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INTRODUCTION

This is the third report published by the Hydrometeorological
Section in collaboration with the Corps of Engineers on meteorological
fectors pertinent to levee design for Lake keechobee, Florida. The
first, Hydrometeorological Report No. 26 presented a detalled analysls
of the winds and pressures in the hurricane of August 26-27, 1949, which
crossed the Lake., The unexcelled hurricane data from the Corps of
Engineers! observing network, formed the basis for the analysis. In
Hydrometeorological Report No. 31, "Analysis and Synmthesis of Hurricane
Wind Patterns over Lake Okeechobee, Florida,"2/ the techniques of analysis
of individual hurricanes in the previous report are extended, transposit-
ion of severe Florida hurricanes from their place of occurrence to a ‘
critical path over the Lake 1s carried out, and a basis is developed
for gynthesizing the hurricane that is sufficlently severe to be used
for design of levees on the leke. The last 1s a treatment of hurricane
winds analogous to the treatuwents of precipitation with which the Section
has dealt since its inception.

The present gtudy expands the climatologilcal bagis for synthesilzing
the design hurricane by examining all hurricanes of significance that
reached any part of the United States during a fifty-year period and
investigates further the relation of actual hurricane winds to theoretical
wind, the frictional dlsgipation of hurricanes over land, and certain
other aspects.

The three published reports present that part of the Section's ‘
work on the Okeechobee problem that may be of general interest to the
engineering and meteorological professions. Other aspects of less general
interest have been transmitted to the Corps of Engineers separately.



Chapter I

RECONSTRUCTION OF HURRICANES

Bagic purpose

Numerous compilations of extremes of observed wind and pressure
in hurricanes have been published. A recent example is Gentry's
discussion, for engineers, of highest known hurricane winds2/. The
direct detection by meteorological instruments of the maximum wind or
the minimum pressure in any hurricane has depended, however, on the
fortuitous location of the meteorological instruments with respect to
the storm (prior to the era of serial reconnaisance), and on the ability
of the wind instruments to withstand high velocitles. One specific
goal set forth in the present study was to develop, not only for the
use of the Corps of Engineers' designers of levees on Lake Okeechobee,
but as a basic contribution to the climatology of hurricanes, frequency
distributions of the lowest pressure and highest wind in all the prin-
cipal US. hurricanes of the last half-century by estimating the
extremes in each storm. ,

The wind data should be developed in such form that, Iin addition to
maximm speeds at & point, extreme values of the speed integrated over
an area equivalent to Lake Okeechobee and through a period of several
hours could be readily extracted. '

The hurricane model

The development of a hurricane model for the purpose of bullding
gynthetic design hurricanes from the elements of observed storms is
described In Hydrometeorological Report No. 31. The same model is
adapted in the present study to recomstruct historical storms from
gparse data. In the model, the field of pressure is symmetrical about
a central point, as 1s the wind fleld. Fillling or deepening is
negligible over a period of several hours or more. In fitting the data
from a particular hurricane to the model, the pressure or wind data from
gcattered locations and over a perlod of time mway be plotted against
the gingle factor of distance from the center. The model radial profile
of sea-level pressure 1s described by the expression

P - Do _
Pn-~ Po

(1)

where p 1s the pressure at radius r, po the pressure at the center, pp
the pressure at some great dlstance from the center to which the profile
is agymptotic, and R 1z the radius at which the wind speed is the
greatest. Fitting a curve of this form to the observed pressure data
yields an estimate of the pressure at all polints in the storm, including
the minimum pressure at the center. A first approximation of the wind



fileld 1s obtained by computing the cyclostrophic or the gradient wind
from equation {1). Equation (1) may be solved for the pressure gradient:

; ~R :
.Q'R = - - R ? ’ ) :
2= (p, - po) e (2)

Substituting in the general formla for the cyclostroplc wind, in which
the pressure-gradlent force and the centrifugal force are in balance,

2
v : ~
e . 1dp
r p ar ‘ - (3)
we obtain < ~R
2 L - r '
r
Yo = % (b, - Do) § e (%)

where p is the air density. The corresponding expression for the gradient
vind, in which the coriolis term is included in the balance of forces, 1s

