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SUPPLEMENTAL HYDROLOGIC ENGINEERING SUMMARY
ON STALLED HURRICANES
ST. LUCIE UNITS 1 & 2
DOCKET NUMBERS: 50-335 & 389

"~ Background

During the ASLB construction permit hearings for Unit 2, the
gntegrity of safety related features with respect to huxricanes
was questioned. Specifically, the safety of tae piané with
respect to the erosional consequences of stalied hurricanes was
questioned by the intervener. Both we and the ASLB each concluded
that addltional 1nformat10n on the subject was necessary to
establish that the plant is both acceptably located and that no:
damage to safety related features would occur in the event of a

~
stalled hurrlcane. It is noted that hurricanes were con51dered
previosuly, and that a design basis event was selected for the site
using criteria syggested in Regulatory Guide 1.59-Design Basis
Floods for Nuclear Power Plants. The design basis eveat is caiied
a Probable Maximum Hurricane (PMH); and is considered the worst
hurricane event that might reasonably occur. The selection of

¢

the parameters for this postulated event is based upon information

. %

generated by the National Oceanic and Atmospheric Administration

(NOAA); these parameters were discussed in detail in our previously

published SER summary in which we concluded that adequate hurricane’

protection was being provided.
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Examination of PMH parameters (summarized in the SER) postu}atéd
for the St. Lucie site indicates such an event would be a hurricane d
moving with a finite and reIatively high forward speed of trans-

lation (i.e., it would not be a '"stalled hurricane").* T

In addressing the question of stalled hurricanes, we requested

the appl?cant to: (1) undertake a review of historical _ . A
hurricane data in ;he general region of the site to identifyA
historical occurrences of stalled, looping, or slowly moving
hurricanes; (2) to postulate storm conditions for the site which
could be associated with a sévere stalled or looping hurricané;
(3) to identify the surge and wave conditions associated with

" such an event; and (4) to evaluate théApéséiblé coéZehuences }
of a stalled hurricane in terms of erosion and its effects on Fhe
plant. In amendments 34, 27 and 51 to the St. Lucie 2 application,
the applicant provided information in response to our request; The . .
Afoiloﬁing paragraphs describe both the applicant's,and our “
evaluations of the consequences of stalled hurricanes at the subject
site. Specific reference is made herein to the nuclear island. The,
term is used to describe the f;ll placed on Hutchinson Islaﬁd for
the St. Lucie plant. All safety related facilities areion or adjqcent

to the nuclear island.

Historical Hurricanes-— The applicant's survey of histoxical hurricane:

data indicated that approximately 20 storms could be classified as

looping. Only two looping severe hurricanes. (Betsy, 1965 and Gracie, ’ P

>

1959) possessed ten minute sustained wind. speeds in excess of 100 knots..
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Only two hurricanes could be' classified as having "stalled",

and their average translational speeds during the stall period

=

"were 4 knots. The maximum wind speeds in these hurricanes

that stalled occurred 24-48 hours after- the "stall", dnh

following storm acceleration and translation away from the
initial stall location. No. historical evidence of storm

intensification of fully developed and severe hurricanes duriné

"stalling or looping was noted. -The appiicant also: provided

a discussion of theoretical considerationshrelating to hurr@cgne
dynamics. Two general atmospheric circulation pattefné which .
would cause a hurricane to stall weée identified.i The applicant
concludg? hqfricanes would not intensify‘during a i}all or

loop hecause of the increase in the amount of. upwelling that would
occur. The process of upwelllng is one which brings coolexr bottom
waters to the sea surface, changing the sea-air heat flux and

thereby causing a severe storm to weaken.

Our consultant, Hugo.V.  Goodyear reviewed yoth the applicant's
analysis and historical storm data. A copy of gis report is attached.
He identified about 30 ﬁuéricanes that stalled or looped in the géneral
site region out of a sample of 508 troplcal stormg,of which 304 were

classified as hurrlcanes (maximum winds of 74 mph or hlgher)

In addition, he studied 53 hurricanes ox troplcal storms which étalled

or looped in a recent 36 year period. i

)
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While he agreed in general wi;h ﬁhe applicant;s conclusions, he
also indicated weak storms héve iﬁtensified during looping, but
most likely near or after the looping periéd and -when increases

in translational speeds were notéd. ,He also chutionedsagainst .
transposing severe historical hurricanes without modification,
unless their original track was close to the site for th;h a )

-

transposition was to be made.

We also noted from our review of the applicant's analysis of

historical stalled or looping hurricanes, our consultant's report,

_and relevant NOAA repbrts (xeferences 1.& ?) that approximately 225

tropical storms or hurricanes have been reported as,stalling,

looping, or recurving out of a total of about 500 storms recorded
in the 93 years between 1871 and 1963. Of thé 225 storms,
approximately 38 were reported as looping. Beéause of the ways

in which tropical storm and hurricane datavwere collected prior

to regularly instrumented aircraft flightg, a greater‘number

of historical looping or stalled storms - than reported is considered

=

likely by the staff. Table 1 summarizes some of the pertinent

historical data for stalled or looped hurricanes.
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‘Based upon the observed characteristics of stalled hurricanes
and the frequency with which they have occurred, we concluded

that a stalled hurricane sﬁopld be considered a design basis:

event’ for the St. Lucie site, and postulated a sequence of

severe storm conditions for use in evaluating the potential

B

erosion at the site. The postulated event is a PMH whigh °

S

would stall approaching the continental shelf, deintensify

and drift shoreward at a minimal rate. Each pdrameter

specified (see Tables 1 and 2) .was considered severe, and

+ the resultant .storm 1likelihood as small or smaller~than

the previously established design basis Probable Maximum

»

Hurricane. In particular, the PMH atmospheric pressure

differential reduction of 20 percent, and a translation

&

speed of 1 knot over a critical approach to the site for

a substantial duration; were considered conservative.

- -

.

HURRICANE SURGE - ~ .

