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Abstract. This study focuses on improving information about oil spill environmental sensitivity in Western
Amazonia, Brazil, by incorporating: (1) results of semivariogram textural classification (USTC) of dua season
SAR image mosaics of the Global Rain Forest Mapping (GRFM) project in order to identify flooded forest and
flooded vegetation; these cover types correspond to the most oil-sensitive habitat in the region; (2) manipulation
of a pair of multiseasonal JERS-1 SAR mosaics using GIS technology to extract information about landscape
modifications within half hydrological cycle. The sensitivity index information derived from JERS-1 SAR data
is straightforward to interpret. Environmental risk assessment using this methodology is carried out along the
Urucu-Coari pipeline, along the planned pipeline between Coari and Manaus and along the Solimdes River
transportation route. Results demonstrate that pipelines constitute an environmentally saver option for oil

transportation in the region.

Keywords: SAR, textural classification, flooded vegetation, Amazonia.
1. Introduction

Habitat sengtivity to ol spills is a function of severd factors, including (1) degree of
exposure to natura removal processes, (2) biologica productivity and &bility to recover
following ail exposure, (3) human use of the habitat, and (4) ease of oil remova (NOAA and
API, 1994). These factors are used to rank the overdl sengtivity of naturad habitats to spilled
ol as pat of the Environmenta Sengtivity Index (ESl). Following this gpproach, ten or more
types of environments are identified, each having varying degrees of sengtivity to soilled ail
and diginct recommendations for emergency response and cleen up. The use of
Environmental  Sengtivity Index (ESl) is fundamentd for oil spill contingency planning and
for dte definition in early dages of pipdine project design. Such environmenta sengtivity
information may seem too draghtforward a firs; this amplicity, however, endbles rapid,
effective decisons to be made in the event of an oil sill.

The globa, continuous, frequent, wesather-independent coverage provided by the
Synthetic Aperture Radar (SAR) system onboard the JERS-1 sadlite endble end users to
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monitor rgpidly changing conditions in cdoud-covered, ran foret regions. Potentid
goplications for pipdine enginesring and environmenta  protection in - Amazonia indude
understanding and management of flood hazards.

The Japanese Earth Resources Satellite (JERS-1) was launched on February 11, 1992;
the misson ended on October 11, 1998. Such a satdllite included a SAR system with a 75-km
wide strip of L-band, HH polarization image data to be acquired a a resolution of 18 meters
(NASDA et al., 2000). The recurrence cycle was 44 days, observations were made with a
look angle of 35 degrees.

Schmullius and Evans (1997) pointed out that L-band and HH polarization are optimal
SAR parameters for monitoring flooded forests. Therefore, JERS-1 SAR can be considered a
prime tool for flood mapping in Amazonia In addition, the orbitd configuration dso made
JERS-1 paticulaly suiTable for continuous mapping of the hydrologicd cycle in the Amazon
River basin, as data were acquired with adjacent passes on consecutive days. This acquisition
manner yielded temporadly homogeneous data over large aress. As a result, JERS-1 SAR
images have been extensvely used to mapping the gpatid and tempora distribution of
flooding in thisrain forest region (Forsberg et. al. 2000).

The Globa Ran Forex Mapping (GRFM) project is an internationa cooperation
effort led by the Nationa Space Development Agency of Japan (NASDA), with the am of
producing spatidly and temporaly contiguous JERS-1 SAR data sets over the tropica belt of
the Eath. The GRFM data st is organized in semi-continenta, 100 m resolution, image
mosaics that are provided free of charge to the internationd science community for research
and educationa purposes.

All mosaics generated within the GRFM project are avalable in CD-ROM format
(NASDA et al., 2000). Due to the large dzes of the 100 m data files derived from full-
resolution JERS-1 SAR images, it was conddered necessary to divide them into smadler
mosaics, or tiles, typicdly embracing a 5° by 5 region. This procedure has been carried out
in order to ensure that users with rdatively limited computer cepacity can display and work
with the data

2. Resear ch Objective

The objective of this paper is to extract sengtivity index information in regiond scde directly
from dud season GRFM SAR image mosaics usng the Unsupervised Semivariogram
Texturd Classfier (USTC). Mapped oil-sengtive environments are subsequently inserted in a
Geogragphic Information System (GIS) for environmenta risk assessment adong pipdines and
aong the Solimdes River ail transportation route, Western Amazonia, Brazil.

3. Study Area

PETROBRAS trangports 6 million cubic meters of naturd gas per day from the Urucu River
region to a temind in the vicinities of Coari, a cty located in the right magin of the
Solimdes River (Figures 1 and 2). The 280 km long Urucu-Coai pipeine is soldy used
nowadays to transport 60 thousands karrels of oil per day from the Urucu oil and gas province
to the Solimdes termind (TESOL). This ail is then shipped to another termind in Manaus
(TEMAN).

