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Quantifying coastal sensitivity to oil
spills for risk assessment purposes
Summary
A proper knowledge, identification and quantification of the coastal vulnerabilities in
the case of an oil spill incident is an important asset in the definition of contingency
planning and risk assessment approaches, tactical response, and also in the definition of
adequate environmental monitoring programmes. For instance, coastal vulnerabilities
may help decision-makers in prioritization in the different stages of risk management:
before, during and after a spill.
The work here presented includes the definition of methodologies for quantification of
coastal vulnerability to oil spills, through the design of different coastal sensitivity
indices applied in the Portuguese continental coast.
Three different sensitivity indices were considered: socio-economic index (related with
the potential social and economic consequences); ecological index (related with potential
damage to highly significant biological and ecological resources); and a coastal
sensitivity index (related with the generic shoreline environmental sensitivity to oiling
and easiness of clean-up and restore operations, mainly influenced by geomorphologic
and morphodynamics aspects of the shore).
Along with desk work, based on Aerial photos and on Google Earth, field surveys were
conducted to define the coastal sensitivity index. The methodology was adopted from
NOAA’s ESI shoreline ranking. Socio-economic index was totally based on statistical
information, mostly from official data sources. The methodology was adapted from
previous work developed in the Iberian coast. Ecological index was based on identified
networks of marine protected areas (RAMSAR, NATURA 2000).
The sensitivity indices obtained for the pilot area were defined with a very high spatial
discretization, dividing the shoreline in multiple segments or stretches in extensions
that can be as small as 200 meters, realistically representing the variability of the
shoreline wherever information is available. The information is available on the web

through Google Earth, and this kml format is directly imported to a dynamic risk
assessment tool.
The adopted high level of spatial resolution improves the identification of the spatial
heterogeneities in the coastal vulnerability and therefore provides uncommon and
valuable baseline information able to help authorities in efficient risk management. For
instance, when facing long shoreline contamination extensions, responders can
prioritize cleanup operations in areas with greater sensitivity.

1 - Introduction
Oil spills at sea are identified as one of the worst man-made hazards, representing
important damage to marine ecosystems and public health, but also threatening local or
even regional coastal economies somehow dependant on coastal activities, like tourism,
fisheries, among others. The environmental impacts and socio-economic consequences
can persist for several years, and some ecological resources or ecosystems may be
irreversibly affected. When approaching and contacting the shoreline, the response and
cleanup strategy can differ significantly, as a function of the type of the coastline – some
types of coastline may be easier of harder to recover or to restore.
All those aspects are usually taken in consideration in risk management, and specifically,
in the definition and quantification of risk levels. Risk quantification is rather important
to support contingency planning or tactical response, even if only relative values are
used (either compared in time, or in space). A valid and useful risk model to the decisionmakers needs to consider not only the quantification of probability or hazard assessment
aspects, but also the estimation of specific coastal sensitivity of the exposed areas.
Areas with high sensitivity and high probability of being affected by oil are considered
more vulnerable than areas with low sensitivity and/or low probability of being affected.
In this sense, the vulnerability maps should integrate information on environmental
sensitivity to oil, obtained from the widest possible combination of environmental
aspects, as geomorphological, chemical and physical characteristics and the biological,
bathing, aesthetic and socio-economic responses (Castanedo et al., 2009).
One of the first methods to classify coastal sensitivity to oil spills was proposed by
Gundlach and Hayes (1978). These authors classified coastal environments based on
physical and geomorphological aspects. In 1979, United States National Oceanic and
Atmospheric Administration (NOAA) introduced the Environmental Sensitivity Index
(ESI) maps as an integral part of oil spill contingency planning and response. In 1989
these maps started to be distributed in digital formats using GIS techniques (Peterson
et al., 2002). ESI maps still remains as one of the approaches most broadly used in the
coast, estuaries and river environments, contributing to reduce environmental damages
and cleanup efforts in the sequence of oil spills. ESI maps compile a set of key features
such as a shoreline geomorphology sensitivity rank to oiling, and biological and humanuse at-risk resources.

