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A STATISTICAL STUDY OF TROPICAL CYCLONE POSETIONING ERRORS!

WITH ECONOMIC APPLICATIONS

ABSTRACT

Hurricane landfall forecasts are based heavily on the latest available
motion vector and position of a storm. |naccuracies in these data

are closely related to errors in the fime and place of storm land-
fall. This study uses a Monte Carlc simulation of hurricane position-
ing errors to determine a statistical relationship between positioning
errors and landfall errors, 1t is shown that for a typical [8-hour

landfall forecast, approximately 22 percent of the landfall position
error can be attributed to initial data uncertainties. |+ |s further
shown that a 20 percent increase in the size of a hurricane warning
zone can be expected if the currently observed positioning errors are
Increased an average of {0 nmi, However, a |0 nmi decrease in posi-
tioning error yields only an || percent decrease in the size of the

warning area.

The study continues with an economic analysis of potential changes In
the size of hurricane warning areas. |t is estimated that protection
costs (including losses due to temporary curtalled production) for a
typical 300 nmi Gulf of Mexico coastal hurricane warning zone fotal

25,1 miltlion dollars. A 10 nmi Increase In positioning error will thus
increase this economic loss by about 5 million dollars per storm. A

IC nmi decrease in positioning error will decrease protection costs by
about 2,75 mitiion dollars per storm,

I, INTRODUCT {ON AND PURPOSE

The lssuance of hurricane warnings afong a portion of the United States
coastilne Is generally accomplished |18 to 24 hours prior fo expected
arrival of a storm at the coast. This particular time interval has
been found to be an optimized trade-off between the desire to provide
maximum warning fead Time and the ability fto keep the size of the
warning area within reasonable |imits. With such a lead time, the
length of the warning zone averages near 300 nmi. Sugg (1967) points
out ‘that inasmuch as the swath of damaging winds is generally less than
100 nmi, the publlic must expect a minimum overwarning area of about

200 nmi.

'A positioning error Is defined as the difference between the fore-
caster's assumed Initial position of a storm and the actual position
as determined from a post-analysis,



Reduction in the average size of the overwarning area or Increases in
warning lead time can only be accomplished by Improvements in the
"state-of-the-art" of tropical cyclone forecasting. As pointed out by
Neumann (1975), an Important consideration in this regard is the role
that persistence plays in tropical cyclone forecasting. For forecast
periods of 24-hours or less, the latest motlon vector {persistence) is
the most important single factor contributing to the reduction of vari-
ance realized by most statistical tropical cyclone prediction modeis.
With any forecast situation, uncertainties in the position and motion
of a storm at the time a forecast is o be made often compromise this
variance-reducing potential and contribute directly to Increases in
the errors associated with the prediction of the time and place of a
hurricane landfall,

This paper concerns I[tself wlth several aspects of the initial data
uncertainties. |In Section 2 a statistical analysis is made of the
observed positioning errors, In Section 3, the statistical distribution
of positioning errors Is used as the basis of a Monte Carlo simulation
of hurricane landfall forecast situations. The simulation experiment
leads to a specific statistical relationship betwsen positioning error
and landfall error.? The economic aspect of potential changes In the
average slze of hurricane warning areas is the subject of Sectlon 4,

A discussion of the results and g summary follows In Section 5.

The toplc Is scmewhat similar o that discussed by Anderson and Burnham
(1973) who speculated on potential economic benefits resulting from a
decrease in the size of a warning area due to general improvements In
tropical cyclone forsecasting. In the current study, however, the empha-
sls Is on the role that positioning errors play in potential changes
(that is, either Increases or decreases) In the size of hurricane warning
areas. No attempt was made to evaluate economic losses from troplcal
cyclones below hurricane strength.

Discussions on procedural changes which could conceivably bring about
changes 1n the current ability to specify a center of a tropical cyclone
are beyond the scope of this paper. The purpose is merely to speculate
on the results of such changes, however they may come about,

2. OBSERVED POSITIONING ERRORS IN THE ATLANTIC

in an operational environment, it Is Imposslible to determine storm posi-
tion and storm motlon with the same precision as that implied by the
best track.® [t is beyond the scope of thls paper to consider all the

2lLandfall error is defined as the distance, measured along the coast-
|ine, between the forecast point of landfall and the observed peint

of landfall.

