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Abstract 
During the commissioning phase of the ERS-I, C-band, syn- 
thetic aperture radar (SAR) images were obtained regularly 
over international waters for a range of operational, real- 
time uses. Among other capabilities, SAR is expected to be 
able to detect oil slicks on the sea surface. A project was de- 
fined with the aim of developing and demonstrating a sys- 
tem for early oil spill detection using satellite based SAR. 
During the Dedicated Oil Spill Experiment August 1991 
(DOSE-91) three slicks, each 20 metric tons of stabilized crude 
oil, were released in phase with the passages of the ERS-I 
satellite. The experiment included sea truthing, oil slick 
tracking using drifing buoys, and aircrajl surveillance using 
various remote sensing techniques to compare and verify 
satellite observations. This paper presents the observations 
gathered during the experiment with emphasis on the SAR 
imagev of oil slicks under certain environmental conditions. 
Image enhancement techniques used to process the imagery 
are also discussed. 

Introduction 
Kasicscke et al. (1984) report on synthetic aperture radar's 
(SAR'S) capability to detect oil slick. Among other samples, 
the report includes Seasat imagery of released oil from ships. 
The report does not indicate how the oil slick was verified or 
imaged by other techniques. Iguchi et al. (1988) reports on 
an experimental release of 180 litres of oleyl alcohol off the 
coast of Japan. The slick was imaged during the Shuttle Im- 
aging Radar (SIR-B) mission in October 1984. 

The ability of side-looking airborne radar (SLAR] to de- 
tect an oil slick on the sea surface has been accepted both by 
the scientific community and governmental agencies con- 
cerned with oil slick detection around the North Sea. 

17 July 1991 marked the successful launch of the ERS-I 
satellite combined with the ground segment's ability to de- 
liver SAR data within rapid time frames, providing the oppor- 
tunity to demonstrate the SAR'S capability to detect oil under 
different environmental conditions, and to deliver the infor- 
mation to the scientific community in near real time. 

In this paper we provide answers to the most critical 
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questions related to the detection and monitoring of oil 
slicks from a satellite based Synthetic Aperture Radar (SAR): 

Is the ERS-I satellite capable of detecting the oil? 
What are the detection capabilities relative to the operational 
airborne system? 
What are the major limits regarding detection? 

Data Collection 

Dedicated Oil Spill Experiment (DOSE-91) 
The DOSE-91 experiment was undertaken in the period 19 
August to 2 September with three oil releases on 21, 24, and 
27 August. During each spill 20 metric tons of stabilized 
crude oilt were released on the sea surface in the planned 
released site: 63'30' North, 07O30' East. Figure 1 indicates the 
oil release site together with the buoy positions and the SAR 
track. 

The experiment area was inspected and searched for 
species of guillemots and razorbills before the first oil re- 
lease. When no large concentrations of razorbills or guille- 
mots were found, operations proceeded with the planned 
release. 

The oil slicks were mapped and traced by surface drift- 
ers, offshore field sampling, aircraft surveillance using SLAR 
and UV/IR, and by the ERS-I satellite using full image mode 
SAR. The experiment area was instrumented with three 
oceanographic T O B I ~  buoys equipped with satellite position- 
ing and data transmission systems. They measured wind and 
wave conditions. 

Environmental Conditions During The DOSE-91 Experiment. 
The following brief descriptions of the weather conditions in 
the area of the spill site for the period 21 August to 28 Au- 
gust are provided for later reference when SAR images are 
discussed in terms of prevailing environmental factors. 

22 AUGUST 
During the late morning of 22 August a warm front, associ- 
ated with a low moving north eastwards from Iceland into 
the Norweigian Sea, passed over the spill site. Winds on the 
coast remained light (<  5 d s )  throughout the day, starting 
variable in direction and settling towards the end of the day 
around southwesterly. Further offshore nearer the center of 
the low, winds were higher. The observations made on board 

+Oil mixture: 35 percent Statfjord crude, 20 percent Gullfaks crude, 
and 45 percent DUC crude. The mixture did not develop a stable 
emulsion on the sea surface. On the 27 August release, 100 percent 
Statfjord was requested, 100 percent gullfaks was delivered. 
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Figure 1. Map of experiment area with buoy positions and 
release site. 

Figure s. rnresnolded oil slick from 25 August, To, = 
23.2 (FRI). 

swell, both from the south south-west. Peak wave period was 
around 9 to 10 sec. 