The applicant investigated the resultant surge and wave

conditions for four postulated hurricanes, one of which was

- 2 -

a




v
. .
. ' .
o, 4
. )
“
.
4
£ P ~
.
»
. »
. .
B
s
“
- L]
. >
- .
P
. B N
N
. . .
= .
»
v .
. .
. .
x
»
- 4 -
s
.
. s .
«
. B “ .
. -
> . - 4
-
- ’
- .
- . - *
. .
. x s
.
v . .
- = s »
. >
. [
»
o
. =
»
~ . "
. . B
™ .
" .
’ N
. "
u .
.
-
- . .
. »
® «
" . . .
’ N "
» - B
~
¢ .
# .
¥ !
.
N .
.
.
N
D
. v
-
L4 .
.
‘ .
.
N . -
«
.
.
N -
’
. N
.
4
”
f
. -
.
«
;
.




»

«

- . WAVE CLIMATE

the event we postulated. We reviewed the appllcant s analyses,

-

and independently evaluated the surge and wave condltlons for

our postulated PMH that stalled. Figure 1 presents agtimates -

5

of surge levels as a function of time'above +8 feet mean low
water (MLW) (independent of waves) for (1) our postulated
PMH -that stalled; (2) the applicant's postulated PMH - that

stalled; and (3) Flora, the worst historical looping hurricane

-

in the Atlantic ‘identified by the applicant, transposed

critically to the site. These surge estimates were made using
N .o . . . - o T
the same predictive models associated with the PMH discussion °,

in the SER,

x -

«

Waves, particularly when comblned with high water levels, can
produce extensive erosion of unprotected coastlines.  Hurricanes
with their high winds blowing over troad open fetcnes of ocean
create severe wave sctivity. As large waves approach shallow
water neér the coast, they "feel" the bottom and break because
of frictional effects. The peak wave energy can be con51dered

to increase to a maximum for a breaklng wave, and then diminish

as the wave proceeds shoreward as a broken wave, ox during runup.
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The épplicant first assumed the beach dune fronting the "nuclear

island" could be eroded to the existing ground level of +4 to 45 feet

"
-

) MLW dur?ng a severe hurricane, once the éurge level exceeded +8 feetﬁ
MLW. This level (+8 feet MLW) is approximgtely the minimum ’
elevation of the top of the dume in front ofwthe,plant. The +4 to
+5 feet existing ground ievel generally supports the dense ’

vegetation characteristic of the area between highway A%AAaph the

beach dune, anh the area north and south of thé nuclear islanq.

Based upon the projected surge level above the +4»t§’+§ feet

MLW ground 1evé1 surrounding the nuclear island, the apéliqant

estimated the maximum associated breaking wave heighp and wave

period.

" GENERAL EROSION DISCUSSION

PR

Two basic erosion analyses were made. as a function of water level
and duration. First, an estimate was ﬁadé of the "littoral
drift" éhat would occur along the faces of the nuclear‘islang.
Litt;ral drift is the term used to define eroded material in
motion along a shoreline due to currents created by waves
striking the shore at an angle. Secondly,‘estimates were made of
the erosion to be expected along the faces of the nuclear island
by direct frontal wave attack. Both estimates were then co;bined ‘
to evaluate potential consequences toﬁsaféty related gacilities.
" Each erosion component, and the evaluation of potential

consequences, is discussed separately below.
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LITTORAL DRIFT C | o

The applicant assumed that thréughout the period of the postulated
stalled hurricane when waves could be attacking the nuclear island, -

-

they would be approaching at a critical angle of 45 heg;ees."Using
his énalysis of the time distribgtion of 1imit;né breaking wave
heights (as discussed above)‘for different shrge levels to define a
range of wava heights to be considered, the applicant estimated
littoral drift rates as a functioé"of breaking wa§e height. Tﬁis.
analysié used values 15 percent greater than the worst of fi&e |
different methods developed from referegce 4. The aaoptedéﬁethod,‘~

inéluding the 15 percent margin, is based upon estimates of the

change in longshore wave energy in the breaking wave zone, and an -

. empirical relationship between the energy and the XTongshore transport

rate f;r sand of different sizes. The magnitude of‘the app;icant's
drift rate estimates, including the mérgin of 1? percent, range from
about 500 cubic yards ﬁer‘hour for breéiing waveé féaé feet high, tor
about 7000 cubic yards’ per hour for breaking wave 10 feet high.
Integrating over storm duration and the lengths of the critical
north and east sides of nuclear embankment, which would be-exposed

to thé wave attack, the applicant estimated a littoral drift rate
for our postulated stalled hurricane of.about 35.5 cuﬂic yards per
foot on the east side and 10.4 cubic yardé per foot éloﬁg the

north side. Estimated drift rates for the applicant;s,postulateg

shorter duration stalled hurricane were about 5 percent less.
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DIRECT FRONTAL WAVE ATTACK ” o .

Erosion rates due to direct fxzontal wave attack were estimated

separately‘using data generated from wave tank tests: The tests

N

were conducted at the U. S. Army Corps of Engineers, Beach Erosion

3

Board (now the Coastal Engineering Research Center),_in a large .

wave tank that produced waves up to six feet high of variable’

I

period impingiﬁg on a sandubeach with a 1 vertical to'l3 horizontal
slppé,.and over a range of water levels to simulate tidal effects.
Two sand sizes, 0.22 and .é‘millimeter diameters, were’gested"with
greater e;osion of the finer s;nd being recorded. These tests,
which indicate decreasing erosion rates with.iﬁcrgasing du:atioh

of wave atﬁack; were initally used by the applicant iﬁ ohly three
_increments to estimate erosion during peri§dszof‘geggral~rising,
high, and.falling watexr levels. The postulated stalled hurficane, .
includiﬁg consideration of ambient astronom;caihénd anomalous’

1

tide conditions, would produce several periods of extreme rising

and falling water levels., We requested the'applicant to

reanalyze the Amd. 37 estimates of erosion from frontal wave attack

.
«

by incrementally estimating erosion during each suﬁcgssive ext£eme
high water pexiod of rising and falling w#ﬁer level u;ing the
higher initial wave-;ank erosion rates. Subsequen}ly, the applicant
provided revised frontal wave attacklerosion estimates ofrabout 45.6

-

cubic yards. -

"
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"SPECTAL EROSTION ANALYSIS FOR KEY LOCATIONS

In addition to estimating littoral drift and érosion from frontal
wave attack along the north gnd east facgs of the nuclear islénd,=
the applicant.gave special cpnsideration to erosiqn of the.h
northeaéE cornexr of the:nuélearliéiaﬁd,‘bo:thé_ﬁitimabeﬁheat.éihﬁ
dam on the northwest side ofvthe nuclear island, to erosioﬁ in
front of a drairage ditch on the eastr side of qhé islaad, and to

current induced erosion through potential breaches in the beach

dune and barrier island. Each ‘subject is discuséed separately below.

