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Europe is the world’s largest market in crude oil
imports, representing about one third of the world
total. Ninety percent of oil and refined products are
transported to and from Europe by sea. Inevitably,
some of this oil makes its way into the sea.
Whether by accident or normal ship operation, the
marine environment is degraded. Accidents result-
ing in massive spills provide gripping illustrations
of the problem of vessel pollution. They are news-
worthy and accessible by the mass media, so can
affect public opinion and mobilize policy makers to
tighten measures for preventing future spills. Such
dramatic accidents, however, do not occur fre-
quently, and they represent only a small fraction of
the problem of vessel pollution.
Besides accidental pollution, caused by ships in
distress, there are three types of routine ship oper-
ations, which pollute the sea: ballast water, tank
washings and engine room effluent discharges. The
first two concern mainly tankers, while the third all
types of ships. 
Due to these operations large amounts of oil are
pumped deliberately from ships every day, along
almost all of Europe’s coastline. This is the greatest
source of marine pollution from ships, and the one
that poses an insidious long-term threat to the
marine and coastal environment. Of the oil released,
the great majority is reported to have come from
operational discharges and only a small fraction
from accidental spills. Furthermore, while past
assessments identified tankers as the main marine

polluters with crude oil, recent ones switch the
emphasis to fuel oil sludge, engine room waste and
bilge water, which are produced by all types of ship.
To reduce time and hence fuel and cost, shipping
lanes are often located very close to the coasts.
This is particularly the case in European waters,
due to the morphological complexity of Europe’s
coastline. In the Mediterranean, coastal states have
in general limited jurisdiction over passing ships
flagged by other states. Beyond territorial waters,
the role of coastal states is restricted to monitor-
ing, and collecting “sufficient evidence” of pollu-
tion offences, for reporting to the administrative
state of the culprit ship, i.e. its flag state. While the
flag states are bound by international law to inves-
tigate such reports and punish polluters, what con-
stitutes “sufficient evidence” is for them to decide.
Thus the vast bulk of polluting activity takes place
just beyond territorial waters. Hence, coastal states
have little incentive to undertake costly patrolling
of their remote coastal areas, solely for reporting
to another state, which also may belong to the
black list of “flags of convenience”. As a conse-
quence, many coastal areas, which may host a
wide biodiversity of endangered species, are aban-
doned to chronic pollution. It is well-known among
local people of such areas that when onshore
winds are blowing, beaches are dotted for miles by
thick, sticky tar balls. Frequently the extent of such
damage reaches that of accidental spills, due to
accumulation of oil residues augmented by local
oceanographic features, such as fronts and eddies.
As the environmental impacts of human activities
increase, the rigorous enforcement of international
environmental law becomes ever more essential. The
answer of the international community to the prob-
lem of marine pollution from ships, is the MARPOL
73/78 convention. This takes into account the vital
importance of maritime transport, and attempts to
strike a balance between the need to protect and pre-
serve the marine environment, and the desire not to
make shipping prohibitively expensive.
The MARPOL 73/78 convention, recognizing the
specific oceanographic and ecological sensitivity of
a number of regional seas, identifies them as
“Special Sea Areas”, (Annex I, Regulation 10). 
Within these areas the discharge of oil or oily mix-
tures from ships is completely prohibited, with
minor and well defined exceptions. Europe is espe-
cially privileged by this regulation, since all its
regional seas are now accorded the status of
“Special Sea Area” (fig. 1).

Introduction

Fig. 1: Regional seas bordering Europe, which have been
declared as Special Areas by the MARPOL 73/78
Convention.

European Union

EU Candidate state

“Special Sea Area” status
under MARPOL 73/78
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However, the effectiveness of international envi-
ronmental agreements depends upon compliance,
and for this verification is needed. Verifiable inter-
national agreements are more likely to succeed, in
both negotiation and implementation. By increas-
ing transparency, so that behaviour and violations
are visible to others, verification activities can help
to build shared understanding, confidence and
norms, which influence behaviour and contribute
to regime effectiveness. Verification activities help
to assess how effectively a regime has met its
goals, and whether changes are needed to improve
its effectiveness.
To ensure verification, as well as instigation for
compliance, effective capabilities for monitoring
and intervention are necessary. In the case of delib-
erate vessel pollution, monitoring is effective only
when supported by continuous airborne surveil-
lance. However, such operations are carried out only
over limited geographic areas, since it is not feasi-
ble, technically and/or financially, to spread aerial
surveillance over the entire breadth of the European
waters. As a result, the compliance with the regula-
tions is not applied everywhere with the same care. 
As an alternative, spaceborne surveillance can be
considered. Synthetic Aperture Radar (SAR) sen-
sors can provide wide-area reconnaissance, and
are independent of sunlight or cloud coverage.
Satellites equipped with SAR, due to their well
proven capability to detect oil spills on the sea sur-
face, as well as to survey large areas of the sea,
appear to be ideal for complementing the conven-