2 -R

—

v
g . . 1
— * 2w sin 4 Vg =5 (pn ~ po) g e ¥ (5)

In this study the gradient wind is usually employed as the model
hurricane wind. Occasionally, the cyclostrophic wind is employed because
of its greater simplicity. There 1lg little numerical difference between
the two theoretical wind speeds in the inner high-gpeed zone of the
hurricane, but farther from the center the gradient wind corresponds
better to the observed wind speed. See, for example, figure: 21 on page 39.
In computing the gradient wind a simpler method than direct substitution
in equation (5) was ewmployed. This method 1s described in appendix B,

Storm criteris

To facilitate a clear-cut interpretation of the frequency distribut-
ions of minimm pressures and meximm winds to be obtained by reconstruct-
ion of hurricanes, it was desirable to reconstruct every hurricane, or
nearly every one, of a designated intensity that passed through a
particular area during a stated period of time. Accordingly, specific
criterla for selection of storms to be analyzed were set up. The ares
chosen wags the coast of the Unlted States, and waters immedlately
off-shore, from Texas to Maine. The West Indiss were excluded, in splte
of greater ¢limatological similarity of that reglon, with respect to
hurricanes, to our principal focus of interest at Lake Okeechobee, than
the northeastern United States Coast. The available data from the
West Indian Islands is too sparse to meet the requirement that nearly
all hurricanes in the selected reglon be analyzed. The period chosen
was 1900 through 1949. The year 1900 was decided upon for the beginning
of the study by weighing the inaccuracies that would result from the



very gparse data of earlier years against the desirability of a long
record. ‘ .

The primary intensity criterion was that the central pressure be’
lesg than 29.00 inches at the time the hurricane reached the United
States Coagst. That criterion was based on the consideration that the
meximm cyclostrophic wind speed, computed from the Hydrometeorological
Section model with a central pressure of 29.00 inches and asymptotic
pressure of 30.00 inches, is 73 umlles per hour. In gome storms the
intensity criterlon could be applied immedlately, for example, if a
pressure reading in the eye was recorded. With many other storms the
analysis had to proceed through various stages untll the range of
possible values of the central pressure could be narrowed down. An
exception was made to the over-all principle that every storm meeting
the established criteria be fully analyred, in order to avold expending
an urnwarranted fractlon of the labor on lesser storms. Ten of the
earlier storms in which it was reasonably certain that the central
pressure was not below 28.50 inches, but in which there was no assurance
that the central pressure was not below 29.00 inches, were omitied. The
thirty-six storms fully analyzed with central pressures between 28.50
and 29,00 were Judged to cover that range adequately. For one additional
storm in the 28.50-29.00-inch range, that of November L4, 1935, no analysis
was mede, but the pregsure observed at Miami when the calm center passed
over, 28,73 inches, was incorporated in the cemtral-pressure frequencies.

Virtual absence of pressure data made it necessary to omit one
storm altogether, the Louisiana hurricane of August 6, 1918, which was
sufficiently severe to put the anemometer at Iake Charles out of
commission. The closest recorded pressure was some 90 nauntical miles
from the path of the storm center. An estimate of the central pressure
from such a distance would be 80 unreliable as to be useless. The
greatest dlstance from gtorm center to obmerved pressure in the storms
analyzed was 60 nautical miles.

Dates of hurricanes

In his book, "Hurricanes", Tannehillﬁ/ depicts trecks of Atlantic
tropical cyclones during the years 1901 through 1949 on separate maps for
each year. '"Noteworthy" storms are shown by solid lines, lesser storms
of tropical origin by dashed lines  All noteworthy storms pictured as
entering the United States on Tannehill's maps, or passing close enough
to give strong winds on shore or over the Florida Keys, were condidates
for analysis.