22 AUGUST 
the Svanaug Elise at the oil spill site were considerably The low continued to move away northwards. Winds became 
higher than on the coast, decreasing from 15 m/s at midday even lighter at the coast on 22 August, but remained some- 
to 5 m/s soon after midnight. Significant wave height in- what higher offshore (5 to 7.5 d s ) ,  becoming southerly as 
creased through the day to a peak of a little over 4 m at the day progressed. Wave height continued to decrease, 
around 210 UTC in response to local wind and increasing being around 2.8 m during the satellite pass with an 11-sec 

peak period. Wave direction was probably west to northwes- 
terly for the swell while wind sea was more southerly. 

24 AUGUST 
Early on 24 August wind speed was around 10 4 s  from the 
west at the oil spill location and wave height had reached a 
new peak of about 3 m associated with low pressure to the 
north. Both wind speed and wave height decreased as the 
day progressed. At the time of the SAR measurement wind 
speed was about 6 m/s from the northwest, significant wave 
height was a little over 1 m with a peak period of 6 to 7 sec. 
indicating wind sea dominated conditions from the north- 



P E E R - R E V I E W E D  A R T I C L E  

west. Slight swell from the northwest and southwest may 
also have been present. 

25 AUGUST 
On 25 August a fairly powerful low had developed off the 
southeast coast of Greenland and was moving slowly north- 
eastwards. There were quite strong winds over Iceland and 
the western Norwegian Sea, but in the Haltenbanken area, 
winds remained weak throughout the day at about 2.5 m/s 
with variable direction. Wave height did, however, increase 
somewhat to a little over 2 m in the middle of the day at 
about the time when the SAR image was taken, with a peak 
period of a little over 10 sec. It is uncertain concerning the 
source of the swell which caused this increase, but it may 
have been the low which was located further north the day 
before. 

27 AUGUST 
Winds remained low on 26 August. However, a cold front as- 
sociated with the aforementioned low, which was now at 
about 75"N on the coast of Greenland, moved past mid-Nor- 
way, bringing with it much stronger westerly winds on 27 
August leading to increasing wave heights, between 3 and 4 
m after midday with a peak period of around 13 sec. Wind 
speed reached a peak of about 12 to 13 4 s  (strong breeze) at 
about the same time, winds and waves being predominantly 
southwest to westerly. 

28 AUGUST 
High pressure had built up over the North Sea on 28 August 
and fairly strong southwesterly winds continued to dominate 
the oil spill site, although turning more southerly later in 

day. Wind speed was probably in the region of 8 to 10 mls 
throughout the day, significant wave height ranging from 2.6 
to 3.6 m and still from the west-southwest. 

SAR Imaging Characteristics 
In SAR image mode, the Active Microwave Instrument (AMI) 
on board the ERS-1 will obtain strips of high resolution im- 
agery 100 km in width to the right of the satellite sub track. 
The 10-m long antenna is aligned parallel with the satellite 
orbit to direct a narrow radar beam sideways and downwards 
onto the Earth's surface over the 100-km swath. Imagery is 
built up from the strength of the return signal, which de- 
pends primarily on the roughness and dielectric properties of 
the surface. 

Operation in SAR image mode is exclusive of other AM1 
operating modes, and power considerations limit operating 
time to a maximum of 10 minutes per orbit. The data rate is 
too high to allow on-board storage, so images can only be ob- 
tained within the reception zone of a suitably equipped 
ground station. The image mode technical specifications are 
listed in Table 1. 

The problem of detecting an oil slick in a SAR image is 
threefold: the visibility of the oil slick in the SAR image un- 
der varied environmental conditions; the variation of SAR 
signatures from different oil types and different ages of the 
slick; and discrimination between oil slicks and other fea- 
tures in the SAR image (called "oil slick look-dikes"). 

Visibility of the oil slick in the SAR image depends upon 
the reduced radar backscatter from the sea surface. This 
backscatter is dependent upon the local wind speed. From 
the experience of this and other experiments carried out in 
Norway, image resolution during a range of wind speeds can 
be outlined as follows: 

0 4 s  No backscatter from the undisturbed sea surface, 
hence no signature of oil slicks. 

3 mls Excellent perturbation of the slightly roughened 
sea surface, no impact from the wind on the oil 
slick. However, a high probability of local low 
wind speed areas, providing oil slick "look-alikes." 

