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Radar Imaging of the Oceans

In this article, the ability of spaceborne radars for imaging ocean surface features is explained and some of the very actual results are shown through many illustrations.

The aim of such means to watch the earth is to provide useful information on a global basis regardless of the weather conditions (especially clouds) and in daylight as well as at nighttime. In this paper we focus on the mechanisms allowing a radar image of the ocean to be formed. Then we present several of the main features that are detected and we give some of the inferred parameters that can be measured and used by the oceanographic community.

I -Introduction

Studying the ocean for better understanding and better management of Earth resources has evolved strongly since the days of the first world voyage of the HMS Challenger in December 1872. Oceanographic research vessels were then (and are still) largely used for collecting data and our knowledge of the oceans has greatly expanded from national and international campaigns despite the fact that many phenomena still remained unrevealed. Data collected from a ship are always limited in space, and observation conditions might change between the different stations of the same campaign. Furthermore, the number of commercial vessels recording ocean and weather parameters during their voyage has always been relatively small and continues to decrease. In certain areas, such as the South Indian Ocean, data are almost never recorded.

On the other hand remote sensing spaceborne sensors have shown their capability of overcoming the lack of spatial coverage and have provided the scientific community with pertinent sets of data all over the world. Oceanographic features on a synoptic view of the ocean are currently available. Beginning with aerial photography, followed by optical airborne and spaceborne sensors, the remote sensingand at large, the oceanographiccommunity turned toward the spaceborne radar sensors for its research needs. These latter sensors, either active (altimeters, scatterometers and SAR) or passive (ATSR-M, SSMI) [START_REF] Mouchot | SAR for Oceanography[END_REF] , were almost all present on the first satellite dedicated to the study of the oceans -SEASAT-A.

In 1977, NASA entered into a co-operative arrangement, SEASAT Commercial Demonstration Program, with several industries that conducted or supported commercial operations in the ocean environment. The objective of this co-operative arrangement was to identify those features of an oceanographic satellite system of importance to ocean industries and to assess the utility of the remotely sensed data to commercial users. Nearreal time information is of great importance in oceanographic studies, where the environment is constantly changing. Only four years after the project was submitted to Congress, the SEASAT satellite was successfully launched (26 June 1978) from Vandenberg Air Force Base. This was the real beginning of physical oceanography from space.

Despite the fact that SEASAT has operated for only 105 days, the quality of the acquired data made it the prime source of satellite data for physical oceanographers. It was astonishing to see that the success of the program did not immediately lead to a follow-on mission! Sporadic SAR flights with the radar shuttle (SIR-A in 1981 and SIR-B in 1984) could not replace the continuous data provided by a satellite. Oceanographers had to wait until 1991 for not one but two other civilian radars in space. After the first prototype, Cosmos-1870 was put into orbit in July 1987, the former USSR launched her first commercial radar satellite ALMAZ on March 31, 1991. Designed as an all-purpose satellite, it provided good potential for oceanography, until it prematurely died a few months after launch. Three and a half months later, on July 17, the European Space Agency launched the European Remote Sensing (ERS-1) satellite.

Since then, an increasing number of radar satellites have been successfully launched: the Japanese JERS-1 (Japan Earth Resources Satellite) in 1992, ERS-2 in 1994 and Canada's RadarSat in 1995 and more are coming such as Envisat in Europe or RadarSat-2 in Canada.

II -Imaging Mechanism

In addition to physical oceanographers, local or global wave information has been requested by many different users, from a variety of activities, including off-shore drilling and mining, ship routing, fisheries, aquaculture, environmental monitoring, and coastal engineering. Knowledge of wave conditions, either on an historical basis or in real time, will produce a better understanding in their area of interest and assist in the selection of optimal choices that limit costs and improve safety. It is important to understand how ocean waves are imaged in order to produce reliable processing and be able to analyze these structures. One may then infer geophysical phenomena such as the wind field over the imaged area, the direction and wavelength of the swell field or even the underlying bathymetry (i.e. the sea bottom topography) and internal waves2 characteristics.

The basic and now classical schematic for SAR operation is depicted Figure 1. The radar cross-section is measured by the intensity of the SAR return signal. In the range of microwave frequencies considered, radar is sensitive to small perturbations (ripples) on the ocean surface. Therefore, the radar return is directly related to sea-state roughness. This roughness, in turn, is usually indicative of and driven by the local wind. The wavelength portion of the electromagnetic spectrum, commonly but arbitrarily referred to as active microwave or radar is from 1 cm to 100 cm. It is further divided into bands (K, X, C, S, L and P). The resolution in the range direction is proportional to the length of the microwave pulse, which is very short. Thus, satellite borne SAR systems can achieve a nominal range resolution of the order of 20m. However in the azimuth (or along-track) direction, the resolution is proportional to the antenna beamwidth. By taking advantage of the vehicle motion, one can synthesize a very long antenna, and therefore a narrow beamwidth, providing an azimuthal resolution of 4 to 6m. An incoherent summation of three to four looks is performed to reduce the intrinsic noise present on the image, yielding an azimuthal resolution of about 20m. Furthermore, the azimuth resolution remains constant at all ranges.