*Best track is defined as the accepted track of a storm after a
thorough post-analysis.



possible reasons for this clrcumstance. The situation is perhaps best
summad up by Hope (1971) who states that In arriving at a synoptic-
timo positlon the forecaster simply utilizes the latest and what

he conslders 'the most rellable information available at that Time.

A post-analysis generally indicates that the forecaster's original esti-
mate of storm position and hence, storm motion was somewhat In error.

A summary of positioning errors in the Atlantic over the seven year
period, 1968 through 1974, discloses that the average error s about

25 nmi.*  |f the area is confined +o within 500 nmi of the United States,
the average error is found fto be near 22 nmi. The decrease is attri-
butable fo I(ncreased aircraft and radar survelliance ss well as more
positive gridding of satellite photographs when storms are close to

the United States mainiand.

The vector distribution of this latter group of errors is shown in

Fig. 1. The origir represents the best-track position of the storm,
tach of the points on the figure represent the end point of & vector
drawn from the best-track positlion (origin) fto the coperatlional storm

position.

For Monte Carlo simulation experiments it is convenient fto identify a
parent probability distribution. Accordingly, the array of error com-
ponents on Fig. | was fitted fo a bivariate normal distribution. It
is obvious (and somewhat surprising) that this theoretical distribution
does not adequately describe the observed density distribution, There
are far too many observed cases near the cenfroid of the data sample
than would be expected from the theoretical distribution. For example,
the .25 ell|iptical envelope should contain approximately one-fourth
(103) of the cases whereas it actually contains 216 cases., The 0.50 to
0.75 elliptical areas should also contain cone=fourth the cases but actu-
ally contains 47 cases. Accordingly, if one were to select at random
from the distribution rather than from the actual sample data, the

mean absolute error would be overestimated. A test on 1000 random
sefections from the distribution indicates that the overestimation of
mean absolute error Is about 26 percent,

*In Neumann (1975), the average error for the five year period 1968-
(972 was found to be near 27 nmi. The decrease suggests Improved
positioning accuracy in recent years.
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Fig. I. Distribution of positiloning errors for storms located within
500 nmi of the United States mainland. Origin represents posi-
tion of storms determined from the best-track. The head of a
vector drawn from origin to the operational storm position is
shown by (+). Perlod of record 1968 through 1974, X'Y' coordi-
nate system gives centroid of data as fitted to blvariate
normal distribution.

3, SIMULATED LANDFALL FORECASTS

a. Chojce of an objective forecast model - Before proceeding with
the simulation experiment, 1+ was necessary to select an cobjective pre-
diction mode! which met certain requirements. Since a Monte Carlo
simulation could potentially generate thousands of forecasts, the modsl|
could not use more than a few seconds of computer *ime for each fore-
cast. Secondly, since the purpose of the experiment was o study the
effects of uncertainties in storm positions, the model had to make ex-
plicit use of this parameter In the prediction algorithm. Thirdly, It
was desirous, although not absolutely mandatory, that the model not re-
quire fields of upper-air synoptic data. Such data are not available




prior to 1945 and it was necessary to use storms prior to this date to
obftaln a large enough control sample. These restrictions eliminated
all but the HURRAN (Hope and Naumann, 1970) analog model and the CLIPER
statistical model (Neumann, 1972), The latter was chosen In preference
to the former due to |ts greater computer economy and convenience.

Certain modiflcations were made to the CLIPER forecast equations fo
make them compatible with the rationale behind the landfall simulation
forecasts. The revised set of prediction equations requires the speci-

fication of the eight predictors listed in Table |. Predictors P(9)

SYMBOL PREDICTOR

PCL) Current latitude.

P{2) Current longitude,

P(3) Zonal displacement zero to =12 hours.

P(4) Merldional displacement zero fo -12 hours.

