsheimer et al., 1998].  Bragg scattering alone 

cannot explain the strong enhancement of the radar backscatter.  Other backscattering 

mechanisms must contribute to the enhancement, such as scattering at cavities, crowns, stalks, 

and secondary drops generated by the raindrops impinging onto the sea surface.  This is a topic of 

ongoing research [Braun et al., 2002].  Note that in contrast to C-band images, L-band images of 

rain cells over the sea do not show any significant difference between the different polarimetric 

channels.  In view of these observations, the C- and X-band cross-polarization channels seem to 

be best suited for detecting rain over water surfaces with SAR. 
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Figure 17.9.  SIR-C/X-SAR images acquired on 17 April 1994, 0830 UTC (Data take 129.1) over the Gulf of 

Mexico, simultaneously at L-, C-, and X-band (left to right) and at different polarizations (top to bottom).  A cluster 

of irregularly shaped rain cells is visible.  The areas marked “a” in the VV polarization L- and C-band images are 

dark at L band (Bragg waves are damped by impinging rain drops), but bright at C band (Bragg waves are enhanced 

by impinging rain drops).  The area marked “b” in the X-band image should be dark only in the X-band image 

(“shadow” of a rain cell, i.e. the radar beam is attenuated by raindrops in the atmosphere).  Area marked “c” is bright 

in all three VV polarization images (caused by enhanced wind speed due to the downdraft).  Each imaged area 

covers approximately 12 km × 12 km, center location 18°33’N, 93°07’W. 

 

17.4 Conclusion 

 Rainfall in the form of convective rain (i.e., rain cells) becomes visible in SAR images 

primarily by three physical processes.  The first two processes are surface scattering caused by 

the modification of the sea surface roughness by (1) impinging rain drops on the water surface 

and (2) wind gusts (spreading downdrafts) associated with rain cells.  The third process is the
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Figure 17.10.  SIR-C/X-SAR images acquired on 17 April 1994, 1847 UTC (Data take 136.0) over the Northern 

Straits of Malacca near Penang, Malaysia.  The 7 images were acquired simultaneously at L-, C- and X-band (left to 

right) and at different polarizations (top to bottom).  They show two adjacent rain cells.  Each imaged area covers 

approximately 16 km × 18 km, center location 4°56’N, 100°12’E. 

 

interaction of raindrops in the atmosphere with the radar beam.  The first and the third of these 

processes show a strong dependence on radar frequency and polarization.  Therefore, on radar 

images acquired over the ocean, radar signatures of rain cells can look quite dissimilar at 

different radar frequencies and polarizations. 

 



 

 370

17.5 References 

Atlas, D., 1994a: Footprints of storms on the sea: A view from spaceborne synthetic aperture 

radar. J. Geophys. Res., 99, 7961–7969.  

——, 1994b: Origin of storm footprints on the sea seen by synthetic aperture radar. Science, 266, 

1364–1366.  

——, and P. Black, 1994: The evolution of convective storms from their footprints on the sea as 

viewed by synthetic aperture radar from space. Bull. Amer. Meteor. Soc., 75, 1183–1190.  

Barry, R. G., and R. C. Chorley, 1987: Atmosphere, Weather and Climate. 5th ed. Methuen, 460 

pp. 

Bliven, L., P. W. Sobieski, and C. Craeye, 1997: Rain generated ring-waves: Measurements and 

modelling for remote sensing. Int. J. Remote Sens., 18, 221–228.  

Braun, N., M. Gade, and P. A. Lange, 2002: The effect of artificial rain on wave spectra and 

multi-polarisation X band radar backscatter. Int. J. Remote Sens., 23, 4305–4322.  

Cotton, W. R., and R. A. Anthes, 1989: Storm and Cloud Dynamics. Academic, 883 pp.  

Craeye, C., P. W. Sobieski, and L. F. Bliven, 1997: Scattering by artificial wind and rain 

roughened water surfaces at oblique incidences. Int. J. Remote Sens., 18, 2241–2246.  

Doviak, R. J., and D. S. Zrnic, 1993: Doppler Radar and Weather Observations. 2d ed. 

Academic, 562 pp.  

Fu, L.-L., and B. Holt, 1982: Seasat views oceans and sea ice with synthetic aperture radar. Jet 

Propulsion Laboratory Publ. 81-120, 200 pp.  

Houze, R. A., Jr., 1997: Stratiform precipitation in regions of convection: A meteorological 

paradox? Bull. Amer. Meteor. Soc., 78, 2179–2196.  

Iguchi, T., D. Atlas, K. Okamoto, and A. Sumi, 1995: Footprints of storms on the sea in the 

JERS-1 SAR image. IEICE Trans. Fundam. Electron. Commun. Comput. Sci., 78B, 1580–

1584.  

Jameson, A. R., F. K. Li, S. L. Durden, Z. S. Haddad, B. Holt, T. Fogarty, E. Im, and R. K. 

Moore, 1997: SIR-C/X-SAR observations of rain storms. Remote Sens. Environ., 59, 267–

279.  

Kummerow, C., W. Barnes, T. Kozu, J. Shiue, and J. Simpson, 1998: The tropical rainfall 

measuring mission (TRMM) sensor package. J. Atmos. Oceanic Technol., 15, 809–817.  

Lichtenegger, J., 1996: ERS-1 SAR images: Mirror of thunderstorms. Eur. Space Agency Earth 

Obs. Quart., 53, 7–9.  

Lin, I.-I., W. Alpers, V. Khoo, H. Lim, T. K. Lim, and D. Kasilingam, 2001: An ERS-1 synthetic 

aperture radar image of a tropical squall line compared with weather radar data. IEEE Trans. 

Geosci. Remote Sens., 39, 937–945.  

Melsheimer, C., W. Alpers, and M. Gade, 1998: Investigation of multifrequency/multi-

polarization radar signatures of rain cells over the ocean using SIR-C/X-SAR data. J. 

Geophys. Res., 103, 18 867–18 884.  

——, ——, and ——, 2001: Simultaneous observations of rain cells over the ocean by the 

synthetic aperture radar aboard the ERS satellites and by surface-based weather radars. J. 

Geophys. Res., 106 (C3), 4665–4678.  

Mitnik, L. M., 1992: Mesoscale coherent structures in the surface wind field during cold air 

outbreaks over the eastern seas from the satellite side looking radar. La mer, 30, 297–314.  

Moore, R. K., Y. S. Yu, A. K. Fung, D. Kaneko, G. J. Dome, and R. E. Werp, 1979: Preliminary 

study of rain effects on radar scattering from water surfaces. IEEE J. Oceanic Eng., 4, 30–

31.  



Rainfall 

 371

——, A. Mogili, Y. Fang, B. Beh, and A. Ahamad, 1997: Rain measurement with SIR-C/X-SAR. 

Remote Sens. Environ., 59, 280–293.  

Nystuen, J., 1990: A note on the attenuation of surface gravity waves by rainfall. J. Geophys. 

Res., 95, 18 353–18 355.  

Salby, M. L., 1996: Fundamentals of Atmospheric Physics. Academic, 627 pp.  

Sauvageot, A., 1991: Radar Meteorology. Artech House, 384 pp.  

Simpson, J., C. Kummerow, W.-K. Tao, and R. F. Adler, 1996: On the Tropical Rainfall 

Measuring Mission (TRMM). Meteor. Atmos. Phys., 60, 19–36.  

Tournadre, J., 1998: Determination of rain cell characteristics from the analysis of TOPEX 

altimeter echo waveforms. J. Atmos. Oceanic Technol., 15, 387–406.  

——, and J. C. Morland, 1997: The effects of rain on TOPEX/Poseidon altimeter data. IEEE 

Trans. Geosci. Remote Sens., 35, 1117–1135.  

Tsimplis, M., 1992: The effect of rain in calming the sea. J. Phys. Oceanogr., 22, 404–412.  

Valenzuela, G. R., 1978: Theories for the interaction of electromagnetic and ocean waves—A 

review. Bound.- Layer Meteor., 13, 61–85.  

 

 



373 

Chapter 18.  Processes at the Ice Edge – The Arctic 

 
Robert A. Shuchman 

Altarum (formerly ERIM), Ann Arbor, Michigan, USA 

 

Robert G. Onstott 
General Dynamics - Advanced Information Systems, Ann Arbor, Michigan, USA 

 

Ola M. Johannessen 
Nansen Environmental and Remote Sensing Center (NERSC), Bergen, Norway 

 

Stein Sandven 
Nansen Environmental and Remote Sensing Center (NERSC), Bergen, Norway 

 

Johnny A. Johannessen 
Nansen Environmental and Remote Sensing Center (NERSC), Bergen, Norway 

 

 

18.1 Introduction 

 At the margin of the sea ice cover (the edge), the abrupt transition to open water gives 

rise to unique processes including water mass formation, oceanic upwelling, wave propagation 

into the ice, eddy formation and atmospheric boundary layer processes [e.g., Muench, et al., 

1987].  The ice extent, the latitude of the ice edge as a function of longitude, is both of 

climatological and practical importance.  Annual variation of sea ice extent is carefully observed 

as an early indication of greenhouse-induced climate change [Stouffer, et al., 1989].  Monitoring 

the ice extent and variability of the ice edge is important for practical reasons such as sea traffic, 

fisheries, offshore operations and other military marine activities in ice edge regions. 

 This chapter discusses specific Marginal Ice Zone (MIZ) characteristics observable from 

synthetic aperture radar (SAR).  First, the determination of the ice open water boundary will be 

discussed.  An overview of SAR observations of eddies and of new ice formation at the ice edge, 

such as the Odden event in the Greenland/Iceland/Norwegian Sea, follows.  Examples of gravity 

wave propagation into the ice are presented and some characteristic ice processes in the Kara Sea 

region are described at the end of the chapter.  Discussion of the Northern Sea Route in the Kara 

Sea area further illustrates ice edge processes and conditions as they affect shipping, and shows 

how a range of ice conditions are represented in SAR imagery.  In this case, the ice edge is 

defined by polynyas or leads (open water) in the ice. 

 

18.2 Ice Edge Characteristics 

 The ice edge is the demarcation at any given time between the open water and sea ice of 

any kind.  It may be a regular line with compacted floes, it may consist of a succession of belts or 

strips, or it may be frayed with off-lying isolated fragments.  The ice edge is highly variable and 

exhibits rapid changes in ice movement and deformation (i.e., dynamical processes) and ice 

growth and melt (i.e., thermodynamical processes).  Table 18.1 summarizes various ice edge 

structures.  Examples of ice edge conditions found in the Arctic are presented in the chapter’s 

images.  Analysis techniques utilized to determine ice edge location and ice type near the edge 

are described for each SAR image. 
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TABLE 18.1.  Ice Edge Structures [After Ice Observation Handbook, 1991] 

Edge Structure Characteristics 

Compacted Ice Edge Close, clear-cut ice edge compacted by wind or current; usually on the 

windward side of an area of pack ice. 

Diffuse Ice Edge Poorly defined ice edge limiting an area of dispersed ice; usually on the 

leeward side of an area of pack ice. 

Tongue A projection of the ice edge up to several kilometers in length, caused by wind 

or current. 

Bight An extensive crescent-shaped indentation in the ice edge, formed by either 

wind or current. 

Ice Field An area of drift ice consisting of floes of any size and having an area greater 

than 10 km across. 

Small Ice Field: 10-15 km across 

Medium Ice Field: 15-20 km across 

Large Ice Field: Greater than 20 km across 

Ice Patch An area of drift ice less than 10 km across. 

Belt A large feature of drift ice arrangement; longer than it is wide; from 1 km to 

more than 100 km in width oriented generally parallel to the main ice edge. 

Strip Long narrow area of drift ice, about 1 km or less in width, usually composed of 

small fragments detached from the main mass of ice and run together under the 

influence of wind, swell or current. 

 

 Variations in ice concentrations along the edge result from wind drag, tides, ocean 

circulation, ice ablation, or freezing and can vary on a daily, monthly, seasonal, or yearly basis.  

Ice edges are classified as either compacted or diffuse.  Compacted edges are clearly defined due 

to wind and/or currents moving toward the pack.  Diffuse edges are poorly defined, and are 

usually associated with the downwind side of the pack. 

 Ice edge structure type can be identified using SAR by observing the change in ice 

concentration within the outer ice edge region that is made up of small floes.  These small floes, 

ranging from 20 m to 100 m in size, occur along the ice edge when processes such as ablation, 

freezing, and gravity-wave/ice interaction and eddy-induced collisions break up large floes.  

When an on-ice wind event occurs, the ice edge becomes very compact, the ice concentration 

approaches 100%, and the backscatter intensity values become large.  When an off-ice wind 

event occurs, the ice edge becomes diffuse, the ice concentration reduces to values as low as 

20%, and the average backscatter intensity average reduces considerably.  During these events, 

locating the edge on SAR becomes quite easy. 

 Figure 18.1 is a RADARSAT-1 ScanSAR Wide (500-km swath) image of the ice edge in 

the Bering Sea (60.40ºN, 72.27ºW) collected in the winter (7 March 2000).  The C-band (5.6 cm) 

horizontally parallel polarized image collected with a center incident angle of approximately 

34.5° clearly delineates the pack ice (brighter return) from the open water that appears as dark 

gray in the lower one-third of the image.  The exact wind speed present during the SAR 



Processes at the Ice Edge – The Arctic 

 375

 

Figure 18.1.  RADARSAT-1 (C-band, HH) ScanSAR Wide beam (100-meter resolution) image of the ice edge in 

the Bering Sea.  The incident angle to the center of the image is 34.5°.  The image was acquired on 2 March 2000.  

The ice edge is clearly delineated on the image.  ©CSA 2000 

 

collection is not known, but the backscatter suggests a wind speed of less then 7 m s
-1

.  The ice 

edge is compacted, further suggesting the wind was blowing from the open ocean onto the ice. 

 The 100-m resolution ScanSAR data provides detailed information about the ice 

concentration and stage of the first year ice.  The bright ice at the edge is composed of pancakes 

that have rough edges caused by wave and wind effects.  Open water leads (dark/no return areas) 

can be observed farther from the edge.  The dark/no return right at the ice edge is mostly caused 

by the presence of grease ice.  Grease ice dampens the ocean Bragg waves, hence no radar 

energy is reflected back to the satellite. 

 A more complex SAR image of an ice edge is shown in Figure 18.2.  This scene shows 

some of the marginal ice zone in the Chukchi Sea in late August 1992.  The pack ice lies at the 

bottom of the scene and the pack ice edge is located across the center.  The U.S. Coast Guard 

icebreaker U.S.C.G. “Polar Star” was operating within the area of this scene at the time the data 

were obtained.  The air temperature was +5.2 ºC and the wind was blowing from the east (left) at 

4.1 m s
-1

 (8 knots). 
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Figure 18.2.  ERS-1 (C-band, VV) SAR image of the marginal ice zone in the Chukchi Sea collected on 24 August 

1992.  The center coordinates of the image are 72.74ºN and 164.89ºW.  Indicated on the image are the ice edge and 

various ice edge features.  The vertical streaks on the image are most likely caused by atmospheric internal waves.  

Copyright for this scene rests with ESA.  This description was prepared by Martin Jeffries, Geophysical Institute and 

Alaska SAR Facility, University of Alaska Fairbanks, and Antony Liu, Goddard Space Flight Center. 

 

 Large-scale eddies are clearly visible in the open water area at the top of the scene.  

Superimposed on the eddies are long, striated wave patterns propagating from the east (left) to 

west (right).  The long striated wave patterns, also evident in the pack ice (with ice concentration 

of 50% or less), are oriented perpendicular to the wind.  The wind is blowing roughly parallel to 

the ice edge giving it a characteristic straight, tightly packed configuration. 

 The long wavelength (1 km to 2 km) of the striated patterns suggests that the patterns are 

probably the manifestation of atmospheric internal waves.  Based on the ship data, the 

atmospheric inversion layer thickness is approximately 1.53 km with a density change of 2x10
4
 g 

cm
-3

.  If the striations were parallel to the wind direction, they would represent a windrow 
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pattern.  However, the striations are almost perpendicular to the wind direction as reported from 

the ship.  Consequently, these patterns may be caused by the low atmospheric internal waves as 

clear-air disturbances in a boundary layer inversion waveguide.  Convergent and divergent flows 

induced by these internal waves will produce rougher and smoother ocean surfaces (with Bragg 

waves or small floes), respectively.  Cloud formations associated with these disturbances are 

relatively rare, but they are a hazard to aviation in coastal areas. 

 The sea ice surface was extensively puddled at the time due to the warm air temperatures.  

Consequently, backscatter from the sea ice was relatively low with a narrow range (-11.4 dB).  