During the 2000’s, and after that, new and improved approaches appeared worldwide,
structuring oil spill sensitivity into three main layers, based on physical, biological and
socio-economical dimensions related to the coast, and using quantitative approaches. In
2004-2007 period, in the aftermath of Prestige oil spill incident, one of the first
methodologies integrating not only ESI index classification, but also a socio-economic
index was developed in the scope of EROCIPS project – those indices were integrated
in the Portuguese Coastal Atlas, which was released online for the public in Google
Earth format, and also included images of the different shoreline segments all around
the Portuguese continental coast (MARETEC, 2007). Although this work has
established an ultra-refined discretization of the Portuguese coastline based on the ESI
classification, measured with a thorough field work, this work lacked in objectivity
associated to the methodology applied to the socio-economic index.
In 2009, some approaches using 3 main layers could be found for instance in Castañedo
et al., 2009 – applied to the Cantabrian coast in Spain. Santos and Andrade, 2009 and
later in Santos et al., 2013 – applied a methodology to the Portuguese mainland,
involving 2 main dimensions – socioeconomic and ecological (with this one including
shoreline type and protection and conservation areas). This work resulted in a
classification divided by municipalities, which may not reflect the heterogeneity of the
coastline. Leal, 2011 proposed a new quantitative approach, applied for the southwest
Algarve coastal area, considering not 3, but 4 groups for coastal sensitivity: the
relevance of the recreational bathing waters, ecological relevance, type of coastline, and
accessibility to the coastline. This methodology is particularly interesting for coastal
areas with high interest from a recreational point of view. Finally, in 2013, Oliveira et
al., 2013, reviewed the previous methodologies and proposed a new one, very detailed
and applied to the coastal lagoon in Portugal (Ria de Aveiro).
The main objective of this work is to design and implement an adequate quantitative
methodology for coastal vulnerability in the Portuguese continental coast, mainly
supported by objective parameters, and based on previous research and field work, and
common methodologies already developed in the area of study, when and wherever
possible.
The area of study (Portuguese continental coast) is a highly sensitive area in multiple
physical, biological and socio-economic aspects, and at the same time, highly exposed to
potential oil spill contamination incidents, mainly due to heavy maritime traffic along

the coast. Although increased safety in shipping industry (e.g. double hull) and coastal
surveillance mechanisms (e.g. VTS, AIS, EMSA’s CLEANSEANET system) allow to
mitigate the risk in the Portuguese coast, the increasing seaport activities, shipborne
trade, ship traffic and size of the vessels contribute to increasing concerns in terms of
contamination incidents.
The evolution of the economy in Portugal, more and more related to coastal tourism
and sea economy, and with most of the population living close to the sea, increases the
pressure on the existing environmental and biological coastal resources.

2 Generic approach and methodology
Based on the work previously done in EROCIPS in terms of the segmentation of the
Portuguese coastline and the corresponding coastal sensitivity index; and integrating
the methodologies generated in the meanwhile as described in the section above, a new
method was proposed for the classification of the coastal vulnerability.
Coastal vulnerability was divided by 3 different indices: coastal sensitivity index (CSI),
socio-economic index (SESI) and ecological index (ECSI).
Those indices were then integrated and made available in digital format, on the web
through Google Earth (see example for the Portuguese continental coast:
http://arcopol.maretec.org/coastalatlas/netlink.kmz).
The construction of those indices was based on the combination of aerial photos, Google
Earth images, field surveys in the shoreline, statistical data and bibliographic reviews.
The vulnerability indices obtained were usually defined with a high spatial
discretization, dividing the shoreline in multiple coastline segments (or stretches) in
extensions that can be as small as 200 meters, realistically representing the variability
of the shoreline. The Portuguese continental coast was divided in more than 1000
segments, with an average segment length of 1230m, and a median length of 435m.
The coastline was initially divided into segments according to the CSI variability /
heterogeneity, which is assumed to be the most important sensitivity index in terms of
risk analysis and response to oil spills. The other indices (SESI and ECSI) followed
exactly the same segment division defined in CSI. Thus, some multiple consecutive
segments have the same values for SESI and ECSI. The adoption of common segment
divisions for all the indices is important, because this division will be also used to
characterize / the risk indices (a risk value will be computed by segment).
Each of the coastal vulnerability indices have a classification ranking (CSI - 1 to 10; SESI
- 1 to 5; ECSI – 1 to 5). Higher values mean always higher sensitivity to oil or chemical
spills. For instance, a value of 10 in CSI means that the coastline will be extremely
sensitive and difficult to clean.
In the next chapters, more information about each one of the coastal vulnerability
indices is provided.