tional airborne means. The launch, at the beginning
of the last decade, of the first European satellite
equipped with SAR, the ERS-1, and later on its suc-
cessor ERS-2 together with the Canadian
RADARSAT-1, made the widespread availability of
SAR imagery possible. 
In addition, the increasing public anxiety on the
detrimental consequences of vessel pollution, and
the intention of the European Commission to
tighten the countermeasures at European level,
make the consideration of the spaceborne surveil-
lance possibilities a timely issue. To this end, the
Joint Research Center (JRC) of the European
Commission has initialized regional reconnaissance
studies of oil spill occurrences in the European
Seas using spaceborne SAR observations.
Aim of this effort is to provide updated informa-
tion, especially over poorly patrolled regions, in
order to assist the Commission services and the
European States in assessing on the effectiveness
of the existing policies, as well as for optimizing
plans of focused patrol and intervention strategies.
This document concerns exclusively the problem
of monitoring ship discharges with spaceborne
SAR and presents the results of a regional recon-
naissance study carried out over the entire
Mediterranean Sea during 1999. Annexes A, B and
C give further technical details on the typical struc-
ture and appearance of oil spills from vessel, the
possibilities to identify man-made spills in complex
image structures as well as an overview of the cur-
rent scientific knowledge on the topic, respectively.
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The spaceborne SAR surveillance system can give
added value to the problem of monitoring marine
pollution from ship discharges for the following
operational needs:

• Monitoring of the extent of
compliance with regulations, through
periodic statistical assessments of
spilling events.

• Early warning of spilling events, in
order to provide rapid mobilization of
airborne and/or shipborne platforms
for verification.

We address here these possibilities through the
background of a regional study in the Mediterra-
nean Sea. In this Sea the oil transportation is
intense, since it is the maritime route to Europe for
the oil produced in the Middle East, North Africa
and in the Caspian basin. It is estimated (Regional
Marine Pollution Emergency Response Centre for
the Mediterranean Sea - REMPEC, 1998) that 360
million tones of oil and refined products are trans-
ported annually through the Mediterranean Sea rep-
resenting approximately the 22% of the world total. 
However, the Mediterranean is a semi-enclosed
sea, connected to the open Ocean solely through
the narrow Straits of Gibraltar. Thus, its waters have
a long renewal cycle, of up to 90 years. Due to its
particular vulnerability to pollution, it was among
the first regional seas declared as Special Areas by
the MARPOL 73/78 convention, three decades ago.
In the context also of the Barcelona Convention,
signed during 1976 by its littoral States including
the European Communities, it is required inter alia
by the contracting parties to ensure the effective
implementation of the international regulations
regarding pollution from ships. The emphasis so far
has been focused on accidental pollution, which
indeed is a visible threat with such intense oil trans-
portation across the region. On the contrary, the
pollution problems caused by routine ship opera-
tions have not been given sufficient emphasis. 
To a large degree this is due to the lack of regional
statistics on this activity, since the regular aerial
surveillance in the region is limited in comparison
to other regional European Seas declared also as
Special Areas, i.e. the Baltic Sea and the North
West European waters. A first synoptic attempt to
assess the oil spill pollution from operational ship
discharges in the Mediterranean Sea, was done by
the Joint Research Center (JRC) of the European

Commission through spaceborne SAR images
(Pavlakis, 1995, Pavlakis et al, 1996). In that study a
set of 190 ERS-1 SAR images, acquired along the
Mediterranean coastal zone, between 1991-92,
were analyzed and yielded a first impression on
the extent of the problem. None of the identified
spills were found to coincide with a reported acci-
dent, while a number of sub-areas were indicated
as subjected to higher pressure. Later on, in the
frame of the EU funded project CLEAN SEAS, a
focused reconnaissance study was carried out over
the Gulf of Lion (Gade and Alpers, 1999). Intense
local spilling activity was indicated by this study
mainly along shipping routes, while the sizes of
spills were found to vary from 0.1 km2 to even
more than 56 km2.

Extent of nonconformity 
with regulations 

The results presented here concern the most
recent reconnaissance carried out over the entire
Mediterranean region through the analysis of 1600
ERS-1 and 2 SAR images acquired during 1999. The
data type used in this study was uncalibrated low-
resolution images, since this is the most targeted
product for this application. Although these results
are preliminary, since they concern only the one
quarter of the total number of images acquired
during the same period over the region, for a first
time they yield a comprehensive picture of the
dimension of the problem. 
The total area coverage of the analyzed frames is
presented on the map of fig. 2. Each square ele-
ment on this map represents the area covered by a
SAR image. In addition, a plot of the spatial repeti-
tion density of the analyzed data is presented on
the map of fig. 3. As it appears, the density of repe-
tition is highest over the seas surrounding the
Italian peninsula. Therefore, the results in terms of
spatial distribution are biased towards these areas.
To ensure to the maximum possible degree, that
the detected spills were due to man-made activities
and not to look-alike manifestations of natural phe-
nomena, all the images were interpreted carefully
through visual inspection. Each identified spill, was
registered on a database, together with information
concerning its geographical position, date and time
of detection, the spilled area, its average contrast
strength, and a vector describing its shape. Within
the sample of the 1600 images, 697 were found to

A case study in the
Mediterranean Sea during 1999  
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contain at least one oil spill signature, representing
44% of the total. However, many images showed
more than one spill. As a result, the total number of
detected spills was increased to 1638.
A synoptic plot of all the detected spills in the
Mediterranean Sea is shown in fig. 4. As it can be
observed, enhanced spill concentrations appear
along major maritime routes, such as those cross-
ing the Ionian Sea towards the Adriatic Sea,
towards the Messina Straits and towards the Sicily
Straits. Concentrations along maritime routes
appear also in the Ligurian Sea and the Gulf of Lion
as well as very close to the East coast of Corsica. In

these areas, the spilling appears to be both local-
ized and frequent. All over the region however the
spillage show considerable spatial scattering. This
is very concerning, since patrol operations are usu-
ally focused over known maritime routes. 
The total spilled area of the 1638 detected spills
was estimated to be 17,141 Km2. Of interest for the
competent authorities, is the amount of oil repre-
sented by the spillage. Although an accurate esti-
mation cannot be achieved, since it requires accu-
rate knowledge of the spill thickness that can not
be obtained by the SAR sensor alone, some rea-
sonable assumptions can be made that may help