NORTHEAST NUCLEAR ISLAND CORNER A ‘

The northeast corner of the nuclear island would be particularly .

vulnerable to wave attack during a severe hurricane since waves

i > . o
- . .=

egin&to establish
littoral drift along the north and east faces of.the island.
The applicant estimated 27,600 cubic yards of material could be

eroded at the corner during the staff's postulated stalled hurricane.

ULTIMATE HEAT SINK

The ultimate heat sink, the facilities necessary to assure a
safety related water supply for shutdown and maintenance thereof,

includes a barrier wall (or dam) between the intake canal and

"Big Mud Creek at the northwest corner of the nuclear island.

A sheetpile bulkhead and two sheetpile groins on the east side of
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the ultimate heat sink chamnel to Big Mud Creek, and a
sheetpiié groin on the west side of the channel, will

be provided to protect the barrier wall from erosion

due to both littoral drift and frontal wave attack,

The applicant considered frontal wave attack from both

the oceaﬁ and Indian Rivevr. Littoral drift prcduced

from waves 6riginating from the ocean was also considered.

The applicant estimateé a maximum wave height of 8.9

feet (nonbreaking), and a maximum differential static
swater level of 9.9 feet acfoss the barrier wall. VTHE

sheetpile bulkhead along the barriér wall, at an eievation

of +16 feet MLW)will minimize the impact of fronpal

wave attack aqg serve to tie the groins goéether. The,

groins, with t;p elevations varying from +15 to +11i£eet

MLW, are expected to trap littoral drift and minimize

the effects of erosion on the barrier wall.
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DRAINAGE DITCH

The applicant initally assumed that frontal wave.erosion
would uniforﬁly attack th; nuclear island, regaréless of>
the geometrical configuration of the nuclear is;and fill.
At our request, the appl?cant analyzed separately the
effects of erosion from frontal wave attack along the
east face of the nuclear island, where a draiﬁage ditch
would "collect'" and carry away overwash during a severe
Jhurricane. The applic;nt arbitrarily assumed one t:_l?i'rd“
of the embankment material abo&e the eroded embankment
profile would be lost in ;he ditch, and concluded erosion
could extend 40 feet cioser to safety related facilities

by considering such effects.
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EROSION THROUGH BREACHES OF THE BARRIER ISLAND.

In examining the éopography of Hutchinson Island, and historic

+ records of storm damage on similar barrier islands, we

concluded that breaches of the yarrier island_sﬁould be ',
considered. TFor both the stalled hurricane analysis discussed
herein, and for the PMi analysis discussed in the SER, we
requested the apﬁlicant to consider the conseque?ces‘of such
breaches on safety related facilities during postulated storm
conditions. The natural beach dune varies in elevation and‘

width, and could be subjected to both overtopping and wave

erosion during.a severe storm. Two general failure, assumptions

.were made by the applicant; a general failure along™the entire

beach early in the storm when stillwater levels (exclusive of
waves) would initially reach 48 feet MLW, and-.isolated failures

in the vicinity of seleﬁted areas which could result in relatively
high cérrent velocity inlets after storm’passage when water levels

would be higher in Indian River than in the Ocean.

The assumption of a general breach is critical to concluding
that storm generated waves can reach the nuclear island with _ °
sufficient severity toucause extensive erosion. Based upon

consideration of the local topography and potential storm

conditions, we conclude the applicant's assumption of general

failure is conservative.
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The applicant, at our requeét, assumed isolated breaches of the

barrier island at Big Mud Creek (6n north side of the nucleax

island), at other potential inlet channel locations to the north- ..

. .

and south of the island, and at the intake canal and discharge

canal dune crossings.

The case of a breach at the discharge canal is discussed
in detail in the Unit 2 SéR, wherein erosionﬁprotection_
against waves was considered necessar§ on the "nose" of the
discharge canal in the vicinity of safety related facilities. ’
Similarly, we herein require protection of that portioﬁ oé the
- discharge capal nose associated wi?h Unit 1. Ngithgr current
nor wave caused erosion due to a breach at the intake canal,
which could adversely effect safety related facilities,-:
was considered likely by the applicant Because ;f the locatién
of such facilities. We concur. The applicant's anal}sis of
current induced erosion indicated a breach at Big Mud Creek would
cause the worst conditions. However, in analyzing the currents

along the north face of the nuclear island, the applicant concluded

that scour or erosion effects would be minimal. We concur.

EROSION CONSEQUENCES

. At our request, the applicant evaluated the estimates of the
combined littoral drift-frontal wave attack erosion on safety
related facilities. Cross sections, or transects, at various
angles across the nuclear island were analyzed for the A

combined effects of littoral drift and frontal wave attack

-
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assuming no impediments to erosion would exist.

In fact, impediments in the forms of facilities not related to
safety (piping, buildings, pavements, etc.) do‘exist alang much of
the périphery of a central core of ééfet; related facilities on
the nuclear island. Erosion was assumed to occur at 1eveis
above +4 feet MLW éh the east sidé of th? nucle;r island, and

45 on the north side. Both are the levels of the existing
ground around the nuclear island. The land area along most of '
the eastern and northern periphery is covered with rather “

dense vegetation which could be an erosion retardent during a severe

hurricane. No credit was claimed, however, for this retardant.

