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The coastal zone of São Paulo is characterized by a number of fragile ecosystems such as sandy beaches, estuaries,
rocky shores, mangroves and the presence of one of the largest ports of South America (Santos Port) located in the
central portion of this coastline. Further to the north there is a crude oil terminal called TEBAR, in front of São
Sebastião Island. Both areas have been threatened by oil spills with a known history of accidents dating back to the
70's. Environmental Sensitivity Index (ESI) maps are an integral component of oil spill contingency planning and
emergency response, and it has become a powerful tool to reduce the environmental consequences of oil spills,
helping prioritize the placement and allocation of resources during cleanup efforts. This paper presents the results on
how digital image products and geodatabase modeling can be used to derive ESI maps and vulnerability scenarios.
The model uses query tools built in a Geographic Information System (GIS) to access physical, biological and
human-use attributes and indicates relative contamination risk. An approach based on conceptual modeling of
climatological processes (atmospheric front passage vs. fair weather) and morphology of the coastline is used to
generate specific vulnerability scenarios. The vulnerability scenarios have been successfully validated with a
historical database of recorded oil spills, indicating the usefulness of remote sensing data and GIS in contingency
planning and assessment of oil spill effects on a tropical environment.
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Environment Sensitivity Mapping and Vulnerability Modeling for Oil Spill
Response along the São Paulo State Coastline

S. L. Carmona†; D. F. M. Gherardi‡ and M. G. Tessler†

INTRODUCTION

The coastal zone of São Paulo is characterized by three main
coastal systems: sandy beaches, rocky shores and estuaries.
These natural systems occur along one of the most developed
regions in Brazil where biological resources and habitats are
threatened by numerous human activities such as industry and
tourism. Since 1970 sensitive coastal ecosystems including
mangroves have been affected by oil spills (C , 1996;
P , 2000). The main source of pollution are the activities
related to discharge of crude oil in the most important Brazilian
oil terminal located in the São Sebastião channel. Recent
estimates accounting for increased oil and gas revenues from
the Santos Basin will probably magnify the risks of accidents
due to the intensification of tanker traffic and activities
involving oil discharge.

The main objective of this study is to present a scheme that
incorporate orbital image and meteo-oceanographic data to a
geodatabase model that determine the environmental
sensitivity and vulnerability of the coastline. The scheme is
supported by a GIS software and generates maps with
biological and human-use resources, shoreline Environmental
Sensitivity Index (ESI), and vulnerability scenarios following
the onset of an oil spill. Results can also be printed to generate
an atlas with 1:50000 and 1:100000 ESI maps. All relevant
information stored in this geographic database can be updated
and readily consulted by any contingency team before or during
an oil spill.

Visual interpretation of spectrally transformed Landsat 7
ETM+ images, digitalized thematic maps, field investigations
and contextual analysis are integrated in a digital geodatabase to
generate a vulnerability model and ESI maps. Digital image
processing and geodatabase creation were carried out using
SPRING 4.0 (C , 1996) and MSAccess.

ETM+ Landsat 7 images acquired between June and July
2000, were first corrected for atmospheric effects using the 6S
model (V , 1997) and then the spectral (except
band 6) and the panchromatic (pan) bands were restored to 15 m
and 5 m pixel size, respectively. The restoration filter is a
combined interpolation - restoration technique (F .,
1993) that allows changing the pixel size of an image. The
images were registerd to a SAD 69 UTM projection using a
first-order polynomial fit. The pan image was merged to
ETM3,2,1 and ETM4,5,3 composites using the IHS
transformation technique after being normalized to the
reference intensity image (C , 1990). The resulting
RGB composites were visually interpreted to highlight
important features such as mangroves, sand bars and low-tide
terraces, tidal inlets, beaches, drainage, urban areas, tropical
forest domain, and accesses to produce a thematic base map.

Wind climatology strongly influences local waves, which in
turn, influences sediment dynamics and controls oil behavior
(persistence and ease of natural cleanup). South Atlantic winds
are largely controlled by the SouthAtlanticAnticyclone (SAA).
The SAA persists during the whole year, intensifying during
austral winter (July) and weakening during summer (January).
This meteorological system is responsible for forcing the
northeast winds. The influence of this system on coastal
processes can be overridden by unstable conditions generated
by moving frontal systems (cold fronts) associated with the
Migratory Polar Anticyclone. It is originated in higher latitudes
and move to northeast generating southeast winds. The passage
of cold fronts can be anticipated by a low pressure trough,
therefore, atmospheric pressure at sea level can be used as an
indicator of change in wind direction. Cold front occurrence
averages three to five per month, with an interval of 6-10 days
between events (C and L , 1995).