3 Coastal sensitivity index (CSI)
This index (CSI) represents the quantification of the valuation of the environmental
sensitivity (ecological, landscape) of the areas of the maritime coast and/or the
surrounding waters that can be reached by sea pollution from hydrocarbons and/or
other dangerous substances spills.
For the general group of areas of the maritime coast, NOAA’s ESI (Environmental
Sensitivity Index) ranking (http://response.restoration.noaa.gov/maps-and-spatialdata/shoreline-rankings.html) was adopted. The ranking of this index, which varies of
1 to 10, coincides with the scale of the NOAA’s ESI (Petersen et al., 2002), defined to
characterize zones of the shoreline in function of the following parameters:
-

Exposure to wave and tidal energy

-

Slope of the coast (intertidal zone)

-

Type of substrate (size, permeability and mobility)

-

Biological productivity and sensitivity

-

Ease clean-up

The colours used to visualize the CSI ranking are the same as used in NOAA’s ESI (see
next table).
Table 1 - Classes used for costal sensitivity index (CSI)

Colour

CSI

Colour code
(RGB)
R
G
B

1

119

2

174 153 191

3

0

38

105

151 212

4

146 209 241

5

152 206 201

6

0

CSI and type of shoreline
1A: exposed rocky shores
1B: Exposed, solid man-made structures
Exposed Wave-cut Platform in Bedrock, Mud, or Clay. Medium slope
Exposed fine to medium-grained sand dissipative beaches
Exposed beaches with coarse grained or fine to medium-grained sand;
sheltered beaches with fine grained sand
Mixed sand and gravel beaches
6A: Gravel beaches
6 B: Riprap

149

32

7

214 186

0

Exposed tidal flats

8

225 232

0

9

248 163

0

8A: Sheltered scarps in bedrock, mud or clay
8B: Sheltered, solid man-made structures
9A: Sheltered tidal flats
9B: Sheltered low banks

10

214

0

24

Salt and brackish waters marsh, freshwater marshes,
mangroves or scrub wetlands

swamps,

A rank of 1 represents shorelines with the least susceptibility to damage by oiling.
Examples include steep, exposed rocky cliffs and banks. The oil cannot penetrate into
the rock and will be washed off quickly by the waves and tides.
A rank of 10 represents shorelines most likely to be damaged by oiling. Examples
include protected, vegetated wetlands, such as mangrove swamps and saltwater
marshes. Oil in these areas will remain for a long period of time, penetrate deeply into
the substrate, and inflict damage to many kinds of plants and animals.
In regions like coastal shoreline (restricted) waters, commercial ports, and all-purpose
terminals, fishing ports, marinas or yacht harbours, and unrestricted waters, CSI is
invariable and considered to be 6.
As a reference, in Continental Portugal, the CSI values obtained vary from a range of 1
to 10, with an average value of 4.1 and a median value of 3, which means that the most
common type of coastline in Portuguese continental territory is “Exposed fine to
medium-grained sand dissipative beaches”. The next image shows a zoom of CSI in the
Tagus estuary.

Figure 1 - Coastal Sensitivity Index in the Tagus Estuary

4 Socio-economic sensitivity index
This index (SESI) intends to reflect the social-economic relative importance to the
populations of the exploitation of the coastal zone under analysis (e.g. a beach not often
used, or used but without significant infrastructures, and/or a beach with important
economic value - restaurants, etc.). While the coastal sensitivity index CSI already
considers the normal habitats for that shoreline, it does not consider other
improvements that can exist in the zone and that are not specific of the characterization
of index CSI, as fisheries or aquaculture, that have to be considered through the socialeconomic index SESI. This index varies from 1 to 5.
The determination of the SESI absolute values previously mentioned (1-5) was a result
of the consideration of different socio-economic groups assuming different relative
weights to each one. The relative weight of each group was based on different references
(Leal, 2011; Castanedo et al., 2009; Santos et al., 2013). Based on that, it was assumed
that the local population that lives in coastal parishes is the most important factor, with
a relative weight of 50% (Santos et al., 2013 uses 60%). The relative weights from the
remainder groups (fisheries and aquaculture, tourism, and recreational activities) are
mainly based on the work proposed by Castanedo et al., 2009 – which takes in
consideration the impact degree and the recovery time from past accidents as
multiplying factors. Although Castanedo et al. 2009, separated the fisheries from the
aquaculture, in this revision aquaculture was considered as an integrative part of
fisheries (due to lack of detailed statistical data from aquaculture activities), and
therefore the impact degree and recovery time adopted was based on the values obtained
from Castanedo et al., 2009 for the fisheries only. The next table reflects the relative
weights used in the socioeconomic index.
Table 2 - relative weights from the different groups used in the socioeconomic index

Impact degree Id
(%)
Recovery time Rt
(months)
Weight
(Id x Rt)
Relative weight
in socioeconomic
index (%)

Tourism

Fisheries / aquaculture

10

100

Recreational
activities
100

6

4

0.25

600

400

25

6.18%

41.24%

2.58%

Population

n/a

50%

Each group is composed by one or more statistical indicators. Since all of them have
different units, they are normalized to an identical interval following a min – max
approach, therefore converted to a scale between 0 and 1 (Santos et al., 2013):
(𝑥−min)
𝑚𝑎𝑥−𝑚𝑖𝑛

