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(X,.Y,)

/ MOVEMENT OF OILSPILL DURING TIME
STEP, FROM (Xt,Yt) TO (Xt+at, Yt+at)

— ™~ PATH FOR CHECKING CELLS

SHADED CELLS ARE CHECKED DURING
TIME STEP

Ficure 9.—Movement of & hypothetical oilspill through the model's
grid system during one time step.

CONDITIONAL PROBABILITIES OF CONTACTING
LAND SEGMENTS: PROGRAM LANDSEG

Program LANDSEG calculates the probability that,
if an oilspill occurs at a given launch point, it will, with-
in a specified period of time, contact a particular seg-
ment of coastline. As in HITPROB, conditional proba-
bilities are calculated for each launch point for oilspills
with maximum ages of 3, 10, 30, and 60 days. kach of
the two sets of land segments is processed indepen-
dently, using two slightly different versions of
LANDSEG, culled LANDSEG 1 and LANDSEG 2.
Typical output from LANDSEG is shown in table 4;
the same type of information is stored on a disk for use
by program NU, which ealenlates averall risks.

Identification of land segments does not explicity ac-
count for spreading of the oil. Although a large oilspill,
in reality, could affect several land segments, a “‘hit"" is
scored on only one; the user must examine neighboring
segments, as well as oilspill travel times, and separate-
ly calculate the possible extent of spreading.

TRAVEL TIMES FOR OILSPILLS CONTACTING TARGETS:
PROGRAM FIRSTPAS

Program FIRSTPAS calculates the average, mini-
mum and maximum times-of-travel for oilspills occur-

ring at a given launch point to make first contact with
a target. This tabulation, an example of which is shown
in table 5, is presented by season as well as for the en-
tire year. Spills which do not contact a target arc not
included in the statistics for that target.

Program FIRSTPAS was, in earlier versions of the
model, the only means of accounting for oilspill age.
When HITPROB was revised to present its results for
spills of different travel times, FIRSTPAS became
partially obsolete. However, it has still proven to be a
useful program for checking the behavior of the model
and for helping to understand oilspill transport.

SPILL OQCCURRENCE

This section describes how spill occurrence probabili-
ties are estimated.

To construct the estimated probability distribution
on spill occurrence for a fixed class of spills, certain
simplifying assumptions must be used which may be
unsatisfactory in particular instances. The forecasting
method used in the model is sufficiently flexible for in-
corporation of new and specific assumptions, however.

The following were considered some desirable fea-
tures of a spill occurrence-forecasting method:

1. The method should include an estimate of the
uncerlainty in the forecast by providing a
probability distribution rather than a pre-
dicted number of spills.

2. The method should be consistent with past ob-
servations and intuitively reasonable.

3. The dependence on past occurrence rates
should be clear and explicit.

4. The method should be flexible; that is, changes
in the assumptions concerning use of past oc-
currence rates should be easily accommo-
dated. and the method should be easy to up-
date as new data are accumulated.

SOME BASIC FEATURES OF SPILL
OCCURRKENUE FUKEUASTING

Forecasts of oilspill occurrence are made via a pre-
dicted probability distribution on the number of spills
which might occur during the production life of a lease
area. The predicted distributions are constructed using
Bayesian methods to incorporate the uncertainty due
to limited historic spill-incidence data. The appendix
describes this method in detail.

Simple summary statistics to describe the frequency
of spills expected to occur during the production life of
a lease area must be chosen to reflect, as best as pos-
sible, the shape of the probability distribution. Consid-
erable uncertainty in forecasting for a new offshore
lease area is reflected in a predicted probability distri-
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Ficure 10.—Example oilspill trajectories for a spill site near southern California (OCS Lease Sale 48). Rectangles
are proposed lease tracts. Number on trajectory is the time to the end point in days (Slack, Wyant, and

Lanfear, 1978).

bution with high variance, implying that one cannot
forecast a single number of future spills with much
confidence. Presenting the “‘expected number” of spill
can be misleading, as a wide range of possible spill
totals may be as likely to occur over the life of the lease
area as Lhe “expected number,” which is the
hypothetical average over many lease area lifetimes.
Thus, model forecasts are presented in terms of the
most likely number of spills based on the predicted
probability distribution (in statistical terms, the mode

rather than the mean) as well as the predicted probabil-
ity that one or more spills of a given size will occur in
the lifetime of a lease area.