P(5) Zonal displacement -12 to -24 hours.

P(6} Meridional displacement ~12 to -24 hours.

P(7) Jullan day number.

F(8) Maximum wind speed.
Table |. ldentification of the eight basic predictors required by the

modiflied CLIPER prediction equations.

through P(44) are internally generated by the program. These additional
predictors consist of all posslble second-order products and cross-—
products of the eight basic predictors given In Table |, The prediction
equation for forecast zonal displacement (DX) for some given forecast
interval is given by:

DX =C, + C.P o

where C, is the infercept and the remaining constants C, through C,, are
defermlged by standard least squares methods. Similar rationale applies
to the meridional motion prediction equations. Reasons for the use of

a least-squares f1+ rather than a step-wise screening regression ap-
proach are discussed in Neumann and Randrianarison (1974).

An additlional modification of the CLIPER equations invelved the elimi-

nation of a forecast blas. The modifled set of prediction equations
was derived using dependent data for the entire Atiantic area, including
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the Gulf of Mexico. As will be pointed out In the subsequent subsection
3b, the simulation experiment was conducted only on Gulf of Mexico
storms., Using the modlifled CLIPER equations in the Gulf of Mexico
results in a slight bias to the right since storms in this area tend

to have more northerly component than storms In the Aflantlc located

at similar latitudes. This slight bias was removed from the prediction
equations prior to using fthis model exclusively on Gulf storms.

b. The control storms - In order fto inject a degree of reallty
intfo the forecasts, only those hurricanes which had actualiy made land-
fall in the United States were considered as possible candidates for

control storms. A number of reasons, most relating to convenlence,
ted to the selection of the 25 hurricanes which had affected the

New Orleans area between the years 1886 and 1974 as an acceptable set
of storms. These storms are identified in Table 2, and Their tracks
are plotted in Figure 2, This set of control storms was used in two
ways. Initlally, simulated forecastes were prepared using best-track
fnitial position and motlon. Secondiy, additional forecasts were pre-
pared using simulated operational position and motion errors.
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Fig., 2. Tracks of the 25 "control" storms. Storm numbers are
identifled In Tablie 3.



Cumuiative Storm Landfall Landfalf Long.  Storm

Number Year Date (EST) At 30 N Name

| 1887 Oct 19 89.5 W -

2 1888 Aug 19 92.1 -

3 | 889 Sep 23 88.2 ———

4 1893 Sep 08 . 90.7 e

5 1893 Oct 02 89.2 -—

6 1897 Sep 12 93.2 ——

7 1901 Aug 15 89.5 ———

8 1906 Sep 27 88.5 ——

9 1909 Sep 20 90.2 —-——

10 1915 Sep 29 90,2 ——

] {916 Jul 05 88.7 —-—

12 1920 Sep 21 al. | -

3 {923 Oct 16 gt.4 ——-

14 1926 Aug 26 9.4 ——

15 1932 Sep Ol 87.6 ———

|6 1934 Jun 16 91.0 -—

7 1947 Sep 19 89.7 ——

18 1948 Sep 04 90.0 ——

19 1956 Sep 24 87.4 Flossy
20 1960 Sep 15 91.5 Ethel
21 1964 Oct 04 91.4 Hilda
22 1965 Sep 10 9l.1 Betsy
23 1969 Aug |7 B9.3 Camille
24 1871 Sep 16 92.3 Edith
25 1974 Sep 08 92. 1 Carmen

Table 2. The 25 storms selected as "control storms™., Column labeled

cumulative storm number refers to numbers appearing on
Fig. 2. Dashes indicate storm not fermally named.