At the city of Coari, water leve changes between dry and wet seasons atained a
difference of 14 meters Figure 3). The grong seasond character of the Amazonian climate
gives rise to four disinct scenarios in the annua hydrologica cycle low water, high water,
receding water, and risng water. These scenarios conditute the main reference for the
definition of oil saill regponse planning by PETROBRAS in the region.
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JERS-1 SAR data depicted in dud season GRFM SAR image mosaics are used in this
Sudy to monitor seasona inundation phenomena, in order to highlight flooded areas sendtive
to oil spills (Figures 1 and 2). These mosaics are of semi-continentd scae, with a pixd sze
of 100 meters and acquidtion dates corresponding to subsequent periods of dry and wet
climate (NASDA et d., 2000). SAR image tiles covering the study area are as follows: 112
and 113 (low flood; October, 1995); 312 and 313 (high flood; May, 1996).

4. Environmental Sendtivity Index (ESl) In Western Amazonia

The bass for the definition of a sengtivity index to oil spills in Western Amazonia is the
relaionship between physcd and biologica characteristics of the fluvia environment. Based
on fiedd surveys and previous studies, Araljo et al. (2002) distinguished different habitats in
this region, as shown in Table 1. These habitats were used to rank the overal senstivity of
fluvid aess in Wesdern Amazonia to spilled ol as pat of the Environmenta Sengtivity
Index (ES). The mogst sengtive fluvid environment to oil spills was given an index of 10b;
the leest sendtive, an index vdue of 1 (Table 1). Visud ingpection of the high flood GRFM
mosaic (Figure 2) indicates a widespread occurrence of double bounce reflections off flooded
forests. Such a backscatter mechanism occurs when the JERS-1 SAR beam reflects off both
the tree trunks and the smooth reflective surface of the water. JERS-1 SAR images therefore
demongrate that the study area was extensvely by covered flooded forests in May 1996,
which isthe mogt oil-sensitive habitat described in Table 1 (ESI Ranking = 10b).

Table 1. Oil Spill Environmenta Sengtivity Index (ES) for fluvid regions of Amazonia
Source: Araljo et al. (2002).

ESI HABITATS
RANKING

1 Manmade structures

2 Exposed rocky platform or outcrop

3 Reapid / waterfdl

4 Scarp / cliff

5 Exposed sand / gravel beach or bank

6 Sheltered sand / gravel beach or bank

7 Exposed mud beach or bank

8 Sheltered mud beach or bank

9 Confluence of rivers and lakes
10a /Aquetic vegetation bank (macrophytes)
10b Hooded vegetation (1gapds, varzea, chavascal, campo)

5. Image Processing

Rdiance on spatid dructure for remote sendng data classfication is useful when the texturd
characteridics of an image ae more important than its spectral information content. In the
cae of a dngle-frequency/single polarization spaceborne radar sysem such as the JERS-1
SAR (L-band/HH polarization), it is agppropriate to choose a classfier that consders a pixe
vaue in the context of its nearest neighbors. One way to carry out this approach is to examine
image texture usng the semivariogram function.

The Unsupervised Semivariogram  Texturd Classfier USTC is a deeminisic
classfier, which provides the option of combining both texturd and radiometric information
(Miranda et a., 1997). Radiometric information is conveyed by the despeckled digital number
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(DNggp) vaue. Texturd information is described by the shegpe and vaue of the circular
semivariogram function, which has the following form:

g (X, h) = (1/2n) &0%PY o (DN(Xo+r) - mu(Xo)), where:

g (Xo,h) is the semivariogram function a pixe location Xo and radid lag distance of h pixes
DN(Xo+r) is the digitd number value & radid lag distance r from X (radius h, angle g); mu(Xo)
is the mean vaue of a circular neighborhood of radius H, center %; H is the maximum radid
lag digance (in pixds) suiTable to describe the data; n is the number of pixd neighbors a
radid lag digance h. Texturd information is also described by the digitd number variance in
a drcular neighborhood of radius H aound the pixd Xo (s %H(X)). The DN variance is
included in the classfication procedure because it reflects the vaue of the semivariogram
function for avery large lag distance (greater than H).

The ISODATA clugering agorithm is applied in order to cary out the unsupervised
classfication of this set of vectors. After the unsupervised classfication, results obtained from
the clusering progran ae merged together through interactive cdass aggregation (an
aggregate is a grouping of one or more classes consdered to be of thematic significance).

The Unsupervised Semivariogran Texturd Classfier (USTC) was gpplied in this
sudy to discriminate and map cover types associated to the following scattering mechaniams
(1) specular reflection (mostly open water, but adso pasture, clear cuts and airstrips); (2
double bounce (mostly flooded forest, but aso urban aress); (3) diffuse backscatter (upland
forest); (4) predominantly forward scattering (flooded vegetation with low to intermediate
vaues of biomass above water). Results for low and high flood GRFM SAR image mosacs
are shown in Figures 4 and 5 respectively. FHooded forest and flooded vegetation correspond
to the mogt oil-sendtive habitat described in Table 1 (ESl Ranking = 10b) and are therefore
submitted to further andyssin a GIS environment.