Spill occurrence forecasts are made separately for
different spill-size categories. Qilspills of different
magnitudes have different damage potentials, and
may be expected to exhibit different statistical proper-
ties in their occurrence. The largest spills occur rela-
tively rarely, but account for a large proportion of the
total volume spilled. For example, the Argo Merchant
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TaBLE 3.—Example of typical output from program HITPRUB, showing probabilities fexpressed
in percent chance) that an oilspill starting at a particular location will reach a certain target in

30 days
[n, less than 0.6 percent chance; *, greater than 99.5 percent chance]
Hypothetical spill location (launch point)
Target Pl P2 P3 P4 P5 P& Tl T2 T3 T4 TS5 T6 T7
-E2 -E3 -E4

Land 3 2 n 1 1 1 4 11 39 5 17 2 11
1 1 1 n n n n 2 3 3 3 6 1 8
2 n 1 n 1 1 n 2 5 15 5 19 ? f
3 2 1 n 1 1 n 1 4 11 4 12 1 5
4 n n n n- n n n n n 2 k} n 1
5 n 1 n n n n 2 4 4 n n n 2
] n i n 1 n n 1 2 2 2 & 1 3
7 n n n n n n n n n 4 4 n 1
8 n n n n n n n n n n n n n
9 1 1 n n n n 1 1 5 2 5 1 5
10 n n n n n n n 1 1 n n n n
11 n n n n n n L 3 4 o n n n
12 n n n n n n n n n 1 & n 1
13 n n n n n n n n n n n n n
14 n n n n n n n n n n n n n
15 3 2 n 1 1 1 4 12 44 6 19 3 11
16 [ 1 n n n n 1 3 9 1 3 1 &
17 n 1 n n n n n 1 5 2 5 1 1
18 n n n n n n 1 3 11 1 5 n 1
19 1 1 n n n n 2 4 4 2 & 1 3
20 n n n n n n n n n n n n 2
n 3 n n n n n L n n n n n n
22 n n n n n n n n n 1 3 n 1
23 n n n n n n n n n n n n n
24 n n n n n n n n n n n n n
25 n n n n n n 3] n n n 1 n n
26 n n n n +] n n n n n n n n
27 n n n n n n n n 1 n n n 4]
28 n n n n n n n 3 * n n n n

n = less than 0.5 percent chance
#* ~ greater than 99.5 percent chance

gpilled 7.7 million gallons when it broke up off Nan-
tucket in December 1976 (Grose and Mattson, eds.,
1977, p. 1); by comparison, the total volume spilled in
1975 by U.S. tankers was 7.8 million gallons in 587 in-
cidents (Stewart, 1976, p. 60). The largest spills have
ihe most damage potential, and generally occur under
different circumstances from smaller spills. Major
blowouts of wells or complete ship breakups, for in-
stance, are somewhat distinet from minor collisions or
equipment malfunctions.

Spill occurrence forecasts are made separately for
different types of spill sources—tankers, pipelines, and
platforms. It is reasonable to expect that spill occur-
rence rates will differ for the various modes of produc-
tion and transport, and past data support this conten-
tion (see table 6). A principal use of the risk analysis
model has been to help compare transportation mech-
anisms for given lease areas,

Continued accumulation of data may enable greater
refinement of spill-source categorization in the future,

For example, tankers might be considered separately -
by age class (Stewart and Kennedy, 1978, p. 25), or
deep-water production rigs with single-buoy moorings
might be considered separately from rigid, near-shore
structures. The exact approach taken for a given risk
analysis should depend on available data, the precise
concerns of the analysis, and how the model results are
to be interpreted; the model can be straightforwardly
applied. using the same methodology, programs, and
reporting structures as for the present pipeline-tanker
breakdown.

Spill occurrence forecasts, as well as any assessment
of risk from a given development program, depend fun-
damentally on the estimated amount of oil to be pro-
duced in a lease area. First described by Devanney and
Stewart (1974}, the Bayesian methodology used to con-
struct the probability distributions on spill occurrence
utilizes past production and oilspill occurrence data
and future production estimates in a straight-forward
way. The following sections provide further details.
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TabLe 4.—Bxample of typical output from program LANDSEQG, skowing probabilities
fexpressed in percent chancel that an oilspill starting at a particular location will reach a

certain land segment in 30 days

{n. Jeas than 0.5 percent chance]
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n — less than 0,3 percent chance

PREDICTED PROBABILITY DISTRIBUTION FOR
A FIXED CLASS OF SPILLS

This subsection describes the predicted probability
distribution for spill occurrence within a fixed class of
spills. A fixed class of spills consists of spills in a single
gize range (say, spills larger than a thousand barrels)
originating from a single spill source {say, tankers).