A base beach, or stable erosion slope, was postulated as 1 vertical

“to 50 horizontal above the’stated ground level C+4 or +5 feet MLW)

v

around the nuclear island. Such a slopé is typical of stable

beach slopes. A 1 vertical to 15 horizontal active erosion slope
based on wave tank tests was assumed to estimate the landward
extent of erosion; i.e., using the total estimated exosion

(littoral drift and frontal erosionl) . - the 1 on 50 base slope >
and 1 on 15 eroding slope, the applicant estimated the expected 1
advance of erosion toward safety relatedbfacilitiesf The . .
closest erosion was estimated to approach safety related facilities
was on the north si@e of the nuclear island, ab;ué 160 feet

from the Unit 1 Reactor Building; although erosion was estimated

to extend to within 55 feet of the dischafge canal on the northeast

I

~side of the nuclear island.




CONCLUSIONS

=

We and our consultants (Mr. Hugo Goodyeér and the Coastal
Engineering Research Center) h;ve each independently reviewed
the applicant's assessment of the likely safety conggquénces of
stalled hurricanes. A copy of reporté from each is attached.

We have péstulated a severe stalled hurricane, and requested

the applicant to deterministically analyze the likely eros%onal
consequences of such an event. The assumptioﬁ is made ;hat the
stalled hurricane postulated is of the same general type apd '
severity as other design basis events, and that if the plant can

Lad

be shown able to withstand it, the plant will.also be able to ..
withstand less éevere events, Du;ing the éoﬁf;e o%-our review
of the successive estimates of water level, wave action and .
erosional coﬂsequences, we identified some areas of analysi;
which we did not consider conservative and,, similarly, several
areas of conservatism. The areas which we did not consider
conservative (hurricane parameters, erosion rates, and erosion
consequences) were, at our request, modified by the applicant.

The modified analysis, which we conclude is conservative, is

summarized above. ‘ ‘

We conclude that a stalled or looping hurricane is an appropriate
event

design basis/for the site region. In terms of flood, level, however,

we conclude that a Probable Maximum Hurricanme would produce the

highest water level and therefore, the design basis flood level.
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The primary characteristic of a stalled or looping hurricane

that could produce adverse consequences at the site is a'relatively
long period of wave induced erosion at high water levels. The
reason that this characteristic could be considered adverse. at

the St. Lucie site is that most séfety related fécilities are .

protected from wave attack by erodable fill.

S

'The appiicant's analysis-ofmthe staff's postulated-stalled hurricqpe
indicaéeé considerable erosioﬁ of the nuclear icland £ill aréund
safety related facilitiés would occur. However, the épplicant
concluded that suffiéient £ill would remain (not be eroded)“ﬁuring -
such an event, and there wole be no adverse impact on safety
related facilities. Further, less erosion than predicted

would more likely occur since no consideration or crédit has

been taken for the potential erosion retardant offered by

facilities not related to safety which are generally locgted

in front of safety related facilities. We ‘conclude that the

design of the proposed facility is adequate for a design basis

stalled hurricane.

A
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TABLE 1 1 . .
Hurricanes with Translational Speeds below 5 Knots T

-

Central Pressure Translaélonal Speed Maximum Wind Minimum

Hu rricane Date (Millibars) during Loop or Stal’ Speeds (Knots) Central Pressure
Before® DuringZ After2 Knots Before? During? After? (Millibars)
INEZ 9/21-10/11,1966 999 985 990 i 4.5 . 52 65 6Q 927
CAROL 9/16-10/1, 1965 985 987 987 2.5 56 53 60 974
BETSY 8/27-9/10, 1965 1000 994 987 1 55 63 66 941
.. 9{;3 958 968 3 100 92 ‘85 941 ‘

FLORA 9/26-10/13, 1963 996 972 975 3 91 69 -79 “936
EASY 9/1-9/7, 1950 N.A. 958  N.A. 4 56 94 40 958
1944 10/13-10/21, 1944 = N.A. 984 967 T3 56 64 90 949
1942 8/25-9/2, 1942 N.A. N.A. Disipated 4 ’ 56 " 56 ~ Disipated N.A.
1941 9/16-9/25, 1941 N.A. N.A. 985 ) 4 56 .56 75 970
NRC HYPO- ﬁ - )
THETICAL PMH THAT STALLED 896. 906. 924. 1 - 126 12Q 114 896

. -y

1. 5 Knots'is the minimum translatlonal speed for a slow moving PMH in the St;
Lucile Site area. ¢

2, Before, During or After the Hurrlcane Stalled or Looped,

N.A. - Not Available




TABLE 2

HYPOIHETICAL STORM PARAMETLRS FOR HURRICANES SURGES SHOWN ON FIGURE 1

Central Pressure.  Translational Speed Maximum Ulnd Speed -
(Millibars) , (Knots) _ Knots

. BEFORE AFTER BEFORE AFTER " BEFORE AFTER
NRC HYPOTHETICAL, » STALL STALL - -STALL + - STALL - STALL STALL
PMH THAT STALLED 896 924 5 7 1 - 126 - 114
APPLICANT'S HYPO-
THETXICAL PMK THAT .
STALLED 896 991 4 1 126 . N.A.
FLORA*®
WORST LOOPING n ) - :
HURRICANE IN ATLANTIC 996 - 975 12 3 91 . 79

*Flora, which looped over Cuba, 10/4-10/8, 1963, is recognized as the
woxrst looping hurricane to have occurred in the Atlantic. The’
hurricane track was transposed critically to the St. Lucme Slte

- without changing other parameters.
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Dirsctorate of Reactor ILidcensing ; :
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to-

"
X C

Subject: Review of Hurricane stalls and loops pertinent
to. the St. ILucie site, Florida., Re: Order No. DR~75-0886