c. Best-track forecasts on control storms = The ccast along the
northern Gulf of Mexico Is conveniently simulated by the thirtieth
parallel. Accordingly, the longitude where each storm crossed 30N
was recorded (see Table 2). Also recorded were the locations of
these storms at six-hourly intervals from |12 to 36 hours prior to
making landfall at 30N. A quadratic interpolation scheme given by
Akima (1970) was used to determine these positions. For each of the
forecast periods, the necessary lnput parameters to the CLIPER model
(see Table 1) were determined from the cobserved storm tracks. Simu-
lated forecasts, one for each of the time periods 12 to 36 hours prior




to landfall, were prepared on each of the 25 storms. A summery of the
resultant landfall errors Is glven in Table 3. For reascns discussed

in subsectlon 3a, the bias (mean algebraic error) of the storm sample

iandfal | was near zero and was not included in Table 3,

Forecast Interval Mean Absoiute Error Standard Error
|2 hours 24 33
|8 hours 52 69
24 hours 79 (07
30 nhours 105 [ 3G
36 hours 114 [43

Tabte 3., Landfall errors (nmi) on sample of 25 control storms using
best-track initialization data.

d. Simulated operational forecasts on contrel storms - The [2-,
i8~, 24-, 30—, and 36-hour forecasts on the set of 25 contrcl storms
were repeated with predictors P(l} threough P(6) of Table |, modified
so as to simulate operational conditions. This modlfication was
accomp | Ished by the inclusion of position errors randoemly selected
from the distribution shown in Figure |. For the Initial position,
the full amount of the error component was used. For the -12 hour
position, one~half of the error was used while for the -24 hour posi-
tion, one-fourth of the error component was used. Predictors P(1)
through P{6) were obtained from these modified positions. Such a pro-
cedure closely parallels operational conditlons where the current
position of a storm is the least certain and the -24-hour position
specified by the forecaster is apt to be close to the later determined

best-track.

One hundred simuiated forecasts were made on each of the 25 control
storms for each of the five forecast time periods, 12 through 36 hours,
giving a toftal of 12,500 forecasts. A summary of these results is
given In Table 4. Comparison with the data given in Table 3 shows an
expected increase In both the mean absolute error and the standard
error. Qf parficular interest is the amount of landfaf!l error which
can be attributed solely to the cobserved positioning error, For any
given landfall forecast period, an error ratio (R) can be defined as:

R = (EOp - EbT)/Eop = 1.0 - EbT/Eop,
where EO is the landfall mean absolute error from operational data
and Ebf is the mean absclute error from best-track data. A graph of



the quantity R vs, landfall forecast interval is given in Flg. 3. Thus,
for the typical 18-hour landfall forecast, approximateiy 22 percent of
the landfall error can be attributed exclusively to positioning (and
inftlal motion) errors.
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Fig. 3. Statistical relationship between landfall forecast perlod
and the proportion of landfall error which can be attributed
to positioning errors (landfall error ratio). Curve sub-
Jectively fitted to the six data points.

Forecast Interval Mean Absolute Error Standard Error
12 hours 42 55
I8 hoturs 67 86
24 hours 94 I25
30 hours 118 {58

36 hours 131 71

Table 4. Landfall errors (nmi) on sample of 25 control storms using
simulated operational initialization data.



e, Additional simulated landfall forecasts - In order fto deter-
mine the effects of possible decreases or Increases in positloning
errors, the procedures described in the preceding subsection 3d were
repeated using error distributions 25, 50, 75, 125, 150, and 175 per-
cent as greal as the observed error distribution shown In Fig. 1.

With the larger position errors, there were occasions when the storm
falled to reach the coast In the 72-hour forecast period. In these
cases, The landfall error was tTaken as ‘the distance between the 72~hour
forecast storm positicn and The observed landfall position.

These additional computer runs provide sufficient data fo obtain a
statistical relationship between positioning error and the standard
deviation of landfall errer (standard error)., As will be shown later,
this relationship Is needed if one is to determine potential changes

in the size of a hurricane warning zone, The various computer simu-
lation runs provided the data points shown on Fig. 4. The standard
errors using best-track data (Table 3) are plotted vertically at a
positioning error of zero, The remsining standard landfall errors, ob-
tained by using the simuiated positioning errors, are plotted vertically
along the appropriate poslitioning errcr after alfowing for the 26 per-
cent bias (see Section 2) one obtains by using the distribution shown

in Fig. I,

The entire array of standard errors (S), positioning errors (P), and
forecast time (T), were next fitted to a cubic regression surface,

s, = 2 (TTo P 1) 1+yss (2)
i_

wlth the constants Q obtained according to the method described by
Neumann and Hope (1972). The resulting aigebraic equation contains