A basic assumption of the method is that spills occur
as a Poisson process, with volume of oil preduced or
handled as the exposure variable. (Other exposure vari-
ables can also be considered, as discussed in the next
subsection.) That is, the probability P, of observing n
spills in the course of handling ¢ barrels of oil is

—At

where 1 is the spill occurrence rate per unit exposure,
{spills per million barrels of oil).

The Poisson assumption requires that spills occur in-
dependently of each other. One could clearly question
this assumption — if, for example, safety and inspec-
tion standards were improved as a result of a particu-
lar spill, several potentially subsequent spills might be
averted. Nonetheless, there is evidence that a Poisson
model for spill occurrence provides a reasonable ap-
proximation (see Stewart and Kennedy, 1978, p. 36).

The spill occurrence rate, A, is unknown. A Bayesian
methodology, described in detail in appendix A, pro-
vides one way to weight the different possible values of
A, given the past frequency of spill occurrence for a
fixed class of spills by taking a weighted average of the
distributions (equation 3) over different values ofA. If v

is the number of past spills in the fixed spill class in the
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TasrLe 5.—Example of output from program FIRSTPAS. Average minimum, maximum, and mean timo-
of-travel for oilspills occurring at site P1 to contact targets. Winter season and all seasons.

LAUNCH POINT: Fl1
500 SPILLS PER SEASON

WINTER ALL
TARGET NO, MIN MAX  MEAN . NO. MIN MAX  MEAN
1 TANNER AND CORTEZ BANKS 64 11 59 33.3 50 6 59 25.5
2 RANGER BANK 3 53 56 54.6 13 35 56 46.9
3 MAJOR MARXETFISH 295 0 60 14.4 1626 4] 60 7.0
4 MAJOR COM PELAGIC FISH 7 10 60 32.9 441 5 60 26.5
5 SATHON 0 0 0 0.0 11 7 20 12.7
6 ALRACUORE 0 0 0 0.0 372 3 60 27.5
? BOKITO o Q o 0.0 . 11 5 56 35,2
8 TUHA 0 0 0 0.0 78 15 60 41.3
% SUORLYISH 0 0 o} 0.0 18 34 58 45,2
10 cumiFKCEIAL SHELLFISH 1%2 1 60 Z1.8 118% 1 60 11.2
11 SHEARBIRDS (APRIL-JUNE) 0 0 0 0,0 4000 1 19 2.6
12 SEABIRDS (JULY-SEP) 0 0 0 0.0 42 0 58 16.2
13 SEAHIRDS {OCT-DEC) . 0 0 0 0.0 1 19 19 18,6
14  SEABIRDS (JAN-MAR) 129 5 60 27.1 141 4 60 26.0

course of handling t barrels of oil, the estimated predic-
ted probability that there will be n spills in the next ¢
barrels handled is

{n+v—1)1"
alv—1{t+ryr TV

(4)

Pn)=

This is the negative binomial distribution with ex-
pectation

E=vtir (5)
and variance
y=2E(1+1) (6)
T T
The probability of one or more spills is
7

1 v
Plr2l)=1-{ T30
Thus, the predicted probability distribution eguation
on spill occurrence for a fixed class of spills (a single
spill-size range, a single spill-source category) incorpor-
ates the predicted volume to be handled, ¢, the past oc-
currence rate, (v/1), and the uncertainty which stems
from the fact that (v¢/1) is not likely to equal the true
occurrence rate, A, exactly.

CHOOSING AN EXPOSURE VARIABLE

Fundamental to the spill occurrence forecasting
method is the notion of an exposure variable. An expo-
sure variable is some quantity related to oil production
or transportation which has a precise statistical rela-
tionship to spill occurrence. In the past, the exposure

variable used in the model has been volume of oil han-
dled. Predicted probability distributions have been
constructed by utilizing past rates of spills per volume
of oil handled and the projected volume of oil to be han-
dled.

Other exposure variables could be used. In the case
of tankers, for example, number of port calls and num-
bers of tanker years have been contemplated {Stewart,
1976, p. 53, and Stewart and Kennedy, 1978, p. 23).
The model described here permits the use of any expo-
sure variable without major alteration of programs or
other parts of the analysis.