Hence the generally uniform gray tone of the ice and the poor contrast between individual, small 

floes.  The icebreaker is not clearly visible, but can be found about 20 km (200 pixels) in from 

the center of the left edge of the scene where there is a small, bright feature located within a 

tongue at the ice edge.  

 The dynamics of the ice edge as imaged by SAR can be further illustrated in Figure 18.3, 

an area of the Greenland Sea.  Each SAR strip, which is 500-km long and 100-km wide, covers 

the same geographical area in the ice-edge region between 76°N to 80°N, and 8°W to 4°E.  This 

series of annotated ERS-1 images and corresponding interpretation maps shows how the ice-edge 

location and features changed during the period from 13 to 16 January 1992.  Each of the 

annotated features in Figure 18.3 will be further described in this chapter.  During this period, 

oceanographical investigations in the area were conducted from the R/V Håkon Mosby showing 

a number of shallow surface tongues of colder and fresher water associated with the ice tongues 

in Figure 18.3 [Johannessen, et al., 1994]. 

 SAR images with 25-m resolution were the only data capable of providing accurate ice-

edge location in a period of almost no daylight.  SAR images transmitted to the ship in near-real-

time were used to route the ship to positions near the edge of the ice.  Without SAR imagery, the 

R/V Håkon Mosby would not have been able to operate close to the edge of the ice, as the wind 

conditions were variable and included storm events with wind speeds exceeding 25 m s
-1

.  

During southeasterly winds, the ice edge was pushed towards the west.  From 10 to 13 January, 

the wind began as northerly and then shifted to southerly, resulting in a more eastward location 

of the edge.  On 16 January the effects of a north-northwest wind is made visible by ice 

streamers in the open ocean oriented parallel to the wind.  Three days later, westerly winds 

produced an ice edge that is very diffuse.  The rapid change in edge location and detailed ice 

features as characteristic of this area could only be observed from a time series of SAR images.  

The repeat period for the ERS SAR coverage was three days. 

 Figure 18.3 also shows how wind speed is a determining factor in discerning the ice edge 

on SAR images.  High wind and wave conditions will cause the open ocean to produce a large 

return making the intensity value similar to sea ice.  The variation of backscatter with ice type 

and wind speed is illustrated in Figure 18.4.  This figure is a C-band (5.6 GHz), VV and HH 

polarization backscatter (σ0) versus radar incident angle graph for first year, multiyear, and open 

water at various wind speeds.  The open water values were generated using an experimentally 

validated ocean backscatter model.  The sea ice values were obtained from measurement.  

Special note should be given to incident angles where ERS-2 (20°), RADARSAT-1 (15°- 50°), 

and ENVISAT (14°- 45°) operate.  Recall that ERS-2 is vertically polarized, RADARSAT-1 is 

HH polarized, and ENVISAT is VV, HH and cross-polarized.  This figure illustrates the 

backscatter tone reversal for open water and sea ice backscatter that results from various 

wind/incident angle combinations.  Furthermore, if the goal of a SAR observation is to 

emphasize the open water signature, SAR parameters of choice are either VV polarization, or 
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Figure 18.3.  ERS-1 (C-band, VV) SAR Example of rapid ice edge variability in the Greenland Sea – Fram Strait 

area as a result of strong off-ice winds.  The ice edge is delineated on the SAR images.  Original images ©ESA 1992 
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Figure 18.4.  C-band backscatter versus incidence angle for first year (FY), multiyear (MY), and open water (OW) 

at different wind speeds.  Standard deviations are ≈ 1.7 dB.  The ice values are actual observation.  The open water 

values were produced using a validated ocean backscatter model. 

 

operating in the small to middle incidence region.  If the goal is to discriminate sea ice in a liquid 

ocean background when winds are moderate-to-high, then HH or cross polarizations at middle-

to-large angles of incidence are best. 

 The delineation of the ice edge on SAR imagery at the marginal ice zone in winter is 

complicated by the formation of new ice.  As discussed by Onstott and Shuchman in Chapter 3 

of this manual, a typical process of formation at the ice edge is as follows.  Grease ice first forms 

followed by frazil, which then transitions into pancakes.  By continued freezing and wave action, 

the pancakes grow from a few centimeters in diameter to meter-plus size.  The SAR backscatter 

return from these features also varies greatly.  The grease ice (see Figure 18.5) dampens the 

ocean wind generated Bragg waves, thus causing dark radar returns (see Figure 18.3).  The 

pancake floes also shown in Figure 18.5 have rough edges at the water interface and, thus, are 

brighter SAR backscatter values on the satellite imagery. 

 As the ice ages and thickens at the margins, its SAR backscatter value increases (see 

Figure 18.4).  Figure 18.6, taken from a Norwegian icebreaker at the marginal ice zone 

(approximately 79ºN, 2ºE) in March, shows snow-covered multiyear floes interspersed with 

fragmented first year ice.  The oceanographic/meteorological buoy is being placed on a multiyear 

floe.  The SAR return from these ice types is typically the largest ice return on the images. 

σ
0
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Figure 18.5.  Photo of Odden from the R/V Håkon Mosby showing pancake and grease ice.  The pancake floes 

(bright circular features) are approximately 25 cm in diameter. 

 

 

Figure 18.6.  Photograph taken from Norwegian icebreaker at the marginal ice zone (79ºN, 2ºE).  The buoy 

placement and ice sampling is occurring on a multiyear floe.  Fragmented first year ice can be seen between the 

numerous multiyear floes shown in the photograph. 



Processes at the Ice Edge – The Arctic 

 381

 A specialized case of rapid ice formation occurs in the Norwegian/Greenland Seas and is 

called the Odden.  The Odden is referred to in Scandinavian folk literature as a river of ice that 

occurs in winter during meteorological events where arctic off-ice winds have an air temperature 

of greater than -10°C generate rapid new ice formation (i.e., less than 24 hours).  The Odden 

consists mainly of pancake and grease ice (see Figure 18.5), which can encompass areas in 

excess of 200 km x 200 km, and has been known to trap sealing ships.  Figure 18.7 is an ERS-1 

SAR image acquired on 16 February 1993 and cuts across the Odden ice tongue.  Ice 

concentration obtained from the passive Special Sensor Microwave Imager (SSM/I) aboard the 

American Defense Meteorological Satellites on the same day as the SAR imagery agreed with 

the SAR-derived concentration estimates of between 20 and 30 percent [Johannessen, et al., 

1997a].  Note the Odden feature represents yet another form of diffuse ice edge.  These types of 

ice were documented by observations from R/V Håkon Mosby, which operated in the northern 

part of the ice tongue.  The ice tongue develops in December and lasts until April in some 

winters, but it has been absent in most years in the last decade.  This absence may be related to 

climate change.  Passive microwave data since 1978 from Scanning Multi-Channel Microwave 

Radiometer (SMMR) and SSM/I show that the ice tongue is absent during some winters, as was 

the case in 1994, 1995 and 1996 [see Shuchman, et al., 1996].  Note Jan Mayen Island located at 

the bottom of the image.  Figure 18.7 further illustrates that fine resolution SAR satellite data can 

not only locate the ice edge, but also discriminate the ice components that comprise the marginal 

ice zone. 

 

18.3 Detection of Ice Edge Eddies and Open Ocean Phenomena Associated with the Pack 

 The general characteristics of ice edge conditions as seen in SAR imagery and discussed 

in the preceding sections can be used to identify and interpret a variety of ice edge phenomena 

such as ice and open water eddies.  A number of these phenomena are summarized in Table 18.2.  

The following text describes steps involved in the use of SAR imagery to detect ice edge eddies 

and other features of the marginal ice zone. 

 Ice edge eddies in the Greenland Sea and Fram Strait area were investigated for the first 

time during the MIZEX program using remote sensing in combination with in-situ observations 

[O.M. Johannessen, et al., 1987, J.A. Johannessen, et al., 1987].  The ice edge eddies, a result of 

warm and cold ocean water masses interacting, are important for several reasons, i.e., as a 

mechanism to exchange heat and mass between open water and ice covered regions, in 

controlling the position of the ice edge, and to advect water masses trapped in the eddies.  

Mesoscale eddies, which have a typical scale of 20 km to 40 km in the Greenland Sea area, can 

also elevate intermediate water masses to the surface and contribute to deep-water formation 

[O.M. Johannessen, et al., 1991]; hence, they are important to the oceanic uptake of atmospheric 

carbon dioxide and other climatic gases.  Eddies are also an area of typically higher than normal 

ambient acoustic noise due to ice floe collisions. 

 Eddies are most readily observed along the ice edges where SAR images show a sharp 

contrast between ice and water.  SAR can be used to locate eddies along ice edges because 

individual ice floes act as tracers mirroring the ocean circulation [Sandven, et al., 1991, and J.A. 

Johannessen, et al., 1987].  When eddies occur within the ice pack, they are much more difficult 

to detect in the SAR images.  In regions of open water, it is necessary to use infrared or visible 

imagery to look for sea surface temperature gradients or color contrast to locate vortex-pairs. 

 Extensive remote sensing studies of the marginal ice zone in the 

Greenland/Iceland/Norwegian Sea have been conducted by the Nansen Environmental and,
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Figure 18.7.  ERS-1 (C-band, VV) SAR image 

(16 February 1993) of Odden ice tongue.  Jan 

Mayen Island is at image bottom.  Note the 

delineation of the ice edge on the SAR image.   

Original image ©ESA 1993 
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Remote Sensing Center and its partners during the MIZEX and SIZEX programs [Johannessen, 

et al., 1992].  Based on SAR aircraft and satellite images obtained during the campaigns since 

1979, a conceptual SAR model for the marginal ice zone has been formulated to identify the 

different ice edge processes (Table 18.2).  In this scheme, the ice edge configurations from SAR 

images have been classified and related to atmospheric and oceanic conditions [J.A. 

Johannessen, et al., 1991].  This conceptual SAR model provides useful guidelines for further 

numerical modeling of the marginal ice zone.  Furthermore, a realistic ice model must be 

coupled to the ocean, both dynamically and thermodynamically. 

 A fine resolution L-band SAR mosaic collected from the CCRS CV-580 X-, C- and L-

band airborne system on 5 July 1984 (Figure 18.8) clearly shows detailed surface structure of an 

elliptically shaped eddy (E1 in Figure 18.8b) on a scale of approximately 30 km.  Also included 

in the figure is an oblique aerial photograph taken of this eddy from the CV-580.  Because winds 

were light, the sea ice floe-size distribution of 50 m to 500 m reflected the upper ocean 

circulation.  The three-dimensional structure of the eddy, as obtained from conductivity, 

temperature, density (CTD) section, is also shown on the figure.  The orbital motion of the eddy 

was cyclonic, while the spiral motion of ice toward the center indicated an inward frictionally 

driven radial motion.  The ice concentration was more than 80% at the center of the eddy.  This 

implied that there was convergence, and that ageostrophic effects are important and must be 

included in realistic models of these eddies [Shuchman, et al., 1987, and J.A. Johannessen, et al., 

1987].  Slicks and bands of ice were also identified that indicated internal wave activity.  In 

Figure 18.8b, the area marked “band of dead water” off the ice edge was a distinct meltwater 

zone.  This detailed interpretation of the SAR mosaic describes the location of large individual 

floes, polynyas, ice concentration estimates, the ice edge and floe size distributions [see 

Shuchman, et al., 1987, and O.M. Johannessen, et al., 1987]. 

 Note in Figure 18.8 that the compacted summer ice edge is easily discerned from open 

water.  In addition, the L-band (HH) image collected during Marginal Ice Zone Experiment 

(MIZEX) ’84 clearly shows the large multiyear floes (upper portion of Figure 18.8a), which can 

be identified by their distinct outline, the ridging that occurs within the floe, and the weak SAR 

signature typical of a multiyear floe during the summer season.  The brightness of the multiyear 

SAR return decreases during the summer melt season because of the high loss associated with 

the free water within the snow cover and the pooling of water on the surface.  Since liquid water 

prevents significant microwave penetration, the volume scattering, which distinguishes various 

ice types during the winter freeze, is not present [Shuchman, 1990].  The mosaic also further 

demonstrates the utility of the SAR to retrieve varying floe size, slicks, and internal wave 

information. 

 The monitoring of deep water convection using SAR has also been reported [Carsey and 

Garwood, 1993].  Deep water convection, the mixing process that transforms warmer surface 

water into colder deep water, is the key first step in the global thermocline circulation and is an 

important process often linked with the location of the sea ice edge.  Over 90% of the deep water 

formation in the northern hemisphere occurs in the Labrador and Greenland/Norwegian Seas.  

The frequency and extent of the deep water formation is an important global change question.  

The geographic remoteness and temporal variability of deep ocean convection has led to the 

consideration of using satellite remote sensing to study the convective process.  Remote sensing 

is complimentary to in-situ oceanographic sampling and offers an additional way to obtain 

information on the two-dimensional horizontal extent and structure of a region of open ocean 

undergoing convection. 
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TABLE 18.2  Conceptual SAR Model for the Marginal Ice Zone [After Johannessen et al. 1992] 
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Figure 18.8.  (a) CCRS CV-580 aircraft SAR (L-Band, HH) image acquired on 5 July 1984, of a cyclonic ice edge 

eddy in the Greenland Sea, (b) interpretation of the whole SAR mosaic, (c) three-dimensional structure of the eddy 

obtained from conductivity, temperature, density (CTD) sections, (d) oblique aerial photograph of the eddy [After 

Johannessen, et al., 1992].  This eddy was located at approximately 78º50’ N and 2º30’ W.  Large multiyear floes 

can be seen in the upper left portion of the SAR mosaic. 

 

 Figure 18.9 is a 12 March 1997 ERS-2 SAR image taken in the Labrador Sea in a region 

where in-situ observations reported deep water convection.  Deep water convection cells, 

sometimes referred to as chimneys [Fisher, et al., 2000], are identified and outlined in the figure. 

 

18.4 Waves in the Pack Ice 

 SAR has been shown to be capable of detecting ocean wind waves and swell within the 

sea ice cover at the marginal ice zone when it is comprised of ice floes tens of meters in 

diameter.  Observations to date have been made using airborne CV-580 X- and L- band 

[Lyzenga, et al., 1985] and CV-580 C-band [Liu, et al., 1991a, 1991b] SAR data as well as using 

space borne ERS-1-2 and RADARSAT-1 data [Johannessen, et al., 1997a]. 
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Figure 18.9.  Manual analysis of ERS-1 (C-band, VV) image showing deep water formation cells.   

Original image ©ESA 1997 

 

 The complex mesoscale air-sea-ice interactions in the marginal ice zones are enhanced by 

open ocean waves that penetrate into the ice cover.  Penetrating waves contribute to the breakup 

of floes, increase in melt rate, and variation in ice concentration and ice extent.  Simultaneously, 

the ice imparts resistance to the waves, which alters the wave dispersion properties and results in 

a reduction or attenuation of wave amplitude.  The imaging of wave propagation into the ice is 

also important from a navigation, acoustic noise, and offshore petroleum exploration perspective.  

All of these interactions are dependent on wave period, wave height, ice thickness, floe size, and 

concentration.  Waves may be apparent in an ice cover for considerable distances from the ice 

edge (e.g., propagation up to 100 km have been observed).  For example, Figure 18.10 presents 

multiple channels of airborne SAR imagery of ocean waves propagating approximately 60 km 

into pack ice off of the Labrador coast.  A detailed overview of the characteristics of waves in ice 

is found in Wadhams [1986]. 

 When waves propagate into an ice cover, attenuation of the wave amplitude and 

alteration of the wave dispersion properties occurs.  As a wave penetrates into a uniform, large 

ice sheet, the wave energy is transmitted and shared between the ocean and ice, resulting in what 

is known as a flexural-gravity wave.  For long period waves or for thin ice, waves have lengths, 

and phase and group velocities similar to those of open water.  As the ice thickens for a given 

wave period, the wavelength, phase, and group velocities will increase over those for the open 

water case.  These changes increase with decreasing wave period.  Similarly, wave amplitude 

decreases with increasing ice thickness and decreasing wave periods, with very long waves 

retaining amplitudes in ice similar to those of open water. 

 The observation of refraction and attenuation of gravity waves as they propagate into the 

ice has been studied in both the Arctic and Antarctic.  Shuchman, et al. [1994] demonstrated that 
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ice thickness could be obtained by observing gravity propagation into the ice.  A study by 
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Figure 18.10.  Multiple channels of airborne SAR imagery of ocean waves propagating approximately 60 km into 

pack ice off the Labrador coast near Hopedale. 