Fig. 2: The total area coverage of the 1600 ERS-1 and 2 SAR images, which were  analyzed in the present study.
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Fig. 3: Spatial repetition density of the analyzed images.
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to obtain an estimate of the spilled amount. For
example, Parker and Cormack (1984), after experi-
mental investigations of controlled mineral oil spills
in the open sea, concluded that a spill thickness of
0.1 microns was a threshold for imaging it with an
airborne SLAR (Side Looking Airborne Radar).
Spills of this thickness are considered by opera-
tional people as very thin. On an empirical scale of
spill thickness against color, these appear as thin-
ner than the barely visible spills. Therefore, making
the extreme assumption that all the detected spills
in the present study were uniform and of this thick-

ness, we obtain as a minimum amount 1,540 metric
tons. To approximate a more realistic number, we
may follow as a rule of thumb, the conclusions of
Hollinger and Mannella (1984), that the 90% of the
oil usually remain in the thicker parts of the spill,
which represents only the 10% of its total area.
Given such conditions, a revised estimate of 13,858
metric tons is obtained. While the experience may
suggest, that even this figure is a rather conserva-
tive estimate, it is already four times greater than
the average amount spilled in the region by ship
accidents (REMPEC, 1998).

Fig. 4: Fingerprints of illicit vessel discharges detected on ERS-1 and ERS-2 SAR images, during 1999 in the Mediterranean Sea.
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In their vast majority the detected spills were of lin-
ear shape, either straight or angular. For a first
classification, we separated them in 5 categories:
1) narrow straight linear spills, with a tapered front, 
2) straight linear spills without tapered front,
3) angular spills with a tapered front,
4) distorted broad spills without tapered front, and
5) amorphous.
The results of this classification are presented in
fig. 5. A very small number, about 2% of the total,
showed discontinuities. Such spills were classified
in accordance to their overall shape using the cate-
gories described above. The first two classes indi-
cate fresh spills, and the third category may
include also fresh spills resulting from ships
changing course. However, this shape may equally
indicate spilling over a long time from a stationary
ship, during which changes of the wind and the sea
currents have occurred. The forth class is consid-
ered as old spills in their total. 
Statistics of their size variation, in terms of length,
maximum width and spilled area, appear in the
histograms of figs. 6, 7 and 8 respectively. To better
appreciate the significance of these results, con-
sider the regulations of MARPOL 73/78 convention
for Special Areas. According to this convention
(Regulation 10, Annex I of the Convention), any dis-
charge of oil or oily mixture from any oil tanker is
prohibited, regardless the discharged amount or
the distance from the coast. The same ban concerns
also engine room waste discharges, from all other
ships larger than 400 gt (tons gross tonnage). For
ships smaller than 400 gt, excluding oil tankers, dis-
charges are allowed when the oil content of the dis-
charged effluent does not exceed 15 ppm (parts per
million). Alternatively, discharges are allowed if all
the following conditions are satisfied:

Fig. 6: Histogram of length sizes of the detected spills.
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1) the ship is proceeding en route,
2) the oil content of the discharged effluent is less

than 100 ppm,
3) the discharge is made as far as practicable from

the land, but in no case less than 12 nautical
miles from the nearest coast. 

In this context, one may argue that the detected
spills cannot be regarded as indicating necessarily
unauthorized spilling, since small ships are permit-
ted to discharge. However, the 100 ppm constraint
means that even if the full volume of such a small

ship is engine effluent (i.e. 400 tons), the amount
of oil content within it should not exceed than half
a barrel. It is hard to believe that half a barrel of oil
is enough to create a spill as large as one square
kilometer, which are regularly observed. Therefore,
it is highly likely that the vast majority of the
detected spills can be regarded as offences. The
enlarged part of the map of fig. 4 over the Ionian
Sea, presented in fig. 9, illustrates in detail the
abundance and broadness of the detected spills. It
is constructive also to note that most of the spills

Fig. 10: Enlarged plot of
spills fingertips over the
Gulf of Lion and the Ligurian
Sea. Note the frequency of
spilling along the east-coast
of Corsica. 
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Fig. 12: Spatial statistics of spill relative-size frequency within sub-areas in the Mediterranean Sea.
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are located beyond the 12 nautical miles limit. In
our view, this does not indicate any tendency for
compliance, but a deliberate intention to avoid
risks of legitimate actions within the area of juris-
diction of the coastal states.
Note, that in the Mediterranean, beyond territorial
waters the exclusive right of law enforcement lays
with the administrative states of the ships, i.e. their
flag states. The role of coastal states is limited to
monitoring, collecting evidence and reporting the
polluting offences. Perhaps a good example of this
is the dark concentration along the East Coast of
Corsica (fig. 10). This represents overlapping of
many spills of different sizes, on the 12 nautical
miles limit boundary.
Although the analyzed images were not uniformly
distributed over the Mediterranean region, a first
order statistical assessment can be done using the
number of detected spills per observation. For this
purpose, the region has been divided in square ele-
ments of one degree. The ratio of the total detected
spills within each element, and the amount of avail-
able images (either containing spills or not) cover-
ing it, has been computed. A map showing the vari-
ation of this ratio is presented in fig. 11. 
Based on this map, the region has been divided in
to a number of sub-areas where the spilling
appears more frequent. From west to east these
areas are: South East Coast of Spain, Gulf of Lion
and Ligurian Sea, Central Tyrrhenian Sea, Straits of
Sicily, Adriatic Sea, Ionian Sea, South Aegean Sea
and Eastern Mediterranean. Of particular interest,
is the relative size of spill signatures within these
areas. To investigate this, the total amount of the
detected spills in the entire Mediterranean were
divided in three equal parts, representing small,
medium and large spills. The spill size limits, deter-
mined in this way are presented in the top of fig.
12. Consequently the spills detected within each of