An exposure variable should measure some aspect of
oil production or oil transport such that for an amount
of exposure ¢t the probability of » spills occurring is
given by the Poisson distribution:

HM=WP{“, (3)
n.

where 1 is the average rate of spill occurrence per unit
exposure and £ is the exposure. This implies the follow-
ing technical assumptions:

* The mean and variance of spills for a given
amount of exposure should be Az,
= Spills must occur independently.

In practice, this relationship holds only approxi-
mately for any specific exposure variable, and it may
be impossible to reject any of several alternative expo-
sure variables simply on the basis of analysis of past

data. Further criteria for choosing exposure variables
are:
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TasLe 8.—Historic spill occurrence rates used in the Oilspill Risk Analysis Model

Spill Number of Volume handled Data Ares Time period Model runs
solree spills {millions of bbls) source covered covered used in
Spills over 1,000 barrels
Platforma ............ 9 3,027 Devanney and Stewart U.s. 1964-72 Before
(1974, p. 89). May 1977.
Do ................ 10 5,338 Stewart {1975, p. 32} U.S. 1964-75 After May
and personal commun. 1977,
May 1977.
Pipelines . ............ 8 3,169 Devanney and Stewart U.s. 1964-72 Before
{1974, p. 94} May 1977.
Do ................ 11 4,780 Stewart (1975, p. 33) u.s. 1964-75 After May
and personal commun. 1977.
May 1977.
Tankers.............. 99 29,326 Devanney and Stewart World 1969-72 Before
v (1974, p. 49). May 1977.
Do ............... . 178 45,941 Stewart (1976, p. 66) World 1969-73 Aflter May
1977.
Spills under 1,000 barrels
Platforms and 1,230 4,396 Devanney and Stewart U.S. 1971-72 All,
pipelines. (1974, p. 102).
Tankers............ .. 624 1,412 Devanney and Stewart u.s. All

1971-72

* The exposure should be simple.

» It should not intuitively violate the preceding
technical assumptions to any significant ex-
tent.

¢ It should be a quantity which is predictable in
the future,

The last criterion is particularly important in forecast-
ing applications. If the analyst has an estimate of fu-
ture production from a large area, but no specific infor-
mation on how the area is to be developed, in terms of
number of platforms, etc., then volume produced
might be preferable as an exposure variable over plat-
form-years, even if platform-years appear to be a better
exposure variable based on past data.

How can a contemplated exposure variable be chack-
ed using past data? One way is by testing the assump-
tion that the mean and the variance are both equal to
At. The linear relationship between the expected num-
ber of spills and the exposure variable suggests the use
of least-squares regression techniques; weighted least
squares should be used because the variance of the
number of spills is not cunstant, and is also linearly re-
lated to exposure (see Draper and Smith, 1966, p. 77).
Thus, if (t,, 75, . . . ., T3) are the exposures in regions (r,,
e, .. ... rp) during some year, and {u,, v,,. .., v}) are
the respective numbers of spills observed, then a re-
gression of v/ 1;vs. /1; checks the first technical as-
sumption. This gives Tv;/Z7; as the true rate of spill oc-
currence per unit of exposure. The usual tests of a

regression fit can be used to evaluate the appropriate-
ness of this assumption. Mean and variance equal to At
is a necessary but not sufficient condition for the
Poisson model. (Stewart and Kennedy, 1978, p. 60, pre-
sent this point quite forcefully}. Devanney and Stewart
(1974, p. 45) give some examples of regression in-
vestigations where volume of oil handled is used as an
exposure variable.

Occasionally it will be pessible to test directly the
Poisson assumption in its entirety. If there are numer-
ous observations, each with the same exposure, then
the associated numbers of spills represent independent
observations from a single Poisson distribution, and
the standard statistical tests for goodness-of-fit can be
employed. A possible base is tanker gpills, where a con-
templated exposure variable is tanker-years. Every
tanker which has been in service for the same time
period will have the same exposure. Stewart and Ken-
nedy (1978, p. 24) performed goodness-of-fit tests in
this situation and felt the Poisson model to be accept-
able,

In praclice, huowever, these statistical testing proce-
dures rarely demonstrate unequivocally that a given
exposure variable is ‘‘correct.” They provide one way
to rank contemplated exposure variables based on past
experience. The ultimate choice of an exposure variable
will rest largely on the judgment of the analyst.

