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Abstract

Oil spills can devastate ecosystems and severely impact wa-
ter quality. The Environmental Sensitivity Index (ESI) was de-
veloped to reduce the environmental consequences of a spill
and help prioritize the placement and allocation of resources
during cleanup efforts. The successful use of analog and dig-
ital geographic information svstem versions of the ESI con-
cept during the past ten vears has led to improvements and
refinements, including (1) the development of lidal inlet pro-
tection strategy maps produced before a spill that specify the
tvpe of response (e.g., boom, skimmer) and where and how
to place it, (2] new large format seasonal summary maps, (3)
geographic expansion of the ESI concept inland lo classify
the sensitivity of rivers using a river Reach Sensitivity Index
(RSI). (4) regional watershed analysis to identify hazards and
potential spill consequences, and (5) the identification of un-
usually sensitive areas to environmental damage if there is a
hazardous liquid pipeline accident.

Introduction

One of the primary objectives of oil spill planning and re-
sponse, after protecting human life, is to reduce the environ-
menlal consequences of the spill and cleanup efforts. This
objective is best achieved if the location of sensitive re-
sources are identified in advance, so that protection priorities
can be established and cleanup strategies selected. With only
a few hours (o respond, there is no time for responders to
contact all of the different resource managers for information
on what areas are the most important to protect. For sensi-
tive area mapping to be effective, it must be an integral com-
ponent of an overall planning activity. A key requirement of
the Oil Pollution Act of 1990 was the establishment of Area
Committees who prepare Area Plans identifving sensitive ar-
eas, protection priorities, and prolection methods. Area Com-
mittees are comprised of representatives of local, state, and
federal agencies with regulatory authority and resource man-
agement responsibilities, as well as industry representatives
who also must prepare facility and vessel response plans.
These committees pre-plan how to implement an effective
response during spill emergencies.

The most widely used approach to sensitive area map-
ping, in both coastal and inland areas throughout the world,
is known as the Environmental Sensitivity Index (1s1), an
original concept which was first applied in 1979, when pro-
totype ESI maps were prepared days in advance of the arrival
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of an oil slick into Texas waters from the Ixtoc I well blow-
out in the Gulf of Mexico. The ESI is a spatial information
system which is composed of three main components: a
shoreline ranking system which ranks shoreline types on a
scale of 1 to 10; oil-sensitive biological resources; and hu-
man-use resources of commercial, recreational, or subsis-
tence value. Significant effort has been expended developing
sensitivity mapping components of oil spill contingency
plans around the world. Over the last 20 years, 61 ESI atlases
(2,756 map sheets) have been prepared for the United States’
coastline, including Alaska and the Greal Lakes (Table 1).
This approach has been implemented in other countries such
as Canada, United Arab Emirates, Israel, Jordan, El Salvador,
Germany, South Africa, Mauritius, and New Zealand. Baker
et al. (1995) reviewed Lhe range ol mapping methods used
internationally, all of which evolved from the basic ESI con-
cept.

In the last few years, sensitivity mapping has moved
from a static product of limited distribution focused only an
coastal oil spills, to a more versatile and valuable tool for a
wide range of natural resource management applications. In
many areas, an ESI project becomes the impetus [or compil-
ing, synthesizing, and automating extensive data which have
never been available in digital formats. This article describes
coastal oil spill ESI mapping and how the digital £s1 concept
has evolved to (1) develop tidal inlet protection strategy da-
tabases, (2) include season summary information, (3) conduct
risk assessments of entire watersheds and regions, (4) moni-
tor inland regions using a river reach sensitivity index (rs1),
and (5) model unusually sensitive areas (UISAs).

Environment Sensitivity Index (ESI) Logic and Use

In the United States, spill planning and response is organ-
ized under a tiered structure of national, regional, and area
teams. The U.S. Coast Guard (USCG) is responsible for man-
aging spills in navigable waters, and the U.S. Environmental
Protection Agency (USEPA) is responsible for inland spills,
These agencies chair the various contingency planning or-
ganizations and become the Federal On-Scene Coordinator
during spill emergencies. Spill planning and response is a
multiagency and multidisciplinary process, involving stake-
holders with often very dillerenl objeclives, mandales, skills,
and responsibilities. Yet, during a spill emergency, a group
of people who seldom it ever work together have to quickly
become a team with common understanding and goals on
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TaBLE 1. ENVIRONMENTAL SENSITIVITY INDEX ATLASES COMPILED
FOR THE UNITED STATES

Yeur No. ol Digital
Atlas Published Maps Available
Alabama 1996 26 Y
Alaska (6 atlases) 1982-86 371 N
Alaska (Southeast) 1992 98 Y
California (3 coastal atlases) 1994-95 131 Y
California [San Francisco Bay)

(currently being updated) 1999 27 bd
Conneclicul 1984 17 N
Delaware/New Jersey/Pennsylvania 1996 64 Y
Florida (Apalachicola River System) 1984 19 N
Florida (5 coastal atlases) 1995-96 265 Y
Florida (St. John's River) 1997 31 Y
Georgia 1997 39 Y
Guam 1994 15 N
Hawaii 1986 86 N
Lake Erie System 1985 66 N
Lake Huron 1994 69 ¥
Lake Michigan (Eastern Shore) 1986 23 N
Lake Michigan (3 atlases) 19493-u4 135 Y
Lake Ontario 1993 34 Y
Lake Superior (3 volumes) 1994 133 Y
Louisiana 1989 98 N
Maine/New Hampshire (3 atlases) 1983-85 102 N
Maryland (2 volumes) 1983 118 N
Massachusetts

(currently being updated) 1997 51 Y
Mississippi 1995 29 Y
Mississippi, Leaf River 1996 9 Y
New York (2 atlases) 1985 78 N
North Carolina (3 volumes) 1996 135 Y
Oregon/Washington (Outer Coasl) 1986 55 N
Oregon/Washington

(Columbia River) 1991 26 Y
Puerto Rico 1984 35 N
Rhode Island and Massachusetts 1983 18 N
South Carolina 1996 63 i
5t. Lawrence River 1985 1¥ N
St. Marys River 1986 15 N
Texas (South) 1980 15 N
Texas (Upper Coast) 1995 51 Y
1.5, Virgin Islands 1986 8 N
Virginia (2 volumes) 1983 104 N
Washington (2 Puget Sound atlases)  1984-85 80 ¥
United States ESI Total:

(61 atlases) _ 2756

how to deploy limited resources to contain and recover the
oil, protect sensitive resources, and clean up contaminated
areds.