 

Wadhams and Holt [1991] suggests that gravity waves propagating through Antarctic pancake 

and frazil ice can also be imaged by SAR, and the SAR data (by observing attenuation of the 

gravity waves) can then be used to extract the thickness of these two ice types.  This thickness 

information could then be used to better determine the advancing winter ice edge in the 

Antarctic. 

 

18.5 Examples from the Kara Sea Northern Sea Route 

Since the launch of the ERS-1 satellite in July 1991, the Nansen Environmental and Remote 

Sensing Centers in Bergen and St. Petersburg, in cooperation with the European Space Agency 

and Murmansk Shipping Company, have demonstrated the capability of SAR images with 

resolution of about 100 m x 100 m to provide detailed sea ice information of the Russian 

Northern Sea Route.  From SAR images, most of the important sea ice parameters such as edge, 

type, concentration, motion and surface roughness can be extracted [Johannessen, et al., 1997b].
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Figure 18.11.  Map of the western Russian Arctic with boxes showing the coverage of the three images presented in 

this section: (A) covers the eastern Barents Sea and the southern part of Novaya Zemlya, (B) covers the central Kara 

Sea where the Ob and Yenisei rivers enter the Arctic Ocean, and (C) covers the Vilkitsky Strait area where Cape 

Chelyuskin represents the northernmost landfast point of the Eurasian continent.  

 

  Despite the relatively narrow swath of 100 km, ERS SAR data has proven to be useful for 

mapping small ice areas, in particular straits, river estuaries and first year ice among multiyear 

ice floes.  During the ERS demonstration expeditions with Murmansk Shipping Company’s 

icebreakers, it was shown that appropriately processed SAR images with superimposed coastline 

and geographical coordinates are useful for strategic, as well as tactical, ice navigation 

[Johannessen, et al., 1997b].  Since 1996, RADARSAT-1 ScanSAR images with swath width up 

to 500 km have been used to map large sea ice areas. 

 In this section we present some examples of SAR ice observations in the western Russian 

Arctic.  The first example is from the eastern Barents Sea and Novaya Zemlya area, the second is 

from the central Kara Sea where the Ob and Yenisei rivers enter the Arctic Ocean, and the third 

is from the Vilkitsky Strait area (Figure 18.11). 
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(a)  

(b)  

Figure 18.12.  RADARSAT-1 (C-band, HH) ScanSAR images (500 km x 500 km) obtained from the same orbit on 

23 April 1998, covering (a) the northeastern Barents Sea, and (b) the southeastern Barents Sea including the Pechora 

Sea and the Kara Gate region. The main ice features, denoted a - f, are described in Section 18.5.1 [Alexandrov, et 

al., 2000].  Original image ©CSA 1998 
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18.5.1 Eastern Barents Sea and Novaya Zemlya Area 

 The Kara Gate and Jugor Strait are important sailing passages of the Northern Sea Route 

where ice can cause severe difficulties, especially in combination with strong currents.  During 

the winter these straits can be blocked by heavy, deformed and compressed first year ice floes 

more than four meters thick. 

 Two consecutive RADARSAT-1 ScanSAR scenes obtained on 23 April 1998 show 

examples of ice conditions in the ice edge region of the eastern Barents Sea (Figure 18.12).  The 

images were used to support ice navigation of an ice-going tanker going from Murmansk to Ob 

Gulf [Pettersson, et al., 1999, Alexandrov, et al., 2000]. 

 The image shows that Kara Gate had severe ice, while the ice conditions along the 

western shores of Novaya Zemlya were much easier for ice navigation.  For this reason the 

eastbound expedition with the ice-going tanker escorted by Russian nuclear icebreakers selected 

a route north of Novaya Zemlya. 

 The ScanSAR images (Figure 18.12) showed the gray-white ice of the coastal polynya on 

the western side of Novaya Zemlya as brighter signatures labeled (a) in the upper image 

compared to the thicker first year ice farther north and west.  A southward extension of the 

polynya into the Pechora Sea and towards the Kara gate is also identified in the lower images as 

a bright feature (b). Rough first year ice with a bright signature dominates in the Pechora Sea, 

and a tongue of this ice is extending through the Kara Gate and into the Kara Sea (c).  The 

contrast between this rough and more level first year ice east of the Kara Gate is noteworthy.  

The bright line structures east of Novaya Zemlya are major ridges visible because of the contrast 

to the level ice.  Level first year ice is also observed as large dark floes north of about 75°N (e).  

The bright areas between the first year floes in this region are young ice (f).  Between 73°N and 

75°N, small leads of open water, oriented nearly in a north-south direction, are clearly seen as 

dark stripes in the image (g). 

 

18.5.2 Polynyas and Landfast Ice in Ob and Yenisei Area 

 As the tanker expedition continued into the Kara Sea towards the Ob Gulf, another 

RADARSAT-1 ScanSAR image was obtained (Figure 18.13).  This image demonstrates late 

winter ice conditions in the Kara Sea from the Ob estuary in the west to the shores of Taymyr in 

the east, with temperature between -10ºC to -15°C and winds of about 10 m s
-1

 from NE.  The 

image has a complex pattern of ice types, and several areas are difficult to interpret with 

certainty.  Large areas with landfast ice are seen with a gray signature off the coasts and around 

the islands.  In these areas the backscatter varies considerably and depends on the salinity, ice 

age and roughness.  In general, strong backscatter indicates that the ice has a low salinity and 

rough surface.  The image interpretation could be done by use of in-situ observations from the 

expedition. 

The image can roughly be divided into three regions: medium and thick first year ice in 

the upper part of the image (1 and 2), polynya areas with various types of new and young ice 

including open water (3, 4 and 5), and finally the landfast ice regions near the coast and the 

islands (6 and 7).  Area (1) consists mainly of large thick first year ice floes (darker), with 

smaller areas with young ice (brighter) and nilas (very dark) in-between.  Some of the darker 

small areas might also be water.  Some areas have strongly deformed thin and medium-thick first 

year ice (2), with some inclusions of young ice (light gray).  The very bright parts of the polynya 

area (3) consists of deformed young ice, while areas (4) and (5) are most likely a mixture of 



SAR Marine Users Manual 

 392

  

Figure 18.13.  RADARSAT-1 (C-band, HH) ScanSAR image of 30 April 1998, covering area where the Ob and 

Yenisei rivers enter the Kara Sea.  The ice types 1-7 are discussed in the text.  Original image ©CSA 1998. 

 

water and thin ice types such as grease ice and nilas.  Areas (6) and (7) show landfast ice of 

various age and deformation.  The darker signature indicates the more level and undeformed ice, 

while greater backscatter (lighter tone) suggests more roughness.  Roughness at the surface, seen 

in the ice deep into estuaries, may be due to a lower salinity of river water.  It is assumed that the 

high backscatter in the inner parts of the bays is a combined effect of roughness and volume 

scattering from the freshwater ice created in the river estuaries. 

 

18.5.3 The Vilkitsky Strait and Surrounding Areas 

 The Vilkitsky Strait is the northernmost part of the Northern Sea Route, located between 

the Kara Sea and the Laptev Sea (Figure 18.14).  This strait is particularly difficult to navigate 

when ice covered, navigation is only attempted during the summer season.  Thick residual floes 

(second- or multiyear ice) often occur in this region where differential ice motion causes heavy 

compression and ridging of the ice pack.  The large thick floes, heavy ridges, and landfast ice 

makes it difficult to navigate even for the most powerful icebreakers. 
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Figure 18.14.  RADARSAT-1 (C-band, HH) ScanSAR image from 14 August 1997, covering the eastern Kara Sea, 

the Vilkitsky Strait and the western part of the Laptev Sea.  The ice types 1-6 identified on the figure are discussed 

in the text.  The center coordinates of this image are approximately 78ºN and 105ºE.  Original image ©CSA 1997  

 

 The image in Figure 18.14 was taken during an expedition with the Russian nuclear 

icebreaker “Sovetsky Soyuz” during its voyage to the Laptev Sea in August – September 1997 

[Sandven, et al., 2001].  The ice conditions were typical in a melting stage with air temperatures 

above 0°C and moderate-to-low wind speeds.  Observations onboard the icebreaker were used to 

interpret the SAR signatures.  Open water dominates the Kara Sea with bright signatures caused 

by 6-8 ms
-1

 winds (1).  Parts of the Vilkitsky Strait and Laptev Sea are open water with dark 

signature as a result of lower winds and mixed with stripes and patches of first year ice from the 

previous winter (2).  The landfast ice in the Shokalskogo Strait (3) is melting and breaking up, 

and some ice will drift into the currents of the Vilkitsky Strait, that transport remnants of first 

year ice from the Kara Sea to the Laptev Sea (4).  This transport forms a characteristic wedge 

penetrating into the thicker and more compact first year ice in the Laptev Sea.  This ice is called 

the Taimyr Ice Massif and consists mainly of first year ice from the previous winter (6). 
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(a) 

 
(b) 

Figure 18.15.  Photographs of pancake ice (a) and nilas (b) obtained in the Vilkitsky Strait area on 10-11 September 

1997, about four weeks after the ScanSAR image in Figure 18.14 was obtained. Picture (a) was taken at 77°55’N 

104°20’E, picture (b) was taken at 77°38’N 111°01’E.  

 

This ice massif is partly breaking up as a result of the eastward transport of more open 

water through the Vilkitsky Strait (5).  The ice conditions shown in Figure 18.14 represent 

typical minimum ice extent at the end of the melt season in this area.  During the next month air 

temperature stayed at about -5°C, allowing new ice to be formed.  Examples of grease ice and 

nilas in the Vilkitsky Strait area are shown in pictures taken from an icebreaker sailing through 

the area on 10-11 September 1997 (Figure 18.15). 

 

18.6 Summary 

 This chapter has demonstrated the utility of SAR data to characterize ice edges.  SAR is 

well suited to discriminate ice from open water when the effect of wind speed is taken into 

account.  Often in lower wind conditions (less than 7 m s
-1

) the ice will mirror the surface ocean 

circulation and various eddies, fronts, internal waves and particularly deep water convection cells 

(chimneys) can be observed.  The fine resolution (25 m) of SAR compared to spaceborne passive 

microwaves systems with maximum resolution of approximately 10 km makes SAR imagery 

particularly useful in studying small-scale features at the ice edge.  These features include areas 

of grease ice, pancake floe, first year and multiyear floes, and polynyas.  Observation of gravity 

waves propagating into the pack is also possible due to the fine resolution imaging capability.  In 

addition to providing detailed information on sea ice and ice/ocean processes, the level of image 

detail in SAR data is useful for mapping ice conditions important to navigation, as illustrated by 

the sequence of images along the Northern Sea Route. 
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Chapter 19.  Antarctic Sea Ice and Icebergs 
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19.1 Introduction 

 The monitoring of floating ice in the Southern Ocean is of great interest because of its 

vast winter extent and the scale of its retreat during summer.  With a winter extent that is about 

20% greater than that in the Northern Hemisphere, Southern Ocean sea ice plays an important 

role in the global energy balance.  In addition, the icebergs that calve from the Antarctic ice 

shelves and glacier tongues may initially be the size of a small state (e.g., 400 to 11,000 km
2
), 

and, frequently produce many smaller icebergs that may become deadly marine hazards.  

Icebergs are also a source of fresh water to the world’s oceans.     

 There are important differences between the northern and southern polar oceans that 

affect sea ice conditions, and sea ice physical and microwave properties.  In the Southern Ocean, 

sea ice is bounded on the south by the Antarctic continent, whereas to the north there is no land 

boundary.  Ice formation regions extend north from the Antarctic coastline for hundreds of 

kilometers.  In addition, the ocean around the Antarctic continent is essentially obstruction-free 

for hundreds of kilometers beyond the ice edge.  Storms are frequent in the Southern Hemisphere 

and swell waves of significant height form in the open ocean and propagate into the Antarctic sea 

ice zone.  Katabatic winds form because cold and dense air is pulled from high elevations to the 

coast by gravity.  These winds flow off of this very cold continent over the ocean surface, are 

very strong, and may persist for long periods (e.g., days).  These winds produce a dynamic ocean 

environment.  Sea ice may be cleared from the coastline, enabling the production of new ice.  In 

summary, the Southern Ocean is a very dynamic environment; wave conditions and storm 

frequency play a major role in determining sea ice physical and microwave properties. 

 Because of a dynamic oceanographic and atmospheric environment, ice concentration in 

the Antarctic is lower than that observed in the Arctic, at about 80% in winter, and 50% in 

summer, on average [Zwally et al., 1983]. The maximum ice extent is observed in September, the 

minimum extent in February.  The austral summer begins in December and ends in March.   The 

Southern Ocean ice coverage has a maximum winter extent on the order of 20 x 10
6
 km

2
 and a 

summer minimum on the order of 4 x 10
6
 km

2
 (about three times the size of the U.S.), a summer 

retreat factor of about 5.  Hence, the sea ice cover is primarily seasonal, and first year ice is the 

predominant ice form [Zwally et al., 1983].   

Discussion of the microwave remote sensing of floating ice in the Southern Ocean is 

presented in this chapter. Specific topics include the observation of sea ice, landfast ice, and 

icebergs.  Regional ice characteristics, sea ice zones, and the expected seasonal backscatter 

response are discussed.  Synthetic aperture radar (SAR) images are used to illustrate signature 

differences between ice forms and convergence/divergence features.   

 For an additional discussion of sea ice behavior, see Chapter 3, “SAR Measurements of 

Sea Ice.”  Discussion of the operational use of SAR is found in Chapter 20, “Operational Uses of 

SAR for Ice Classification and Analysis.” 
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TABLE 19.1.  Major Regional Characteristics in Influencing Ice Cover 

 

Area Name Sector Characteristic 

Weddell Sea 60°W to 20°E Relatively cold ocean water influenced by large-scale cyclonic 

gyre and topographic barrier of the Antarctic Peninsula.  Sea ice is 

compact.  Large area of ice cover remains during the summer.  A 

polynya forms occasionally. 

Indian Ocean 20°E to 90°E Ice edge retreats completely to the coast in several locations during 

summer. 

Pacific Ocean 90°E to 160°E Ice edge retreats completely to the coast in several locations during 

summer. 

Ross Sea 160°E to 130°W Relatively cold water and cyclonic circulation gyre influences 

open water formation near Ross Ice Shelf. 

Bellingshausen – 

Amundsen Sea 
130°W to 60°W There is strong stratification of the open ocean water; this 

contributes to the retention of an extensive summer ice cover. 

 

19.2 Critical Solid Ocean Features in the Southern Ocean 

 In the Southern Ocean, frozen seawater and fresh water are of great interest, as is the case 

in the Arctic, because of their areal extent and impact on the earth’s climate.  Sea ice is found 

around the full perimeter of Antarctica.  It may be landfast, consolidated as floes in the ice pack, 

or a loose mixture of open water, frazil ice, and pancakes at the ice margins.  Freshwater ice 

features are also numerous, and in the form of giant-to-small icebergs and bergy bits (large 

pieces of a glacier with between 100 and 300 m
2
 of ice above the water line).  Other features 

worthy of note include ice shelves, and glaciers that protrude far away from the coastline known 

as ice tongues.  Glaciers may be floating on seawater or grounded on the seafloor.    

 

19.3 Regional Characteristics and Sea Ice Zones 

 The region in which sea ice forms determines its winter properties and the likelihood of 

survival during summer.  In addition, where the ice is located relative to the coastline and the 

open ocean boundary also affects its physical and electrical properties.  

 

19.3.1 Regional Characteristics 

The extent of Antarctica and the locations of the various seas in the Southern Ocean is 

shown in Figure 19.1.  Ocean circulation around the continent and topographic barriers (e.g., 

Antarctic Peninsula and ice tongues) affects the sea ice cover through the stratification of the 

ocean water column and the formation of relatively cold ocean water.  These effects determine 

whether polynyas (non-linear shaped openings enclosed in ice) form during winter, the quantity 

of ice retained during summer, and if the ice edge retreats completely to the coast.  In addition, 

the very cold, high-velocity katabatic winds play a major role in (a) clearing ice from the 

coastline while facilitating rapid ice formation, (b) sweeping the air-ocean free of frazil ice, and 

(c) promoting high ice production during storms of long duration. The geographic 
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Figure 19.1. Map of the Antarctic and Southern Ocean showing the locations of the various seas and ice shelves 

[Zwally et al., 1983].  

 

sectors in which the various seas and oceans are contained and the characteristics of these 

regions are summarized in Table 19.1 [Zwally et al., 1983]. 

 

19.3.2 Major Ice Zones 

 There are three primary ice zones around the Antarctic continent:  (a) coastal, (b) pack, 

and (c) marginal.  In the coastal zone, the ice is consolidated, and is often the oldest and thickest.  