3 to x m/s Better conditions relative to false alarms from local 
low wind areas. The oil slick will still be visible 
and the background would be more homogeneous. 
The oil slick will be invisible due to a combination 
of oil slick dispersion, which depends upon the oil 
type, wave breaking, and velocity bunching. Veloc- 
ity bunching is primarily a wave height and wave 
period driven mechanism, x is a variable depend- 
ing on oil type, and slick age, i.e., time since re- 
lease. An upper limit for detection was found at 
wind speed 6 m/s for the oil type used during the 
DOSE-91 experiment. 

Oil slick "look-alike" features in the SAR image can be 
interpreted as oil slicks, but are the results of other oceano- 
graphic or meteorological phenomena. Oil slick "look-alikes" 
are most likely either areas of low wind speed and hence 
backscatter, or areas of natural films from micro-organisms. 
Both oil slicks and oil slick "look-alikes" are found in the 
SAR image of 25 August (Figure 2). Look-alike features can 
also probably be other phenomena that require more docu- 
mentation. 

Several profiles in the SAR image of 25 August have been 
made starting with filtering the data with a 5 by 5 averaging 
filter. Conclusions drawn from this discussion are based on 
this low resolution imaging technique. Assumptions in- 
cluded that there were difference~ in the transition zones 
from the undisturbed sea to the dark feature discriminating 
the oil slick from the "look-alike" and that the signal varia- 
tion within the slick differed from the variation within the 
slick "look-alike." 
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However, no large differences in the transition zones be- TABU 1. IMAGE MODE TECHNICAL SPECIFICATIONS 
tween the oil slicks and the undisturbed sea surface com- Frequency: 5.2 GHz (C-band) 
pared to the transition zones of an oil slick "look-alike" were polarization: W 
found. Neither were there significant signal variations be- Incidence angle: 
tween the radar backscatter from the 25 August oil slick and Spatial resolution 
the "look-alike." Radiometric resolution 

Swath width 
Data rate c 1 0 5  Mbps 

Filtering of Selected ERS-1 SAR Scenes from the DOSE- 
91 Experiment 
~everai micro-scatterers make random contributions to the 
reflected signal within one ground resolution cell. SAR imag- 
ing of homogenous ocean areas is therefore degraded with 
speckle. The presence of speckle will, in general, make de- 
tection of objects more difficult. For this reason, most ERS I 
SAR processors make use of multilook techniques (where dif- 
ferent parts of the total aperture are processed separately, fol- 
lowed by incoherent addition). The three-look method used 
in standard ERS-1 images is not sufficient for full removal of 
speckle, however, and thus additional filtering is often re- 
quired. This section reviews some selected ERS-I scenes from 
DOSE-91. One especially interesting scene (25 August) is in- 
vestigated in some detail. Some classical edge detection algo- 
rithms were tested, in addition to 5 by 5 averaging, 
histogram analysis, and Lee filter techniques. The SAR 
processing was done by the European Space Agency (ESA]. 

Early work on oil slicks occasionally seen in sAR images 

favored the use of the low resolution ERS-I SAR product from 
Tromss Satellite Station for oil slick detection, as this image 
format has sufficient resolution for oil slicks, a very good ra- 
diometric resolution, and a size (2.5 MByte) that can be eas- 
ily handled for rapid distribution. 

Averaging Fllter 
Because of speckle, simple thresholding in a full resolution 
SAR image will usually not be a good method for segmenta- 
tion of oil slicks. Averaging will reduce the speckle and, 
thus, make thresholding techniques better suited. A major 
advantage of averaging is that the same statistical distribu- 
tion function can be used, except for an increased number of 
effective looks. It was foreseen by Tromsra Satellite Station 
that 5 by 5 averaged ERS-1 images could be of interest in var- 
ious applications. Thus, the SAR processor at Tromss auto- 

Plate 1. Extract of SAR image from 25 August with overlaid SLAR oil slick outlines. 



matically produces a low resolution (100 m) averaged image 
in addition to the full resolution image (m) .  

By averaging 5 by 5 pixels from the m we have ob- 
tained a low resolution image (w) similar to those produced 
by the Tromsla Satellite Station. 

The speckle distribution in amplitude images can be 
modeled by a Gamma distribution (Ulaby et al., 1986) given 
as 

where p is the mean value of the distribution and M is the 
number of looks. 

To see how the empirical histogram matches the theoret- 
ical one, they were plotted together from some selected areas 
in the image. Analysis of real ERS-I data shows that Equation 
2 is a good description of the SAR speckle. 