Of the 121 such storms, four were rejected as no longer of essentially
tropical character at the time they reached the United States. Thirty-
four were shown definitely to have central pressures greater than 29,00
inches upon reaching the coast. Eleven were omitted as discussed above.
The dates of the omitted hurricanes in addition to the August 6, 1918
gtorm are, July 10, 1901, in Texas; June 1k, 1902, in northwestern
Florida; September 16, 1903, North Carolina to New York; August 28, 1909,
October 16, 1912, and June 27, 1913, in Texas; July 19, 1916 off



North Carolina; November 15, 1916, Florida Keys end mainlend; September
29, 1920, Florida west coest; and October 15, 1923, Louisisna. The
remeining 72 hurricanes, all having central pressures below 29.00 inches,
are listed in table 1, on pages 16 and 17. The conclusions of the study
are based largely on thils last group of hurricanes. Tannehill's first
map is for 190L. The present study began with 1900, and the only impor-
tant hurricane of that year, the disastrous Galveston hurricane of Sep-
tember 8, is included in table 1, gilving & total of 73 storms.

Bagic data

Previcus analyses by the Section of several hurricanes passing over
the Corps of Engineers' meteorological network around Leke Okeechobee
were carrled forward Into the present study. The principal basic data
for the reconstruction of all other hurricanes were original barogreph
traces from Weather Bureau, and in later years, Air Force, weather sta-
tions, autographic wind records from Weather Bureau stations, ("triple-
register" sheets), and miscellaneous pressure and wind reports and tex-
tual descriptions in the Monthly Weather Review, Cline's "Tropical
Cyclones",5/ and a few other sources. Damage reports in the Monthly
Weather Review were considered carefully, and occasionally were helpful
in one step of the analysis procedure, laying out the storm path. Possi-
ble data sources that were not tapped, so as to keep the study within the
bounds of reasonable expenditure of time, were ship pressures and wind
observations not published in the Monthly Weather Review, winds from air-
wey statlons established In recent years and not equipped with triple
registers, and damage reports 1n old newspapers.

Basic analysis procedure

The model hurricane is defined by pos; Pny 8nd R, of equation (1).
These paremeters were evaulated for each hurricane by plotting observed
hourly pressures aggeinst distance from storm center, fitting a curve
to the plotted points by eye, and, In turn, fltting to thils visually-
drawn profile a curve of the family defined by equation (1). For the
foregoing, a path of the storm center is required to obtain distances
from pressure-observing statlionsg to the storm center. The final success
of the method depends greatly on an asccurate storm path, and considerable
paing were employed to construct as asccurste & storm path ss the basilc
data would permit. The procedures by which the storm paths and the pres-~
gure profiles were obtalned, Including successive approximetions of both,
mey, in part, have application In other studies of hurricanes and in
hurricane forecasting and therefore will be described in some detail.

The "Great Atlantic Hurricane" of September 194k, over the portion of its
track off North Caroline, 1s taken as an example.

Sea-level barograms

Original barograph traces for all stations fallinSQwithih gbout 100
nautical miles of the storm center at any time were reduced to ses level
and transcribed to a common time-scsle as in figure 1.



Instrumental corrections were applied if these had been entered on

the original barograph trace,

were recorded.
figure 1.

The times corresponding to the inter-
section of any two sea-level barogrems and to the minimum points

These times are denoted by fine vertical lines In
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Lines of position from pressures

Lines of position, based on the times recorded sbove, were laid
out on a map on which the first approximation of the storm path was to

be constructed.

Perpendicular bisectors of chords Joining stations

were constructed (long-dashed lines in figure 2) and were labeled with

the time of intersection of the corresponding barograms,

The assump-

tion that the hurricane is circular requires that the storm center lie

on the bisectors at the deslignated times.

Minimum pressures and thelr

times of occurrence were plotted at stations, and perpendiculars to the
track were run from the stations (short-dashed lines in figure 2).



The latter perpendiculars had to be constructed by successive approximestions
es the track was laid out. The center of the circulsr hurricane would lie
at the end points of these lines at the time of the minimum pressures.

Wind-shift analysis

From any station within a hurricane the center of the storm lles in
a direction roughly 90° clockwlse from the direction from which the wind
is blowing (northern hemisphere). Thus, a record of wind directlions at a
station may be interpreted as s record of approximate besrings on the storm
center, From such bearings, If it 1s assumed that the hurricane 1s pro-
gressing at constent velocity, the direction of motion may be computed by
geometry. If the forward speed czn be estimeted, the position as well as
direction of the storm path is cbtained.