the aforementioned areas were classified accord-
ing to these limits. The results are presented
around the map in the middle of fig. 12. As it is
shown the frequency of spill sizes varies between
areas. For example in the Adriatic Sea, small spills
are most frequent, which is possibly due to higher
traffic of smaller ships in comparison to tankers.
On the contrary in the Ionian Sea, Tyhrrenian Sea
and the Straits of Sicily, medium to large spills are
most prevalent. In particular, the Straits of Sicily is
a rather striking case since it concerns a relatively
small area. Finally a classification of the sub-areas,
in terms of the ratio of total spilled area within
them over the number of detected spills is pre-
sented at the bottom of fig. 12.

On the age of the detected spills

With current spaceborne SAR capabilities a warn-
ing message of oil spilling can be sent to enforce-
ment authorities in 1 and 2 hours. This represents
the time required for SAR data acquisition, fast SAR
processing, and finally to the image interpretation.
Thus, fresh spills represent the most significant sig-
natures, i.e. the categories 1 and 2 of the histogram
of fig. 5, together with those of the category 3,
which are associated with a bright ship track. Such
a summary, as it appears in fig. 13, represents the
40.3% of the total detected spills. Among them
88.2% was associated with ship track (straight or
angular), representing 35.5% of the total.
As previously stated, the data used in this study
were uncalibrated low-resolution SAR images. Thus
many tracks, especially those of small ships, were
lost. Even for the fresh spills i.e. the straight linear
with tapered front, associated ship tracks were
detected only for the 62% of them. Therefore, the
35.5%, which anyway is a considerable percentage,

Fig. 13: Overall assessment on the current operational potential of the spaceborne SAR surveillance in terms of General fresh
and old spill classification.
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represents very large ships, i.e. larger than 200 m.
By this fact alone, these spills constitute an unques-
tionable offence since the gross tonnage of such
ships by no means is less than 400 tons. However,
even for the case of full resolution PRI images (pre-
cision images), small ships yield weak radar
backscattering signals, and therefore may not be
detected especially for above moderate wind speed
conditions. As a consequence, the front-tapering
and narrowness of a spill appears to be the most
significant feature since it may indicate spilling in
action at the time of the SAR image acquisition,
regardless of the detection of a ship track. 
Apart from these features, another interesting indi-
cation of freshness of a spill, is the radar backscat-
tering contrast strength. Although the uncalibrated
status of the data type did not permit a precise
analysis of this aspect, some preliminary consider-
ations were made. For this reason a number of cal-
ibrated full resolution PRI images were used, for
establishing a correlation scale of the gray level
variations of the low-resolution images, against
radar backscattering values obtained from the PRIs.
Based on this correlation the detected spills were
ranked in three levels of contrast:
1) Low contrast (less than 4dB),
2) Intermediate contrast (between 4 to 6dB),
3) Strong contrast (higher than 6db).
Similarly the wind speed was split into three levels,
based on the brightness of the surrounding clean
sea in the neighborhood of the spill: Low wind (less
than 4 m/sec), Moderate wind (4 to 5 m/sec) and
Higher wind (above 5 m/sec). For this analysis, we
used the spills of the categories 1 (very fresh), 2 (less
fresh) and 4 (old spills) of the histogram in figure 5.
The results of this analysis are presented in fig. 14.
In order to enable a comprehensive comparison,
the frequencies here are normalized along each
wind strength level, i.e. the ordinate of the his-
tograms represents percentages. As it can be seen
from fig. 14, very fresh spills show weak radar
backscattering contrast that is invariant with wind
strength. For the spills representing detection a
short time after discharge (less fresh spills), there
is a tendency of increased contrast, wich appears
to be more enhanced at moderate wind speeds.
This tendency is also preserved in the older spills
but at reduced wind speed. These statistical indica-
tions are well in accordance to the rapid increase
of the viscosity of the oil, soon after dumping into
the sea (Guyomarch and Merlin, 1999). However,
as the spill gets older it may becomes more prone
to degradation by the sea state.

Fig.14: Histograms of radar backscattering contrast with
respect to wind strength level and age of spills (determined
in terms of shape criteria). The histograms are normalized
along wind strength levels. The contrast levels are as
following: 1 (<4dB), 2 (4-6dB) and 3 (>6dB). The wind speed
levels are: Low wind (less than 4 m/sec), Moderate wind