Given the katabatic winds that flow off the continent over the ice-covered ocean, ice conditions 

even in the coastal regions will be dynamic during high wind episodes.  Movement or shearing 

of the consolidated ice about the coastline produces near shore leads and the production of new 

ice, and the formation of pressure ridges and rubble areas.  Polynyas may also form near the 

coast due to upwelling.   
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 The predominant ice production zone is the marginal ice zone (MIZ) and is located 

immediately adjacent to the open ocean.  In this zone, new ice is produced, formed into cakes 

and small floes several meters in diameter, and is dispersed among open water, grease ice, slush, 

and frazil.  Ice in this region is greatly influenced by swell waves.  The effects of swell include 

limiting the maximum diameter of a floe, the rafting of pans and floes upon one another, the 

piling of slush along floe boundaries, and the flooding of floes with seawater.  Expected ice 

forms in this region include the full range of new and young sea ice categories: frazil, grease, 

pancake, grey, and grey-white.  There will also be prominent bands of open water.  Because of 

the young age of the ice, the snow cover is limited.  SAR ice signatures in this region are prone 

to be modified by the surface flooding caused by swell and waves.  An additional discussion of 

processes that occur at the ice edge is found in Chapter 18, “Processes at the Ice Edge - The 

Arctic.” 

 Ice in the zone between the coastal and marginal ice zones is consolidated and is referred 

to as pack ice.  Typically, ice floes are rougher, thicker, and stronger than ice in the other two 

regions.  Because the ice is days to many weeks older, the snow cover is thicker than that found 

in the marginal ice zone.  Because the ice is physically more stable, the SAR ice signatures in 

this region are also more stable than those found in the marginal ice zone.  Storms, however, can 

affect ice signatures in this region because of rafting and flooding.  Rafting adds more freeboard 

and may produce an increase in backscatter intensity.  Divergence in this region will occur and 

cause the ice to break apart and form leads and polynyas.  The predominant ice type in this 

region is first year with a heavy snow cover.  When flooding of first year ice is limited to 

seawater accumulation at the snow-ice interface, the backscatter intensity is increased because 

the high dielectric constant of seawater and the spatially variable wicking of brine into the snow 

pack produces a dielectrically rough surface.  However, if the entire snow pack is moistened 

because of the flooding event, the backscatter intensity may stay the same or even decrease.  This 

wide range of backscatter values for the same ice type makes ice type and form discrimination 

difficult in the Antarctic.    

 

19.4   Sea and Fresh Water Ice General Characteristics 

 Before proceeding further, it is important to review some of the general characteristics of 

sea and fresh water ice that are found around Antarctica.  Short descriptions of each of the 

various ice forms and some of their unique characteristics follow.   An extensive discussion of 

Antarctic and Arctic sea ice physical properties and general characteristics is found in Gow and 

Tucker [1990].  

• New and Flooded Ice is produced in significant quantities during winter, during and after 

episodes of high winds and waves that cause divergence in the ice fields or when the snow 

load becomes too great for a given ice thickness.  The physical, electrical, and microwave 

properties of new and young sea ice are nearly identical to those found in the Arctic.  This 

observation is based on (a) the examination of salinity, density, and ice fabrics, and (b) the 

similarity in the backscatter signatures in both the Arctic and Antarctic.   

• First Year Ice has a thickness on the order of 0.7 m for level ice [Wadhams et al., 1987], and 

on the order of 1 m for deformed ice [Lange and Eicken, 1991].  Snow cover is observed to 

be in the range from 5 to 30 cm.  Ice and snow densities are similar to those of Arctic first 

year ice.      

• Second-Year or Multiyear Ice has survived the summer melt.  Most old Antarctic ice is in its 

second year.  During summer, much of the ice in the Southern Ocean is advected into warmer 
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water where it experiences significant melt.  In-situ observations of second year and 

multiyear ice in the Antarctic are limited, but indicate a high likelihood of ice in the thickness 

range from 1 m to greater than 2 m and a heavy snow cover.  A mean snow thickness as great 

as 0.75 m has been observed.  Snow cover may become heavy enough to move the ice-snow 

interface to a position below sea level.  Flooding of the snow-ice interface has been 

frequently observed for old ice, even though in-situ observation opportunities have been 

limited.  Flooding of first year ice is also a common occurrence.   

• Snow in the Antarctic is more abundant than in the Arctic, and snow depths are greater 

[Barry, 1989].  Snow properties in the Antarctic are similar to those found in the Arctic in 

terms of its ice crystal size distribution and snow pack density. 

• Deformed Ice is found as pancake rims, rafted ice, or pressure ridges.  Pressure ridge heights 

are smaller than those observed in the Arctic.  The largest ridge heights or sails are on the 

order of 1 m [Weeks et al., 1989, Lytle and Ackley, 1991].  In comparison, ridge heights in 

the Arctic of 2 to 4 m are common.   

• Icebergs are composed of fresh water ice and are produced when sections of ice shelves or 

glacier tongues break off and become free floating.  The detection of iceberg activity is of 

national interest because of the desire to monitor the “calving” rate and because of the great 

concern about icebergs entering shipping lanes and the serious hazard they pose for mariners.  

Icebergs in the Southern Oceans can be quite large. 

• Floating Glacier Tongues are floating extensions of grounded ice sheets.  Glaciers are 

composed of fresh water ice and form by the accumulation of snow.   

 

19.5 Expected Backscatter Response and Seasonal Response 

 The discussion of the microwave response of Antarctic sea ice is separated according to 

ice type, and includes new, young, first-year, second-year, and multiyear ice.  

 

19.5.1 New/Young 

 SAR signatures of new, grease, frazil, slush,  pancake, nilas, grey, and grey-white ice, 

and open water signatures are similar to those observed in the Arctic.  These are the predominant 

signatures of the MIZ.  The key difference between the MIZ in the Arctic and Antarctic is not a 

difference in backscatter level, but that the MIZ in the Antarctic covers a much more extensive 

area.   Sea ice has a salinity in the range from 14 to about 5 part per thousand (ppt), whereas the 

surrounding sea water will have a salinity from 32 to 35 ppt.   

 

19.5.2 First Year Ice 

 A high proportion of first year ice in Antarctica has its origins as frazil and pancake ice 

rather than ice grown under quiescent conditions that produces congelation ice with a smooth 

snow-ice interface.  The greater surface roughness of Antarctic ice increases its backscatter 

levels. Since first year ice often has a heavy snow load, flooding of the snow-ice interface occurs 

frequently [Ackley et al., 1980].  An increase in the backscatter level is expected.   The mixing of 

flooded with unflooded floes in a region produces a diverse range of radar signatures. 
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19.5.3 Second Year and Multiyear Ice  

 There is no distinct large area microwave SAR signature for multiyear ice in the Southern 

Ocean that compares to that observed in the Arctic.  In addition, neither passive microwave nor 

microwave scatterometer observations which are global and frequent show such a unique 

multiyear ice signature [Gloersen et al., 1992, Drinkwater, 1998a, Morris et al., 1998]. Passive 

microwave imaging of the Antarctic does shows a continuum of ice signatures.  Note that the 

natural emission at microwave frequencies responds to the same physical and electrical 

properties that SAR responds to, but to different degrees.  Since the thickness of old ice is on the 

order of 2 m and typically has a heavy snow cover that promotes flooding, the thickness and age 

of this ice form is masked.  The current hypothesis is that pack ice experiences only one melt 

season before drifting into regions of high oceanic heat-flux where it melts.  Using C-band SAR 

imagery, second-year and multiyear signatures are found to be indistinguishable from those for 

rough, first-year ice [Drinkwater, 2000].   

 

19.5.4 Icebergs and Ice Sheets 

Sources of iceberg and ice sheet backscatter signatures breakdown into three important 

categories:  (a) very thick layers of snow and firn, (b) glacial ice with a thin snow layer, and (c) 

topography, such as crevasses, streamlines, and ice blocks.  Layers of snow and firn, tens of 

meters thick, produce strong backscatter levels, because the particles act as discrete 

electromagnetic scatterers.  The penetration at microwave wavelengths into low loss materials 

such as this is tens of meters.  The scattering cross-section for each snow or firn particle may be 

very small, but the backscatter response is due to the accumulation of contributions over the 

depth that the radar signal penetrates.  Glacial ice, however, has a very high density and a limited 

number of very small bubbles, and produces weak backscatter.  Surface topography produces an 

enhanced backscatter because of dihedral or facet scattering back to the radar. When tall enough, 

topography may also produce radar shadow effects that work to highlight the topographical 

features.  

 

19.5.5 Winter Backscatter Statistics 

 Example backscatter statistics for the Weddell Sea derived from space-borne SAR (ESA 

ERS-1) and spaceborne scatterometer (ESA ERS-1/2 Escat) are shown in Tables 2 and 3.  For 

ERS-1, the mean backscatter winter response for first year and multiyear ice ranges from about  

–6 to –16 dB, about a 10 dB dynamic range.  These values are 2-3 dB higher than those for 

similar ice forms observed in the Arctic and are attributable to a thicker snow layer, contribution 

from flooded ice floes, and rougher ice surfaces.  The scatterometer data are also included here to 

document the range of backscatter levels observed and their association with ice type.  New and 

young ice produce weak backscatter until deformed.  As an example, the change of new ice into 

pancake ice produces a dramatic change in backscatter behavior (e.g., an increase of 14-20 dB) 

as seen in Table 3. 

 

19.5.6 Summer Signatures 

During the transition from winter to summer, scattering coefficients for the various sea ice forms 

converge to a cross-section of about –7.5 dB, a signature that is similar to that of second-year 

and multiyear ice during winter [Drinkwater, 1998b].  This appears to be determined by two 
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TABLE 19.2.  Example Backscatter Statistics from ERS-1 (C-band, VV) SAR Imagery 

Collected at ≈20° Incident Angle in the Weddell Sea during July 1992 [Drinkwater, 1998a]. 

Ice Type Mean (dB) STD (dB) 

Smooth FY -15.5 to –16.1 ±1.0 

Rough FY -9.5 to –10.1 ±1.8 

SY & MY -5.7 to –6.8 ±2.3 

 

Table 19.3.  Example Backscatter Statistics from Winter (C-band VV) Escat Data Collected at 

40° Incident Angle in the Weddell Sea during February 1992 [Drinkwater, 1998a]. 

Ice Type Mean (dB) STD (dB) 

New & Young -32.0 to –20.0 -- 

Smooth FY -20.0 to –14.0 ±1.5 

Rough FY -14.0 to –11.0 ±2.0 

MY & Pancakes -11.0 to –6.0 ±3.0 

Icebergs -6.0 to 0.0 ±2.3 

 

primary effects.  One is associated with the flooding of the ice-water interface with seawater, and 

the second is associated with surface melting effects.  Air temperatures rise above 0°C only 

briefly during the Antarctic summer.  Because of cool temperatures and heavy snow covers, 

surface melting is limited and snow is retained on sea ice throughout the summer.    Meltpool 

development in the Antarctic is not widely observed.  In addition, with limited free water 

production and percolation of fresh water through a floe’s vertical structure, ice floes experience 

little desalination during summer and maintain a salinity profile like that of first-year ice. A key 

characteristic of Antarctic sea ice is that summer surface melting is short-lived.  The summer 

backscatter response is characterized by large fluctuations in cross-section that are correlated 

with melt and freeze cycles  [Drinkwater and Lytle, 1997; Drinkwater, 2000]. Melt and freeze 

cycles are often associated with the propagation of weather systems through a region and will 

cause the snow pack to moisten, thereby reducing backscatter levels. The combination of high 

ocean heat flux and summer short-wave radiation absorbed by the ocean surface (in small lead 

fractions) rapidly disposes of most of the summer sea ice cover by promoting melting at the ice-

water interfaces (e.g., sides and bottom) [Ackley, 1987].  

 

19.6 SAR Observations of Antarctic Sea Ice 

 The first space-based radar observations of the Antarctic were conducted by the Shuttle Imaging Radar 

(SIR-B) mission in 1984 [Carsey et al., 1986; Martin et al., 1987].  SIR-B flew on 5 October 1998 and was able to 

map 15 million square kilometers of the world’s oceans and landmasses during its 16-hour mission.   The European 

Space Agency ERS-1 SAR was 
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Figure 19.2.  SIR-B (L-band, HH) image of frazil and pancake ice found in the Scotia Sea during October 1984.  

Image location is 56°S 29°W.  

 

launched in 1991 and was used to obtain the first detailed observations of the radar backscatter of 

sea ice in the Antarctic.  The launch of the Canadian Space Agency RADARSAT-1 in 1995 

further improved the frequency of coverage.  The full mapping of the continent and the 

measurement of velocity for fast moving glaciers has been provided by two dedicated 

RADARSAT-1 Antarctic Mapping Missions in 1997 (AMM-1) and 2001 (AMM-2).   



Antarctic Sea Ice and Icebergs 

 405

 

 

Figure 19.3.  SIR-B (L-band HH) image of sea ice found in the Weddell Sea during October 1984.  Dark areas are 

new ice and open water.  Image location is 59°S 18°E.  

 

19.6.1 L-band Observations 

L-band (e.g., frequency 1.25 GHz, wavelength 24 cm) imagery provides poor contrast between 

first-year and multiyear ice forms, but allows open water and new-young sea ice to be identified 

in a first-year / multiyear ice background.  Small-scale surface roughness is not sufficient to be 

differentiated at this wavelength, and any volume scattering differences are minimized because 

this wavelength is too large compared to the small number of discrete scatterers (e.g., gas 

bubbles 1 mm in diameter) that are present in the ice fabric. 
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 An area of marginal ice zone in the Scotia Sea as observed by SIR-B (L-band frequency, 

HH-polarization) in October 1984 is presented in Figure 19.2.  The ground resolution for SIR-B 

is approximately 40 m x 40 m.  Major features are regions several kilometers in size and most 

likely comprised of small pancakes with dark lead areas comprised of frazil. Pans and floes (i.e., 

1 to 20 m in diameter) in the marginal ice zone are typically smaller than the resolution of the 

radar and produce a diffuse granular ice signature with no indication of floe boundaries.  Pancake 

ice backscatter levels are large because of the many rough surface elements (e.g., pan rims) 

located within a resolution cell.  Dark areas of weak backscatter may be found within regions of 

pancake ice.  Due to the low signal-to-noise ratio of the SIR-B L-band data, it could not be 

determined if the dark areas represented new ice, streams of slush or frazil ice, or open water.   

The presence and presentation of frazil ice streams suggest the presence of local ocean surface 

currents.  A discussion of the evolution of sea ice under wave action is found in Onstott et al., 

[1998].    

 Analysis of additional imagery of this region indicated an ability to detect long surface 

gravity waves, icebergs, and the transition from small-to-large floes in the ice margin [Carsey et 

al., 1986; Martin et al., 1987].  Significant differences between the wet-ice/stormy-sea contrast 

at the ice edge and cold-ice/calm-sea conditions associated with leads farther into the pack were 

also observed. The sea ice returns were weaker than those of the ocean in this region, where the 

ocean is known to be rough. 

 Weddell Sea ice at its maximum thickness is shown in Figure 19.3 and was collected 

using SIR-B during October.  Ice fracturing is clearly visible.   The ice presentation shown in this 

image is typical of that found in the Weddell Sea, and is representative of ice conditions found in 

the Antarctic, in general.  Note that floe boundaries are recognizable due to the delineation 

provided by the lower backscatter cross-sections of the open water and frazil ice even though 

SIR-B had a low signal-to-noise ratio. The new-ice/open-water found between the floes produces 

a weak backscatter.  The presence of leads with weak backscatter indicates that the image was 

collected when the ice cover in this region was diverging [Carsey et al., 1986, Martin et al., 

1987].  

 

19.6.2 C-band Observations 

 C-band (i.e., frequency 5.25 GHz, wavelength 5.7 cm) SAR imagery provides good 

contrast between open water found in leads; new and young ice; smooth first-year ice; and rough, 

first-year and multiyear ice categories.  This contrast is a result of higher operating frequency 

and finer resolution compared to L-band, which makes it more sensitive to differences in surface 

roughness and to the small discrete scatterers in the snow and upper ice layers.  
 Conditions in the early part of the Antarctic ice growth season are illustrated in the C-

band image (RADARSAT-1) collected 26 April 1999 shown in Figure 19.4.  The image includes 

the Ross Sea area about Ross Island, the McMurdo Sound, and the Ross Ice Shelf.  The sea ice 

forms observed in this image are consolidated first-year ice (FY-C) which formed under dynamic 

conditions, ice which was sheltered and formed under quiescent conditions (FY-Q), and younger 

first-year ice which formed and was roughened during recent divergence events (FY-R).  Note 

that there is a major lead that runs from the top of the image along the northwest side of Ross 

Island.   The image also shows three glacial features of interest: an ice tongue (IT), an ice shelf, 

and a glacial ice stream (G).  Also on the ice shelf is an ice runway (i.e., Williams Field) that is 

maintained by the U.S. McMurdo Station.  Shelf and glacial ice produce a strong homogeneous 

backscatter response due to thick snow and firn layers.  Ice tongues also have thick snow and firn 
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Figure 19.4.  RADARSAT-1 (C-band, HH) image showing the region around Ross Island on 26 April 1999.  Ice 

forms shown in this image include consolidated first year ice (FY-C), ice formed under quiescent conditions (FY-

Q), rough young first year ice (FY-R), glacial ice tongue (IT), ice shelf (IS), and (c) glacial ice (G).  The swath area 

is 100 km wide (N-S), with a range resolution of approximately 30 m.  ©CSA 1999.    