Deszr Mr, Eulman: A L L , f .
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Enclosed is tne Llnal version of the review refer"ed to above° SN
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ey @ | T @ umé 2, 1975

k, - CHARACTERISTICS OF STALLED OR LOOPING HURRICANES

A, Purpose and Scops

The purpose of this informal report is to review some-pertlnent

maperlal and ava lable data, and to. resnond to sqme questions likely

to occur regarding the changes in characterlstlcs that hurricanes in ‘f
the Gulf of Mexico, the Carlbbean, and along the Southeastern Atlantlc v
undergo when they "stﬁll"o” "Loop”, particularly thhvresnecr to w;a:

is referred to as the qu Lucie Site, Florvda.

or partlcular concern is the rev1ew 01 data and conclusmuns provlded

by the Anpllcant, Plorlda Power and nght Company (l), pages Q2.28-1
throagh Q2. 28—72. I have rev1ewed the above and have provmded answers.
.to uhe questlons likely to occur alluded to in tne precedlng paragraph,

Because of the scar01ty of data where it is most needed, durlng loops

13
P
. L

arid stealls, especially befo”e the days of airplane reconnalssance,
QL&ntltaulV° answers to nostv questvions are very difficul t if not lm;;
'DOSSlble. However, based on some sound theoretlcal con81deratlons 1n -
addltlon to whatever data 1is avallable, and utlllzwng uhe results of 3*‘:
some extenswvn work that has been done on har 1cane characuerlsuzcs -
in general zlong and near coastal United States,’ some very sbund and

"
wle . IS

reasonable qualitative statements and opinions can be made..

B, Data and References

In addition to the data included in the renort furhished by the
Applicant, I obtained additional data from the Natloﬁ Hurrlcape Center
at Coral Gables, Florida, Another source of much,-nfornaulon and data .

‘(ﬂf was the ﬂauer Management Information Division of the .Office of

»




)It is. con31deved that the one characteristic of a hnrrlcane whlch 13 .

Al

rate", "severe", "extremely severe”, or whatever. Subjectivity

= Y
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v -
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. . . »

Hydrology, U. S. ﬂeather Service (3, 5, ard 6)-- some of this meterial

!is unpublished. A Blb‘lograbhy is annended.

v : a .
~ .

inition of Some Pertinent Terma. ST

w,

C. De

o

(L) - Intensity of a Hurricane: Iéeally, this should bé defiﬁea‘

so as to take into account all the energy. in a hu”“lc,ne, both verti-
cally and horlzontglly to as far out as the cyclonlc clrculatlon

exlsts.‘ From a more praculcal stand901nt, and espec1ally for the

L &

engineer, the intensity of a hurricene should suggest an 1dea ct itao

potential fo” oroduc:.n6 ddnages caused by winds, high ulQal surges and

3
. -

waves as it strikes or com°s near some coastal site. .nSlde from.the'

central pressure de?wclt Iperloheral pressure mlnus tha lowest nressure

-«

at the center),whlch can zdd 51gn1f1cant1y ‘to the tldnl surge due to-

v

portzon of the energy ‘in a hurricane is in its kmnetlc energy3 the: -

strength of the windfield. In addition, a.hlgh percent»ee of the

-

kinebtic energy in a hurrlc*ne is within a rlng centered close to the e

eye. of the storm and extendlng outward a dlstance of seveval tlmes
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the Radluﬂ of ‘Maximum W1nds (R).h ‘.'%u.. R ‘¢ﬁ."«$;$-
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most indicative of its 1nten31ty is the maxxmum wlnd &8 a S to lO
'

- ' .

minute average, and for standardlzatlon, -estimated gt a helgnt or 30

' feet above sea-level., Dlack king an estlmate of this, the mlnlmum sea~

-

-level pressure at the center may be used, which glves good estimate

of the maximum winds, especially when used 1n‘com91nauloﬁ with R, if
available. ‘ . . ' . e ; .
I f£ind nothing in the literature wherein a writer has éttemptéd to

hut values to the adjectives "wesk, or barely a hurridane”, “mode—
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its lnduclng sn ubward "hump" in and near tne eye > the greatost pro~
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' séems to geb in t.. way, an investigator's c’nion sometimes being

‘a particular storm consideration should be given to the Radlus of

_Max;mL&,ﬂinds (R),,lf available, Backgwound.matewlal used in the

calored by the resulting .damages rather than by the energetics of

the storm itself.,

In summary, the intensity of. a hurricane, at least for engineerin
purposes, should be Judged by the maximum w1nds and the central .
pressure deficit, the former being the most 1@poruant. BOUh the
stronger miximum winds . and the greater centrgl;pressure deficits

have positive comrrelations with the tidal surge produced at a parti—

cular site.

’
{2) - Intensificatiori or deinbisification: In view of iten (L)

sbove, the definitions of the two term3 are falrly obvxous, and are
ceonsidered useful generalizations, but sometimes lead ﬁo oversimpli~
fications,

For example, if the deflnltlons are to apply to the llfe hlstory‘of

T

development of the Standard Project Hurrlcane indicates that—once a
InJLr.'c':‘».c:a_.‘> reaches maturity, which may be loosely de;lned gs peak

inten81cy, it tends to expand. R geus larger, ‘but uha max;mum w1nds

e -

decﬂrease“somewhat° Thls is more notlceable afner recurvature.% ”he —
two changes tend to negate each Ouher, and the energy avallaole for -
damage production dogs not change much. A4s a genepalmty,‘ owever,

the definitions of:the above terms‘are_consideféd'reQSQnébie and ha&q
the useful adventage of simplicity. . “ : '

(3) - Radius of Maximum Wind (R): The radlal distance from the

 hurr1cane center to the location of highest wznds which usually

occurs just outward from the hurricane'eye—wall cloud. It is usually

. located to the right of the dlrectlon of forward motion of the storm.

() - Stell: For the purposes of this report a stalled hurrlc“ne

3 —.3..
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.12~ or 2l - hourly DOSltlonS shown in the publlshed traczo, such as

in reference 2 in the Bibliogrephy. .The minor exceptions.are some

"U. S. coast, cszusing extensive damzges In addlﬁlon, stalls of less .-

.imﬁnor"ezcentions alluded to above. The hpnllcant hes. 1ncluded, 1n :

L ® : ®

will be considered one that has lost or is losing its systematic for-
ward motion, and.for a considerable period of time, 12 to 2y hours

or more, noves 2t an average,forwar& speed of less than § knots.