(4 to 5 m/sec) and Higher wind (above 5 m/sec). 
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In general, the appreciation of a new surveillance
approach is based on the extent to which it can
meet the contemporary necessities of the enforce-
ment of a frame of regulations. However, even in
the case that they are not fully met, comprehensive
feedback from it, may facilitate the improvement of
practices of intervention and enforcement. 
Earth observation satellites have helped us to
apprehend the vulnerability of our planet and have
a measure of the impacts of our activities on the
environment we depend upon. We now recognize
that as such impacts increase, the rigorous
enforcement of international environmental law
becomes essential. The work presented in this
report, totally based on spaceborne SAR remote-
sensing, reveals for the first time the dramatic
dimension of shipping pollution in the Mediterra-
nean Sea, not as a result of accidents, but from
routine unauthorized operational discharges. The
extent of nonconformity, with the international
environmental Law in the region, is striking, and
calls for more decisive steps forwards. 
Several sub-areas of the region appear to face visi-
ble threats of chronic pollution and need to receive
focused attention. However the detected spills

show also considerable spatial scattering, which
implies difficulties in monitoring with the limited
available airborne conventional means. Thus deci-
sive actions should be taken, for exploiting the
maximum possible potential from the spaceborne
means. This research has indicated that spaceborne
monitoring offers significant advances and is a
promising sensor for operating in an early warning
role. On the analyzed data a considerable amount
of 38.5% spills were considered to represent
unquestionably spilling in action. 
The analysis has also yielded indications, which
help to apprehend further the nature of the
involved mechanisms in the interactions of the spill
with the sea surface roughness, and thus to better
understand the variation of the radar backscatter-
ing signal from the spilled area. The statistical
trends, of the detected spills show that fresher
spills yield mostly weak radar backscattering con-
trast, while the contrast is stronger in the older
spills. A dependence on the spill viscosity evolu-
tion, appears appropriate for explaining this trend,
since it increases rapidly after dumping. Older
spills however although viscous, may yield weaker
resistance in degradation with increasing sea state. 

Conclusions
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From the moment of dumping, the spill formed on the
sea changes continuously both in shape and in physico-
chemical properties. The processes involved in its evolu-
tion, collectively known as weathering, are spreading,
evaporation, dispersion, emulsification, dissolution, oxi-
dation, sedimentation and biodegradation (Jordan and
Payne, 1980). To a certain degree these processes affect
the spill contemporarily and even competitively. The
time scale however, of their relative importance, varies
from few hours to months.
In terms of monitoring ship discharges using Remote
Sensing, the most important processes are those with
dominating impact on the spill during the first few hours
after dumping. Among them the most influential is
spreading, that is the rapid expansion of the spill from
the point of dumping to all directions in the form of a
thin layer. This tendency which is mainly due to gravity
and surface tension forces, dominates on the shaping
process of the spill during its very early stages. The grav-
itational spreading force is proportional to the spill thick-
ness, to the thickness gradient, and to the density differ-
ence between the water and the dumped oil. All these
reduce rapidly with time, thus the spill spreading due to
the gravity effect tends quickly to relaxation, and so
gives way to that due to surface tension effects. The later
is independent of the spill thickness, and results from the
difference between the air-water surface tension and the
sum of the air-oil and oil-water surface tensions. It
depends however on the volatile content of the spill (Fay,
1971), so that when it is removed through evaporation,
the spreading due to surface tensional forces tends to
termination. Evaporation also is a rapid process and is
accelerated with the expansion of the spill, since the
area of oil exposed to the air increases. 
Therefore, a spill does not spread to infinity but up to a
certain limited area, whose extent depends on the
amount and the type of the spilled oil. Large amounts of
oil will result to large spills, usually within a short time
after dumping. On the other hand oils with large volatile
and dissoluble in seawater content will result to smaller
spills, in comparison to those with less such content,
when spilled in the same amounts. The time, a spill
requires to reach its maximum breadth, depends on the
spreading rate. Many oils tend to spread on the sea sur-
face at about the same rate, even though they possess
different viscosities (McAuliffe, 1977). However, highly
viscous oils, such as Bunker C, will not spread as rapidly
as less viscous ones, especially in cold waters.
Furthermore, the spreading is not uniform, since large
lateral variations of thickness are frequently observed
within a spill, especially of higher viscosity oils. The wind
and the sea currents have a strong impact on the lateral
variability of the spill thickness. Yet, during its fate in the
sea, the oil mixes with surface-active material, which
may accelerate differentially the spreading of some parts
of its spill. Hollinger and Mannella (1984) showed,
through open sea experimental work over controlled

spills of different types of oils, that even some hours
after discharging ~90% of the oil still remains in its thick
parts, which covers only the 10% of its total area extent.
Typical spreading rates, computed through the same
study, were found to be 0.6 m2/sec for the spill as a total,
while for its thick parts as less as 0.2 m2/sec.
In the vast majority of cases, the ships discharge their
oily effluents en route leaving behind them a linear spill.
This linearity is the most targeted feature by SAR image
interpreters, when tracing spills. In the ideal case, that is
discharging in a current free and calm sea, the resulting
overall spill geometry will follow the route of the ship.
For example discharging along a straight course will
result in a straight spill, or a curved/angular spill during
maneuvering. If the spill is detected at the time of dis-
charging, its fresher part will have the shape of an elon-