[0 terms, each term of the form Qi.PIT . These are |isted in Table 5.
The multiple correlation coefficient of the fit is 0.99 indicating a
nearly perfect relationship between the three variables S (standard

landfall error), P (pasitioning error) and T (forecast time Intervall,

The scolution of Eq. 2 over the range of T from 12 to 36 hours at
3=hourty intervals and the positiconing error from zero to 45 nmi is
shown in Fig. 4. |t can be noted that the landfall errors increase
very slowly beyond 33 hours and additional computer simulation runs

at T beyond 36 hours show that the landfall standard errors tend to
become constant at 42 hours. This is a consequence of fthe orlentation
of the coast!ine and would not be the case for landfail errors in general,

- |0



The 20 pmi mean posltionlng error cited on Fig. 4 is slightly less

than that computed from the data plotted In Fig. |. These latter data
Include ali positloning errors on storms located within 500 nml of the
Unlted States coastline., Since landfall forecasts are made from dls-
tances no more than 300 nm|, it was considered appropriate to make this
smal | downward adjusiment.
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f. Calculations on the size of the warning area - The total width
(W) of a coastal hurricane warning area consists of The forecast swath
(H) of damaging winds plus an additional distance (Z,) to the left and
a distance (Z,) to the right of the damage swath to dccount for uncer-
tainties In Tﬁe forecast. For a given hurricane forecast situation,
the distance Z, s not necessarily equal to Z_. Each is determined by
a number of su%jecTive factors Inctuding the synoptic situation, the
proximity of large population centers and the confidence the forecaster
places In the projected track. Over a long period of time, however,
ZL can effectively be taken as equal to ZR in which case,

W=H+ 2z | (3)

where 7 = Z, = ZR A schematic warning zone is illustrated in Fig. 5.
A study of &andfall errors between the years 1970 and 1974 (Pelissier,
1974), the data glven in Table 4 and data given by Sugg (1967) suggest

I:—-w——-l—-—a-—wk 4_: o z jl
. : .

Fig. 5. ldealized hurricane warning zone.

that Z is about 1.5 to 2.0 times larger than the starndard deviation of
landfall errors., Assuming that the landfall errors are normally distri-
buted, this means that, based on the original forecast, a storm can be
expected to make landfall within the bounds of the forecast warning

zone W approximately 85 o 95 percent of the time.
The distance Z can be effectively expressed as,

Z = NS(P,T) (4)

where N is the confidence factor (number of standard errors) which the
forecaster effectively uses and S(P,T) Is the standard error of the
landfall forecast as given by Eq. 2. Eq. 3 then becomes,

W =H+ 2NS(P,T), (5)

It H is taken as 75 mmi (typical of observed damage swaths), if N is
taken as unity and if positioning error (P) Is taken as 20 rmi, and 1f
T is taken as |8 hours, then S(P,T) from Fig. 4 is read as 88 nml and
W, computed from Eq. 5, is found to be near 251 nmi. |f the positicon-
ing error Is increased to 30 nmi while the other variables are held
constant, then W becomes 299 nmi, a near 20 percent increase over
that observed using the average 20 nmi positioning error,

-2~



CHANGE IN POSITIONING ERROR (N.MI.)
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Fig. 6. Percentage changes in extent of coastal warnings to be expected
with various positioning errors. Zero positlioning error repre-
sents 20 nmi. Family of curves drawn for various conflidence
facters (number of standard errors) used in arriving at width
of landfall forecast zone, Confidence factor is typically set
at 1.5 to 2,0 standard errors. Forecast perlod Is 18 hours,

With a fixed damage swath of 75 nmi, and with the quantities N and T
assigned some given value, different selections of the positioning
arror P glves a range of percentage changes in the quantity W. Figs.
6 and 7 were prepared to show all of these possible ranges. For the
case cited in the preceding paragraph, for example, AW is read from
Flg. 6 as 19.8 percent.