This may include one or several short oerlods when the stonm comes to.

a virtuel ;tandstill or meanders around w1uh1n a sn,ll are

The choice of the "12 to 2l hours or more" and the "less than 5§ knots“

ecritveria were prompted by two consmderatlons. ‘first is the con31dera-

tion t~ét the’chargcterlsulcs ‘of & Probable Mazximum ﬁﬁfricaﬁe (see .
reference 5) 2l rebdy includez the probebility of a translationeld
speéd of 5 kmnots w1th no time limitations, agd second is the avail-—-
ability:o; data,. - Wlth very ninor exceptions, the onl& indication an

1nvesulgauor has of the translational speed of a hu”rlcane, is the

) w -

s

. » - ) - ”\ - ; . s
veryﬂlntense or notable hurricanes which were suogected to special -

>

:
-

investigations because they entered, or gust barely oy—p*ssed, the-

«

than 12 hours durabtion, praceded and foliowed'by ﬁfanglgpional”speéds -

of 5 koots or greater, are almost impossible to single out, with the _

table 2.28-7 of reference 1, some of the above;nlnor exceptlons 10r
comparison purposes. These exceptions are mentloped,further on in
this report. Their stalling ‘durations were for some 3 to 6.hours.,
The duraéion of stalls found in the investigation, aside from ths
exceptions mentioned aboée, varied from 60 %o 96 hours in the Appli~
cent!s report, and 12 to 96 hours in my investigstion. The.iower
limit of 12 hours comes from Hurricane Fern (1971),'whicﬁ was of -
barely hurriczne intensity most of the time, 7 _ . -

(5) ~ Loops: Simply, a portion of the storm's track wherein it -

,
- = . .
g DU




" describes x'oug?n.ly,circuler, oval, or tear-—‘:p shaped path and re-

~crosses posxtlon it prev1ously occuoled. Double and more int”icate'

took about 8 days 0 complete. Looping occurs either clockwlse or . .

-over 60 years, a sample of 30 hurricanes that elther st led or lOOped

) v ' ' -~
.

Il

looos occa51on,lly occur. A lot of the evmdence and data for loops .

-

as well =28 stalls came from Technical Paper ¥o. SS, 'Tropical Cyclones

of the North Atlantic Ocean" (2), -from numerous articles in the

e

Monthly Wdeather Review (Ut), and from some detailed studmes ﬂade 1n

the Office of Hydrology. A short dlscu331on on loonlng may be found

in pages 18 to 23 of Reference 2, above, and it very generally bears

‘ “
« » .

>

out some of the 11nd_ng in this study. -

They appszar in a rather large range of sizes, ’rom lass~then 10 mlles

»

1n diemeter to as, large as the huge loon executed by Dorla (1967),

whlch covered an area of about 10 degrees of latltude in length and’

s

counterclockwise hlth almost equal Trequency, and tnere is no reason.

> -

to balleve that loonlrg end/or stalllng are not cuused by the Same

e
A . .1‘

dynamic facc ors., . ' L ) e

3
3 - . [N
. » - N . .

D. Discussions of Some Specific Questions. - * -

S

. meen %

- 1. Does- the Annllcant respond adequately to the questlons posed

as No. 2,28 and ls the ch01ce of hlstorlcal data adequate° }-w,w,f‘; ';u

Yes, on both.: counts. The 1ollow1ng comments are offered.dg_; : o

*

g(a); *The choice of data 1s adequaoe, coverlng a perlod of

-

*

.

within the areas specified by the question, Durlng thls 60 Yoar

- 5

period a total of ebout 508 tropical storms vere recorded of .which ™’
30L were of hurricane 1ntenszty (maxmmum w1nds of 7h.mph or hzgher).
i looked:et storms encomna331ng a more recent perlod of 36 years,-' o

obtaining 2 sampl of 53 stalling or 1ooolnc hurrlcanes or troplcal

. . .

.8storms. The di fference <in sample number is mostlv accounted fo” by
. . L. . s

-

H . -
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the fact that I i‘luded storms that were oi’ess then hurricene in-

‘tensity during all or a significant part of the time from abou% 2.

hours before to 2L hours after the loop or stall. These weaker storms
gre useful in tesﬁing the hypothesis -that a btropical storm, less than
hurriczne intensity, necessarily, or even usually, intensifies during

2 beriod of "stz2ll", Excluded from the survey are wnat are considered

to be the initial stages of a storm. B " RN

Ide,lly, all tropiczal. storms should be surveyed, 81nce only a ¢1nlte

~ number have been recorded during the last few centuries. H0wever,

reliable data of aﬁ§ value are rarely avellable in the older suonms,
and we are forced to rely-heavily on the deta from more recent years,
end assume this data is representative of previous years. . ‘

(b). The conclusions that the Applicant arrives at, basedi"
on the availzble dath, is essentlally co*'rect° The feviewer, using
added dnta, deems the conclusvons reasonﬂbTe. Here are_specific
comments on the eizgh% (8) conclusions alscusse&’;h page Q2028-l;of .
the reviséd version of the report dated Mzy §,"l975,1raferénca 1.

(L.) - Good conclusion., Should have defined, at least qualita—,

tively, what the term 'moderate! means, ; T

- -

(2.) - Correct. . | R S ;'f s .Tfh

(3 ) - Essentially correct - some of the weake *sto;ms, 6; those R
of b,raly hurricane 1ntensmty, do 1nten31fy somewnat aurlng loopi ng,
but apparently almost always near or after the end of the looping
period and are picking up translatlonal sPeedo

(Il..) - The remark is good, although the sa.nle is on\the small
side. & larger Sample, if available, woulq probab}y give the Same
relative numbers, ) |

(5.) -~ This is essentizlly true of the weaker or;mgderape‘stonms.
The records are nov as clezr on the more intense ones, but 1nd1catlons

are very strong that the more severe storms weaken during and dfter

stalling and/or looping. b




(.6.) - ﬁgree’, ' : .

v (7,) - I would modify this conclusion to read, "TH is therefore
incorract to state that a well-developed hurriceane will.....8tc.”