Annex A  
Signatures of spills from ship discharges  

Fig. 15: Simulations of spills from a ship discharging on a
15knots straight course, an amount of 7 tons of fuel oil. a)
Just at the end of discharging, b) 2 hours after discharging.
The sea is assumed calm and current free, while the oil is
assumed to spread at 0.6 m2/sec.
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gated narrow V due to the different spreading time along
its length (fig. 15a). However since the spreading is a
rapid process, even a short time after the end of dis-
charging, the tapering of its fresher part will disappear.
In the simple case of a constant discharging rate along a

straight route, the overall shape of the spill will reach
that of an elongated parallelogram (fig. 15b). 
Even in the presence of wind and current, provided that
they are laterally uniform over the wider area within
which the spill occurs, and constant during the time of
discharging, the initial general shape geometry of the
spill will not change significantly during the first few
hours. Laterally uniform wind and current fields will
deflect only the spill position with respect to the route of
the discharging ship. 
The situation is different, however when the spill crosses
laterally varying surface currents and/or wind fields. In
such cases the general geometry of the spill will be dis-
torted. Nevertheless, even in such cases a certain degree
of linearity may still be present in the distorted spill
shape, aiding thus the interpreter to identify it. However,
this depends on the strength of the distorting agents and
on the age of the spill (fig. 16). For the typical scales of
spills from ship discharges, of greatest important are the
sub-mesoscale features of the distorting current and
wind fields. 
Discharges from a stationary ship in current free and
calm sea will result due to spreading, in a broadened
spill of a rather rounded shape. The presence of wind
and currents however will have a significant impact in
this case. Depending on their strength, the resulting spill
may take also a linear shape, giving thus the impression,
that it is due to dumping from a moving ship. In such
cases, accompanied knowledge of the temporal variation
of the wind and currents, during the time of spillage, is a
key element for understanding the identity of the
detected spill (Espedal and Wahl, 1999).

As aforementioned, the wind and the sea currents affect
also the internal structure of the spill. The wind in partic-
ular has a rather severe effect on it, both directly and
indirectly. Directly, because as it drifts the spill, the oil is
forced to accumulate in its downwind side, and indi-
rectly, through dynamic processes it generates in the
upper sea layer. Most important among them are the
near-surface downwind oriented alternating vortices,
known as Langmuir circulation (Langmuir, 1934, Thorp,
1995). These vortices tend to concentrate the floating
spill along their convergence, while to attenuate it along
their divergence. So, the spill splits gradually into
streaks, known as feathering, which is usually more
apparent in its weaker upwind side.

1 n mile

Current vector
50 cm/sec

1 n mile

Current vector
50 cm/sec

Fig. 16: Simulations of spill shape distortion by an arbitrary
current field a) 1 hour after discharging, b) 3 hours after
discharging. The amount of oil, its spreading rate and the
speed of the ship during the discharge are the same as in
figure 15.

b
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SAR sensors detect spills on the sea surface indirectly,
through the modification they cause on the wind-gener-
ated short gravity-capillary waves (Alpers and
Huhnerfuss 1989). Spills damp these waves, which at
oblique incidence angles are the primary backscattering
agents of the radar signals. For this reason, spills are
contrasted on the SAR imagery from the surrounding
clean sea, as dark patches of reduced backscattering.
Therefore, precondition for detecting oil spills with SAR
is the existence of a light wind, sufficient to generate
short gravity-capillary waves on the sea surface. The min-
imum wind speed, referred to as threshold wind speed,
depends on the SAR frequency and the angle of inci-
dence. Different microwave bands probe different spec-
tral regions of the gravity-capillary waves, which in turn
require different levels of threshold wind speed to be
generated. For a C-band SAR, i.e. such as those onboard
the ERS-1, ERS-2 and RADARSAT satellites, at least 2 to 3
m/sec wind speed is required for generating gravity-cap-
illary waves, high enough to scatter back detectable
microwave energy (Donelan and Pierson, 1987). 
On the other extreme, too high wind speed causes the
disappearance of the spill from the SAR image.
Considering only the wind effect (i.e. assuming that the
corresponding sea state is not yet fully developed), at a
certain wind speed, the short gravity-capillary waves will
receive sufficient energy to counterbalance their energy
loss caused by the spill. Under such conditions, spills
may be detected at wind speeds as high as 14 m/sec
(Pellemans et al, 1995, Pavlakis, 1995). As the sea-state
develops however, the increasing turbulence in the
upper sea layer may break up the spill and/or sink it, so
its effect on the sea surface will be drastically reduced.
Hence, with developed sea-state, the upper wind speed
limit for spill detection may drop to lower levels.
Dedicated open sea experiments (Bern et al 1992, Wahl
et al, 1993) indicate, that for wind speeds higher than
10m/sec the detectability of oil spills becomes rather dif-
ficult. This depends however on the oil type, as well as
on the age and the thickness of the spill. 
Extended theoretical and experimental work has been
done so far, for understanding the effects involved in the
damping of the short gravity-capillary waves by mineral
oil spills. However, the responsible mechanisms and their
combinations have not yet been clarified. Central aspect of
such investigations is the variation of the wave damping
strength in a spilled sea surface, as a function of the wave-
length of the sea waves. According to the Bragg scattering
theory (Wright, 1968, Valenzuela, 1978), at oblique inci-
dence angles, the microwave backscattered intensity is
almost proportional to the amplitude of short sea waves,
whose wavelength projection, on the radar look direction
equals the half of the radar wavelength. Therefore, due to
this relation, the wave-damping ratio, between the spilled
and clean sea, versus wavelength of sea waves (or
wavenumber), can be delineated using multi-frequency
scatterometers, and measuring the backscattering at differ-
ent angles of incidence (Wismann et al, 1993). 