The vulnerability of any segment of the coastline can be
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determined according to its shape and exposure to the dominant
wind direction at a particular time (first order beach features
sensu H , 1994). The vulnerability model has been
conceived to determine the likelihood of a specific coastal
segment to be contaminated by an oil slick from an arbitrary
source, depending on the local meteorological condition that
affects Southeast Brazil.

The rationale of the vulnerability model is based on the
following:

- wind direction controlled by the SAA (fair weather) or by
frontal system passage generate wind driven surface currents
along the inner shelf with NE and SW-SE direction,
respectively (C , 1990).

- Coastline exposure to specific regional meteorological
systems and wind driven surface currents depends on first order
beach features such as configuration and exposure of coastal
segments.

- A floating oil slick will move by wind driven currents
generated under fair weather or cold front conditions.

To validate the model, historical records of sixteen events
involving oil spill and their respective climatological data were
analyzed. According to C (1996) and P (2000) spill
records date back to 1974, involving mainly heavy oils
belonging to Group III (low weathering and API between 17.5
and 35), and spilled volumes in excess of 10m . Atmospheric
pressure at sea level, wind speed and direction, front evolution
and weather condition were recorded for a period of 7 days
before the spill, at the time of spill, and 7 to 20 days after the
spill. Table 1 shows the mean figures for SAA and cold front
passages along São Paulo coastline obtained during recorded oil
spills. All coastal segments affected by oil and the respective
slick trajectory were mapped (C , 1996) and compared
with the vulnerability model results.

ESI mapping relied on extensive field surveys aided by
digital image processing products for the identification of
coastal habitats, sensitive environments, biological resources
and human-use resources. Environmental parameters recorded
during visits to the field are grouped into three general types of
information (H , 1997; M 1999): 1) shoreline
classification, 2) biological resources including threatened or
endangered species, as well as species of commercial or
ecological importance, and 3) human-use resources such as
recreational areas (e.g. public beaches, marinas), special
management areas, water intake, and access.
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Logical Model of the ESI Geodatabase

RESULTS

The Geo-OMT data model developed by B (1997) was
used to generate the vulnerability and ESI Database. It is an
extension of the OMT (Object Modeling Technique) model for
geographic applications providing primitives for modeling the
geometry and the topology of spatial data, supporting different
topological structure, multiple views of objects, and spatial
relationships. All objects, attributes and relationships were
established to build a logical model for ESI database including
biological, human use, access, shoreline ESI, vulnerability
shore, historical accidents and climatological data.

The restored ETM+ bands were fused via IHS
transformation generating two composite images, the
ETM3,2,1 plus pan and
the ETM4,5,3 plus pan. A high performance, 5x5m pixel size
product, was achieved by retaining thespectral information

of th e multispectral data while incorporating the high
frequency information present in the pan data.

The visual image interpretation combined with ancillary data
obtained during field surveys resulted in a high quality basemap
representing mangroves, sandy beaches, urban areas, accesses,
tidal inlets, low-tide terraces, waters bodies, rocky shores,
manmade structures, and the Serra do Mar ridge crystalline
complex.

The São Paulo Oil Spill Database (SOS) was generated
containing two independent and complementary interfaces:
vulnerability and sensitivity. The vulnerability interface offers a
set of structured queries where users can access and visualize
the vulnerability of coastal segments to an oil slick according to
predetermined meteorological scenarios. Two vulnerability
scenarios for the northern shore of São Paulo state were
analyzed, under fair weather and frontal systems, respectively.
The position of source point is the DTCS (Duct and Terminal of
Central South belonging to Petrobras, Brazilian Oil Company)
located in the São Sebastião channel. Oil spill conditions are
simulated according to C (1996) and P (2000) data.
Coastal segments are characterized by embayments with sandy
beaches, rocky shores and small mangrove forests. These
coastal segments face SE, SW, S and E directions, except for the
southern sector where the coastline is mostly linear facing to the
south.

The fair weather condition generates NE winds and SW
surface currents. All coastal segments exposed to NE winds are
indicated as vulnerable by the model. A response team can
access, by a logic query expression, the main characteristics of
each coastal segment stored in a relational table. If there are
sensitive sites, possible impacts and protection strategies can be
readily determined.

For a cold front scenario, vulnerable coastal segments will be
exposed to a high energy wind system and stronger currents.
The oil slick moving to the north can affect several coastal
segments and islands in a relatively short time. Also, current
patterns in the São Sebastião channel are highly influenced by
local wind, whereas tidal currents are comparatively less
important (E , 1962; K , 1967; C , 1990).
C (1990) found maximum speeds of 0.45 m/s and 0.54
m/s for southwest and northeast currents, respectively. This
speed can increase under cold front conditions intensifying
northern currents.