(8.) - The remark is certainly true for intense stornms,

A few more remarks eppear in order:

'a._.mhe Applicent does not appear %o discuss the question’ of hnw
R waries relative to the varlatlon of the other narameter; 1n a loop-
ing or stcllwn~ hurrlcane, Admittedly, values of R, espec1ally dur—

ing stells anl loops, gre very scarce note that only about half the
storms' listed in Table 2.28—7 of re;er;nce*l ﬁavé estipates of R. '
Succeésive values of R taken dur;ng the loops and séalls:are needed.
However, I furnisﬁ_some opihions pertainiﬁg to the vagiations of R
further on in this report, particularly in question 6. |

b, The dlscu531on of meteorolngc«l and oceanoeraphlc factors
which cause or contrlbute to stalling and looplna is very good.

c. One particular point was- perhaps not stressgd enough. .With
no éxceptions that I have been 2zble torfind,'%he extrenely éefere
storms, from the maximum wind standpoint, have moved ‘m’.g‘hi:':—;lc:ong-r

Carle (1961) was a slight exception. Even ﬁhén, it had an avekage

forwerd speed oX over 6 mph during the blose to'jé hours théﬁ it -
underwent 2 short stall followed by 2 smz2ll loon some 6 to 8 hours
later. .Beulszh (1967) slowed down to ngar 3 kmots Lor a 1ew~bours,

but only zfter lendfall, some 14O mlles ENYW of Brownsv1lle. "By then

it hzad wezkened considerably, )
2. Cen hurricanes such as Camille (1969), Beulah (19567),

Carls, (196l), and hurricanes of August 2L-3L, 1949, September 6-20,

1928, two in 1933,.Ju1y 25 to August 5, and August 313tp September 7,

. .
i - .
d e * - ~
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' 2nd. tae not..ble ‘mrxcmes of September lp-‘ 19“7, be uI‘&nSDOSGd asg

o «

is so 23 to affect the ®%t. Lucie site?
ks Tfar 28 the Iirst three storms zbove are concerned, I wduid stro‘ngly
recomzend &gainst i;c. Trensposition of any kind of storm without

mod:.z’ﬂ,.:.na or adjusti ng vhe characteri t:«’_cs‘, should only be attempted.

«

within very small -ereas and d:.s’cances v.he*'en.n all cla:zatoloy.cal and
e*'haos oceenographic factors ave _comogeneous, or almos’c .50 m.thz.n;

negligeble small limits. In this case the distances irvolved i:n.

transposition are not only relatlvely great, but it is virt 5._.:3' Ior—~

vossible bto assess the =ffects to a hurvicane of the differsnces in

the factors mentioned sbove.

For the remaining storms the answer is yes. For these the distance
of transposition is almost btrivial,.and in my opinion no adjustments
in storm characteristics are necessary. A word of caution is in .

order, keen the trensposed track generally pard.le" to the or:x.g;.nal

.

track o.q. the storm in gquestion. ) . e

-

3. If the storms mentioncd in item 2. above were trans-’

'

vosed and the par ame’cors adgus‘ced as su'rges’ceo. by the cm.ter:z.a oi‘

the SPE, would any 'oarameters exceed those’of the FMH? - .

¥No. This type of d:.ffa.culty was kept in mind dum.ng ’cne daveloPment“

‘of the Pra, and it is felt it cannot happen irf the adgustmenus are

-

e =y w W

correctly made,

¥

L. Are the c:c-z.tern.a :E'or a PMH as presented in Memorandum. -

HOR 7-97 (5) still considered conservatlve‘? .Is it still providing .
2dequate enswers to the questions it addresses itself to?
" Yes, on both-comzts.. |
5.. In the opinion of the reviewsr; does Memorandum HUR 7-97
PLOvidy lri:rpo.t'n.etical storms that provide characterisftics for.a PMH

that will give the greatest nossv.ble surge. level at any partlcula”

<
-

-8~




—rem——. .

open’'coast site?. ‘

The Purposs gnd Scope, on page 2 of Memorandum HUR 7—97 ("5)_., states

<r

that it is to:provide hurricanes specifications that are meteoro-

log:.c..ll., and .goographically consistent fo:c' use in planmng and
evaluzting des:.gn criteria for hurricane nrotecun.on works 3 and esba~

blishes chszrzc istics which, "when cons:l.dered in comb:.na.t:.on :Lel
IS > ¥

-
»
»

the mOsSt severe hurricane possible. Co.

The only parzmebter that ,is 'fixed’ for any location along the coast .

- l . . .
is the CPI, or lowest central pressure., The other peramesters are
i .
: i i .
allowed a wide range of, velues, at any location along %he coest,

consistent wa.th the meteorolog:.cal data used :-.n devel om.ng ‘these
criterie, Since surface m.nds are highly depended on pressv_e grad-—

ients =z nomogram-'is provided in the Iemorandum which :.s used to obtainm

=

.

the maximm wnd, using the CPI value as the crz.terlon.

«

Since. the maximum wind is the one most :unnortant factor 1n assesan.ng

oo o

the- surge - produc:.ng potential. of 2 hurricane, a.nd thls haS“ oeen

- o

mazimized-zs much as seems reasonable, the answer to 'uhe above . .

.
- o

guestion is yes.

-

6o If we assume that 2 real PMH is a'oproachz.ng tne St.. .
Tucie site, could we con:;ecture that 1t could slow dom to a uha‘t —

is slower then the PMH criteria allows" If yes, what happens to its

Y

other characteristics and .give some opinion asd‘to how long it would -

take for these chmges to take place.. cul

No to the first question as it stands.