(1)

After applying all the previous calculations considering table 6, the obtained integrated
value for each segment is also normalized between 0 and 5:
5(𝑥−min)
𝑚𝑎𝑥−𝑚𝑖𝑛

(2)

And finally, the numerical value is rounded up, resulting in a value between 1 and 5.
In order to take in account the local importance of different activities like fisheries or
tourism, some used indicators were divided by the number of municipal inhabitants (and
converted to /1000 inhabitants unit). This procedure allowed to minimize biased values
in certain places, simply because the population is too low or too high (e.g. in terms of
fisheries vulnerability, without this procedure, a coastal segment in an area with 1000
inhabitants where 50 of them are fishermen, would be significantly less important than
a segment from an area with 100 000 inhabitants with 100 fishermen, which is not
considered correct).
Some coastal segments include more than one parish, municipality or region. In those
cases, an average was determined for all the indicators.
Next, the different groups for computing the SESI are described in detail:

I.1 Population
This group characterizes the population that lives in coastal parishes (LAU 2 – local
administrative unit), as used by Santos et al., 2013. Therefore, only one indicator was
considered in this group, and was obtained from Portuguese Statistical National
Institute - INE (gathered in Censos 2011).

I.2 Tourism
Tourism was characterized also by a single indicator, which was the number of bed
accommodations / 1000 inhabitants, for the associated municipality. Geographical data
was obtained from INE, in 2015 (data from 2014).

I.3 Fisheries and aquaculture
The determination of fisheries, aquaculture and saliculture vulnerability to oil spills was
obtained by the weighted combination of three different indicators (Data obtained from
INE, in 2015 - data from 2014):
-

Number of fishermen registered in the associated port / 1000 inhabitants
(relative weight = 40%).

-

Fish captured and unloaded in the port (in €) / 1000 inhabitants in the associated
(relative weight = 40%).

-

Aquaculture and saliculture production in the associated NUTS 2 region (in €)
/ 1000 inhabitants (relative weight = 20%)

I.4 Recreational activities
Two different items were considered (with equal relative weight) for characterizing the
vulnerability to recreational activities:
-

Number of marina berths / moorings for recreational vessels / 1000 inhabitants
(in the associated municipality (relative weight = 50%). (Information collected
from

Portal

do

Mar

–

https://www.portaldomar.pt/NauticadeRecreio/MarinasePortosdeRecreio/ind
ex.htm)
-

Index of bathing waters importance (relative weight = 50%)

The determination of index of bathing waters importance was obtained from the
combination of other three indicators, using an equal proportion for each of them
(relative weight = 33.3%):
-

existence of blue flag in the coastline segment (0/1)

-

existence of beach concession in the coastline segment (0/1)

-

aptitude for nautical sports in the coastline segment (0/1)

The information regarding the existence of blue flags attributed in 2015 was obtained
from the European Blue Flag Association in the Portuguese website http://abae.pt/.
Beach concession information was obtained from Portuguese Environmental Agency, in
their

specific

bathing

water

http://snirh.pt/index.php?idMain=1&idItem=2.1.

GIS

website

The information about nautical sports aptitude in the coastline segments is found in the
website www.wannasurf.com , following the approach used by Leal, 2011.
The SESI final values obtained vary from a range of 1 to 5, with an average value of 2.3
and a median value of 2.

Figure 2 – Socio-economic sensitivity index in the south of Portugal, represented by different colours.
Blue = 1; Green = 2; Yellow = 3; Orange = 4; Red = 5

32 segments were found to have a ranking value of 5. Most of them are localized in
Algarve (Portimão), Setúbal, Lisbon (Cabo Ruivo, Parque das Nações) and Peniche.
The high socio-economic values in Lisbon are related to the fact that the population
density is very high in that region. Although population density is low in Peniche, the
economy strongly depends on coastal recreational activities like surf (the highest value
for recreational activities is precisely in this municipality), fisheries (which assumes the
highest importance here), and also some aquaculture industry. Portimão has high
population density, but the highest sensitivity to aquaculture at a national level. All of
the previous regions have significant tourism industry (although the highest sensitivity
in this group is in recorded in Albufeira municipality, which doesn’t have shoreline
segments above 4).
The identified segments in Setúbal are not hihly sensitive to tourism group,
nevertheless, the population density assumes the highest values in Portugal, and since

this group represents 50% of the relative weight in SESI, some shoreline segments in
this municipality assume particular sensitivity.
The next table shows the top-14 identified segments with highest values, ordered by the
SESI prior to the round-up procedure.
SESI
5