 

layers, and a large number of crevasses.  Sea ice formed under quiescent conditions has a smooth 

snow-ice interface and produces a backscatter level that is weak when compared to ice with 

rough surfaces.  The ice runway is an interesting feature in that it illustrates the effect that when 

snow is physically disturbed, in this case because of runway preparations, its backscatter may be 

enhanced.  

 To illustrate the rapid and dramatic change in sea ice conditions that occurs in the 

Antarctic during the early portion of the ice growth season, an image collected the following day 

(27 April 1999) is presented in Figure 19.5.  During the period 26 to 27 April, katabatic winds 

attained an average speed of 17.5 m s
-1

.  This was sufficient to clear ice from McMurdo Sound. 

In the region cleared of consolidated ice, well-developed frazil ice streamers are observed in a 

dark region comprised of damped ocean water and rapidly forming new ice.  The bright, 
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Figure 19-5.  RADARSAT-1 (C-band, HH) image of the region around Ross Island on 27 April 1999 shows the 

presence of well-developed frazil ice streamers in a new ice production region and a zone of open water (OW).  The 

swath area is 100 km wide.  ©CSA 1999.  

 

homogeneous region is open water (OW) driven by high winds.  Dispersed frazil ice is expected 

to be present in the slightly less bright, long curvilinear features that are found oriented southeast 

to northwest.   

 Landfast ice, ice that is attached to the coastline, is illustrated in the C-band SAR image 

shown in Figure 19.6.  As was observed in the Ross-Sea/McMurdo-Sound region over a three-

year period (1997-1999) by the author, the ice that initially attaches to the coastline is not 

produced under quiescent conditions.  Under calm winds, pans and cakes of ice consolidate into 

floes and thicken.  Formation conditions, dominated by cycles of intense storms, produce 

landfast ice signatures that are moderately bright and spatially variable.  The impact of strong 

katabatic winds on 2-month old first year ice is illustrated in Figure 19.6.   
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Figure 19.6.  RADARSAT-1 (C-band, HH) image of the region near Cape Roberts (about 125 km from McMurdo 

Station at 77°02’ S and 163°10’ E) on 4 May 1997 after katabatic winds disturbed the previously consolidated 

young and landfast ice. © CSA, 1997.    

 

 In this case the stress due to strong katabatic winds (e.g., about 10 m s
-1

 for three days) 

causes the two-month old landfast ice to fail, forming numerous leads that follow the coastline.  

Because of the shadowing that the ice provides, the open water in these sheltered areas produces 

very weak backscatter at radar incident angles from 20° to 50°.  The landfast ice is many tens of 

centimeters thick and forms moderate-to-large ice floes.  The floating ice in McMurdo Sound 
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Figure 19.7.  RADARSAT-1 (C-band, HH) image showing the coastal region near Cape Roberts on 3 February 

1998.  The imaged area is 100 km wide.  ©CSA 1998  

 

was thinner and easily broken into much smaller floes.  New ice was produced in some of the 

open water areas and is detectable because of the rafting of new ice layers.  Rafting produces a 

moderate increase in backscatter level where the rafts occur.  As new ice ages, the backscatter 

also increases. 

 The detection of the initial ice formation is also important.  In the Antarctic, air 

temperatures begin to drop by the end of January.  A RADARSAT image of the Cape Roberts 

area was acquired on 3 February 1998 (see Figure 19.7) when air temperatures had reduced to 

about -12°C and when wind speeds were 1 to 7 m s
-1 

for a number of days.  By 3 February, the 

upper ocean had cooled and the production of frazil ice had been initiated.  The largely uniform 

appearance of the open water areas are highlighted by the presence of dark regions where grease 

and frazil ice are present, and bright areas where shuga or small pans have congregated into 

bands and streamers. 
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19.6.3 X-band Observations 

 Limited amounts of X-Band SAR imagery were collected over the Marginal Ice Zone 

during the SIR-C/X-SAR mission in October 1994.  The data were taken near the northern sea 

ice limit in the Weddell Sea and shows the ice edge, as well as pans, floes, and leads.  The 

images appear similar in information content to the C-band imagery that were acquired at the 

same time. 

 

19.7 Observation of Icebergs 

Blocks of ice periodically “calve” from glacial ice tongues.  Occasionally entire tongues 

break from the source glacier, or there may be a disintegration of a portion of ice shelf and 

produce “state” sized icebergs.  Glaciers form in regions where temperatures are cold, snow 

accumulates over long time periods, and summer melt is limited.  With time, recently fallen 

snow transforms into large granular ice crystals (e.g., firn).  If snow accumulates yearly, the 

weight of the snow and firn compresses the material below (e.g., after a depth of about 60 m) 

into a body of solid, high-density ice.  When a critical mass is attained, glaciers begin to flow, 

either due to a combination of gravity and pressure effects near the ice bedrock interface that 

cause plastic deformation, or due to deformation when the glacier is frozen to the bedrock.  In 

the Antarctic, glaciers flow down from high altitudes outward toward sea level.  Once they reach 

the ocean, a variety of forces cause failure of the glacial ice, and icebergs are born.   

 Icebergs are categorized according to size and shape.  Size categories include (a) growler 

(0-5 m), (b) bergy bit (5-15 m), (c) small berg (15-60 m), (d) medium berg (60-120 m), (e) large 

berg (120-220 m), and very large bergs (> 220 m).  Major shape categories include: (a) tabular, 

(b) non-tabular, (c) blocky, (d) wedge, (e) dry dock, and (f) pinnacle.      

 Some icebergs are so large that they become famous, or are involved in mishaps of great 

notoriety, such as the iceberg that the RMS Titanic struck.  One recent well-publicized example 

of a giant iceberg is referred to as B-10A.   Its original size was measured to be 39 km x 77 km.  

The source of the berg was determined to be the Thwaites Glacier that flows into the Amundsen 

Sea.  It began as part of an even larger parent iceberg named B-10 that broke free in 1992.  B-10 

was tracked because it entered the southern shipping lanes and became a primary shipping 

hazard. The B-10A iceberg had an estimated height of 90 m above sea level, an estimated depth 

of 300 m, and a drift speed of 11 to 15 km/day.  The National Ice Center (NIC) has the 

responsibility to provide worldwide operational analysis and forecasting of sea ice conditions 

and marine hazards, such as southern hemisphere icebergs.  NIC first began tracking B-10 during 

January 1992.  The primary sensor used to track icebergs at the NIC is the Defense 

Meteorological Satellite Program Operational Linescan System.  Imagery is acquired in 3000 

km-wide scans.  Visible and IR data pixels are 550 m, nominally.  In the summer of 1995, the B-

10 iceberg broke into two pieces; the largest named B-10A. The smaller iceberg B-10B drifted 

west in and along the Antarctic ice pack and eventually became too small to warrant tracking in -

10A, the larger fragment drifted east into the shipping lanes of the Drake Passage before 

becoming too small to track in spring of 2000.    

 During this period, observations of the giant iceberg were made using RADARSAT (see 

Figure 19.8a). B-10A moved well away from the Amundsen Sea and into rough open water.  At 

a 5.7 cm radar wavelength (C-band), strong backscatter is produced by the very thick snow and 

firn layers, and numerous crevasses.  Backscatter levels are sufficiently high that icebergs the 

size of B-10A are very easy to detect, no matter what the sea state.  Icebergs one km in size are 
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Figure 19.8.  Giant iceberg was observed by RADARSAT-1 (C -band, HH) in August 1999. ©CSA 1999  (a), 

LANDSAT August 1999 (b), AVHRR-Visible October 1999 (c), calving shown by zooming in the LANDSAT 

image (d), SAR response of kilometer-sized icebergs (e), and surface level photo with credit to Mr. Keith Fenwick, 

UK Met Office, Falkland Islands (f).  Images are courtesy of the National Ice Center.  
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Figure 19.9.  RADARSAT-1 (C-band, HH) image acquired on 4 October 1997 of the Mariner Glacier, Victoria Land 

(73°10’S and 166°42’ E). The imaged area is 100-km x 100-km.  ©CSA 1997. 

 

more challenging, but are often first detected because multiple icebergs of kilometer size calve at 

the same time, drift together with similar velocities, and form a cluster of bergs in a relatively 

small area (see Figure 19.8e).  In addition to a number of resolution cells that have a uniformly 

high backscatter level, there is the possibility of a shadow signature associated with the bright 

return (see Figure 19.8e).  The shadow will increase with increasing incident angle, making 

radars that operate at the middle incident angles (30°-55°), such as RADARSAT, more optimum 

for iceberg detection.    
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 LANDSAT-7 imagery can produce spectacular views of icebergs. Setting bands 5, 4, and 

3 to red, green, and blue, respectively, maps the ice to blue-white, high clouds to white, low fog 

to greys and browns, and water to black, and is used to produce the image shown in Figure 

19.8b.  An AVHRR-Visible image is shown in Figure 19.8c.  As is illustrated, detection of large, 

white icebergs is best when the background is a dark ocean.  Cloud cover may become severe 

enough to prevent detection.  Giant icebergs spawn numerous icebergs of one kilometer in size 

as illustrated in Figures 19.8b, 19.8d, and 19.8e.  The photograph shown in Figure 19.8f suggests 

the massive size of this iceberg.  Once icebergs enter the shipping zone of warm water, their 

lifespan rarely exceeds one year.  
 SAR imagery of Antarctic glaciers is spectacular as illustrated in the imagery of the 

Mariner Glacier in Northern Victoria Land (see Figure 19.9).  Features of interest in this image 

are the glaciers that flow toward and beyond the coastline into the sea-ice covered Ross Sea.  The 

glacial ice form called ice tongues is illustrated in the first three glaciers going from the bottom 

left hand corner following the coastline.  Note that these ice tongues are structurally weak if they 

extend many kilometers away from the coastline and have well-developed crevasses.  Periodic 

failure along the crevasses allows ice tongue segments to drift free as icebergs.  Ice stream flow 

rates at their terminus may, at the extreme, reach velocities of 1500 m yr
-1

.  Also note that the 

backscatter from the ice tongues is much greater than that of sea ice.  This allows for an easy 

detection of the numerous icebergs that are present in the coastal area.  The largest icebergs in 

this image have a maximum dimension on the order of 2 to 3 km.   
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20.1 Operational Ice Services 

 Operational ice services from more than a dozen nations routinely issue ice and iceberg 

bulletins, warnings, analysis charts, and forecasts to support safe navigation in ice-affected 

waters.  In addition, these ice analysis products are increasingly being used as a record of ice 

conditions to support climate change studies. 

 Operational ice services from the major ice charting nations of the Arctic (Figure 20.1) 

work in remarkably similar manners, but with differences in their geographic regions of interest, 

user base, and analysis data sets.  Most centers now rely heavily on satellite image data as a 

primary data source, supplemented by airborne reconnaissance (visual or with imaging radar), 

ship reports, and meteorological and oceanographic inputs.  Ice is highly dynamic and requires 

frequent and timely data sources for accurate charting.  Each operational ice center has invested 

in the infrastructure to receive, analyze, and disseminate large volumes of data in near-real-time.  

Virtually all data is now processed in digital form and geographic information systems are used 

to create and disseminate products.   

 This chapter addresses work at the U.S., Canadian, and Danish national ice services; 

information specific to other ice services can be found in World Meteorological Organization 

Publication No 574 (available at http://www.aari.nw.ru/gdsidb/gdsidb_2.html).  
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Figure 20.1.  Northern Hemisphere climatological sea ice extent, based on U.S. National Ice Center data from 1972 

to 1994.  The complete data set is available from the National Snow and Ice Data Center in Boulder, Colorado. 

 

20.2 Satellite Data Sources 

 The National Oceanic and Atmospheric Administration (NOAA) Advanced Very High 

Resolution Radiometer (AVHRR) sensor, originally developed for meteorological applications 

but well suited to ice monitoring, has been a long-standing workhorse for many ice centers 

because of its ready availability and frequent coverage.  The AVHRR produces visible and 

thermal imagery: in addition to its optical channels, the thermal bands permit imaging of ice and 

interpretation of ice thickness, even in periods of polar darkness.  Its 1-km resolution permits the 

charting of strategic ice information suitable for making general ship routing recommendations, 

but not for close tactical navigation.  Other nations use equivalent meteorological satellites such 

as Japan’s GMS or Russia’s Meteor systems.  The U.S. National Ice Center (NIC) also makes 

extensive use the Operational Linescan System (OLS) from the Defense Meteorological Satellite 

Program (DMSP) satellites, which provide 0.5 km visible and thermal imagery. Of course, the 

main limitation of optical systems is their susceptibility to cloud cover.  Cloud cover or fog 

typically obscures the part of the ice pack of greatest interest to ship traffic—the area near the ice 

edge—about 70% of the time. 
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 Ice services also rely on passive microwave imagery from the Special Sensor Microwave/ 

Imager (SSM/I) sensor on the U.S. DMSP satellites to provide near daily, all weather, multi-

channel microwave radiometry over a 1394-km swath.  Automatic algorithms for the extraction 

of ice edge, total ice concentration, and multi-year ice concentration have been developed and 

validated over many years.  There are probably a dozen or more global algorithms or regionally-

tuned variants running on an operational or semi-operational basis worldwide, each with specific 

advantages or limitations in resolution, atmospheric attenuation, sensitivity to low 

concentrations, regional ice types, etc.  In all cases, the SSM/I sensor provides only relatively 

coarse resolution (12.5 km to 25 km) sea ice products, but it is a reliable data source for regions 

where only basic ice edge and ice concentration information is required for strategic navigation 

decisions, such as Antarctica.  In addition, the relatively long record of passive microwave data 

(1972 to present) and the coarse resolution make it a favored data source for ice-related climate 

change studies at hemispheric scales. 

 Because of weather, polar darkness, and the desire for higher resolution imagery, the ice 

services have had a strong interest in radar remote sensing since the technology emerged 

[Bertoia et al., 1998].  As far back as the early 1970s, airborne real aperture radars (RARs) were 

used to map the ice pack and, in the 1980s and 1990s, airborne Synthetic Aperture Radar (SAR) 

and RAR systems were in operational use.  In 1991, the European Space Agency’s ERS-1 

provided the first sustained taste of satellite radar data and, in 1996, wide-swath (500 km) SAR 

data became available from the Canadian Space Agency’s RADARSAT-1.  SAR data offers the 

advantage of high-resolution imaging through clouds and polar darkness, and sensitivity to the 

surface roughness and salinity properties of sea ice that help to distinguish different ice types 

(see Chapter 3).  RADARSAT-1 data was quickly adopted by the Canadian and U.S. ice services 

under national data allocations, and later by several European ice services on a commercial basis. 

At the Danish Meteorological Institute (DMI) and at other centers, the purchase of satellite SAR 

imagery has been made possible through cost savings by reducing or eliminating aircraft 

reconnaissance.  RADARSAT-1 has been used in demonstration projects for ice monitoring in 

Russia, Japan, and China, but its use has not yet been adopted operationally.  It is estimated that 

more than 10,000 scenes per year of SAR data are currently used for operational ice monitoring. 

 Recent and future multi-polarization SAR systems (ENVISAT, ALOS, and 

RADARSAT-2) are expected to improve the quality of ice information available from SAR 

imagery.  However, these systems will also increase data volume and place additional demands 

on processing and communications systems needed to meet the near-real-time image delivery 

requirement of the ice services.  In addition, new analysis techniques must be developed for 

multi-polarization and fully polarimetric data in order for this data to be included in the 

operational processing flow.  Ice centers expect to combine data from these multiple SAR 

sources in order to resolve ambiguities in ice type discrimination that can occur when using only 

single frequency and polarization SAR data.  Other work includes improvements in image 

processing approaches to detect low concentrations of sea ice and improved detection of 

icebergs. The operational centers look forward to a constellation of SAR satellites that will 

permit better spatial and temporal coverage, as well as provide operational redundancy in the 

event of system failure. 