By using estimated values from two slicks in the FRI, an 
optimal threshold for segmentation was determined. The 
mean value of the oil slick has been measured to pea= 12.6, 
the mean sea backscatter to pse.=49.4 and MEIT= 1.7. Due to 
the large oil-sea difference (12 dB), a certain bimodality was 
observed even in the FRI. Minimizing the error by threshold- 
ing results in an optimal threshold, Top,, as given below: 

An optimal threshold for the oil slick, given the mea- 
sured data, is Top!= 23.2. The result by applying this thresh- 
old is shown in Figure 3. Similar calculations in the W 
resulted in Top, = 21.8, and the threshold image is shown in 
Figure 4. By averaging, the segmentation performance has 
improved significantly, as very good separation of the oil and 
the sea pixels in the histogram has been achieved. Compar- 
ing the two segmented images, nearly all of the surrounding 
black pixels in Figure 3 have been correctly segmented as sea 
pixels in Figure 4. 

Classical Edge Enhancement Filters 
The performance of some edge-enhancement filters have 
been tested, including the gradient filter, the Sobel filter, and 
an adaptive Sobel filter. 

None of these filters gave promising results due to the 
heavy noise characteristics. 

The Lee Filter 
Adaptive filters have been experimented with as a useful 
tool for reducing the speckle noise in SAR imagery for some 
time. Most of the literature, however, discusses application 
to imagery of land features. The main problem with tradi- 
tional approaches to speckle noise reduction in SAR imagery 
is that standard forms of averaging or low-pass filtering re- 
sult in reduced spatial resolution. Ideally, a filter should pre- 
serve the radiometric information which contains the 
underlying geophysical signal, including edges and textures, 
while removing the non-geophysical variance related to the 
radar interference pattern. Adaptive filters try to accomplish 
this by assuming that a valid model may be formulated for 
the noise variance in a homogenous area, and comparing this 
with the actual variance observed in a segment of the im- 
agery. If the model agrees with the observed value, the area 
is assumed to be homogenous, and relative heavy smoothing 
is applied. If the variance is higher than the model predicts, 
it is assumed that there is an underlying geophysical feature 
which should be preserved, and less smoothing is applied. 

This, however, is carried out in different ways in different 
filters, depending on the model assumptions. 

In this study the Lee filter (Lee, 1980; Lee, 1983) was ex- 
amined. The filter is based on the assumption that the ob- 
served pixel value I(x,y) may be expressed as 

where R is the stationary random process which describes 
the terrain reflectivity, u is the multiplicative noise due to 
fading, and (x,y) is a location in the image. This may be 
modeled as a stationary white non-Gaussian random process 
with a xZ distribution. Lee derived a Minimum Mean Square 
Error (MMSE) filter estimate which can be expressed by a 
weighted sum of the mean and observed image values: i.e., 

where 1 is the average image value within the filter window, 
I is the observed value at the window center, and the weight- 
ing functions W is 

where C, is a theoretical noise variation coefficient and C,, 
the observed coefficient of variation, is C, = a,/I where q is 
the observed standard deviation of the pixels in the filter 
window. 

Other filters, such as the Frost, Kuan, and geometric fil- 
ters, provide for different filter expressions. Lopes et al. 
(1990) have also proposed some modifications to several of 
these filters, which should improve their performance. It was 
beyond the scope of the project to investigate the utility of 
these filters. It would, however, be worthwhile to examine 
them in conjunction with other pre-processing techniques. 
The ERS-1 image from 25 August demonstrates this, where it 
is evident that a significant part of the image variance is re- 
lated to ocean surface wave patterns. Removal of these by, 
for example, band pass filtering around the dominant wave 
length may prove to be an advantage. 

Analysis of the lmage from 24 August. 
This image was acquired in relatively high wind and sea- 
state conditions. There is no evident wave pattern in the im- 
age, however. The Lee filter was applied with several differ- 
ent window sizes to a subimage containing the oil slick in 
order to determine which window size was most efficient in 
segmenting the oil slick from the surrounding sea. The objec- 
tive measure was to see whether the filtering would separate 
the image histogram into two distinct peaks which could be 
used for separation of "oil slick pixels" from the surround- 
ings. This, however, proved difficult, as many other areas in 
the image have the same low pixel values as the oil slick. 
Also, a number of bright points appear in the imagery, which 
are likely points of specular reflection, due to steep local in- 
cidence angle of the radar pulse and possible breaking of 
waves. A 3 by 3 square moving average algorithm was ap- 
plied to the filtered image in order to remove some of these. 
In a somewhat subjective opinion, the best improvement was 
obtained with a 9 by 9 pixel Lee filter, followed by a 3 by 3 
moving average. 