6. Manipulation of Environmental Sensitivity Index (ESl) Information Usinga GIS

Probably the single most dgnificant aspect of GIS is the ability to combine different spetia
data together. The purpose of making such combinations is to identify and describe spatid
associations present in the data, and to use modes for analyss and prediction of gspatia
phenomena. In this study, we use a method of comparison and combination of USTC-
dasdfied images in pars (low and high flood). When two USTC-cdassfied mosaics are
combined, the result is a newly derived imege that can be visudly inspected for spatid
associations. Correation of cover types representative of oil-sengtive habitets usng a par of
multiseasond JERS-1 SAR mosacsis cartanly enlightening.

The method used in this dudy for combining image pars is cdled marix overlay.
Each combination of cover types from the two input USTC-classfied GRFM SAR mosacsis
assigned an output class (Figure 6). The god is to utilize knowledge about these change
detection classes (from low to high flood) to extract information about landscape
modifications within haf hydrologicd cyde. The most remarkable landscepe change is
represented by class C15', which corresponds to upland forest in October 1995, to flooded
forest in May 1996. It is important to point out that this class accounts for the 15,95% increase
in area of the mogt oil-sengdtive habitat in the ESI Rarking (10b).

The USTC-classfied GRFM SAR mosaics are dso combined to define a Seasond
Sengtivity Index Ranking (SSIR). Firdt, we assgn weights for each cover type mapped in
Figures 4 and 5. Such weghts quditaively express how these remotely-sensed classes are
impacted in the event of an oil soill. Furthermore, we caculate the sum of weights
corresponding to the change detection classes defined in Figure 6. These vaues are
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subsequently grouped together to define five broad SSIR categories, as follows very high
(SSIR = 20), high (SSIR = 15), intermediate (SSIR = 10), low (SSIR = 5) and very low (SSIR
= 0). These SSRI categories correspond to anew set of map classes.

Findly, we identified the spatid didribution of the SSIR mgp classes dong pipdines
and dong the Solimdes River oil trangportation route, within a regiona buffer 20 km wide.
The buffer areas correspond to the Urucu-Coari pipeline, to the location of the planned
pipeline between Coari and Manaus, and to the Solimbes River trangportation route between
the Solimdes (TESOL) and Manaus (TEMAN) terminds. In the Urucu-Coari pipdine, SSIR
map classes associated with very high (SSIR = 20) to high (SSIR = 15) oil spill seasond
sengtivity comprises 10,9% of the 20-km buffer area Figure 7). In the region embracing the
planned pipdine between Coari and Manaus, SSIR map classes associated with very high
(SSRI = 20) to high (SSIR = 15) ail spill seasond sengtivity comprises 43,30% of the 20-km
buffer area (Figure 7). This vadue is remarkably lower than the one observed dong the
Solimdes River trangportation route between TESOL and TEMAN (57.60%; see Figure 7).
Such a result demondrates that pipdines conditute an environmentally saver option for oil
trangportation between Coari and Manavs.

7. Conclusons

This sudy focuses on improving information about ol spill environmental sengtivity in
Western Amazonia, Braxzil, by incorporating: (1) results of USTC classfication of dua season
GRFM SAR image mosaics in order to identify flooded forest and flooded vegetation; these
cover types correspond to the most oil-sengtive habitat in the region (ESl Ranking = 10b); (2)
manipulaion of a par of multiseesond JERS-1 SAR mosaics usng GIS technology (matrix
overlay method) to extract information a&bout landscape modifications  within - hdf
hydrologicd cycde. The sengtivity index information deived from JERS-1 SAR data is
draightforward to interpret and congtitutes a representation of the origind ES product
conceived by PETROBRAS.

The mogt remarkable landscape change in the study area is represented by the
converson of upland forest in October 1995, to flooded forest in May 1996. This change
detection class accounts for the 15,95% incresse in area of the most oil-sengtive habitat in the
ESl Ranking (10b).

Sengtivity information from the dud seeson USTC-classfied GRFM SAR mosacs is
obtained within a 300 m buffer embracing the Urucu-Coari pipdine project design area
Results demondrate that this pipeine is modly Stuated in areas where oil soill environmentd
sengtivity isnot high throughout the hydrologica cyde.

The USTC-classfied GRFM SAR mosacs are dso combined to define a Seasond
Sengtivity Index Ranking (SSIR). Environmental risk assessment usng SSIR is carried out
adong the Urucu-Coari pipdine, dong the planned pipeline between Coari and Manaus, and
aong the Solimbes River transportation route between TESOL and TEMAN. Results are as
folows (1) the Urucu-Coai pipdine is modly Stuated in aress where oil spill environmental
sengdtivity is not high throughout the hydrologicd cyde (2) pipdines conditute an
environmentaly saver option for oil trangportation between Coari and Manaus.
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Figure 1. Low flood (October 1995) GRFM image mosaic (tiles 112 and 113).

Figure 2. High flood (May 1996) GRFM image mosaic (tiles 312 and 313).
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DAILY WATER LEVEL AT COARI
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Figure 3. Daily stage height readings (cm) at Coari (July 1982 to December 1998). Source:
National Agency of Electric Energy (ANEEL).

Figure 5. USTC-dassfied GRFM image mosaic (high flood).
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Figure 6. Map of change detection classes defined using matrix overlay
(low to high flood).
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