 

20.3 Case Studies 

 The following case studies present examples of how ice centers have used SAR data to 

provide navigational support and to create ice maps in conjunction with other data sources. 
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Figure 20.2. NCEP 0600 UTC Surface analysis valid for 27 March 2000 covering the Bering Sea.  Strong pressure 

gradient north of the highlighted box (in blue), which corresponds with RADARSAT-1 images (Figure 20.4), 

corroborates the strong northwesterly winds observed on the satellite imagery (Figure 20.3).   

 

Figure 20.3. NOAA Advanced Very High-Resolution Radiometer (AVHRR) visible image from 0144 UTC on 27 

March 2000.  The red box shows the approximate position of the RADARSAT-1 SAR image in Figure 20.4.  
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Figure 20.4. RADARSAT-1 (C-band, HH) ScanSAR Wide image acquired at 0442 UTC on 27 March 2000.  The 

zoom box shows fine belts and strips of ice near the edge.  NIC’s SAR imagery is processed to 100-m pixels, and 

then averaged to 500-m pixel spacing, making the detection of these small features possible, while eliminating 

classification confusion caused by image speckle. ©CSA 2000 

 

20.3.1 U.S. National Ice Center:  Bering Sea Analysis, 27 March 2000 

 Working under Navy, NOAA, and Coast Guard sponsorship, the U.S. National Ice Center 

(NIC) produces a suite of global sea ice charts including twice-weekly charts of the Alaskan 

region (available at http://www.natice.noaa.gov) in support of shipping and fisheries operations 

and other national interests in the Bering, Beaufort, and Chukchi Seas.  To create the Alaskan ice 

maps, the NIC receives approximately 5000 RADARSAT-1 ScanSAR Wide B SAR images per 

year from the Alaska SAR Facility (ASF) in Fairbanks, Alaska.  Each image is typically received 

at the NIC less than three hours after the image is acquired at ASF. 
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Figure 20.5.  NIC Alaskan regional sea ice analysis chart for 27 March 2000.  Sea ice total concentration and ice 

type (a proxy for ice thickness) are encoded using the World Meteorological Organization’s “egg code” (fully 

described in the ice chart symbology section at the end of the chapter). 
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 On 27 March 2000, a National Centers for Environmental Prediction (NCEP) surface 

analysis (Figure 20.2) showed northwesterly winds generated by the circulation around a storm 

system over southeastern Alaska flowing over the eastern Bering Sea.  These winds dragged cold 

(less than 0
o
C) air across the ice pack and out over the relatively warm open water in the 

southern Bering Sea.  The cold air streaking over the open water produced bands of 

stratocumulus clouds, obscuring the marginal ice zone and ice edge.  Clearing skies behind the 

storm system allowed good visibility of the inner ice pack on the visible AVHRR image (Figure 

20.3). Visible and infrared imagery from NOAA satellites is a useful adjunct to SAR imagery, 

providing valuable clues to ice type/thickness. 

 A coincident RADARSAT-1 image (Figure 20.4) shows belting and stripping of new, 

young, and first-year ice along the Marginal Ice Zone (MIZ).  The MIZ is the region of the ice 

pack adjacent to and affected by the open sea and is an area of enhanced ice drift, deformation, 

and divergence. Most shipping operates in or near the MIZ and, thus, operational ice centers 

concentrate on mapping this area in fine detail.  Though in this case the MIZ and the ice edge are 

obscured by streaks of stratocumulus clouds, the RADARSAT-1 image allowed the ice analyst to 

accurately analyze the ice edge and marginal ice zone for the NIC weekly ice analysis        

(Figure 20.5). 

 Accurate depiction of the ice edge is particularly important to the large Alaskan snow 

crab industry in the Bering Sea.  Crab fishermen typically set traps in the vicinity of the ice edge, 

and thus require a detailed analysis of changes in extent at or near the ice edge for safety of 

operations.  Clouds often obscure the marginal ice zone and ice edge during the Alaskan winter 

for months at a time.  SAR’s ability to see through clouds and provide images day or night 

makes it a crucial resource for safety of lives and property in the Alaskan crab and fishing fleets.  

This case study represents typical weather and ice conditions in the Bering Sea during the winter.  

 NIC has been incorporating SAR image analysis into operational sea ice charts since 

ERS-1 data became routinely available in 1992. Analysts have found SAR imagery irreplaceable 

for analyzing ice concentrations and determining ice types, particularly in the MIZ and along the 

often cloud-obscured ice edge.  SAR imagery has proven to be an excellent tool for detecting 

new ice, which is nearly impossible to detect with other routinely available, remotely sensed data 

sources. 

 

20.3.2 Canadian Ice Service:  

Canadian Archipelago 1-4 February 2001 and 12 May 1999-30 June 1999 

 The region of the Canadian Arctic islands hosts a diversity of ice regimes composed of 

multi-year, first-year, and new ice types, as well as icebergs.  Ice growth typically starts in late 

September and continues throughout the Arctic winter until early melt begins in May and June.  

The extremely cold (-30°C to -40°C) wintertime conditions support rapid and thick sea ice 

growth.  First-year ice will reach a thickness of between 1.5 m and 2.0 m, while multi-year ice 

may achieve a thickness of 5 m or more.  Navigation in this region is limited to the brief Arctic 

shipping season (July to October) when the ice is weaker because of melt and decay and some 

areas of open water (leads) are present.  Hard, thick multi-year ice poses the greatest hazard to 

ships’ operation in this region, so its detection and mapping is particularly important. 

 Figure 20.6 is a mosaic of multiple RADARSAT-1 orbits collected 1-4 February 2001. 

Figure 20.7 is the resulting ice analysis chart derived from the mosaic and published in the 

Canadian Ice Service’s annual Arctic Ice Atlas.  The imagery illustrates typical wintertime, cold- 
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Figure 20.6. Mosaic of RADARSAT-1 (C-band, HH) ScanSAR-Wide imagery, 1-4 February 2001. Imagery from RADARSAT-1 is used operationally by the 

Canadian Ice Service for daily mapping of ice conditions in areas of active navigation, as well as for an annual Arctic Ice Atlas [see Ramsay et al., 2001]             

© CSA, 2001 
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Figure 20.7.  Regional Ice Analysis Chart derived from the imagery in Figure 20.6.  A series of seven regional charts are produced each year for the Winter Ice           

Atlas [see Canadian Ice Service, 2001].  This is in addition to the several thousand charts and text bulletins issued every year in areas of active navigation in ice 

in Canadian waters. 
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 12 May 1999 30 July 1999  

 
 (a) (b) 

Figure 20.8.  Comparison of winter (a) and summer (b) signatures of ice in the Canadian Arctic islands.   The 

contrast in signature between ice types is significantly reduced during the melt season because of the presence of 

liquid water on the surface of the ice and in the overlying snow pack.  ©CSA 1999 

 

weather ice signatures.  In Figure 20.6, multi-year ice floes are clearly distinguishable by their 

bright signature, rounded shape and mottled texture (A).  The edge of the multi-year pack ice in 

the Beaufort Sea is clearly visible in contrast to the seasonal ice along the Yukon, Northwest 

Territories, and Alaska shores (B).  Undeformed first-year ice is dark in tone because of specular 

reflection from its saline (lossy), smooth surface (C).  Deformed ice has a bright signature caused 

by high surface roughness and multi-bounce scattering (D).  Cold, fresh water snow overlaying 

the ice is virtually transparent at C-band so all returns are controlled by the surface (first-year) or 

volume (multi-year) scattering characteristics of the underlying ice. 

 Figures 20.8a and 20.8b are sub-scenes of RADARSAT-1 images around Lougheed 

Island in the central Arctic islands (77.5°N, 105°W).  Figure 20.8a was acquired 12 May 1999 

under cold winter conditions and exhibits signatures similar to those in Figure 20.6.  Figure 

20.8b, however, was acquired 30 July 1999 and illustrates the radical signature change that 

occurs under wet snow conditions during the melt season.  In the summer, the overlying snow 

pack becomes saturated with liquid water and becomes the main contributor to scattering (and 

absorption) with the result of masking the returns from ice below. This has the effect of 

significantly decreasing the contrast between ice types and causing difficulties in interpretation. 

Multi-year ice that was easily interpreted under cold conditions is now difficult to distinguish 

from the surrounding first-year ice.  As most navigation in the Arctic takes place during the 

summer, this poses a significant operational challenge.  In regions with no or little ice motion, 

winter imagery is often used in combination with current imagery to aid in multi-year ice 

detection and avoidance. 

 Daily and weekly ice analysis charts and bulletins for Canadian waters are available on-

line at http://ice-glaces.ec.gc.ca. 

 

20.3.3 Danish Meteorological Institute: 12 May 2000 

 The Danish Meteorological Institute produces satellite-based ice charts for Greenland 

waters (Figure 20.9) on a routine basis for safety of ship navigation.  Recent information about 

the operational practices and the methods applied by the Danish Meteorological Institute for
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Figure 20.9.  Map of the Greenland waters.  

The green boxes show the areas discussed 

in sections 20.3.3 and 20.3.4. 

 

 

 

 

operational SAR-based sea ice charting may be found in Gill, et al. [2000] and Gill [2001]. The 

area around Greenland is charted for navigation as required by shipping traffic, which means that 

the east and the northwestern parts of Greenland are mapped during periods of ice formation and 

break up.  The Cape Farewell area is charted several times weekly throughout the year because 

almost all ships traveling to and from Greenland pass through this area. 

 The waters off the southernmost part of Greenland—the Cape Farewell area—are some 

of the world’s most hazardous to navigate because of the combination of frequent severe storms, 

low visibility, multi-year sea ice, and icebergs. Sea ice is present in this area from December to 

August, but icebergs originating from the Greenland east coast glaciers occur throughout the 

year.  The distribution of sea ice in the Cape Farewell area is strongly affected by the position 

and intensity of weather systems and large variations on short time scales may result.  In general, 

sea ice drift is on the order of 1 km hr
-1

, however, higher drift speeds frequently occur.  

 Sea ice several meters thick drifts to the East Greenland shores from the Arctic Basin via 

the Fram Strait.  This multi-year ice combines with locally-formed first year ice and icebergs in 

the East Greenland Current as it reaches the Cape Farewell area, then continues around the 

southern tip of Greenland.  The multi-year ice pack often drifts several hundred kilometers north 

along the west coast of Greenland during the months April through July. 

 Ice floes in the Fram Strait are often 50 km across or larger. During their southward drift 

along the Greenland coast, the floes break into smaller pieces and are mixed with first year sea 

ice, particularly at the ice edge.  South of Scoresby Sound the floe sizes seldom exceed 5 km.  By 

the time the ice reaches the Cape Farewell area the floe sizes are usually less than 100 m. These 

very small floes are mostly multi-year floes with a thickness greater than 2 m and, thus, are a 

great danger to shipping, even when the ice concentrations are very low or the floe size is only a 

few meters. 
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Figure 20.10.  A RADARSAT-1 (C-band, HH) ScanSAR Wide scene from 12 May 2000, 2048 UTC covering part 

of the Cape Farewell area.  The pixel size is 100 m.  The satellite orbit is ascending and consequently the left part of 

the image is in near range and the far range is to the right.  Often the far range part of the image provides better 

possibilities for discrimination between sea ice and open sea.  The seams between individual beams of the ScanSAR 

mode are clearly visible going from the top the bottom.  The bright line parallel to the beam seams is a nadir 

ambiguity, a characteristic artifact of this particular ScanSAR mode . ©CSA 2000 

 

 The backscatter signatures from open water and sea ice in this region are not unique and 

it can be very hard (or impossible) to distinguish between these signatures. The backscatter from 

the water is dominated by the local wind conditions.  Backscatter  from the ice depends on ice 

type, ice concentration, surface roughness of the individual floes, and level of surface melting.  

The backscatter signals are also critically dependent on the radar incident angles.  For example, it 

is quite common that belts of ice appear nearly white in the far range (high incident angle; > 40º) 

and nearly black in the near range (low incident angle; < 35º) when viewed against the 

background sea clutter. 

 The case from 12 May 2000 represents a typical situation during the Cape Farewell sea 

ice season.  Figures 20.10 to 20.14 present the situation from an ice analyst’s point of view.  

Subsections show details both in the near (Figure 20.11) and far (Figure 20.12) range part of the 

image and provide examples of wind induced effects and a range of ice concentrations.  The 

resulting analysis and chart are shown in Figures 20.13 and 20.14, respectively.  To an 

experienced ice analyst, the available RADARSAT-1 ScanSAR Wide image is straightforward to 

interpret. This ease of interpretation may leave the impression that SAR imagery is the ultimate 

ice-charting tool for ice services and indeed this is true in many cases.  However in some cases 

SAR imagery is extremely difficult to analyze, especially late in the melt season when ice 

information content drops dramatically.  Interpretation is particularly difficult in the case of low 

concentration multi-year sea ice covered with surface melt water occurring in the near range of 

the image.  Detection of multi-year ice under these conditions is a challenge for the ice analyst as 

well as for the ice detection algorithms.  
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Figure 20.11.  A subsection of the image shown in Figure 20.10 (yellow box). The sea surface roughness may be 

dampened as a consequence of calm winds or the presence of sea ice.  Consequently the backscatter signal is 

reduced.  In the areas marked (A), the dampening effect of smooth seas can be seen because of the presence of 10% 

to 30% sea ice.  The wind arrow indicates the northwest direction of the wind (7 m s
-1

 to 8 m s
-1

) and in area (B) lee 

effects are clearly visible. ©CSA 2000 

 

Figure 20.12.  A subsection of the image shown in Figure 20.10 (green box). This image illustrates different sea ice 

concentration levels. In all cases, the sea ice type is predominately multi-year ice with floe sizes ranging from 10 m 

to 100 m.  (C) Icebergs, (D) Icebergs and less than 10% sea ice, (E) less than 10% sea ice,  (F) from 10% to 30% sea 

ice in belts and strips, (G) 40% to 60% sea ice, (H) 90 to 100% sea ice. ©CSA 2000 
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Figure 20.13. The ice analysis resulting from visual interpretation. The ice analyst always tries to generalize the 

information available in the image to produce a simple yet accurate chart that can be used for navigation. The ice 

edge is in magenta and the inner boundaries are in cyan. The special symbols indicate the presence of icebergs and 

belts of ice. ©CSA 2000 

 

Figure 20.14.  The resulting ice chart based on the ice analysis.  On an annual basis, DMI produces, in near-real-

time, about 180 navigational ice charts for the Cape Farewell waters and about 150 charts for ships operating along 

the west and east coast of Greenland. Once a week an ice analysis covering all Greenland waters is produced based 

on all available satellite data and ancillary background information. 
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20.3.4 Operational satellite-based mapping of icebergs at DMI: 27 July 2001 

The main problem with using SAR images in the operational mapping of sea ice in the 

South Greenland waters is that, in many cases, one cannot discriminate between regions of open 

water and ice. This difficulty is due to the large variability of the backscatter from these regions 

and the occurrence of very small floes and low ice concentrations. Two methods, the Power-to-

Mean-Ratio method (PMR) and The Constant False Alarm Rate method (CFAR), are used 

operationally at DMI on SAR imagery to obtain and improve information about ice edges and 

the position of icebergs. 

 The Power-to-Mean-Ratio is a statistical parameter that helps identify the presence of 

targets that differ in brightness from the surrounding background.  The values of the PMR are 

computed using a moving window of 20 x 20 pixels and 4 x 4 pixels for inter-window spacing 

[Gill et al., 1997].  The problem of detecting icebergs in SAR images consists mainly of 

distinguishing point targets from the background sea clutter and reducing the occurrence of ‘false 

alarms’.  In the CFAR method, the background (water and sea ice) is described by a statistical 

distribution.  The data is assigned to the background if it is consistent with the distribution; 

otherwise it is identified as a target. The threshold for the detection of targets is controlled by the 

calculated statistical probability that the detection is false.  The threshold is adjusted to maintain 

a constant ‘false alarm rate’ in the resulting product [Gill, 2001]. 

 Automatic algorithms are known to have errors, so a target identified in both the PMR 

and CFAR product is considered by the analyst to be a real physical target—most likely an 

iceberg. These methods give no information on the size of the targets, but the methods have 

proven to be very useful operationally for estimating populations and densities of icebergs.  

 Icebergs are common everywhere in Greenland waters and operational information on the 

presence of icebergs is an important parameter for safe navigation. However, the number of 

icebergs is very large, especially in eastern Baffin Bay between Disko Bay and Cape York. Here, 

more than 20 wide glacial outlets produce more than 10,000 icebergs every year. Some icebergs 

may be up to 1 km in length, but the majority of offshore icebergs are smaller, typically a few 

hundred meters in length. Near the shore, many icebergs frequently become grounded and are 

accompanied by large belts of bergy bits (5 m to 15 m) and growlers (< 5 m). 