Flgs. 6 and 7 show that substantial changes In the size of coastal
hurricane warning zones would result with any changes In the currently
observed positioning errors. Because the slope of the curves Increases
from left to right, a given increase in positioning error increases the
length of the coastal warning zone more than this same numerical de-
crease in the positioning error would decrease the size of the warning
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Fig, 7. Same as Fig. 6 except for 24 hours,

zone. In ofther words, tThere Is a diminishing benefit ratio as posi-
tioning errors are possibly reduced below current values. Another
significant feature of Figs. 6 and 7 is the larger percentage changes
one can expect with the shorter-range landfall forecasts.

4, ECONOMIC ASPECTS OF CHANGES IN POSITJONING ERROR

As shown in Table 6, the average population per 300 nmi of U.S. Guif
coastline as of 1974 is about .75 million. A 20 percent Increase in
the size of an average warning area would thus affect approximately

350 thousand additlional inhabitants plus a number of municipalities,
coastal oil rigs, military installations, industrial complexes, etc.
What does this mean in fTerms of actual Increased preparedness cosfs?

To answer this question, it is necessary to estimate the average pro-
tection costs per average size warning zone. While socme of these costs
such as those borne by military installatlions are easily determined;
others,such as those borne by an average citizen or by the Indusirial
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segment, are quite subjJective and require some simplifying assumptions

if one is to arrive at a cost estimate. Reference to previous studies

dealing wilth economic aspects of hurricane forecasting, notably Hawkins
and Bilhorn (1971}, Sugg (1967), Anderson and Burnham (1973}, Brand and
Blelloch (1974), led to the selection of five cost categories. Each

of these will be discussed in turn,

Number of inhabltants GLFMEX coastal counties

according 1o 1970 CensuUS.sivesisrnsvssanrass Cetia e ..6,958,401|
Rate of increase per year (1960 to 1970),..... cirrarssseres 2.2 percent
Estimate of number of Inhabitants as of 1974, . ieevineenneest,D67,261
Length of coastline Brownsvillie to Koy West..i.vvusiersesse . 1300 nmi
Number of 300 nml| zones (1300/300}....verensnsnnsn ceereneeadd,33
Average population per 300 nmi zone..... Crerreraenas veeraasel, 746,425

Tabte 6. Computation of average population per 300 nmi of Gulf of Mexico
coastline. Population data summarized from Hebert and Taylor

(1975),

a. Municipal and private costs - Economist Anderson and co-author
Burnham (1973) recommend the use of $4,50 as the typical per capita cost
for each hurricane protected agalnst (i.e., $18 per family of four). The
figure is based princlpally on a RAND study (Demsitz, 1962) and includes
protection to private, commercial and clty owned bulldings as well as
private and city labor time lost due fo storm preparation. The figure
does not include lost production and preparedness costs of large indus-

trial plants.

Sugg (1967) presents information which suggests that only 20 percent of
the population take any action upon receipt of hurricane warnings. How-
ever, inhabitants along the Gulf Coast are considerably more hurricane
conscious since Camille of 1969. Accordingly thls figure has been ad-
Justed upward to 50 percent for the Gulf of Mexico coastal sections. The
1974 protection costs for this item are thus estimated to be $4.5C x cpi
x 50 percent x 1,746,425 or $6,680,000., The term cpi refers to the
Bureau of Labor Statlstics consumer price index used to bring the costs
up to the 1974 level.