Because protecting natural resources is the primary goal
of spill response, spatial and temporal information on the
mosl sensitive resources is critical to the entire planning and
response strategy. The concept of an environmental atlas
which depicted all of the oil-sensitive resources in an area
evolved during the 1970s as the United States started devel-
oping contingency plans and response teams as required un-
der the Clean Water Act. ESI atlases have become an integral
component of oil-spill contingency planning. Within the Na-
tional Contingency Plan, the National Oceanic and Atmo-
spheric Administration (NOAA) Hazardous Materials
Response and Assessment Division provides scientific sup-
port to the LS. Coast Guard. NOAA has a national team of
experts on 24-hour call in all the scientific aspects of spill
response, and they respond to 50 to 100 spills a year. The
first question asked ol NOAA is [or a lrajectory analysis of
where the spilled material will go; the second question asked
is what are the resources al risk for the spill conditions (oil
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type, weathering conditions, time of year, environmental set-
ting, etc.). To assist NOAA and other agencies in determining
the resources at risk, NOAA published the traditional, hard-
copy ESI atlases during the 1980s for most of the U.S. shore-
line, through cooperative efforts with federal agencies, state
governments, and private industry. Since 1989, NOAA has
taken the lead in developing standards and publishing digital
ESI allases.

The shoreline habitats are classified using a ranking sys-
lem based on exlensive studies conducted during spills and
was first applied to the shoreline of lower Cook Inlet, Alaska
(Michel et al., 1978). Through the years, the classificalion
scheme has been validated at numerous spills and is now
the basis for a wide range of spill planning activilies, For ex-
ample, the ESI shoreline ranking is used in matrices prepared
by Area Comumillees and in spill response manuals Lo iden-
tify which shoreline cleanup techniques are approved for use
(NOAA and API, 1994). The scheme is standardized and in-
corporates codes that encompass a range of environmental
settings, including estuarine, lacustrine, and riverine envi-
ronments (Table 2). The higher the ESI code, the more sensi-
tive the habital to oil or other contaminants. I'or example,
wetlands are the most sensitive shoreline habitat while ex-
posed rocky shores are the least sensitive.

ESI maps and databases are used in several modes. Plan-
ning teams use the data to predetermine protection priorities.
The maps provide a single, consistenl source ol information
on which to base very complex decisions. They are also val-
uable for training and drills, as response teams lest their abil-
ity to implement the plans. During spill emergencies, they
are mosl valuable lo the response organizalion, which often
includes regional or national experts who are not familiar
with the local resources. In the very early stages of a spill,
one of the first questions asked is “What are the resources at
risk?” The ESI maps can be quickly consulted to identify
those resources which are present now, at the time of the
spill, which ones have special protection status, and when
the most sensitive life stages might be present. Later in the
spill, the maps can be used to identify areas where cleanup
operations should be restricted (e.g., no fly zones around ea-
gle nests) or when cleanup operations should be terminated
to prevent disturbing animals (e.g., cleanup of a seal pupping
haulout must be completed by the date pupping is expected
to begin).

Historically, the ESI products were analog, hardcopy map
atlases, with only five to ten copies produced. Since 1989,
digital EsI atlases have been prepared using geographic infor-
mation system (GIS) and remote sensing technology. With the
power of a GIS, sensitivily mapping has moved from a hard-
copy map of limited distribution to a tool available on de-
mard in various formats, including (1) digital maps that can
be viewed on personal computers, (2) a World Wide Web
browser interface, and (3) a complex GIS relational data
structure that contains important spill-response information.

Environmental Sensitivity Index (ESI) Geographic Information
System Design

NOAA has devoted considerable resources developing stan-
dards and guidelines [or sensilivily mapping products
(Michel and Dahlin, 1993; Halls et al., 1997) so that appro-
priate data are presented in consistent formats. Many re-
sponse organizations are national or regional; thus, users
from different geographic areas and disciplines should imme-
diately recognize and understand the mapped information
for a specific spill site. GIs applications based on a consistent
data structure can be readily shared among response teams.
Because ESI maps form the basis for establishing protec-
tion priorities, it is critical that state and federal resource
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TABLE 2. EXPANDED AND STANDARDIZED ENVIRONMENTAL SENSITIVITY INDEX CLASSIFICATION SCHEME

ESI Code Estuarine Lacustrine Riverine
1A Exposed rocky shores Exposed rocky shores Exposed rocky banks
10 Exposed, solid man-made structures Exposed, solid man-made structures Exposed, solid man-made structures
2A Exposed wave-cut platforms in bedrock,
mud, or clay Shelving bedrock shores Rocky shoals: bedrock ledges
2B Exposed scarps and steep slopes in clay
3A Fine to medium-grain sand beaches Eroding scarps in unconsolidated Exposed, eroding banks in unconsolidated
sediments sediments
3B Scarps and steep slopes in sand
4 Coarse-grained sand heaches Sand beaches Sandy bars and gently sloping banks
5 Mixed sand and gravel beaches Mixed sand and gravel heaches Mixed sand and gravel bars and gently
sloping banks
B6A Gravel beaches Gravel beaches Gravel bars and gently sloping banks
6B Riprap Riprap Riprap
7 Exposed tidal flats Exposed tidal flats
8A Sheltered rocky shores and sheltered Sheltered scarps in bedrock, mud,
scarps in bedrock, mud, or clay or clay
8B Sheltered, solid man-made structures Sheltered, solid man-made structures Sheltered, solid man-made structures
8C Sheltered riprap Sheltered riprap Sheltered riprap
an Vegelaled, steeply-sloping riverine Vegetated, steeply-sloping bluffs
bluffs
9A Sheltered tidal flats Sheltered sand/mud flats
9B Vegetated low riverine banks Sheltered vegetated low hanks Vegetated low hanks
10A Salt- and brackish-water marshes
10B Freshwater marshes Freshwater marshes Freshwaler marshes
10C Swamps Swamps Swamps
10D Scrub-shrub wetlands Scrub-shrub wetlands Scrub-shrub wetlands