Autographic wind-direction records were used In that fashion to esti-
mate hurricane paths, All of the direction records were from Weather Bur-
eau triple registers., This instrument reglsters the wind direction to eight
points of the compass once a minute, The wind direction is known most pre-
cigsely at the time the directlon shifts from one cardinal point to the next.
Bearings at these times were employed to lay out a storm path. For example,
at the minute the wind shifted from E to NE it was assumed that the wind
direction was ENE and that the bearing on the stormm center was SSE.

The shifts in wind direction at Hatteras, N. C., as the hurricane of
September 1, 194k, passed offshore, and the assumed bearings on the storm

center are listed in the table below. The computation disgram is shown in
figure 4,

WIND DATA AT HATTERAS, N.C,

September 14, 19hL

Wind-direction Time Assumed exact Assumed bearing
shift T5th mer. wind direction on storm center
E to NE 0357 ENE SSE
NE to N o757 NNE . ESE
N to NW 0825 NNW ERE
Anemometer failed 0856 Between Between
NNW and WIW ENE and NNE

From the pressure-based lines of position in figure 2 it was estimated that
the forward speed of the storm near Hatteras was 20 knots. Time-checks were
then merked on a vector representing the storm path, at a spacing correspond-
ing to the distance of travel st the assumed 20 knots of the storm center be-
tween the several wind shifts. This path vector is shown at the bottom of

figure L,
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Numbers along track on this and preceeding figure identify hourly
positions of storm center. Arcs mark estimated distances of storm center

from stetlons, which are at centers of arcs.
drawvn with the same line symbol.

Arcs for the same hour are
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The vector was laild out on the
edge of a sheet of paper and
then was superimposed on a
polar dlagram with the station
at the center in such a fashion
that the time-checks intersect-
ed the corresponding ezimuath
lines. The result of this step
is 11lustrated by the solid
arrow on the polar dlagram of
figure 4., In the example there
are three time-checks and en
exact fit le¢ obtained., When
there were four time-checks, sn
average best it wes mede.

Wext an approximate correc-
tion was made for the fect that
the real sngle between the direc-
tion of the anemometer-level wind
and the bearing on the storm cen~
ter is greater than 90° except
very close to the center, Figure
5, which is reproduced from Hydro-
meteorological Report No. 26,
depicts the average deflection
angle of the wind from the tangen-
tial direction in a typical hurri-
cane, the storm of August 26,
1949, as a function of distance
from the wind center of the storm.

From this figure was read the deflection angle that corresponded to the mini-

mum distance from the station to the computed storm path.

The arrow on the

polar disgram (figure 4) was rotated about the center of the diagrem by this
angle and in the new position demarked the storm path that best fit the
wind-direction record for a symmetrical storm with the assumed deflection

angle.
nautical miles and 15°, respectively.
dashed line in figure k.,

In our example the minivmm distance end deflection angle were 11
The rotated arrow is shown as a
Flnally, the rotated arrow, with the time-checks
retained on it, is transferred to the preliminary track mep.
figure 4 is shown in figure 2 opposite Hatteras.

The errow from
The arrow based on the wind

directions at Cape Henry, Va., is also shown,

The most important function of the foregoing wind-direction enalysis .
was to establlsh In an objectlive way the minlmum distence from pressure-

observing station to storm track,

on the central pressure to be obtalned by extrapolation.

This minimum distance has great influence

The rotation for

deflection angle in the last step of the wind-ghift analysis dqes not chenge

10
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this critical distance. It can be noted in figure 2 that the lines of
position based on the pressure data determine the position of the storm
center in the north-south direction much more precisely than its distance
offgshore. The Hatteras wind arrow, on the other hend, glves the dlstance
offshore (and from Hatteras). The complementary nature of the informstion
from the two forms of data in this storm is typicel.

?reliminary track

The track was drawn in, and on it were marked, as in figure 2, the
hourly positions that most nearly fit the pressure-derived lines of posi-
tion and the wind arrows. At this step the miscellaneous textual descrip-
tions of shifting winds, calms, damage, etc., were considered and were
given welght In laying out the track.