Icebergs near Greenland are mapped using the World Meteorological Organization’s Sea-

Ice Nomenclature [WMO Pub No 259 TP. 145, excerpted in the ice chart symbology section at 

the end of this chapter].  The information on the distribution of icebergs is given in terms of few 

or many icebergs or growlers.  In case of a large amount of glacial ice in an area, the “egg code” 

is used in the same way as it is for sea ice. For safety reasons, even ice-strengthened vessels are 

normally advised to avoid iceberg areas. 
The case study below shows the RADARSAT-1 products used by the ice analyst and the 

resulting ice chart for eastern Baffin Bay for 27 July 2001 (Figures 20.15 to 20.18).  It is very 

important for the ice analyst to be familiar with the normal ice conditions in the area in order to 

map all ice features relevant for safe navigation.  This example applies to the operational DMI 

scenario and focuses on the phases of ice chart production for Eastern Baffin Bay (75ºN, 60ºW), 

with first-year-medium sea ice and many icebergs.  
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Figure 20.15. Typical photo from Eastern Baffin Bay (near 75º30N, 59ºW), 8 September 1997. Many icebergs, 

bergy bits and growlers characterize the shore region in this area. Background information is very important for an 

ice analyst to interpret available satellite data correctly.  (Photo: Keld Q. Hansen, DMI) 

 

 

Figure 20.16.  Ascending RADARSAT-1 (C-band, HH) ScanSAR-Wide image, 27 July 2001, 2130 UTC received 

and analyzed operationally at the Danish Meteorological Institute.   The ice polygon boundaries as interpreted by the 

ice analyst are overlaid.  The image contains large icebergs, relatively large sea ice floes (left), and wide belts of 

icebergs, bergy bits, and growlers (near the shore). ©CSA 2001 
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Figure 20.17.  The CFAR (Constant False Alarm Rate) detection algorithm applied to the RADARSAT-1 image in 

Figure 20.16.  The CFAR algorithm is used in combination with the Power-to-Mean filter to enhance information 

about the number of targets at the sea surface. 

 

 

Figure 20.18.  Resulting ice chart from the interpretation of Figures 20.16 and 20.17.  The ice polygons have been 

formatted cartographically and the WMO ice egg code symbols (see the ice chart symbology section at the end of 

the chapter) added.  The presence and distribution of icebergs is represented by the triangular symbols. 
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20.3.5 National Ice Center and Canadian Ice Service:  

Great Lakes Analysis 22 February 2001 

 This case study highlights the shared responsibility between the U.S. and Canada for ice 

charting in the Great Lakes.  The lakes are an area of common operational interest; the collection 

of satellite imagery and the production of charts is coordinated between the two ice centers.  The 

NIC issues a chart of all five Great Lakes weekly and also issues the CIS-produced, five-lake 

composite weekly.  The CIS issues daily charts of a subset of lakes as required to support 

navigation and also issues the NIC-generated composite chart weekly.  Both ice services share 

satellite data sets and analyses for the generation of their respective products. 

 In Figure 20.19, high concentrations of ice are evident in Lake Erie.  The ice 

concentration, ice deformation, and, therefore, ice thickness increase towards the eastern end of 

Lake Erie under the influence of seasonally-predominant westerly winds that funnel the ice into 

the narrower eastern end of the lake.  The bright returns seen in this area indicate strong 

deformation conditions.  Low ice concentration, thinner ice types, and less deformed ice are 

present in the western portion of the lake, which is typically an area of new ice formation.   Wind 

conditions at the time of the image acquisition were southwest at 5 to 8 m s
-1

, and the 

temperatures ranged from –8°C to –5°C.  Because the Great Lakes are fresh water, the ice 

signatures differ from those for sea ice and are driven by a combination of both surface and 

volume scattering in all ice thickness types. 

 In Lake Huron, low to moderate concentrations of ice are evident around the 

southwestern and southeastern shores. Higher concentrations and thickness types are evident in 

the Saginaw Bay and along the northeastern shores because of their shallow depth and relatively 

sheltered topography.  A large area of open water is clearly visible in the central portion of the 

lake.  The high return of the younger ice types in the southern portion of the lake result from the 

predominant westerly wind compacting ice along the eastern shoreline, creating fields of brash 

ice. Brash ice (small floes of different ice types that result from collisions within the ice pack) 

has highly angular topography and consequently bright returns in SAR imagery.  At the time of 

the image, the winds were from the south at 2 to 5 m s
-1

 and sections of brash ice are visible 

drifting away from the southern coastline.  

 In the small sections of Lakes Superior and Michigan covered by the SAR swath, ice is 

located only along the eastern margins.  It is interesting to note the relatively high backscatter in 

these two lakes over open water (compared to the other lakes) as a result of imaging at small 

incident angles (20° to 35°) in the near range of the ScanSAR imagery.  Again, predominant 

westerly winds have compacted the ice along the eastern shores.  In northeastern Lake Michigan, 

the inset sub-image shows a bright linear feature between the open water and the area of ice 

packed into the Straits of Mackinac.  This feature is a typical signature in SAR imagery that 

indicates that ice is under compaction.  A linear region of high return results from the interaction 

of the wind and waves with the ice pack. This interaction causes ice to pile up along the ice edge.  

This bright linear feature is very useful in edge identification.  A similar signature can be seen 

where fast ice boundaries interact with open water or pack ice areas.  

 Ice charts resulting from the analysis of this RADARSAT-1 scene and other data sources 

are presented in Figures 20.20a and 20.20b.  
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Figure 20.19.  A RADARSAT-1 (C-band, HH) ScanSAR Wide-A swath covering the central Great Lakes, acquired 

22 February 2001 at 2333 UTC. ©CSA 2001 
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Figure 20.20a. Canadian Ice Service Great Lakes daily chart, based on image in Figure 20.19. 

 

20.4 Outlook 

 The mandate of the U.S., Canadian, and Danish ice centers is to provide accurate and 

timely information about ice conditions, primarily for safety of navigation.  Information about 

ice conditions is extracted from a wide range of satellite data sources combined with supporting 

meteorological and oceanographic data and the experience of skilled ice analysts.   

 In a digital workstation environment, ice analysts have the ability to enhance, combine, 

and animate imagery to perform a manual assimilation of all available data, including sea ice 

climatology, meteorological charts, and imagery from visible, infrared, and passive microwave 

sensors.  Iceberg mapping is assisted using automated techniques to highlight point targets and 

ice edge information.  In order to map the Arctic, an ice center's analysts may view many 

gigabytes of satellite imagery on a daily basis.  

 As long as SAR imagery has been routinely available, ice centers have successfully used 

it to produce ice maps in support of safety of navigation.  Accurate ice analyses and forecasts 

depend heavily on the availability of the all-weather, high spatial resolution, wide swath 

capabilities of satellite SAR.  SAR increases the spatial accuracy of ice charts and permits better 

distinction of ice types and navigation hazards such as ridging.  SAR is the only satellite data 

source suitable for operationally mapping ice conditions at a tactical navigation scale.  Currently, 

at the U.S. National Ice Center, 23% of all Northern Hemisphere analysis lines can be directly 
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Figure 20.20b. NIC Western Great Lakes weekly composite based on imagery acquired immediately prior to the 

images shown in Figure 20.19.  This chart nicely complements Figure 20.20a, giving mariners a complete picture of 

ice navigation conditions in the lakes. 
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attributed to SAR imagery, and over 50% of Alaska/Great Lakes analysis lines are drawn from 

SAR data.  These numbers would be much larger if SAR data were available over the entire area 

that is mapped weekly.  At the Canadian and Danish ice services, it is estimated that between 

80% and 90% of analysis lines are attributed to satellite SAR imagery.  

 The increase in the use of SAR has led to dramatic changes of the operational procedures 

at the ice centers; considerable resources have been allocated to SAR-related training of ice 

analysts and quality assurance programs.  Research and development to optimize the use of SAR 

data has intensified, new computer-based analysis systems have been developed to facilitate 

effective assimilation of many different data sources, and economic resources have been 

relocated from conventional aerial ice reconnaissance to SAR image acquisition.  

Determination of the ice/water boundary and ice types under summer melt conditions 

remains problematic; thus, the ice centers continue to use SAR imagery in conjunction with other 

data sources during the summer season.  Because manual analysis techniques remain the primary 

mode of operational analysis, ice centers have been largely unaffected by the unavailability of 

calibrated data in near-real-time.  Development continues on automated information extraction 

techniques, (including improved image segmentation, data fusion, and expert-system approaches 

– e.g., Bertoia et al., 1998, 1999; Soh and Tsatsoulis, 1999; Clausi, 2001, 2002) which have so 

far not met operational requirements for timeliness and accuracy. One example of an automated 

extraction approach using current data is the RADARSAT Geophysical Processor System [Kwok 

and Balzer, 1995], which uses the frequent revisit capability of wide-swath SAR to track ice 

motion and estimate ice thickness.  However, this system operates in a research mode and does 

not meet the near-real-time requirements of the operational ice centers. The availability of multi-

polarization and polarimetric SAR from future satellites (e.g., ENVISAT, RADARSAT-2, 

PALSAR) is expected to improve the information content of the imagery and may provide 

greater opportunities for operational automation [Nghiem and Bertoia, 2001].   

 The capabilities of future operational SAR satellites will enhance and improve the use of 

SAR products for ice charting. Recently, the European satellite ENVISAT has been successfully 

launched and it is foreseen that images from its Advanced Synthetic Aperture Radar, in 

combination with images from RADARSAT-1 and later RADARSAT-2, will be the ice centers’ 

principal information source. Furthermore, it is expected that the new SAR modes becoming 

available will provide new ways to extract information about ice conditions, including (semi)-

automatic extraction of certain sea ice parameters. The ice centers therefore look forward to a 

robust constellation of future SAR satellites for continued reliable production of regional and 

global sea ice charts. 
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ICE CHART SYMBOLOGY - EGG CODE 
 
The World Meteorlogy Organization (WMO) system for sea ice symbology is more frequently referred to as the 

"Egg Code" due to the oval shape of the symbol. A brief description of the code follows. 

 

 
 

 

Total Concentration 
 The total concentration (C) of ice in area, reported in tenths and is the uppermost group. Concentration may 

be expressed as a single number or as a range, not to exceed two tenths (3-5, 5-7 etc.) 

 

Partial Concentration 
 Partial concentration (Ca, Cb, Cc) are reported in tenths, but must be reported as a single digit.  These are 

reported in order of decreasing thickness.  Ca is the concentration of the thickest ice and Cc is the concentration of 

the thinnest ice. 

 

Stages of Development 
 Stages of development (Sa, Sb, Sc) are listed using the following code in decreasing order of thickness.  

These codes are directly correlated with the partial concentrations above.  Ca is the concentration of stage Sa, Cb is 

the concentration of stage Sb, and Cc is the concentration of Sc.  So if reported is a trace of ice type thicker/older than 

Sa.  Sd is a thinner ice type which is reported when there are four or more ice thickness types.  (Table 1) 

 

Forms of Ice 
 Predominant form (Fa Fb Fc) of ice (floe size) corresponding to Sa, Sb and Sc respectively.  (Table 2) 
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Table 1 Codes for Ice Stages of Development 

 
 

 

 

 

 

Table 2. Codes for Forms of Ice 
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Appendix A 
 

 

[Adapted from Fu, L.-L., and B. Holt, 1982: Seasat views oceans and sea ice with synthetic-aperture radar. Jet 

Propulsion Laboratory Publ. 81-120, Pasadena, CA, 200 pp.] 

 

SEASAT SAR 
 The SEASAT SAR collected data from 4 June to 10 October 1978.  Approximately 2500 

minutes of SAR data were received covering in total about 100 million km
2
 of the Earth’s 

surface.  Oceanographic studies using images of the oceans were the main experiment objective 

however, approximately 65% of the data covers land areas in North America, the Caribbean, and 

Western Europe.  Almost all data were optically processed while approximately 15% were also 

digitally processed.  Digitally processed images are stored at NASA JPL and are available on a 

limited basis in hard copy format.  Contact Ben Holt: ben@pacific.jpl.nasa.gov.   

 

SEASAT SAR Image Products 

Product Name Description 

Optically Processed  

Image 
• Coverage: 30 km x swath length (range x azimuth). 

• Scale:  The range scale factor is nominally 1:500,000 at the center of each 30 km. 

swath, with a variation from near range to far range of about ± 3.5%.  

• Resolution: Approximately 40 m in range and azimuth. 

Digitally Processed 

Data 

 

• Coverage: 100 km x 100 km. 

• Ground Resolution: 25 m in range and azimuth. 

• Approximately 15% of data processed. 
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SEASAT SAR Coverage Map 

 

 
 

Composite SEASAT SAR areal coverage.  [After Steven H . Pravdo, S. H., B. Huneycutt, B. M. Holt and D. N. 

Held, 1983; Seasat Synthetic-Aperture Radar Data User’s Manual. Jet Propulsion Laboratory, Publ 82-90 

Pasadena, California. 104pp] 
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ERS-1 and ERS-2: 

 
http://earth.esa.int/rootcollection/eeo4.10075/eeo3.298.html 

 

ERS-1 and ERS-2 Standard SAR Image Products 

Product Name Description 

RAW: Annotated 

Raw Data 
• Description: Radar signal received by the SAR instrument. 

• Coverage: 100 km x 100 km (range x azimuth). 

SLC: Single Look 

Complex 
• Description: Single-look complex image (amplitude and phase data encoded as 

complex numbers). 

• Projection: Slant range. 

• Pixel size: 7.9 m in range (perpendicular to ground track) and 4 m in azimuth (along 

ground track). 

• SLCI full scene: 100 km x 100 km, SLCQ quarter scene: 50 km x 50 km. 

PRI: Precision 

Image 

 

• Description: 3-look amplitude image, radiometrically corrected and calibrated. 

• Projection: Ground-range on reference ellipsoid. 

• Coverage: 100 km x 100 km. 

• Ground Resolution: 25 m in range (perpendicular to ground track) at center of scene 

and 22 m in azimuth (along ground track). 

• Pixel size: 12.5 m in range and azimuth. 

GEC: Geocoded 

Image 

 

• Description: 3-look amplitude image, radiometrically corrected.  Geocoding performed 

without ground control points to UTM projection for latitudes between -70° and 70°, 

UPS projection for higher latitudes. 

• Coverage: 100 km x 100 km. 

• Ground Resolution: 25 m in pixel row direction at center of scene and 22 m in pixel 

column direction. 

• Pixel size: 12.5 m in row and column directions. 

[Adapted from http://earth.esa.int/services/pg/index.html#ERS.SAR] 
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ENVISAT ASAR 

 
 

ENVISAT ASAR Operating Modes 

Operating Mode Description 

Image (IM) VV or HH polarization images from any of 7 selectable swaths. Swath width between 

approximately 56 km (swath 7) and 100 km (swath 1) across-track. Spatial resolution of 

approximately 30 m (for precision product) similar to the ERS SAR PRI.  

Alternating 

Polarization (AP) 

Two co-registered images per acquisition, from any of 7 selectable swaths. HH/VV HH/HV 

or VV/VH polarization pairs possible. Spatial resolution of approximately 30 m (for precision 

product). 

Wide Swath (WS) 400 km by 400 km wide swath image. Spatial resolution of approximately 150 m by 150 m 

for nominal product. VV or HH polarization. 

Global Monitoring 

(GM) 

Spatial resolution of approximately 1000 m in azimuth by 1000 m in range for nominal 

product. Up to a full orbit of coverage, HH or VV polarization. 

Wave Mode (WV) A small imagette (dimensions range between 10 km by 5 km, to 5 km by 5 km) is acquired at 

regular intervals of 100 km along-track. The imagette can be positioned anywhere in an 

Image Mode swath. Up to two positions in a single swath or in different swaths may be 

specified, with acquisitions alternating between one and the other (successive imagettes will 

hence have a separation of 200 km between acquisitions at a given position). HH or VV 

polarization may be chosen. Imagettes are converted to wave spectra for ocean monitoring. 