managers participate in all stages of data collection and agree
with the information as presented. The methodology for cre-
ating a digital Es1 atlas using GIS technology involves

® meeting with local and regional resource experts;

® documenting the location of biological, human use, and envi-
ronmental resources;

® compiling the information onto maps and into tables:

® digitizing spatial data and attribute information inlo specified
digital formats;

® performing initial classification of shoreline environmental

sensitivity;

producing initial ESI maps and attribute tables [or review;

incorporating edits from local resource experts;

producing final £s1 atlas and tabular products; and

releasing digital products (including metadata) for dissemina-

Lion,

The following digital fjles (layers) are contained in the digital
EST atlas (Figure 1):

® ESI — Shoreline habitats (arcs, polygons) classified according
to environmental sensitivity

® HYDRO — Water polygons and linear rivers/streams

® INDEX — U.S. Geological Survey 7.5-minute quadrangle
boundary polygons

® MGT — Managed land

® SOCECON — Socioeconomic resource information including

points (e.g., water intake facilities and desalinization plants)

and linear features (e.., recreational beaches)

HABITATS — Regions of habitats and rare plant species

INVERT — Regions for mollusk and crustacean species (in-

vertebrates)

T_MAMMAL — Regions for terrestrial mammal species

M_MAMMAL — Regions for marine mammal species

BIRDS — Regions for bird species

NESTS — Points for bird nesting colonies

FISH — Regions for fish species

® REPTILES — Regions for reptile species

The human-use and biology data are linked using a rela-
lional database management system. During the data entry
process, attribute data are stored in Oracle” data tables and
views. The final ESI information are stored in ARC/INFO® at-
tribute tables and coverages.
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Base Map Data Layers

During an oil spill event, scientists and resource managers
must orient themselves rapidly, often in unfamiliar territory.
To expedite orientation, an ESI map usually conlains the pla-
nimetric detail of a black-and-white scanned 7.5-minute
quadrangle or a black-and-white orthophotoquad of the re-
gion of interest. Relatively high spatial resolution satellite
data may also be used for the planimetric detail (RPI Interna-
tional, 1989: Jensen et al., 1990; Jensen ef al., 1993; Jensen et

Sensitivity
Classilication

Mmmged o @
Human-use Featmes — Lifofuiion

(marinas, boat ramps, historic
sHEn. ol |

Habitas Unigue
1 Referencing
Birds Table

Muonthly
Presence

Terrestrial Mammals —j

Invertchrates

Breeding

Marine Mammals Characteristics

Species
List
L Endangered
Status List

Fish ]

Reptiles/Amphibians —

Hydrography

Base Map

Figure 1. The Environmental Sensitivity Index (EsI) data
structure.
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Plate 1. An ESI map for St. Augustine, Florida. Refer to Table 5 for a summary of the biological attrib-

al., 1996; Narumalani el al., 1993). An ESI digital map sheet
for St. Augustine, Florida is found in Plate 1 (Research Plan-
ning, 1996b). In this example, the resource sensitivity infor-
mation is draped over a scanned 7.5-minute orthophoto.

The HYDRO dala layer conlains polygonal water features
as well as all tidally influenced linear stream features that
are superimposed on the 7.5-minute quadrangle. The file also
includes the names of water bodies and land features for
spill planning, response, and navigation. The INDEX layer
contains polygons for all 7.5-minute quadrangles in the atlas
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and attribute information on the name, revision date, map
angle, and scale.

ES|I Shoreline Sensitivity

This ESI data file contains information on the linear shoreline
geomorphology and polygonal habitats that are adjacent to
navigable waterbodies. Each line and polvgon feature is clas-
sified according to its sensitivity to oil. The shoreline sensi-
tivity ranking is controlled by several parameters, including
relative exposure lo wave and tidal energy, slope, subslrate
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TaBLE 3.  ENVIRONMENTAL SENSITVITY INDEX HUMAN-USE FEATURES

Data Element Sub-Element

Mapped Areas

Access

RBeach

Boal Ramp

Diving Site

Marina

Recreational Fishing
Indian Reservation
Marine Sanctuary
National Park

Park

Recreation/Access

Management Area

Special Managemenl Areas

Vehicular access to the shoreline
High-use recreational beaches

High-use recreational areas

High-use recreational arcas

State and regional parks
Usually waler-ussociated

Wildlife Refuge, Preserve, Reserve

Aquaculture Site
Commercial Fishery
Log Storage Area
Mining

Subsistence

Water Intake
Archaeological Site
Hislorical Site

Resource Extraction

Cultural Resources

Hatcheries, ponds, pens, etc.

[ntertidal/subtidal mining leases
Designated harvest sites

Industrial; drinking water; cooling water
Water, coastal, or wetland-associated
Water, coastal, or wetland-associated

type (grain size, mobility, penetration, trafficability), and bio-
logical productlivitly and sensitivity.

The classification of shoreline sensitivity is based on
site-specific conditions using combinations of the standard
classification codes. For example, the bright red shoreline of
St. Augustine, Florida in Plate 1 is sall and brackish-water
marsh, one of the most oil-sensitive habitats (code 10A), If
the marsh is fronted by an exposed tidal flat, the composite
code would be 10A/7 (refer to Table 2). During digitization,
every shoreline feature is assigned a code that is documented
in the metadata.