Shoreline segment
Praia da Rocha (Portimão)

SESI
4.37

4.96

Praia do Vau (Portimão)

4.37

4.89
4.89
4.89
4.89
4.37

Foz do Arade (Portimão)
Foz do Arade 1 (Portimão)
Praia do Vau à Praia da Rocha 1 (Portimão)
Praia do Vau à Praia da Rocha 2 (Portimão)
Molhe na tomada de água 1
(Setúbal)

4.37
4.37
4.37
4.37
4.37

Shoreline segment
Praia a nordeste da tomada de água
(Setúbal)
Interior da Doca do Comércio
(Setúbal)
Doca do Comércio (Setúbal)
Doca do Comércio 1 (Setúbal)
Doca do Comércio 2 (Setúbal)
A sul da Doca do Comércio 1 (Setúbal)
A sul da Doca do Comércio 2 (Setúbal)

5 Ecological sensitivity index
The ecological sensitivity index (ECSI) (or biological sensitivity index) was ranked
according to special protected areas from the National Network of Protected Areas
(http://www.icnf.pt/portal/ap/rnap; e.g. special habitats - NATURA 20001, natural
parks, natural reserves), RAMSAR areas (wetlands; http://www.ramsar.org), and
UNESCO’s

Biosphere

Reserve

(http://www.unesco.org/new/en/natural-

sciences/environment/ecological-sciences/biosphere-reserves/europe-north-america).
None of these ecological classifications are included in the Coastal Sensitivity Index.
This index varies from 1 to 5, being 5 the most sensitive (see next table).
Table 3 - Classes used for ecological sensitivity index (ECSI)

ECSI Ranking
1
2
3
4
5

No special protected area / Unprotected
Protected Landspace
Natural Monument / Natural Reserve
Natural Park/ National Park
Natura2000 / RAMSAR / UNESCO Biosphere Reserve (RB)

The shoreline segments were once again defined as the same as used for Coastal
sensitivity index (CSI). The average ECSI value is 3, although most of the segments are
indeed classified 1 (514 shoreline segments) or 5 (508 shoreline segments). The median
value is 2. In the next picture the predominance of values 1 and 5 can be seen.

1

http://natura2000.eea.europa.eu/

Figure 3- Ecological sensitivity index in the North of Portugal, represented by a using a color scale: blue
= 1; green = 2; yellow = 3; orange = 4; red = 5.

6 Final remarks
The scope of the work here presented was mainly the establishment and application of
a standardized procedure for ranking the studied area in terms of coastal vulnerability.
These ranked indices are relevant for a proper prioritization in terms of contingency
planning, tactical response strategies, and risk assessment. The adoption of a high level
of spatial resolution for the coastal vulnerability indices represents an important and
efficient support to responders prioritizing their resources and clean-up operations in
areas with greater sensitivity.
Other detailed and qualitative parameters may and should be considered to complement
the information collected (e.g., NOAA collects information from several other
parameters for the environmental sensitivity index – Petersen et al., 2002).
The classification method adopted is in line with other coastal vulnerability
classifications that have been established in other regions and countries (e.g. Spain).
This methodology can be easily extended to other regions in Portugal (e.g. Madeira and
Azores; indeed, in the course of this work, the adopted methodology is being
implemented in Madeira island, in the scope of MARPOCS project - funded by DGECHO under agreement ECHO/SUB/2015/713854/PREP08), as well as in other
countries. Some adaptations though may need to be made, in order to accommodate each
country specificity, mainly in terms of the classification of environmentally protected
areas (for the ecological index), or statistical information in terms of socio-economic data
(for the socio-economic index).
The results obtained seem to geographically reflect what would be expected for the
continental Portuguese territory. The socio-economic sensitivity index, which is the
most complex, reflects values that are in agreement to what would be expected.
The 3 indices were defined in different time periods. It must be taken in consideration
that these indices were assumed to be constant, although some of the conditions
considered may change and evolve in time, in two different time scales:
a) Annual or cyclical changes – cyclical behaviour like tidal regimes, movement of
tourists and population during summer vs. other seasons, the seasonal behaviour
of fauna and flora, may contribute to seasonal variations in all the indices.
b) Continuous or disruptive changes – climate change, coastal erosion, new
infrastructures and other geographical evolution may change the indices.

Thus, in the future, these indices should be dynamic and change along each year, to
answer the previously described cyclical changes.
In addition, maintenance and revision processes should be duly pursued, in order
consider the continuous and disruptive changes, allowing to reflect the actual coastal
vulnerability.
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