[Adapted from http://envisat.esa.int/dataproducts/asar/CNTR2-2.htm#eph.asar.prodalg.orgprod] 
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ENVISAT ASAR Products 

Mode Product Name Nominal 

Resolution (m) 

Pixel 

Spacing (m) 

Approximate 

Coverage (km) 

Image IM precision  30 x 30 12.5 x 12.5 56-100 x 100 

 IM single look 9 slant x 6 natural 56-100 x 100 

 IM geocoded 30 x 30 12.5 x 12.5 100 x 100 

 IM medium res.   150 x 150 75 x 75 56-100 x 100 

 IM browse 900 x 900 225 x 225 56-100 x 100 

Alternating Polarization  AP precision  30 x 30 12.5 x 12.5 56-100 x 100 

 AP single look 9 slant x 12 natural 56-100 x 100 

 AP geocoded 30 x 30 12.5 x 12.5 100 x 100 

 AP medium res. 150 x 150 75 x 75 56-100 x 100 

 AP browse  900 x 900 225 x 225 56-100 x 100 

Wide Swath WS medium res. 150 x 150 75 x 75 400 x 400 

 WS browse 1800x1800 900 x 900 400 x 400 

Wave  WV imagette & cross spectra  9 slant x 6 natural 5 x 5 to 10 x 5 

 WV cross spectra  - - 5 x 5 to 10 x 5 

Global Monitoring  GM image 1000 x 1000 500 x 500 400 x 400 

 GM browse 2000 x 2000 1000 x 1000 400 x 400 

[Adapted from Desnos, Y-L., C. Buck, J. Guijarro, J-L. Suchail and R. Torres, E. Attema, 2000: ASAR – Envisat’s 

Advanced Synthetic Aperture Radar Building on ERS Achievements towards Future Earth Watch Missions. 

http://esapub.esrin.esa.it/bulletin/bullet102/Desnos102.pdf] 
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RADARSAT-1 

 
 

Operating Mode  Nominal Resolution (m) Nominal Area Coverage (km) 

Fine Beam  8 50 x 50 

Standard Beam  25 100 x 100 

Wide Beam  30 150 x 150 

ScanSAR Narrow Beam  50 300 x 300 

ScanSAR Wide Beam  100 500 x 500 

Extended – High 25 75 x 75 

Extended – Low 35 170 x 170 

[Adapted from http://www.rsi.ca/resources/satellites/cl_ra_bm.htm] 

 

RADARSAT-1 Processing Levels - Canada 

Product Name Description 

Signal Data (or 

RAW data) 

Radar signal received by the SAR instrument. Requires SAR processing capabilities to create 

images. 

Single Look 

Complex (SLC) 

Retains the phase and amplitude information of the original SAR data.  It has been corrected 

for satellite reception errors, and includes latitude and longitude positional information. Data 

is stored in slant range. 

Path Image 

 

Processing aligns the scene parallel to the satellite's orbit path with latitude and longitude 

positional information added. 

Path Image Plus Uses smaller pixel spacing than Path Image to retain full RADARSAT beam mode resolution 

Map Image Orients the scene with "North Up" and corrects the scene to a map projection. 

Precision Map 

Image 

Orients the scene with "North Up" and may provide even greater positional accuracy than 

Map Image processing. Ground Control Points (GCPs) as well as a map projection are used 

to spatially align the scene. 

Ortho-Imag Removes terrain distortions inherent in satellite imagery. The scene is oriented to a standard 

map projection, corrected with a digital elevation model (DEM) and GCPs. 

[Adapted from http://www.rsi.ca/resources/satellites/proc_lev.htm] 
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RADARSAT-1 Processing – U.S. Alaska Satellite Facility 
 

ASF Radarsat Products Nominal coverage per frame Pixel spacing Resolution 

Full Resolution ScanSAR Wide A 500x500km 50m 75m 

Full Resolution ScanSAR Wide B 450x450km 50m 75m 

Full Resolution Standard beams 1-7 100x100km 12.5m 25m 

Full Resolution Fine beam 1 50x50km 6.25m 10m 

    

Medium Resolution ScanSAR Wide A 500x500km 100m 150m 

Medium Resolution ScanSAR Wide B 450x450km 100m 150m 

    

Low Resolution ScanSAR Wide A 500x500km 400m 600m 

Low Resolution ScanSAR Wide B 450x450km 400m 600m 

Low Resolution Standard beams 1-7 100x100km 100m 240m 

Low Resolution Fine beam 1 50x50km 12.5m 20m 

 
 Level-0 

Processed Data 

Calibrated Level-1 Processed Data 

 STF 

(SWATH) 

CEOS Complex 

data 

Full 

Res 

Image 

Low 

Res 

Image 

Med 

Res 

Image 

Full Res 

Geocoded 

Image 

Med Res 

Geocoded 

Image 

Low Res 

Geocoded 

Image 

R-1 Standard beams 1-7 X X X X X X    

R-1 ScanSAR Wide A 

(radiometrically 

calibrated but no 

enhancements) 

X X X X X X X X X 

R-1 ScanSAR Wide B 

(calibrated and enhanced) 
X X X X X X X X X 

R-1 Fine beam 1 X X X X X     

R-1 High Incidence beam 

(Left Looking) 
X X  X      

R-1 Standard beam (Left 

Looking) 
X X  X      

Any other R1 beam X X        

 

 X Indicates available processing 
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Shuttle Imaging Radar – C (SIR-C) 
 The SIR-C flew aboard the Space Shuttle with two flights from 9 to 20 April 1994 and 30 

September to 11 October 1994.  Approximately 145 hours of SAR data were collected 

corresponding to an area of 149 million km
2
 of the Earth’s surface.  SIR-C was a two-frequency 

radar including L-band (23 cm wavelength) and C-band (6 cm wavelength) with four 

polarizations (HH, HV, VH, VV).  The ground swath width varied from 15 to 90 kilometers 

depending on the imaging mode and incidence angles of the radar beams.  

[For more information see: http://edcdaac.usgs.gov/sir-c/sir-c.html] 

 

SIR-C Coverage Map 

 
 

SIR-C SAR Image Products 

Product Name Description 

Survey Product • Description: Single frequency (L- or C-band) / single channel 4-look amplitude image 

• Projection: Ground-range. 

• Coverage: Swath width x 100 km. 

• Ground Resolution: Approximately 100 m in range and azimuth. 

• Pixel size: 50 m in range and azimuth.  

Single-look 

Precision Product 

 

• Description: Single Frequency (L- or C-band) / Multi-channel image data  

• Coverage: Swath width x 50 km. 

• Projection: Slant-range.  

• Resolution: Approximately 7.5 m in range and azimuth.  

Multi-look 

Precision Product 

 

• Description: Single Frequency (L- or C-band) / Multi-channel data. 

• Coverage: Swath width x 100 km. 

• Projection: Ground-range. 

• Ground Resolution: 25 m in range and azimuth with 12.5 m pixel spacing. 

http://edcdaac.usgs.gov/sir-c/products.html 
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Appendix B 

On-Line SAR Image Archives 
 

Alaska Satellite Facility (ASF) 

This site provides access by authorized users to ERS-1/2 and RADARSAT-1 SAR data received 

by the ASF ground station as well as other data from other areas obtained in support of U.S. 

researchers.  

 http://www.asf.alaska.edu 

 

CCRS Earth Observing Catalogue (CEOCat) 

This site provides browse access to RADARSAT-1, ERS-1/2, and SEASAT SAR (Canadian 

coverage only) data.  For guest browsing use: username = earth password = ceocat_eo 

 http://ceocat.ccrs.nrcan.gc.ca 

 

CCRS RADARSAT-1 Quicklook Swath Browser 

This site provides views of the location of RADARSAT-1 acquisitions. 

 http://quicklook.ccrs.nrcan.gc.ca/ 

 

Comprehensive Large Array data Stewardship System (CLASS) 

Formerly known as the Satellite Active Archive (SAA), CLASS includes (among other satellite 

data) ERS-1/2 and RADARSAT-1 imagery received by the National Ice Center and 

NOAA/NESDIS.  Data are predominantly from the ASF but also includes limited data from 

other ground stations.  Access to SAR data is restricted to authorized users. 

 http://www.saa.noaa.gov   

 

DLR (Deutschen Zentrum für Luft- und Raumfahrt) SIR-C/XSAR Project  

This site provides information about SIRC/X-SAR X-band mission with a browse tool for the 

entire X-SAR data collection.  

 http://www.op.dlr.de/ne-hf/SRL.html 

 

ESA Earthnet Online Interactive (EOLI) Catalogue 

This site provides access to ERS-1/2 and JERS-1 SAR data through the ESA Open Distributed 

Information & Services for Earth Observation (ODISSEO) server. 

 http://odisseo.esrin.esa.it/eoli/ 

 

ESA EOLI ENVISAT Catalogue 

This site allows the user to browse the meta data and quick-look images of the available 

ENVISAT ASAR data.  

 http://muis-env.esrin.esa.it/ 

 

USGS Land Processes Distributed Active Archive Center (LP DAAC) SIR-C Precision and 

Survey Data Interface  

This site provides a browsing and ordering tool for Precision (25 m resolution) and Survey (100 

m resolution) SIR-C C-band and L-band data. 

 http://edcdaac.usgs.gov/sir-c/ 
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Other SAR Resources 

 
ESA Earthnet Online DESCW Off-line Catalogue 

The DESCW (Display Earth remote sensing Swath Coverage for Windows) is an offline multi-

mission software tool created to display the coverage and ESA inventory of data products from 

Earth Observation satellites (ENVISAT, ERS, etc.).  

 http://earth.esa.int/descw/ 

 

NASA/JPL Imaging Radar Home Page 

This site provides information in imaging radar as well as links to several NASA SAR related 

reports including:  

 Seasat Views Ocean and Sea Ice with Synthetic Aperture Radar, 1982,  JPL Pub. 81-120  

 

CSA RADARSAT-1 Home Page 

 http://www.space.gc.ca/asc/eng/csa_sectors/earth/radarsat1/radarsat1.asp 

 

CSA RADARSAT-2 Home Page 

 http://www.space.gc.ca/asc/eng/csa_sectors/earth/radarsat2/radarsat2.asp 

 

ENVISAT ASAR Home Page 

 http://envisat.esa.int/instruments/asar/ 

 

ENVISAT ASAR User Guide 

 http://envisat.esa.int/dataproducts/asar/ 

 

ERS-1/2 SAR Home Page 

 http://earth.esa.int/ers/eeo4.128/ 

 

ERS-1/2 SAR Online Documentation 

 http://earth.esa.int/services/esa_doc/doc_sar.html 

 

JAXA ALOS Home Page 

 http://alos.jaxa.jp/main2e.html 

 

RADARSAT International (RSI) RADARSAT-1 Home Page 

 http://www.rsi.ca/products/sensor/radarsat/radarsat1.asp 

 

RADARSAT-1 User Guide 

 http://www.rsi.ca/products/sensor/radarsat/rsiug98_499.pdf 

 

Synthetic Aperture Radar Marine User’s Manual 

 http://www.sarusersmanual.com 
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Table 1 - Definition of SAR Radar Frequency Bands [Evans, 1995] 

Radar Band 

Designation 

Frequency Range 

(GHz) 

Wavelength Range 

(cm) 

P 0.230 -1 130 – 30 

L 1-2 30 – 15 

S 2-4 15 - 7.5 

C 4-8 7.5 - 3.75 

X 8-12.5 3.75 - 2.40 

Ku 12.5-18 2.40 - 1.67 

K 18 -26.5 1.67 - 1.13 

Ka 26.5- 40 1.13 - 0.75 

 
Evans, D. L., Ed, 1995, Spaceborne Synthetic Aperture Radar: Current Status and Future Directions, A Report to 

the Committee on Earth Sciences Space Studies Board, National Research Council, NASA Tech. Memo. 4679.  
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 polar mesoscale cyclones 

  described, 332 

  over the Bering Sea, 332–333, 334f 

  over the Labrador Sea, 335, 336f 

 SAR data use for monitoring, 331 

Straight of Gibraltar, 198 

Strait of Dover, 252, 253f 

Strait of Gilbraltar, 193, 194f 

Strait of Malacca, 250–251f, 252, 290f 

stratiform rain, 355 

Sulu Sea, 194, 198, 199, 200f, 361, 365f 

surface slicks, 208, 213 

surface waves, 43, 46f, 47. See also wave modeling and 

measurement 

surface winds. See wind speed and direction 

surf zone wave breaking, 177–181 

swath width, 13 

synthetic aperture radar (SAR) 

 antenna dimensions, 15–16 

 antenna technologies, 16 

 basic concept, 2 

 characteristics of orbital systems, 5t 

 data collection and processing challenges, 9, 11 

 data rate performance factors, 14–15 

 frequency bands definition, 453 

 geometry, 11f, 19–20 

 history, 1, 4, 6–7, 27–28 

 imaging from space, 1–4 

 imaging of the ocean surface, 21–22 

 limits from ambiguity conditions, 12–13 

 multi-look processing, 20–21 

 on-line archives and resources, 451–452 

 principles, 9–12 

 radar along-track performance, 8, 10f 

 radar range resolution, 7–8 

 signal processing and image formation, 16–19 

 slant plane, 19–20 

 speckle, 20 

 

T 
Taimyr Ice Massif, 392 

Taiwan coast, 225f, 296f 
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Taiwan Tan Shoals, 249f, 250–252 

tidal pumping, 221 

tilt modulation, 37–38, 132 

Tropical Rainfall Measuring Mission (TRMM), 355 

 

U 
underwater topography 

 bathymetric maps generation 

  market for, 257 

  SAR image incorporation, 258 

  surveying examples, 258f, 259–261 

 principles of radar imaging of, 246–247 

 process contributing to radar image, 247 

  current-bottom topography interaction, 255 

  radar-ocean wave interaction, 256–257 

  wave-current interaction, 255–256 

 SAR image examples 

  English Channel, 247–248 

  Strait of Dover, 252, 253f 

  Strait of Malacca, 250–251f, 252 

  Taiwan Tan Shoals, 249f, 250–252 

  Xinchuan Gang Shoal, 252–253, 254f 

upstream waves, 349–351 

upwelling 

 areas of activity, 221 

 described, 221 

 East Coast, U.S. 

  localized seasonal upwelling, 233 

  low backscatter SAR signatures, 233–238, 239–

240f 

  SAR's ability to delineate upwelling features, 240–

241, 242f 

 observations from space, 222–226 

 SAR imaging of patterns, 223–226 

 SAR's ability to detect upwelling patterns, 241–243 

 surface water properties and, 222, 223f 

 West Coast, U.S. 

  low backscatter SAR signatures, 226–228 

  SAR observation of region example, 231–232 

  utility of SAR imagery, 228–231 

 

V 
velocity bunching, 21, 38–39, 43 

Veridian Systems Division, 179, 308, 309 

Vessel Monitoring Systems (VMS), 301 

Vilkitsky Strait, 391–393 

vortex streets, atmospheric, 342–346 

 

W 
wakes 

 internal wave, 292 

 Kelvin, 288–289, 289–291f 

 narrow-V, 292 

 turbulent, 284–285, 286–287f, 288 

Washington coast, 180f, 181, 201f, 202, 291f 

wave breaking in surf zone, 177–181 

wave modeling and measurement 

 future prospects, 164 

 historical use of SAR, 140–143 

 image spectra examples, 154, 155–157f 

 image spectral analysis, 145–146 

 overview of current approaches, 139–140 

 radar-ocean wave interaction underwater, 256–257 

 real-time wave demonstration, 161, 162f 

 storm-generated wave fields, 160–161 

 wave groups from SAR imagettes, 162–164 

 wave refraction, 154, 158 

 waves in ice, 158–160 

 wave spectrum from SAR 

  azimuth cut-off, 148–149 

  inter-look cross spectrum, 153–154 

  limitation of polar orbiting SAR, 151, 152f 

  linear transform, 146–148 

  non-linear transform, 151, 153 

  quasi-linear transform, 149–150 

  speckle noise, 150 

 wind wave properties, 143–145 

wave refraction 

 near-shore region, 174–177 

 on ocean surface, 154, 158 

waves, gravity. See atmospheric gravity waves 

waves, upstream, 349–351 

waves in ice, 158–160 

weathering of sea ice, 97 

Weddell Sea, 405f, 406 

Western Gulf Stream, 210f, 211–215 

Wiley, Carl, 4, 8 

Willapa Bay, Washington, 175f 

williwaws, 310 

windrows/roll vortices, 54, 55f, 308 

wind speed and direction 

 air-sea interactions and, 53–54 

 on the Arctic ice edge, 377, 378–379f, 379 

 backscattering considerations, 305–306 

 buoy-SAR comparisons, 313–315 

 challenges associated with SAR, 309–310 

 difficulties in identifying wind direction, 315–316, 

317–318f 

 early uses of SAR imagery, 307–309 

 inferred by surface roughness, 313–315 

 L-band sensitivity, 34 

 observations possible with SAR, 311–312, 313f 

 scatterometers use, 306–307 

 

X 
Xinchuan Gang Shoal, 252–253, 254f 

 

Z 
zones, ice, 399–400 
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