Human-Use Data

The human-use resources included in ESI atlases include (Ta-
ble 3) recreational/access siles (e.g., public beaches, marinas),
managed lands (e.g., marine sanctuaries), resource extraction
locations (e.g., water intakes), and cultural resources (e.g., ar-
chaeological sites). These resources can be impacted eco-
nomically in the event of closures during a spill to protect
human health, or have special protection and regulatory
status that can complicate oil removal strategies. Cultural re-
source sites pose additional problems because often it is nec-
essary to protect the actual location of the site to prevent
unauthorized access. Numerous marinas, boat ramps, and ar-
chacological/historical site icons are found in the St. Augus-
tine, Florida study area (Plate 1).

The human-use data are stored in both the MGT data
layer that contains managed land and the SOCECON data layer
that contains point and line features, Each feature in the hu-
man-use data layers conlains a unique identilier (HUNUM)
that links to an associated sOC_DATA relational table that
stores items such as facility name, and site-specific com-
ments such as the number of boal slips al a marina. Critical
information that changes often, such as contact person and
phone number, are included in planning manuals and phone
lists that can be updated without having to republish maps.

Biological Data

The biological resources include species found on federal or
state threatened or endangered lists, as well as other species
of commercial, recreational, or ecological importance, such
as fish nursery areas and bird nesting sites. The major biolog-
ical elements included in the ESI database, include (Table 4)
marine mammals, terrestrial mammals, birds, reptiles and
amphibians, fish, shellfish and insects, and rare habitats or
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plant species distribution. Each of the elements is mapped at
the species level for both spatial extent and monthly tempo-
ral presence and absence. To set protection strategies and
mitigate environmental damage, the goal of the biological
mapping is to emphasize the locations and areas of highest
concentrations, the most sensitive life stages or activities,
and the most vulnerable species. The icons used to represent
sensilive biological resources are shown in Plate 1 with a
number below the icon. This number is referred to as a Re-
source-al-Risk (RAR). The Resource-al-Risk table associated
with Plate 1 is found in Table 5 and includes a detailed list
of sensitive species, Lheir statistics as threalened (T) or en-
dangered (E) on state (S) and Federal (F) lists, their concen-
trations (Concen), months when the species are present, and
the time of sensitive life stages (e.g., nesting, laying, hatch-
ing). The presence and life-stage information is indispensable
for all aspects of spill planning and response. For example,
on turtle-nesting beaches, it would be necessary to restrict
equipment use during the nesting period to prevenl deslruc-
tion of eggs in the nests, but unnecessary after the hatchlings
have emerged. No-fly zones are often established around bald
eagle nests during the nesting seasons. A higher degree of
cleanup may be required when sensitive resources are pres-
ent and likely to be exposed, such as areas near scabird nest-
ing colonies.

One of the unique characteristics of the biological sym-
holization is the concept of comman throughout which re-
moves the larger polygons from the map and summarizes the
data as symbols with the associated resource numbers in in-
set boxes (Plate 1). This symbolization reduces the number
of polygons and symbols that would make the map overly
complex and difficult to read, yet still makes the information
available on one map.

If a spill of diesel oil occurred offshore of St. Augustine
Inlet in June and was predicted to come ashore, the map in
Plate 1 and Table 5 could be used to assess the resources at
risk. Diesel oil is a light, refined product that spreads into a
thin film and evaporates usually within a few days, so shore-
line contamination is expected to be light for a small to me-
dium sized spill. But, diesel has a high concentration of the
mosl loxic [raclions in oil, which are also the mosl water sol-
uble, so those resources which use the water surface and are
in shallow waler are al greatest risk. Of the birds potentially
in the area, diving birds such as pelican and cormorants are
present in high concentrations, but not breeding. These birds
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TABLE 4. ENVIRONMENTAL SENSITIVITY INDEX BioLoGy ELEMENTS, SuB-ELEMENTS, aND  AREAS THAT ARE MAPPED

Data Element Sub-Element

Mapped Areas

Marine Mammal Dolphin
Manalee
Pinniped
Polar Bear
Sea Otter

Concentration areas

Concentration areas, cold weather refuge
Haulouts, concentrations areas
Concenlralion areas

Concentration areas

Whale Migratory or other concentration areas
Terrestrial Mammal Bear Intertidal feeding or aquatic/wetland concentrations, hazards
to spill responders
Canine Threatened/endangered or rare species
Deer Intertidal feeding or aquatic/wetland concentrations
Feline Threatened/endangered or rare species
Pi Hazards to spill responders

8
Small Mammal

Aquatic fur-bearer concentrations, threatened/endangered, rare

OCCUrrences

Alcid

Diving Bird
Gull/Tern

Passerine

Pelagic

Raptor Nesting sites;
Shorebird

Wading Bird
Waterfowl

Bird

Alligator/Crocodile
Other Reptiles/Amphibians

Reptile/Amphibian

Rookeries; wintering concentration areas

Rookeries; forage/wintering areas; roosting concentrations
Nesting sites: other concentration areas
Threatened/endangered or rare occurrences, especially nesting
Rookeries, roosting, and other concentrations
Migratory/feeding concentrations

Nesting sites; migralory, wintering, roosting concentrations
Rookeries; feeding and roosting concentrations