The validation procedure compared the oil spill that took
place in the São Sebastião channel under a frontal system
passage with the vulnerability model output (Figure 1). The
time scale considered for the comparison between the actual
event and model output did not exceed two days after the cold
front passage. It should be noted that model results strongly
depend on the cold front evolution and strengh. The
vulnerability model result was compared with the Marina
tanker accident that occurred on 18, March 1985. The tanker
collided with the pier while maneuvering resulting in a spill of
2500 m of Group III (Heavy Maya) oil. The oil slick movement
followed the prevailing wind and current direction coming from

ORGES

ETESB OFFO

MILSSON VINGE ASTRO

ASTRO

3

Journal of Coastal Research Special Issue 39, 2006,

Table 1. Climatological data for South Atlantic Anticyclone and
cold fronts (from synoptic charts issued by the Brazilian
Hydrographic Service).

Meteorological
Systems

Mean
Atmospheric

Pressure (mbar)

Wind
Direction

Wind
speed
(m/s)

SAA 1014 1020 NE 5-8
Cold Fronts 1008-1012 SW-SE > 8

Table 2. Environmental Sensitivity Index Applicable to the São
Paulo Coastline (based on 1999).MICHEL,

Type of shoreline ESI

Exposed rocky shore 1A
Exposed, solid man-made structure 1B
Fine to medium grained sand beach 3A
Coarse-grained sand beach 4
Talus deposit 6B
Exposed tidal flat 7A
Exposed low-tide terrace 7B
Sheltered rocky shore 8A
Sheltered, solid-man made structure 8B
Sandy/muddy bar 9A
Vegetated low bank 9B
Mangrove 10

Carmona et al.1456
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south, contaminating the shore along São Sebastião channel. A
few hours later several coastal segments between São Sebastião
channel and Ubatuba region had been oiled. Figure 1 shows that
the vulnerability model query, carried out under the same
meteorologic conditions, produced results similar to what had
been observed in the aforementioned accident. Model
simulations using conditions observed in other accidents such
as the Brazilian Marina (1978), Cassarogongo (1983), Tebar III
(1988), Tebar IV and recently Marita (2002) also generated
coherent results.

Complementary to the vulnerability scenarios, the SOS
database also offers the sensibitivity interface containing ESI
ranking and biological and human use resources (Figure 2).
Each spatial object is represented by lines, polygons or icons,
and all attributes are stored in a relational table form. Mapped
coastal environments are classified in twelve different types,
each having variable degrees of sensitivity and distinct
recommendation for emergency response and cleanup (Table

2). The most sensitive environmental areas are the mangrove
forests and the least sensitive areas are ther exposed rocky
shores. Mangroves are ubiquitous in the Baixada Santista
estuary (central portion of São Paulo State coastline)
andCananéia-Iguape complex (south portion São Paulo State
coastline). The rocky shores are concentrated along the north
São Paulo State coastline.

Impacts on coastal environments caused by oil spills are
complex and spill response teams must be always prepared to
assimilate a great deal of information to achieve an optimal
response action. These informations include the type of oil,
likely trajectories considering various physical processes,
probable resources threatened by oil, presence of sensitive
areas, and available protection equipment and the applicable
clean up techniques (G and P , 1999).

DISCUSSION AND CONCLUSIONS

ALT AYTON

Figure 1. Vulnerability scenarios: (a) vulnerability model output for cold fronts vulnerable segments are in thick black lines. (b)
Validation of the vulnerability model using the Marina oil spill data (C , 1996).ETESB

Figure 2. An example of a ESI map for Bertioga Inlet, central São Paulo State coastline.
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The SOS Database has been idealized to respond to the
specific demands of contingency planning for oil spill
accidents. The use of remote sensing data combined with digital
image techniques is extremely important to generate an
accurate and updated sensitivity index map. Several targets
associated with land use and land cover were enhanced by
restoration algorithm and fused images products.

Vulnerability scenarios were generated by a process oriented
modeling based on exposure of coastal segments to surface
currents forced by predominant meteorological systems (wind
systems). The model is not meant to substitute the traditional
trajectory numerical models, but it does integrate a wealth of
oceanographic, meteorologic and environmental data to
support an structured geodatabase query that shows the
tendency of a specific coastal segment to be oiled. Actual
accidents scenarios were highly correlated with the
vulnerability model output during frontal systems and fair
weather conditions. The vulnerability SOS database interface is
complemented by a sensitivity interface that can be used during
the decision making process. The sensitivity interface contain
all the information necessary to generate environmental
sensitivity index maps as recommended by H (1997)
and M (1999).An atlas with 1:50000 and 1:100000 scales
has been produced for the entire São Paulo State coastline. With
these maps, sensitive areas likely to be oiled under different
environmental conditions can be easily and readily identified.

The SOS Database query has been structured according to
the minimum regret strategy as recommended G and
P (1999), where information on both high tendency of
contamination and high value or shoreline sensitivity can be
used to maximize response actions.

The authors would like to acknowledge the financial support
for the project provided by FAPESP (process no. 00/00195-6
and 01/2499-0).
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