b. Evacuees from coastal areas - The number of people who evacuate
from coastal areas varles considerably from storm to storm. There were
350,000 (Dunn, 1962} out of 810,000 possible evacuees from Hurricane
Caria of 1961; 300,000 (Sugg, 1966) of 2,206,000 possible evacuees from
Hurricane Betsy of 1965; and 175,000 of 2,015,000 potential evacuees
from Camille in 1969, These figures suggest that only about |5 percent
of the population evacuates from a warning area. Most of these, of
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course, are from the Immediate coastal zones which are subject to storm
surge flooding. A recent evacuation study by Hans and Sell (1974)
recommends using $12.00 per person per day for prlvate housing and
transporfation evacuation costs and $5.55 per person per day for those
preferring to use public housing and transportation. The authors fur-
ther point out that only 20 to 25 percent of evacuees use the public
facllitles. This computes to an average cost of about $10.50 per per-
son per day for evacuation, Multiplying this cost estimate by 15
porcent of the average warning zone population gives a cost estimate
of $5,501,239 per warning zone for this Item for an average two day
evacuation. Hans and Sell also recommend inciuding additional costs
because of the lost potential income of evacuees. However, this item
was included under municipal and private costs.

c. Military costs ~ A study by Malone and Leimer (1971) presents
hurricane damage protection costs for all U. S, military installations
subject to Atlantic hurricane damage. An analysis of these data shows
that within 300 nmi inland from the coast, there are approximately 8.3
military bases withih an average 300 nmi hurricane warning area, The
average cost per base Is given as $197,000, Adjustment to the cpi gives
a cost estimate for this item as $2,458,100.

d. Coesstal and near offshore oil rigs - Tubb (1974) states that,
"the number of mobile oll rigs is growing at an unbelievable pace". On
a worldwide basis, the number of such rigs has increased from | In 950
to 150 in 1966 (Howe, 1966) to 408 in 1974, Approximately 20 percent
of these operate at any one time in the Guif of Mexico. In addifion,
there are hundreds of manned and unmanned fixed drilling platforms.
Wilson (]966) polnts out that Hurricane inez which moved generally west-
ward across the southern Gulf in 1966 cost the 10 major oll| companies
$1,500,000 for preparedness. The increase in the number of rigs and the
cpi lead to a, perhaps, conservative estimate for this item as $2.5 mi|-
| Ton per storm,

e, Industrial costs - Perhaps the most Intangible item In the
economic aspects of this study is the protective action costs (Including
lost production) borne by the industrial segment of the populaticn.
According to the latest edition of the Houston, Gulf Coast Chemical
Directory, there are well over 200 petrochemical companies located aleng
coastal Texas and Louisiana., Blumberg (1974) estimates protective action
losses to some of the larger companies as high as one miliion dollars a
day, primarily from lost revenue. In an extensive study of potential
economic benefits from Improved forecasting along the Gulf coast, Hawkins
and Bilhorn {(1971) cite a particutlar indusfrial organization whose opera-
ting losses (equipment and production revenue) without taking protective
action from one hurricane could be 65 million dollars but with adequate
warning could be cut by 50 percent. With such a potential loss, the
decision of least regret would generally be fo take protection action
even though such action may alse require curtailed production.
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Hawkins and Bilhorn further cite numerous additional potential econemic
beneflts which could be realized by the industrial segment gliven better
weather forecasts In general. Without extensive further study it is
difficult to single out hurricane related costs from non-hurricane re-
lated costs, However, considering the information avallable, the
preparation costs for a typical 300 nmi hurricane warning zone are,
perhaps, conservatively placed at 8 million doflars. This dollar figure
Is conslderably higher than the comparable "special interests" figure
of Z million given by Sugg (1967). However, considering dollar deprecia-
tion and increases In petroleum costs, the 8 million dollar estimate
does not seem unreasonable.

f. Summary of protection cost estimates - Several authors cite
additional indirect protection costs. Anderson and Burnham (/973), for
exampie, point out that If a greater percentage of the population pro-
tects because of Improved forecasting, over-protection costs due to
hurricane warnings wiil increase. These secondary costs are difficult
to evaluate and were not consldered in the present study. A summary of
the flve cost Items discussed in subsections 4a through 4e is given In
Table 7.