Wintering and migration concentrations, nesting sites

Concenlration areas, especially nesting
Threatened/endangered or rare occurrences, especially aquatic/

wetland concentrations

Turtle

Diadromous Fish
Estuarine Nursery Fish
Estuarine Residenl Fish

Fish

Nesting beaches; concentration areas

Spawning, nursery, threatened/endangered or rare occurrences
Spawning, nursery, and other concentration areas
Spawning concentration areas; threatened/endangered or rare

ocourrences

Freshwater Fish

Spawning and nursery areas; threatened/endangered or rare

occurrences

Marine Benthic Iish

Spawning and nursery areas; reef, kelp bed, or other concentra-

tions

Marine Pelagic Fish

Shellfish/Insect Bivalve

Spawning or other concentration areas

Harvest areas; abundant beds; threalened/ endangered or rare

neourrences

Cephalopod
Crah
Echinoderm
Gastropod
Lobster/Crayfish

Harvest areas; high concentrations

Nursery areas; high concentrations

Harvest areas

Harves! areas; high concentrations, threatened/endangered, rare occurrences
Nursery spawning and harvest areas; threatened/endangered or

rare OCCUrrences

Shrimp
Insect

Coral Reel

Floating Aqualic Vegelalion
Hardbottom Reef

Kelp Bed

Rare Plant

SAV

Worm Bed

Habitat/Rare Plant

Nursery areas; high concenlrations
Threatened/endangered or rare occurrences

Threatened/endangered or rare species or communities
Submerged aquatic vegetation; seagrass beds

spend much of their time resting on the water surface and
diving for prey; thus, they are likely to become contami-
nated. Terns and plovers are present, some are nesting, and
some are listed on either the state and/or Federal lists as
threatened. Listed species are always of special concern.
Some of the nesting sites are very close to shore, and the
adults feed aggressively in nearshore waters.

Although there is a very important calving area offshore
for the highly endangered northern right whale, whales are
not present al this time, and thus not of concern for a non-
persistent oil. Sea turtles nest on all the outer beaches,
though only the leatherback sea turtle is present in high con-
centrations. Hatchlings should be emerging from nests at this
time, and would be highly susceptible to oiling. Also, care
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would be required to prevent disturbance of active nests dur-
ing deployment of equipment and workers. All sea turtles
are listed species.

Shellfish abound in the area (crabs, shrimp, lobsters,
oysters), and many are spawning. But, there are no special
concentration areas, and significant impacts are expected
only in the vicinity of the initial release because of the rapid
weathering of this type of oil. There is an endangered beach
mouse location on Conch Island, and thus crews would be
alerted to avoid the site in the event of work in this area.

The outer beaches are bolth fine- and coarse-grained
sand, and specific cleanup methods would be allowed if the
o0il stranded and required removal. Inside the inlet are exten-
sive tidal flats and marshes, which are highly sensitive, Fig-
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TasLe 5. Resource-aT-Risk (RAR) BIoLOGICAL ATTRIBUTES FOR ST, AuGusTivg, FLoripa, ESI Map (ReFer To PLaTe 1)

Bird:
RAR# Species S/F T/E Concen ] FMAMIJ ] AS OND Nesting Laving Hatching
2 Brown pelican HIGH X X X X X X X X X X X —_ — =3
Butflehead LOW X X X - — —
Common loon LOW X X X X X X — — —
Double-crested cormorant HGH XXX XX XXYXX XX — —_ —
Lesser scaup MED XX X X X X X — - —
Red-breasted merganser Low X X X X XXX — . —
Redhead LOwW X X X X X - - -
39 Least tern s T X X X XXX X APR-AUG — —
82 Least tern 5 T 148 X X X XX XX APR-AUG -
Wilson's plover 9 XXX XX XXXXX XX APRJUL — —
83 Least tern S T 50 X XX XXXX APR-ATIG — —
85 Piping plover S/F T/T 1 XXX XX X XX XX — - —
224 Brown pelican HGH X X X X X XXX XX XX — = =
Bufflehead Low X X X — — —
Commaon loon Low X X X X X X — — —
Double-crested cormorant HIGH X X X X X XX X X X X X - - —
Lesser scaup MED X XX X X X X — = —
Northern gannet LOow X X X X X — = ==
Red-breasted merganser LOw X X X X X X X — — —
Redhead LOW X X X X X — —_ —
M_MAMMAL:
RAR# Species S/IF T/IE Concen ] FMAMI] | ASO D Mating Calving Pupping
233 Humpback whale S/F E/E HIGH X X X X X — — —
Northern right whale S/F E/E HIGH X X X X X NOV-MAR —
REPTILE: Inter-
RAR# Species S/F T/E Concen ] FM A M ] J] A S ONID Nesting Hatching nesting
19 Green sea turtle S/F E/E XXX XX XXX XX X X — - _
Loggerhead sea turtle SIF T/T XXX XX XXXXXXZX — — —
230 Leatherback sea turtle S/F E/E HIGH X X X — — =
252 Green sea turtle S5/F E/E LOW X X X X X X X X X APR-OCT MAY-NOV MAR-QOCT
Leatherback sea turtle S/F E/E LOW X X X X X X X X X FEB-AUG MAR-SEP  JAN-AUG
Loggerhead sea turtle S5/F TIT LOW X X X XXXXXX APR-0CT MAY-NOV MAR-OCT
SHELLFISH:
RAR# Species S/F T/E Concen | FMAMIJ J AS OND Spawning Larvae/Juv  Mating
232 Blue crab HIGH X X X X X XXX XX XX — JAN-DEC MAR-DEC
Brown shrimp MED X X X XX XXXXXXX — JAN-DEC —
Pink shrimp IOW X X X X X XXX XXXX - JAN-DEC —
Stone crab LOW X X X X X XX X XX XX - JAN-DEC SEP-NOV
White shrimp MED X X X X X X X X X X X X APR-OCT JAN-DEC :
248 Blue crab LOW X X X X X X X X X X X X JAN-DEC JAN-DEC —
Brown shrimp HGH X XX X X X X X X X X X JAN-DEC — —
Pink shrimp LOwW X X X X X X X X X X X X MAR-NOV —_ —
Spiny lobster Low X X X X X XXX XX XX — — —
Stone crab LOW X X X X X XX X X X X X MAR-OCT JAN-DEC -
White shrimp HGH X X X X X X X X X X X X APROCT — —
258 American oyster (castern) MED XXX XX XXX XX XX APR-NOV — ==
T_MAMMAL:
RAR# Species S/F T/E Concen ]| F M AMI]J |J A O N D Spawning Larvae/Juv ~ Mating
237 Anastasia Island beach mouse S/F E/E XXX XX XX X X X

ure 2 shows the protection strategy in the contingency plan,
which would be modified as needed for the spill-specific
conditions of waves, winds, and tides. The stralegy consisls
of primary and backup deflection booms and collection ar-
eas, with the primary objective of keeping the oil out of the
marshes and tidal flats. Not all of the booms shown would
be deployed simultaneously.