When dealing with the ocean, one must take into account sea surface velocities. The motion associated with the traveling waves is of great importance in the imaging mechanism theories for SAR images. The first main effect, azimuthal image shift, is due to the motion of the target in the range direction. This motion has little effect on the radial velocities and is unaffected by the pulse compression techniques, but is large enough to be perceived by the aperture synthesis mechanism processing.

Most of the scattering originates from small-scale structures. Ocean surface roughness is due mainly to the local wind; if present, longer waves (swell) would not be detected by the radar. Small-scale roughness variations are nevertheless modulated by the large-scale structures. Three main mechanisms, summarized in Figure 2, are thought to be responsible for the longer wave imaging: tilt modulation, hydrodynamic effects, and velocity bunching or orbital effect as the facet parameters could be changed by orbital motions during the time the wave remains in the beam. The acceleration of the radial facets during the integration time gives rise to another effect: the azimuth image smear. The smearing is due to reduced image contrast and the filtering of small-scale features. A suitable refocusing of the aperture synthesis process could enhance in principle the image, maximum contrast being often encountered when the focus is set at the phase or group velocity of the main ocean wave. 

III -Imaged Features

The three main mechanisms (tilt, hydrodynamic interaction and velocity bunching) explaining ocean wave imaging are combined to describe a possible linear relation between the SAR image spectrum and the wave spectrum: the so-called Modulation Transfer Function (MTF). The MTF is extensively used when trying to approximate the ocean wave spectrum in order to derive parameters such as main wavelength and direction or wave height. Indeed, the SAR image may be interpreted as a linear function of the wave field and it is of crucial importance to model the relationship existing between the ocean surface and its image by the SAR as accurately as possible. The non-linear phenomenon arising from real ocean waves, as compared to the models made for monochromatic waves, plays an important role and has yet to be theoretically developed.

One of the main difficulties lies in the interpretation of the SAR image spectra with regard to local phenomena such as high currents, high sea states, eddies, or underlying bathymetry. When the phenomena are known, an imaging model can be applied to deduce the wave spectrum from the image spectrum. The following sections show examples of spectrum measurements and features extractions.

III.1 -Wave Spectrum

A linear model of the modulation transfer function (MTF) between the sea-state fluctuation and the image was proposed:

F k    R SAR k   2  k  
where:

k is the wave number (k) is the ocean wave height variance spectrum. F(k) is the image intensity spectrum, and R SAR (k) is the total MTF.

By applying this model, one is able to retrieve a set of parameters such as:

1) dominant wavelength and direction, 2) significant wave height and 3) directional wave height spectra.

The comparison with buoys usually leaves an uncertainty of about ± 10% with reference to the estimation of dominant wavelength and direction. SAR image spectra seem to be in rough agreement with buoy measurement for the estimates of directional wave height spectra (as opposed to ocean wave slope spectra). An interesting phenomenon occurring on image spectra is the possible main peak splitting in the range direction. This is well explained through the imaging mechanisms described above. Main peak splitting occurs only when velocity bunching is strong enough near the range direction (and when spectral energy is present). Finally, the SAR image spectrum inversion is still an open problem, but an approach including non-linearities when necessary has been developed and shows promising results. Figure 3-a shows a radar imagette (wave mode of ERS-1, 6x6 km size and 12.5 m resolution) and Figure 3-b presents its associated spectrum. On the latter Figure each color represents a linear contour interval of intensity (max. white and min. blue). The primary swell system is evident at about 60m and a less organized system is also evident, but to a lesser degree at about 200m. This second system could be the result of non-linearities as explained previously. As the spectrum is plotted in polar coordinates and the trajectory of the satellite is known, the direction of propagation of the wave systems can also be directly appreciated, with an ambiguity of 180 degrees. This ambiguity might be removed if a time sequence of images is available.

III.2 -Surface features

As stated earlier in this paper (cf. Figure 2), many geophysical phenomena can be imaged on the ocean surface by the spaceborne radar. Figure 4 shows a very good example of such phenomena: on this image, acquired near the Strait of Gibraltar, one can notice -on a background of slightly visible waves -features of larger extent (probably internal waves), ship wake and an oil slick. Among them, internal waves are one of the most interesting features imaged by SAR, mainly because their detection was unexpected. It is well known that tidal movement over a significant topographical feature creates internal waves of large amplitude. The dynamics of these waves, their effect on the various physical ocean processes, and consequently the theories used to describe them differ depending how the movements are generated over a continental sill or slope.