With =z further aqualification the answer could be yes, ‘J{his is that
the storm would no longer be of PMH intensity. The maximum winds

would decrease, the CPI would increase, Other characteristics woulad

prob..bly zlso change. _ . _ )

«

Sﬂnco the :L...nl:.catz.on is that it is approaching =a stall, or even. a

. -
»
1 R . - -
. . A
. s\ f o 3 - - LI
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" . e . -
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o

‘portion the intensity it lost during the loop of some 80 hours dura-

700.,, 'cnns ODlL.. is supported not only b',nc.o »y, bub by the i'ew
hurricznes that were already fairly well*developed before syalllqg or
iooping. 4 total of 22 cases of loops or stalls are listed in Table
2.28-7 (1) for which maximuwm wind estimates were available fér béfbre,
during, and after the stz2ll or looping. - Only 5 cases are‘ii;téﬁ. ;
where the maximum winds were of hurriceans pgyportions, before loopéng;
the esbimates ranging from 81 to llérmph. ALL é storms“waaﬁeﬁed
during the loop or stall, 2 of tﬁem to 1es§‘than hurricane intensity.
®nly one of Fhe above 5y Flofé kl963), recovered‘é éignificant o
tion, dut only afier it left the loop  and was accelerabting northeashf
ward rzopidly. . ) ‘ | .
The rest of the data consisted of casesgthaf wvere le;s intense‘before
looping, and ebout half did inteﬁsify dﬁring looping. A s%onm that
£oll in this category was Easy (1950). It appeared,td havé iﬁtensi~

fied. to over 100 mph (109 mph) during ldoping.h‘Some continuéd to

1nten31fy after completing the stall or loop, buu by that tlme they
were moving awWay Irom the area compa”atlvely ranvdly.

The snarse data 1nd*cates this decrease 1n lntehswty, of. a PﬂH
thset is, will =zmount to some 15 to 20% of the m_é.num.w1nd w1th1n Zh-“'
hourg. ‘With only one ezneptlon, F“ora (1963), the storms that vere B
once sevgre"continue to weaken for some addltlon h8 to’ 96 hours,.’
althéﬁgh at'a slightly lower rate., 3Since thls obulllng we are con~
Jecturl.a is occurrvng near the coast it is fair to assume that
weakening would occur at a faster rate than indicated by the data.

Reasons for this weakening, as a severe storm approaches a land area,

=

are well known,

‘The question as to what happens: to R, the radius of maximum winds,

during this period of deintensification;.is difficult to answer

~

-

~10-




- a considerable time, . or wnatever?

P S

because pertinsgs data during nerlods of ilinwng or stalling are
practically non- eAlSCQDto_

Data from more ordlnary storms support the 1dea that R 1ncreases )
during weakening, Most of the reliable data avallable on this sub-
ject comes from that ecquired for the deyelopmené of the SPH.

There is ro doubt that there is a negative correlation, although

small, between storm 1ntenszty and R, zs also a positive correla—
tion between latitude and R. The two effects can be probably .

- ¥ » . “,
separated by statistical methods, but since we are here dealing wuith

.

provlems of extremes (vhan happens wken a PMH Teelcens") 1t may not

be wortnwnile, The problem concerns what happens to a particuler

storm. ' "

It is. the opinion of the reviewer that if the PHH approaches wlth.the
smallest allowable R, about 5 n, mi., R will increase to about 10 to
15 n. mi. during the period of weakening. If R is at or near the
highest possible 2llowable for a PMH it will probably incéease'bi-’”
only a very insignificant amount. ° ;‘ ' - )
Simultaneously, the size of the cyclonic circulatian of tﬁe her;i;
cane windfield shou.d enlarge somehhat buu only by a.modest amount

probably 1nszgn1f1cant from an englneerlng standpoznu lnsofar as its

.

affect on a partlcular smell site is concerned.
T Qualitat;;ely, what happens to %_Pﬁﬂ-if it sle 7 dow;
to practically a standstill? Does it-fill rapidiy;_IOOP, stall for
It should fill, or weaken, very rapidly, Wﬁether i? sebsequently
loops or not depends on the combination of meteorolog?cei factors
present at the time, A fairly wide range of chaﬁges are possible,
though not neceesarily with equal probaebilities. IS it loqps the
real question is for how long and what the size of tﬂe looﬁ is.

-11-




R _ How-.lonz will ‘3 waakened storm remain '.-.‘ain z shert vnoa'rh dis~

tance that waves of sigrificant size continue to affect the slte

[ 1]

(" for a matter of severzl days? This is highly improbabla very close

to the coast.  Judged by available data, the storm Jill very soon

wezken and dissipabte, probebly in from 12 %o ua hours. )

8. In my opinion, does the reporv oy Jhe nnpllcant con-—

servatlvely charaeterlze the hlstorlcal storms th t ‘ave a bearlng

n’

on the probler of anomilies caused by stalls.and.l Op

» LI

Yes, - i

w

onal Remarks:

§ete

e
14

Jode

E, A&dd

-

o

1, There sppnears to be only a relatlvely low nrobablllty of a

tropvcal storm looping at or very near %o th° site in questlon,

The probability of a well-develoved hurricane doing the same is even
leSS. ‘ o

2. A stelling tropical storm, or hurricane at the site, has a. -

A

'( : smaller probsbility then ‘2 loop. - Recogrizable loops in storm traclks -

seem to occur about, 3 times 2= often as stalls, as we have defined a

-

stell. .

3. A "stalling" storm, or one that moves very slowly;:‘can.move.inz
) >+ be ézperiencedzat%tha;site, perhaps for a duration of wp to6 I daya.

However, the fact that the storm should weaken conéiderébly as it

apnroaches and.makes landfall should be kept 1n.m1nd° This is

particularly true the closer to land a looplnc or st,lllno storm

. [ 4

occurs. . , « i .

. I, In a "looping" storm near the site, there is a good pfobability

that part of the time the surface winds will be offshore at the sife,

('. - weakening its potential for prolonged surge wave action,

~12-~ _ ) - ) L.

2long a relatively stréigﬁé érack, thus'prolbnged.bn—sﬁbré winds cadi’
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