Analog and Digital ES| Atlases

An analog ESI atlas is composed of hardcopy maps, data
tables, a foldout legend, introductory pages, and a title page
showing the location of all maps in the atlas. Introductory
pages contain a description of the ESI components, including
shoreline habitat classification methods; biological and hu-
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man-use types, locations, temporal characteristics, and re-
sponse aclions; acknowledgment of data providers and
experts; a species list by element, sub-element, common
name, and scienlific name: ES! habitat photographs with ac-
companying descriptions; predicted oil behavior; and re-
sponse considerations. A digital ESI atlas is composed of
digital versions of the above-mentioned components, season-
ality data tables, ARC/INFO™ export files of all NOAA-struc-
tured GIS data, ARC/INFO® map compositions, and metadata.

New ESI Tools and Applications

The successful use of both analog and digital versions of the
Environmental Sensitivity Index concept during the past ten
years has led to improvements and refinements, including
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Figure 2. The tidal inlet protection strategy for St. Augustine, Florida, depicts an-
ticipated oil flow directions, boom anchor points, collection points, and boom
placement strategies. The information is overlaid on rectified black-and-white
vertical orthophotography.

Point Features
-4 Anchor Point
A\ Collection Point
4 Oil Flow
Protection Strategy
N Deflection Boom
A" Protection Boom

Nrnmﬁdnl Boom

@ tidal inlet protection strategy ESI maps produced before a
spill that specity the type of response (e.g., boom, skimmer)
and exactly where and how to place it,

® new cartographic products such as large formal seasonal
summary maps.

® gaographic expansion of the gsi concept inland to classify the
sensitivity of large rivers and reaches of smaller rivers,

® regional watershed analysis to identify hazards and potential
spill consequences,

® the design and classification of Unusually Sensitive Areas in
the Unitled States, and

e development of federally compliant £s1 metadata and the es-
tablishment of a clearinghouse node to disseminate Es1 infor-
mation.

Tidal Inlet Protection Strategies
The most productive and sensitive coastal resources such as
gsall marshes and fish nursery areas often are concentrated
within tidally influenced estuaries located landward of tidal
inlets. Therefore, a protection strategy thal can prevent oil
spilled in the open ocean from passing through the inlets
during flood tides would effectively protect these resources.
Most protection strategies consist of the deployment of float-
ing booms which deflect the oil lo collection areas. The spe-
cific deployment configuration is primarily a function of the
current speeds; booms placed directly perpendicular to the
flow will fail when currents exceed 0.36 m/sec. To develop
successful inlet protection strategies, local and national ex-
perts analyze the physical processes in the inlel, probable oil
movement, habitat and human-use protection priorities, po-
tential boom positioning and deflection angles, and probable
oil collection points.

Strategies are evaluated in the field and may include a
test of boom placement. deflection, and containment. An ex-
ample of the inlet protection strategy for St. Augustine Inlet,
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Florida is shown in Figure 2 (Hayes and Montello, 1994).
Tidal inlet protection strategies are developed and tested be-
fore an oil spill. This is pro-active planning rather than reac-
tive oil spill response. Uses of the digital data include the
ability to rapidly modify the protection strategy to reflect
spill-specific conditions, and ready calculation of the length
of boom needed to protect the areas threatened by a slick, ei-
ther manually or by overlay with the output [rom trajectory
analyses. Joint preparation and sharing of the inlet protection
strategies among governmenl and industry increases the like-
lihood of successful deployment because everyone has
agreed on Lhe strategy and planned for its implementation,

ESI Seasonal Summary Maps

Spills often impact large areas; thus, planning and response
elforts benefit when a more regional perspective on sensitive
areas is provided. To meet this need, seasonal summary
maps (because sensitive arcas can change dramatically with
the season) of conliguous regions have been prepared, al
scales ranging from 1:250,000 to 1:500,000. The months
which comprise winter, spring, summer, and fall seasons are
different for each area. Unlike the kSl maps that have related
tables for each map, the summary maps are purely carto-
graphic and uniquely portray important habitat sensitivities,
biological concentrations, and cultural resources. Summary
maps have been produced for the Chesapeake Bay, Puget
Sound, Prince William Sound. Cook Inlet/Kenai Peninsula,
and Lhe Kodiak Island/Shelikol Strails. The maps are printed
in large numbers, increasing the user community and value.
The Prince William Sound seasonal summary maps were
printed just months before the Exxon Valdez spilled 10.9
million gallons of oil into the Sound in 1989. The oil spread
throughout the western part of the Sound. Whereas there
were only five copies of the ESI atlas, every organization had
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TaBLE 6. RIVER REACH SENSITIVITY INDEX (RSI) CLASSIFICATION SCHEME

Description

Quiet water pools with low, sensitive banks

1

2 Small, non-navigable channel with moderate currents and low, sensitive banks
3 Navigable channel with moderate currents and low, sensitive banks
1
5

Small, non-navigable channel with rapids over bedrock
Navigable channel with rapids over bedrock

6A  Small, non-navigable channel with associated low-vulnerability upper bottomland hardwoods

6B Navigable channel with associated low-vulnerability upper boltomland hardwoods