Analysis of the lmage from 25 August 
This image has a clearly defined wave pattern present. The 
oil spill is also much more clearly defined. Again, the Lee 
filter was applied with several different window sizes. The 
separation of the darker oil spill pixels became more evident 
as the window size was increased. The larger size of the oil 
spill warranted a larger filter size, and we obtained best re- 



sults with a 11 by 11 and 21 by 21 pixel size filter window. 
The resulting image of a 2 1  by 2 1  window filter is presented 
in Figure 5. 

Synthesis of SAR and SLAR Data 
The video signals from the SLAR and WIIR data were re- 
corded on board an aircraft using a Viewmaster video re- 
corder. A PC with video frame grabber card was used to 
digitize SLAR images. The images were transferred for 
processing using a raw data format interpreting the data as 8- 
bit pixels. 

The SLAR and SAR recording of 24 August was of low 
quality, i.e., the oil slick was hardly discernible from the sur- 
rounding sea. However, the results confirmed the observa- 
tions made on the 25 August imagery. 

In the processing of a raster image, at least four fix 
points must be given with known raster coordinates and geo- 
graphical coordinates in order to estimate the parameter of 
the transformation. For geopositioning of the SLAR recording 
on 25 August, the aircraft position, the two end points of the 
slick, and the position of Svanaug Elise were used. Using 
this geopositioned image, the SLAR generated outline of the 
oil slick was recorded. 

The SAR images from 24 and 25 August were transferred 
from the image processing system to the GIS system. Prior to 
the transfer, the data were filtered using a 5 by 5 block aver- 
aging filter. After the filtering, the cumulative distribution of 
the resulting 16-bit pixel values was calculated. Using the 98 
percent threshold as an upper limit, an estimate of a linear 
scaling from 16 bit to 8 bit using a constant factor was made. 
For the image recorded on 25 August, the factor ensuring 98 
percent of the pixel variation to be in the range 0 to 255 was 
0.092. The four corners of the SAR image were used to geopo- 
sition the image. 

The outline of the oil slicks from the geopositioned SLAR 
image is superposed on the SAR image in Plate 1. We can 
note the following: 

The form of the slicks imaged by the SLAR and the SAR is 
highly correlated. 
The geopositioning of the outline of the slick is based on the 
aircraft navigation system, recorded by the video system, and 
the position of the boat. The geopositioning of the SAR image 
reference points is based on the predicted orbit. Even so, the 
maximum distance between the slick as detected by the SAR 
and the SLAR is 2.3 km. 

Conclusions 
During the DOSE-91, a small set of SAR images containing oil 
slick signatures was collected. These SAR images verify that 
the SAR on board the ERS-1 satellite is capable of detecting oil 
slicks. The signal strength of the oil slick signature in the 
SAR image is a product of the oil type, amount of spilled oil, 
and age of the slick. The clarity of the oil slick is also a 
product of the environmental conditions at the time of imag- 
ing. 

The results from the experiment gave examples of situa- 
tions in all three imaging regions: i.e., clear oil slick signa- 
tures in the SAR image, borderline situations with hardly 

detectable oil slicks, and also examples of SAR imagery 
which did not contain any oil slick signature. The differ- 
ences in these situations are due to the wind and wave con- 
ditions varying throughout the experiment. The experience 
from DOSE-91 indicates that detection is primarily a function 
of wind speed. Detection threshold for the oil type used dur- 
ing the DOSE-91 campaign is a wind speed of 6 m/s. 

Analysis of signatures after averaging filters were ap- 
plied indicates that the speckle noise in the image was re- 
duced, and the loss of resolution does not influence the 
ability to detect the slick. 

Adaptive filtering of the data can yield added informa- 
tion to the image. However, in an operational system, the 
processing time using such filters might become prohibitive. 

The accuracy of the geoposition information contained 
in the SAR image (Fast Delivery Product) is sufficient to pro- 
vide a good estimate of the location of the detected slick. 
The satellite-based SAR and the aircraft SLAR have compara- 
ble oil slick detection limits. 
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