Firgt approximetion of pregsure profile

Distances from pressure-reporting statlions to hourly positions on the
preliminary track were scaled off. Observed pressures at one-hour inter-
vels were plotted against the corresponding distances. This step is illus-
trated in figure 6. Stetions were identified by different symbols, and

11
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the polnte were labeled with the time. The diagram was then Inspected
for filling or deepening, which would show as a tendency for points
vertaining to the later hours to lie highest or lowest on the sheet,
If filling or deepening was apprecisble, a curve was fitted by eye to
the points pertaining to a restricted time-interval; otherwlse the
curve was fitted to all the points. (In the example, figure 6, storm
filling was Judged as unimportant.) Mean positions for densely-spaced
groups of points were computed as an aild in fitting the curve. The
curve 1s the first approximstion of the radlal pressure profile,

Final track

A second approximation was mede of both track and pressure profile.
The preliminary pressure profile (figure 6) was entered with the observed
hourly pressures and the corresponding distances read off. Arcs were
then constructed on the final hurricane track mep (figure 3) with these
distances as radil and the pressure-observing stations as centers. New
hourly positions were then located at the approximste Intersection of the
arcs end the final track laid out. The effect of this step 1s to weigh
all of the pressure data in positioning the track, whereas only the mini-
mm and intersectlon points of barograms had been considered before. A
third spproximstion of the path could be made by repeating the process
and drawing new arcs, but thisg was found to produce significant changes
from the second approximetion only in exceptional circumstances and was
done for a very few storms.

Finasl pressure profiles

By scaling distances from the final storm~track map as before, plot-
ting pressures, and fitting a curve, the final visuslly-fitted pressure
profile was obtained (solid curve of figure 7). An exponentisl profile,
defined by equation (1), was then fitted. A curve of that family is deter-
mined by three points. The exponential profile was computed that passed
through the imnner end-point of the final visually-fitted profile (which
was not projected inward beyond data), the point on the profile 20 nautical
miles farther out, and the point 20 miles beyond that. The exponential
profile for the example storm ig shown by the dashed curve In flgure 7.

The fit beyond 2 radius of 60 miles In this example is considersbly poorer
than average. The exponential profile was fitted to the Inner portion of
the visually-drawn profile, rather than less exactly to the entire profile,
in order to minimize the error in po.

Pressure-proflle parameters

The immedlaste goal of the storm enslyses, to eveluate the pressure-pro-
file paremeters vg, Dn, end R, was accomplished in fitting the exponential
pressure profile. As 2 check, the R so obtained was compared with an estl-
mate of the radius of maximum wind speed made directly from observed wind-
speed data. This check, which will be described later, in some Iinstances
lead to modification of the parameters. The final values of the three
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parameters are listed In table 1., Also included In the table are the
lowest pressures that were cbserved on barometers in the various storms
and the place of observation. A hurricane entering the coast at two
points, for instance crossing Floridas and then striking Louislsna, is
listed twice in the table, provided it was etill of troplcal character
at both places and met the Intensity criterion. The dates of the second
parts of such hurricanes are marked with an assterisk. The convention in
the table, and throughout the Report, is that the date of s hurricane
will be listed am the day, local standard time, that the center entered
the coast or passed closest to land.

Obgerved radius of maximum winds

The use of autographlic records of pressure and of wind direction in
the reconstruction of hurricanes and evalustion of the pressure-profile
parameters has been described. In a final check, wind-speed records are
introduced intoithe analysis. Values of R determined in fitting the
empirical pressure profile are compared, where possible, wlth the radius
of maximm observed wind speed. To accomplish this, average wind speeds
for 15-minute intervals were read from the triple-register sheets. (The
choice of a 15-minute Interval was govermed by the lines printed on the
chart, which are at S-minute Intervsls, with every third line different-
iated.) The wind speeds were plotted on a time scale and & smooth curve
drawvn. A curve of distance from the storm center, as measured from the
final track, was constructed on the same time scale. The two curves are
shown for the September 194l example storm in the upper panel of figure 8,
An additlionsl particularly clear-cut example is shown in the lower panel
of the figure. If the wind-observing station pessed within the band of
maximum winds, two pesks in the wind graph resulted, asg in the lower panel
of figure 8. The "observed" radius of maximum winds would be the distance
from the wind center (see next paragraph) at the time of these peaks. If
the station did not pass within the radius of maximum winds, there would
be only one pesk in the wind profile. In this case, it was estzblished that
the radius of meximum winds was less than the perpendicular distance from
station to storm track.