7 Navigable. Low gradient and variable currents (usually < 1.5 knols). Wide and low foodplain. Stream hugs old valley wall with steep
banks composed of muddy sediments or bedrock against the wall. Other side of channel has leakage of walers into an associated wide

cypress-tupelo swamp

8  Navigable. Low gradient and variable currents (usually < 1.5 knots) with flow mostly confined to relatively straight channel with well-
defined low banks. Wide and low floodplain. Associated wide cypress-tupelo swamp

9A  Small, non-navigable meandering channel with abundant leakage points into associated cypress-tupelo swamps and ox-bows

9B Navigable meandering channel with abundant leakage points into associated cypress-tupelo swamps and ox-bow lakes

10A
10B

Small, non-navigable anastomosing channel wilh abundant leakage poins into adjacent cypress-tupelo swamps
Navigable anastomosing channel with abundant leakage points into associated cypress-tupelo swamps

copies of the summary maps in their command posts and
frequently referred to the maps during planning meetings,
press briefings, and orientations with the constantly changing
response teams.

River Reach Sensitivity Index (RSI)

The river Reach Sensitivily Index (RSI) was developed as a
component of the Inland Sensitivity Mapping Project for the
USEPA Region 4 (Michel et al., 1995; NOAA, 1996). USEPA is
the Federal On-Scene Coordinator for inland spills, and it
has similar responsibilities for mapping and prioritizing of
sensitive arcas. However, instead of having to prepare Arca
Plans for the 46 mostly coastal USCG zones, USEPA has to pre-
parc Arca Plans for 12 multi-state Regions which cover very
large land areas. There has been no national initiative or
standard for inland mapping for oil spill applications, and
there was no ESI mapping scheme for classifying the shore-
line sensilivily of smaller rivers and streams. A regional as-
sessment of the rivers and streams of the southeastern United
States was performed to evaluate existing riverine classifica-
tion schemes, define the geomorphic and hydrologic charac-
teristics of the watersheds, and identify existing national and
state databases that may be useful (Hayes et al., 1997). The
RSI classification scheme (Table 6) was tested on the Leaf
River watershed in Mississippi (Research Planning, 1996a).
The primary criteria for defining the reach sensitivity were
(1) the degree of difficulty anticipated for the containment
and recovery of oil and (2) the sensitivity and vulnerability
of the associated wetlands.

The RSI mapping is similar to the ESI in that river
reaches, biological resources, and human-use resources are
included and structured in a comparable and standardized
manner. However, the classification of river reaches is differ-
ent from the traditional ESI classification because the river is
subdivided into segments, or reaches, where each designated
reach has similar spill-response modes and potential ecologi-
cal and human-use impacts. An example of a Reach Sensitiv-
ity Index map of Leaf River, Mississippi is shown in Plate 2.
Bottomland hardwood ecosystems such as cypress-fupelo
swamp (code 10B) are the most vulnerable and sensitive wet-
lands present along the river reaches of the southeastern
United States as opposed to scrub-shrub wetland that are the
most sensitive habitat found in the traditional ESI scheme
(Table 2). The least sensitive reaches are quiet water pools
(code 1). The biological and human-use resources shown on
RSI maps are similar to the ESI, but with more issues associ-
ated with protection of drinking water sources, access for de-
ployment of response equipment, and how changes in water
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level can change the resources al risk. Rapid nolilication of
downstream water users is often the highest priority. The RsI
is currently being used for sensitivity mapping in several ar-
eas, including Texas and Puerto Rico. In Puerto Rico, ESI and
RSI mapping are being conducted concurrently so that there
is an integrated map and database tool for responders.

Watershed Vulnerahility Index (WVI) Modeling

The Reach Sensitivity Index demonstrated the inland ex-
pansion of ESI mapping to smaller rivers and streams and
prompted another focus for spill response and planning: the
analysis of watershed vulnerability at the regional scale. In
1997, USEPA Region 4 used a GIS and sensitivity concepts to
identify and rank entire watersheds according to their oil
spill risk and the sensitivity of natural and cultural resources
(Hall, 1997). The purpose of the walershed risk analysis was
to identify those watersheds of highest priority for sensitive
area mapping and planning. The USEPA Regions are too large
to map completely. within current resources. and a scheme
was needed to set priorities.

RSISCALE

ERERCNENEENNN

Plate 2. A River Reach Sensitivity Index (RsI) map for a
section of the Leaf River, Mississippi. PD refers to a
point bar which is an ideal oil collection location. The
numbers beneath the icons represent resources-at-risk
summarized in the database (refer to Table 5 for an ex-
ample).
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Watershed Vulnerubility Index

Figure 3. Watershed Vulnerability Index (wwvi) for south-
eastern U.S. hydrologic units. The rankings range from 1
to 12 and are based on the co-occurrence of hazards
and consequences.

The Watershed Vulnerability Index (wv1) stochastic mod-
eling for USEPA Region 4 was based on two spill hazard indi-
cators (length of pipelines and location of oil facilities) and
four consequence indicators (surface drinking water intakes,
area of wetlands, occurrence of species and communities of
conservation concern, and locations of managed lands).
These spill risk and consequence indicators were modeled in
a GIS lo visualize and rank the level of vulnerability (Figure
3). The vulnerability model is the result of integrating, stan-
dardizing, and normalizing existing data [rom various na-
tional programs and is based on 1:250,000-scale USGS
Hydrologic Units (Table 7). Watershed vulnerability ranged
from a low of 1 to a high of 12, The Watershed Vulnerability
Index has focused the efforts of Area Committees and helped
them prioritize sub-areas for more detailed mapping efforts.

Gulf-Wide Information System

The U.S. Minerals Management Service developed the Gulf-
Wide Information System (GWIS) for use in coastal zone man-
agement, environmental assessments, and oil spill planning

and emergency response. The Gwis data structure is based on
ESI mapping concepls but includes other layers such as pipe-
lines, demographic data, and a detailed transportation net-
work. The distributions of the biological and human-use
resources are extended to their natural boundaries, instead of
the edge of the base map, as was done in previous ESI data-
sets. The GWIS design focuses on the highly variable nature
of both the spatial and temporal dimensions and has been
developed in close cooperation with universities, govern-
menl agencies, and private companies. Results of this project
are included in a Database Specifications Manual (LSU et al.,
1996).