According to early investigations of this type, the wave
damping effect was deemed as the result of a resonance-
type mechanism, directly related to the elastic properties
of the floating film of the spill (Singh, at al, 1986, Alpers
and Huhnerfuss, 1988). In grater detail, very thin organic
films floating on the sea surface, when contracting and
expanding under the mechanical motion of the surface
waves, give rise to local surface tension gradients, which
in turn excite longitudinal waves. When such waves come
in resonance with the short gravity-capillary waves, the
latter experience maximum damping. This resonance-
type theory, known also as Marangoni damping, was ini-
tially developed for explaining the sea surface smooth-
ness, caused by very thin monomolecular organic films
of natural occurrence, i.e. the well known sea slicks (Cini.
and Lombardini, 1978, Cini et al, 1983). The consistence
however of such slicks is predominantly hydrophilic.
Thus, they tend to form on the sea surface uniform
monomolecular films, capable to lead to such elastic
boundary conditions. Mineral oils on the other hand are
predominantly of hydrophobic consistence. So, when
spilled into the sea, they spread to form thin layers, but
not as thin as those of the monomolecular natural slicks.
It can be assumed however (Alpers and Huhnerfuss,
1988), that during their fate in the sea, mineral oils mix
with surface-active compounds, formed by photo-oxida-
tion processes and bacterial decomposition. Thus their
presence in the mineral oil spill as impurities facilitate
the formation of even thinner spill-films, capable to
reach locally the necessary elastic boundary conditions
for supporting a resonance-type damping mechanism. 
To evidence experimentally, such a resonance-type damp-
ing mechanism, a relative maximum should be present in
the curve of the spilled/clean sea contrast ratio versus
wavenumber. Multi-frequency scatterometer data how-
ever, obtained through open sea experimental measure-
ments over controlled mineral oil spills, do not reveal
clearly such a relative maximum. Instead, the obtained
spilled/clean sea contrast ratios appear to increase with
wavenumber (Wismann et al, 1998, Gade at al, 1998).
Such results give support to an alternative interpretation,
which can be regarded as more suitable to the
hydrophobic consistence of mineral oils, and so to their
tendency to form thicker spills on the water surface.
According to this, the damping effect of the short grav-
ity-capillary waves is linked, in the case of mineral oil
spills, to their much higher viscosity, rather than to the
elastic properties of their film (Alpers and Huhnerfuss,
1988). This theory is simpler than the resonance-type
one, however the complexity of the overall problem
remains. This is because, the viscous dissipation does
not act alone on the sea surface waves, but coupled with
other complicated mechanisms, linear and non-linear;
namely: the wind forcing, the wave breaking, and the
intrigued exchanges of energy among the waves, when
they resonate together in triplets and quartets
(Hasselman, 1960, Hasselman, 1968). 
However, the viscous-damping consideration has an

Annex B  
On the detectability of oil spills on SAR images
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essential practical value, since it explains reasonably, the
lateral variability of the radar backscattering contrast
within a mineral oil spill, as the result of the lateral vari-
ability of thickness and/or viscosity. Indeed, the multi-fre-
quency scatterometer measurements of Wismann et al,
(1998) yielded such evidence. In greater detail, higher
spilled/clean sea contrast ratios were measured, both
over the thicker downwind parts of a mineral oil spill, as
well as over spills of higher viscosity oil, in comparison to
spills of lower ones. It is obvious that such evidence pro-
vide additional grounds for better apprehension of the
intrinsic features of the spill fingerprints on the SAR
imagery. To this end, since dynamic agents, such as wind,
waves and currents influence the spill structure, the cen-
ter of weight for an essential added value from the space-
borne SAR moves to integrated approaches of interpreta-
tion. This is illustrated in the example of figure 17. The SAR

image presented here (fig. 17a) shows the signature of a
rather fresh oil spill from ship discharging. To reconstruct
the history of the spill the wind speed is needed. This can
be retrieved by the SAR image itself provided however
that its direction is known (Johannessen et al 1998). 
The oil spill reveals clearly its leeward thicker side, by its
darker edge to the west, which together with the orienta-
tion of its banded feathering suggest a wind direction
from ENE. With this information the radar backscattering
cross section of the surrounding the spill clean sea can be
inverted to a high-resolution wind field (fig. 17b). In turn,
this wind field helps to simulate the overall shape of the
detected spill and through trial and error matching to
reconstruct its history, i.e. when its discharging started
and ended, as well as the speed of the ship during dis-
charging (fig. 17c). Such additional information will aid to
link the spill with ship tracks detected in its neighborhood. 

Fig. 17: a) SAR image acquired over Malta, showing the signatures of two oil spills (at the bottom of the image). The one on the
right shows features, which reveal the wind direction. b) The wind field is retrieved of from the SAR image c) Successive
simulations of the releasing scenario of the spill, until to match the imprinted shape. The simulation concludes to a 5 knots ship
speed and 0.06 m3/sec discharging rate. Based on these results the spill can be related to one of the two ship tracks detected
in its neighborhood).
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SAR sensor probes variations of the short gravity-capil-
lary waves. These waves are very sensitive to the highly
variable dynamics, of the atmospheric boundary layer
and of the upper sea layer. So, the SAR image can be
regarded as an instantaneous imprint of the traces of
these dynamics on the sea surface. Since their lateral
variation are expressed also as gray scale variations on
the single band SAR image, they may result to compli-
cated scenerios, posing thus difficulties in the identifica-
tion of man-made oil spills. To this end the experience of
the interpreter and especially its ability to apprehend the
nature of the imaged manifestations, becomes a critical
factor. As such experience however is not widely avail-
able, efforts are in progress, for the development of sys-
tems, which may facilitate the detection and identifica-
tion of man-made oil spills in an automatic or at least in
a semi-automatic way  (Levett and Sullivan, 1993, Wahl
et al, 1994, Calabresi, et al, 1999 among others). A typical
display of such a system appears in fig. 18.
The basic functions of such systems can be described
briefly as follows:
1) Isolation of all the dark signatures presented on the

image, through appropriate threshold and segmenta-
tion processing.