Displacement of wind center from pressure center

In measuring distances of wind-speed cbeservations from a storm center,
cognizance had to be taken of the fact that the apparent center of wind
rotation and the pressure center in hurricanes are often not colncident.
Willis E, Hurd, Chief of the Marine Division of the Weather Bureau for many
years, Iin describing the eye of hurricanes as cbserved by mariners, notes
that the calm center 1s frequently not colncldent with the lowest pressure,
snd cites reports hoth of calms preceding minimim pressure, and the reverse
sequence of events.é/ Deppermann// shows pressure and wind speeds on the
same time ascale at three stations in a Phillipine typhoon on November 28-29,
1934, At two stations at or near the coast a sharp wind minirmm lags 30 to
L0 minutes behind the pressure minimum. At the third station in the Interior
and possible subject to topographical influences, some fifteen hours later,
the wind minimm precedes the pressure minimum by 30 to LO minutes. It was
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Table 1

PRESSURE ~-PROFILE PARAMETERS - HURRICANES OF 1900-1949

Date Po R Py ot Pg Station r Yox
Sept., 8, 1500 27.64 1% 29.78 28,48 Galveston, Tex. 17 10k
Aug, 14, 1901 28,72 %% 30.16 29,42(a) New Orleans, la, 45 8
Sept. 11, 1903 29,44 bz 30.12 28.84 29.47 Tawmps, Fla. 14 76
June 17, 1906 29,09 26 29.98 28.91 20.46 Jupiter, Fla. 29 72
Sept. 17, 1906 29,13 61 30.38 28,98 29,50 Colunbis, S. C. e8 71
Sept. 27, 1906 28.50 57 30,07 28.50 Ship at Scranton, Miss. 5 83
Oct, 18, 1906 28,98 35 29.80 28,84 29,26 Jupiter, Fla. 3% €7
July 21, 1909 28,41 19 30,27 28,31 29,00 Bay City, Tex. 16 99
Sept. 20, 1909 29.06 88 30,30 28,94 29,23 New Orleens, la. 43 Vel
Oct, 11, 1909 28.30 2k 30.07 28.36 Sand Key, Fla. 7 gk
Oct. 17, 1910 27.80 16 29.19 27.80 8.8, Jean 12 mi. 0 84

. S. Dry Tortuges, Fla,

*0ct. 18, 1910 28.50 48 26,77  28.33 28.94 Tempe, Fila. 45 81
Aug, 28, 1911 29,02 Iy 20,10 28,92 29,02 Savamnsh, Ga. & 73
Sept. 3, 1913 29,36 41 29,98 28,81 29.36 Raleigh, W, C, 6 72
Aug. 16, 1915 28.1% 22 29,57 28,14 ‘Velasco, Tex. b 83
Sept. 29, 1915 = 27.87 20 30,14 28.01 NWew Orleans, la.(Pauline St vharﬂ 12 106
July 5, 1916 28,57 50 30.0%3 28,92 - Mobile, Ala. ; 42 81
Aug. 18, 1916 28,00 35 30.77 28,00 Santa Gertrndis, Tex, 6 116
Oct, 18, 1916 28,76 Ly 30,20 28,76 Pensacola, Fla, &) 81
Sept. 28, 1917 28.48 31 29,88 28.51 Pensacols, Fla, 12 81
Sept. 9, 1919  27.hk 15 29.7% 27.40 Mosn of 2 ships and 0 108