GWIS is a cooperative effort between government and the
regulated industry. The goal is to jointly generate a regional
database that meets multiple objectives and regulatory re-
quirements in an area where offshore oil and gas leasing will
continue to accelerate and move into deep water. Previously,
there was little agreemenl among government and industry
on the accuracy and resolution of information used in con-
ducting oil spill risk assessments and planning. Now, there
will be a common, mutually agreed upon dataset for the en-
tire Gulf of Mexico.

Unusually Sensitive Areas

The Research and Special Programs Administration of the
Office of Pipeline Safety, U.S. Department of Transportation,
must identify areas that are unusually sensitive to environ-
mental damage if there is a hazardous liquid pipeline acci-
dent. Once identified, pipeline operators must determine if a
release from their pipeline could impact these areas. If so,
then they must undertake a range of actions to prevent such
accidents, in addition to the traditional actions to protect
such areas during emergency responses, Identification of Un-
usually Sensitive Areas (USAs) is being carried out for drink-
ing water resources, ecological resources, and possibly
cultural/Indian tribal concerns. A map showing drinking-
water unusually sensitive areas in lowa is shown in Figure 4.
Through an open process with public and private sector par-
ticipation, criteria for identifying drinking-water Usas have
been determined. In preparation for the nation-wide assess-
menl of USAs, a digital catalog of existing data has been com-
piled for all drinking-water resources. It is the goal of the
Office of Pipeline Salety to map UsAs for the entire Uniled
States, where possible with existing data sources. Although
this dalabase is being developed for a specific regulatlory re-
quirement for the pipeline industry, it will also be valuable
for spill response organizations nationwide, and the Office of
Pipeline Safety has closely coordinated its efforts with other
federal agencies.

ES| Metadata and Clearinghouse Node

In 1996, the Federal Geographic Data Committee funded a
project to convert existing ESI analog documents into digital
metadata that comply with federal standards and to establish

TaBLE 7. DATA SOURCES FOR PERFORMING WATERSHED VULNERABILITY INDEX (WVI) MarPPING
Data Layer Source Purpose
Facilities EPA Potential oil spill sources
Historic Spills EPA Susceptibility of an area to spills
Pipelines FEMA Miles of pipelines by county
Hydrology River Reach Files (RF3) from USGS Identity the density of hydrology by County and Hvdrologic Unit
Counties ESRI Geocode the county statistics
Hydrologic Units UsGSs Watershed geography
Drinking Water Intakes EPA Water withdrawal sites for human consumplion

Geographic Names Information System
(LUSGS National Mapping Division)

USGS

State Natural Heritage Programs

Managed Lands

Wetlands
Species/Communities

Names, types, and localions ol managed lands

Land Use/Land Cover
Frequency of species and communities by county
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Shallow Glacial Till
E<sn
Alluvial Aquifzig

Surfoce Water Intakes
+ TISA

Ciroundwater Wells
| Class1a TISA
® ClassTd LISA
A Claes Tl 1ISA

Bedrock Geolopy

Figure 4. Drinking-water Unusually Sensitive Areas (USAs)
in lowa derived from surface water intakes, groundwater
wells, glacial till thickness, aquifer sources, and surficial
geology. The UsAs are grouped into several categories
based on groundwater vulnerability rules developed by
the US EPA (Pettyjohn et al., 1991). The classification
scheme includes la: unconsolidated aquifers, Id: covered
aquifers with < 50 feet of glacial till, and lla: high yield
bedrock aquifers.

a clearinghouse node for disseminaling the metadata. The
project involved networking various platforms, installing E-
mail, and developing a www site. The server software was
compiled and installed on a uNIX workstation, the metadata
were converted from word processing documents to Mela-
data Parser compliant files, and the metadata database was
tested as a clearinghouse node (http:/130.11.52.178/gate-
ways.html). Thus far, 141 ESI documents have been con-
verted,

Future Directions

The Environmental Sensitivity Index is a mature, robusl sys-
tem used to plan for and mitigate the effects of oil spills. In
addition, it has been expanded in concepl and scope Lo (1)
develop tidal inlet protection strategy databases, (2) include
season summary information, (3) conduct risk assessments of
entire watersheds and regions, (4) protect important river
reaches using a river reach sensitivity index (RSI), and (5)
model unusually sensitive areas (USAs). NOAA is in the pro-
cess of publishing all of the ESI datasets in various formats
which allow free exchange among different software and
hardware systems. The NOAA web site provides information
on the status and availabilily of the dalasets (http:/response.
restoration.noaa.gov). Several refinements would enhance
the ESI concept.

The nationwide 18I species list should be compared with
the National Biological Service's National Biological Informa-
tion Infrastructure, NOAA’s NODC Interagency Taxonomic In-
formation System, the Nature Conservancy’s Natural Heritage
Program Biological Conservation Database, the National Ma-
rine Fisheries Service and .S, Fish and Wildlife Service
threatened and endangered species list, and the TRITON zoo-
logical index to standardize and link species nomenclatures.
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Resources-at-risk reports should be generated automati-
cally during a spill event, Work on such a tool has been ini-
tiated by the I'lorida Marine Research Institute based on
existing Es1 databases and the use of a friendly graphical user
interface. Future research will likely incorporate heuristic
rules from NOAA manuals and be implemented using an
nxpm‘f S)-’Sfﬁﬂ1 or ﬂﬂllrﬂl network.

Applications should be developed for other natural re-
source management needs, such as permit reviews and envi-
ronmental impact assessments. The ESI is a nalional,
standard dataset and thus applications could be shared
among state and lederal resource managers.
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