2) Extraction of key parameters for each candidate signa-
ture, which usually are related to its shape, internal
structure and radar backscattering contrast.

3) Test of the extracted parameters against predefined
values, which characterize man-made oil spills, usually
determined through phenomenological considera-

tions and statistical assessments.
4) Computation of probabilities for each candidate signa-

ture on whether it is a man-made oil spill. In more
sophisticated approaches also, environmental para-
meters with impact on the spill shape e.g. the wind
speed and currents, are incorporated in the testing
step (Espedal and Wahl, 1999).

To a certain degree such systems succeed to discrimi-
nate man-made spills, but usually on images with less
complex structure. The main reasons of failure with com-
plex images arise usually from the poor automatic para-
metric description, of key shape features and internal
structures of the spill-candidates. Weak radar backscat-
tering contrast of a spill, combined with intense short
scale image fabric, such as modulations due to the pres-
ence of swell, atmospheric boundary layer rolls, or tur-
bulent wind fluctuations, associated with unstable condi-
tions (i.e. warmer sea surface than the air above) are typ-
ical causes. The inherent noise also of the SAR imagery,
known as speckle, influences the accuracy of parametric
descriptions of spill-candidate signatures. For this rea-
son some filtering of the image is required at a pre-pro-
cessing stage, for bringing it to an appropriate stage for
optimum processing by the detection algorithms.
Usually, the selection of pre-processing parameters is
based on the decisions of the operator. Therefore, his
experience is an important aspect for avoiding biased
results. 
The presence of extended dark manifestations in the
image, due to occurrences other than spills, may not be

Annex C  
The problems in identifying oil spills on SAR images

Fig. 18: The GUI (Graphics
Unit Interface) of the
OSDWS (Oil Spill Detection
Work Station) system,
which is used at JRC. (EOS
Ltd UK).
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a problem for automatic spill classification, unless they
form complex structures of scales comparable to those
of man-made spills. Most prone to such complexities are
the SAR scenes, acquired under near-threshold wind
speed conditions. In such cases, the instantaneous
response of short gravity-capillary waves to the variabil-
ity of the wind, above and below the threshold level, will
cause alternations of dark and bright patches on the SAR
imagery. Besides, lateral variations of the air-sea stability
conditions, may add to the complexity of the SAR scene.
Areas of much colder sea than the air above (i.e. highly
stable condition), require higher levels of wind speed for
short gravity-capillary wave generation (Keller and Plant,
1985, Wu, 1991), thus they may result to dark features at
near threshold wind conditions. Rain showers also cre-
ate short scale turbulence within the uppermost sea
layer, which damp the short gravity-capillary waves, so
they result to dark SAR signatures (Melsheimer et al,
1996). 
Furthermore, dynamics of the upper sea layer, such as
lateral current variations may also contribute to confus-
ing manifestations, when they are associated with dark
components. Shear boundaries between water masses
with different temperature and/or salinity properties,
solitary internal waves and surface current variability
due to shallow bottom topography are a few of a wide
variety of oceanographic features, which may yield SAR
signature components, similar to those of oil spills. Their
confusing effect increases also when they are associated
with natural slicks. 
Such slicks, already mentioned, in the previous section
occur frequently in the sea, especially under wind
speeds less than 5 to 6 m/sec. They are of biological ori-
gin and usually form spatial configurations, aligned to
the sea current patterns, or tend to accumulate along
convergence zones of the current systems, as mineral oil
spills too. Since the damping effect they cause on the
short gravity capillary waves is to some extent similar to
that due to man-made oil spills, they are regarded as
one of the major problems in the man-made spill identi-
fication process, and have been the subject of extensive

investigations. It is worth to mention however, that they
are usually dissolved under moderate wind speeds, e.g.
above 6 to 7 m/sec, under which, signatures of mineral
oil may persist. 
In general, complex structures on SAR images are more
frequent on those acquired over coastal areas, since
many of the aforementioned phenomena are enhanced.
The proximity of land also may introduce additional con-
fusing manifestations. These may include, wind shadows
behind islands, cold water plumes from river outfalls,
cold water upwelling and filaments along shores,
plumes of urban discharges, enhanced turbulence along
shores etc. 

It is obvious that the above constitute a major drawback
of the SAR imagery in detecting and identifying oil spills.
However, even within such a negative background, spills
from ship discharges can be recognized, especially fresh
ones. This is because, through the eye of the experi-
enced interpreter, they appear in the most cases, as a
rather irrelevant disturbance, within the order of the nat-
ural phenomena. Yet, the manifestations of the latter
reveal usually their nature, through features of recurrent
similarities, which help the interpreter to discriminate
them. In this regard, knowledge of local environmental
singularities is a substantial aid for this purpose, since
most of the recurrent similarities are related to them, e.g.
manifestations due to shallow bottom topography.
Furthermore, the investigation of such recurrences is a
key aspect for “training” also computer-based systems,
to do the spill classification process in an automatic way. 
To this end, it has to be stressed, that the difficulties
posed by the so-called spill look-alike manifestations is a
partial drawback, and it is not rational to put the space-
borne SAR surveillance in generalized doubt because of
it. Beyond areas, which may favor the occurrence of such
manifestations, as well as under moderate wind speed
conditions, the complexity of SAR images is drastically
reduced. So, when a spill is imprinted on it, especially if
it is due to ship discharging, it can be identified with a
large degree of certainty. 
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