Municipal and private costs..iiiiiiiirsnssenesrsnnsesaea $6,680,000
Evacuation from coastal areas..iveiesiriorssrsssesacsraess 5,000,239
Military CostTS.uuiernrceervnnnrensrsnnsrsrssssnrranssarss 2,458,100
Costs for mobile and fixed oil drilling rigs.ceesviassse,. 2,500,000
. Costs to large Industry (includes production loss)....... 8,000,000

T N R —

Total COSTriveintirssrrenraressanessnssresesss 325,139,339

Table 7. Estimate of protection costs for an average 300 nmi hurricane
warnlng zone along the Gulf of Mexlico coastline,

The estimate of 25,1 million dollars is somewhat similar tfo that effec-
tively given by Anderson and Burnham. It Is stressed, however, that

the estimate was derived using a number of assumpticons. Further in-depth
gconomic research could concelvably alter the cost estimate by a con-
siderable amount,

5. DISCUSSION

The total protection costs per 300 nmi of coastline per hurricane have
been estimated as $25.1 million. According to both Cry (1965) and
Simpsen and Lawrence (1971), there are about 2 hurricanes which annually
move Inland across continental United States. Assuming that the protec-
tion costs for the U. S. Atlantic coast would approximate those along
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the Gulf coast, then the mean annual cost for hurricane damage protection
along the coastal U.S. Is about $50 million. This dollar estimate can

bo usod In conjunction with Flgs., 6 and 7 to estimate the added or de-
croasad protaction costs resulting from changes In posltioning error.

For example, Fig. 6 shows that a [0 nmi (50 percent) increase in posi-
tlonlng error would require a 20 percent larger warning zone |f one is
to maintatn the same level| of confidence in the landfall forecast,

Accordingly, the additional costs would amount to {0 million doilars
annually, It is interesting to note from Fig. 6 that a simllar 50 per-
cent decrease in posltioning error would give only an || percent or

5.5 million cost savings annually., Thus, there appears to be a

diminishling cost benefit ratio which can be realized from decreased
positloning errors.

The question arises as to the validity of using the CLIPER forecast

model as the basis of the Monte Carlo simuiatTion experiment. Forecast
verification data generally show That the landfall forecast error from
official public forecasts are less than that obtalned from the CLIPER

{or any other) model. 1t is believed, however, that this wouid merely
shift the family of curves on Fig. 4 downward and would not significantiy
alter the slope of the curves. [t is the slope of the curves rather than
the absolute ordinate value which determines the derlived curves shown In
Figs. 6 and 7. The CLIPER model as well as other statistical prediction
models all rely heavily on persistence for the short-range forecasts.

The same 1s true for the operatlonal hurricane forecaster. The latest
motion vector Is the prime factor Involved in determining the place of
landfall, Errors in this vector will have similar detrimental effects

on the officlial public landfall forecast as well as the objective fech-
niques. The results obtained are thus believed to be relatively inde-

pendent of forecast system.

{f one compares Fig. 6 with Fig. 7, it can be noted that the shorter-
range forecast yields greater percentage changes in the size of the
coastal warning area. In actual practice, the lead-time of landfall
forecasts is generally closer to 18 than it is to 24 hours., Accordingly,
Fig. 6 should be used for cost estimates.

Stated concisely as possible, the significant results of thls study are
as follows:

s For storms located within 500 nmi of the continental Unlted
States, the average positioning error is about 22 nmi. For
storms within .one day strike time (200 - 300 nmi) of the U.S,
coast, The average positioning error is estimated to be near
20 nml,

2, For the typical I8-hour landfal! forecast, approximately 22
percent of the landfall error can be attributed to this
average 20 nmi positioning error.
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3, The extent of a coadstal hurrlcane warning zone iIs such that a
storm will fall within the area 85 to 95 percent of the time.

4. A 50 percent Increase In currently observed posltionlng error
would result in a 20 percent increase In the average length of
a coastal warning zone while a 50 percent decrease would decrease

the average length of the zone by about |1l percent.

5. The preparedness and lost production costs for a typlcal 300 nmi
coastal hurricane warning zone along the Gulf of Mexlico is esti-
mated to be near 25.1 miilion dollars.

6, Using an average of 2 hurricanes a year to strike the U.S. main-
land, a 50 percent increase in positioning error would result in
an economic loss of 10 milllon dollars annually. A 50 percent
decrease in positioning error translates Into an economic galn
of 5.5 milllon annually.
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