The regression work of Devanney and Stewart (1974,

p. 26} indicated that volume of oil handled is at least a
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reasonable exposure variable. The variable is simple,
bears a good intuitive connection to the number of
spills, and is relatively easy to predict in advance with-
in known error limils. Recently, though, Stewart and
Kennedy (1978) have investigated the use of other ex-
posure variables.

SPILL OGCURRENCE RATES AND EXPOSURE VARIABLES

The sources for the spill occurrence rates used in the
model are Devanney and Stewart (1974), and Stewart
(1975 and 1976). Those authors obtained data primari-
ly from three sources: the Conservation Division of the
11.S. Geological Survey. the U.S: Coast Guard, and a
survey of world-wide major tanker spills in 1969-1972
(Devanney and Stewart, 1974, p. 1). In the past, there
have been many problems in screening and reconciling
the information in these data sources; Stewart and
Devanney have done much in this area and describe it
in the above-cited reports. Table 6 gives the spill occur-
rence information used to date in runs of the model.
The occurrence rates were used to construct predicted
probability distributions on spill occurrence as des-
cribed in the earlier subsection, ‘‘Predicted Probability
Distribution for a Fixed Class of Spills.”” For small
spills, pipelines and platform occurrences are lumped
together due to the data base ambiguity concerning
the precise division point between a platform and a
pipeline spill.

TRANSPORTATION SCENARIOS

The previous section presented a methed for con-
structing a probability distribution on spill occurrence.
The next logical step is to show how site-specific de-
tails are applied to calculations of spill occurrence.

CONSTRUCTION OF TRANSPORTATION SCENARIOS:
PROGRAM SCENARIO

The risks of oilspills resulting from OCS develop-
ment do not arise solely frum platform operations.
Transporting oil to shore entails additional risks which
can exceed the risks of extracting the oil. Therefore,
cach group of leasing tracts must be considered as part
of an integrated production and transportation sys-
tem; program SCENARIO provides a means of des-
cribing this system so that spill occurrence probability
distributions can be calculated.

For each production site, a transportation route
must be defined by linking together any of the launch
points analyzed by program SPILL with destination
points (see figure 11). The method of transport (that is,
pipeline or tanker) must be specified for each transpor-
tation routc segmoent. It is not necegsary for the route
to be strictly continuous, since this description is only

an approximation of an actual route. The modeler must
use judgment in striking a balance between a precise
route description and a reasonable computational ef-
fort, and should be watchful against specifying a trans-
portation route more detailed than justified by the
resolution of the model. Figure 11 shows how oil pro-
duced from lease tract group P14 would be brought to
land in tankers following a route starting at P14 and
continuing through T21 and T20. At least one
transportation route must be defined for every lease
tract group contained in an analysis, and the complete
set of transportation routes is called the transporta-
tion scenario. The coding of program SCENARIO
allows the inclusion of sources of oilspill risk other
than OCS leasing in a transportation scenario.

In the preceding subsection, “Spill Occurrence Rates
and Exposure Variables,” it was explained that the cx-
posure variable for transporting oil is the volume of oil
handled. That is, a given volume of oil, ¢, moved from
A to B can be expected to result in 1¢ spills, regardless
of the distance between A and B. The route from A to
B can be described as a series of launch points with the
oilspill risks distributed among the route segments ac-
cording to their length. {In figure 11, for example,
typical weights may be 20 percent for P14, 40 percent
for T19, and 40 percent for T20, demonstrating a rough
proportioning of risk to length.) Use of other exposure
variables would require a similar weighting of trans-
portation route segments. To accomplish this, pro-
gram SCENARITO is designed with a highly flexible
weighting process that allows the user to assign an ar-
bitrary weight to each segment of a transportation
route. This flexibility allows the user to specify a com-
plicated transportation route that involves multiple
movements of oil {e.g. “‘pipeline to port A, then tanker
from port A to port B"), or to divide the oil from a lease
tract among several different transportation routes
(that is, “*half to port A, half to port B”). If deemed jus-
tifiable, “high risk” transportation segments can even
be assigned higher weights.

ESTIMATED VOLUMES OF OIL RESERVES

For calculating actual oilspill risks, it is necessary to
include the volume of oil that is expected to be pro-
duced from each lease tract group as input to program
SCENARIOQ. This information is compiled by the Con-
servation Division of the U.S. Geological Survey and is
considered proprietary information.

PROBABILITY THAT AN OILSPILL WILL
OCCUR AND CONTACT A TARGET

The model produces as an end result an estimated
probability distribution for the number of spills con-