Where there is a sill, the tidal current is, in general, assumed to be alternating and weak on either side of the barrier. During the ebb, a solitary wave is formed. Along its movements, the solitary wave develops into a group of solitons, creating a change in the roughness of the sea. 

III.3 -Sub-surface features

In many images, it is possible to see the bathymetric features modulating the surface roughness. In fact, this modulation is not directly induced by the sea bottom but by the current (usually tidal) modulated by the sea bottom. Although the mechanisms involved in this process are quite complex, one of them seems to dominate. It involves the hydrodynamic interaction between the Bragg waves and the tidal velocity field, and is referred to as the hydrodynamic modulation.

In order to be detected in radar images, the bottom structures must have some expected configurations. The best results can be obtained when the following conditions are met:

(a) the main axes of the feature is perpendicular to the current direction; (b) the feature is relatively shallow (usually less than 40 m deep); and (c) the slope facing the current vector is steep (sufficient relative depth change).

The most favorable environmental conditions are as follows:

(a) tidal current of the order of 0.40 m/s or more, depending on the depth of the bottom feature; (b) wind sufficient to generate surface waves at the Bragg wave number in the region surrounding the bottom feature (1 m/s). As the radar is sensitive to Bragg waves traveling in the range direction, there must be some component of the wind in this direction in order to generate these waves; and (c) winds must not be so strong as to maintain the wave amplitude near saturation at all points. That is, the wave growth rate due to the wind must not greatly exceed the strain rate due to the bottom-induced current variations. This condition seems to be met for wind speed less than roughly 7.5 m/s, depending on the current and bottom topography.

Figure 7 shows very nice underwater structures (sand banks) in the Bay of Arguin (off the coast of Mauritania). Associated with the knowledge of the wind and current conditions the analysis of this image allows the recovery of the geomorphology of the area. 

V -Conclusions

Despite the intrinsic interest in imaging radar, ocean SAR data suffers from some processing difficulties. Interpretation of raw data is inaccessible and/or impossible for nonscientist users. In order to be fully utilized, such data will have to be subjected to further value-added processing. For example, ocean spectra are already extracted from ERS-1 wave mode images i.e., value-added, and then provided to clients with a delay of only a few hours. This meets one of the requirements of the oceanographic user community which is to get information (and not data) with a maximum delay of three hours after acquisition by SAR. In the future, more value-added products should be developed allowing a wider diffusion of such sources of information. This is increasingly being recognized as an opportunity for the private sector.

SAR data are also a major tool for ocean environment monitoring. Most ocean activities can be retrieved and characterized on radar data. Ships, fishing gear, pollution, off-shore drilling rigs, seaweed harvesting, and also fish schools and mammals can, for instance, be identified on SAR imagery.

Added to its all-weather capabilities all these characteristics make SAR sensors a prime tool for ocean studies.
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 1 Figure 1: SAR operation for ocean surface imaging (adapted from Elachi and Brown, 1977 and Vesecky and Stewart, 1982).
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 2 Figure 2: Ocean surface features imaging mechanisms (after Backscatter, vol.7, n°1, Feb. 1996, p.17)
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 33 Figure 3-a: SAR imagette showing a wave system (copyright ESA)
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 4 Figure 4: Ocean features: internal waves, ship wake, oil slick and waves.
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 5 Figure 5: ERS-1 SAR image acquired on the 23 July 1994 at 09H18 covering the Angola coastal area. Tidal currents generate the 3 packets of internal waves. The wind deduced from the ECMWF analysis model and the Topex-Poseidon measurements indicates very low speed (less than 3m/s), this is confirmed by the presence of many dark areas. Note that in addition to low wind, wind sheltering can cause the large dark area situated of the coastal zone.

Figure 6 -

 6 Figure6-a shows a RADARSAT SAR image from the Andaman Sea which was acquired on May 4, 1996, covering an area of 300 km x 900 km. This image shows the interactions between several internal soliton packets propagating westwards in the Andaman Sea. The interest of this image remains in its difficulty to well detect internal wave features due to the high amount of oceanic information in the sea surface. In the image, we can observe several packets of large internal solitons together with radar signatures of possible tropical rain cells and dark spots due to wind conditions. The fact of having several islands close to the coastline introduces a problem in the detection system. Figure6-bshow the results obtained from the application of the internal wave detection method. Most of the internal wave features have been detected in spite of the difficulty due to noise, dark spots, and
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Figure 7 :

 7 Figure 7: Sand banks in the Bay of Arguin (Mauritania)

SAR: Synthetic Aperture Radar ; ATSR-M: Along Track Scanning Radiometer -Microwave ; SSMI: Special Sensor Microwave Imager

Internal solitary waves (often referred as solitons) displace the thermocline and produce internal and surface currents. The latter modulate the sea-surface roughness on scales of the order of the radar wavelength.
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