: \ Dry Tortugas, Fla,

*Sept. 14, 1919 28.65 75 29,54 28,65 Corpus Christi, Tex. 13 58
Sept. 21, 1920 28,93 28 . 29,90 28.99 Eoumn, Ia. 10 &7
June 22, 1921 28.38 17 30.03 28,17 29,37 Houston, Tex. 33 97
Oct. 25, 1921 28.29 18 29,59 28,29 Tarpon Springs, Fla. 1 80
Aug. 25, 1924 28.70 89 30,33 28,80 Hatteras, N. C. 28 78

*fug, 26, 192k 28.70 55 29.62 28.71 Nantucket, Mass. 12 59
Oct, 19, 192k 28,70 19 29.82 — Tr Dry Tortugas, Fla. (v} 75

*0ct. 20, 192k 29,10 25 29.62 28,83 29,10 Miami, Fla. : 0 62
Dec., 2, 1925 28,95 k9 29.90 29,17 Wilmington, N. C. 35 62
July 28, 1926 28,34 14 29.91 28.80 Meritt Island, Fla, 11 89
Aug, 25, 1926 28,31 27 30.35 28.31 HEouma, la, 3 100
. Sept. 18, 1926 27.59 2k 29.99 27.61 Miemi, Fla, L 110

*Bept, 20, 1926  28.20 2k 30,13 28,20 Perdido Beach, &la, 1 98
Oct, 20, 1626 27.52 21 29,97 29,16 Key West, Fla. 60 112
Sept. 16, 1928  27.62 28 30.38 27 .62 West Palm Beach, Fla, 3 117

Bverglades Exp. Sta.
June 28, 1929 28.62 13 29.97 29.12 Port OtComnor, Tex, 13 82
Sept. 28, 1929  28.15 28 %0.08 28,18 Long Koy, Fia. 7 98

*Sept. 30, 1929  28.80 58 29.96 28.80 Panama City, Fla. 6 70
Avg, 13, 1932 27.853 12 30,11 27.83 East Columbia, Tex. 0 108
Aug, &, 1933 28,80 24 29,96 28.68 Brownaville, Tex. 15 76
Aug. 23, 1933 28,63 sh 20.48 28.66 Cape Henry, Va. 16 58
Sept. 4, 1933 27.98 13 29.98 27.98 Jupiter, Fla. 0 101
Sept. 5, 1933 28.02 30 30,24 28,07 2 105

16
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Station

L]

Date Do Py Do’ Dg, o
Sept. 16, 1933 28.25 ke 29,82 28.25 Hatterss, N, C, 7 8k
June 16, 1934 28,58 37 29,94 28,58 Jearerette, la. o} 80
Sept., 2, 1935 26.35 6 29,92 26,35 Long Key, Fla. 0 137
*Sept. 4, 1935 29,11 S1 29.89 28,71 29.18 Columbisn, 8. C, 30 71
Nov, Lk, 1935 28,73 -- —— 28.7% Miamt, Fla, 0 79
July 31, 1936 28.73 19 30.00 28.73 Valpariso, Fla. 0 80
Sept. 18, 1936 28,53 3L 29.42 28,52 Mean of 2 ghipe off Hatteras, N.C. 0 63
Sept. 21, 1938 28,00 %5 29.52 28,04 Hartford, Conn. i %
Aug, 7, 19%0 28.76 11 29,75 28.87 Port Arthur, Tex. 5 71
Aug. 11, 19k0 28,78 26 30,02 28,78 Savennah, Ga. WBO 2 77
Sept. 23, 1941 28,66 21 20,66 28,31 28,66 Houston, Tex, WBO 0 31
Oct,. 7, 1941 28,98 18 30.19 29,00 Carrabellie, Fla, 0 78
Aug, 30, 1942 28,07 18 29,64 28,10 Seadrift, Tex. b 88
July 27, 1943 28,78 17 30,02 28,78 Ellington Field, Tex. 2 78
Sept. 14, 194k 27.88 ko 30.66 27.97 Hatteras, N. C, 1 113
*Sept., 1k, 194k 28,31 26 29,39 28,31 Point Judith, R. I. 3 71
Oct. 18, 19hh 28,02 27 29,80, 28,02 Dry Tortugas, Fla. 4 93
*0ct, 19, 1944 28,42 34 29.67 28 . k2 Saresota, Fla, 1 77
Bug, 27, 1045 28.57 18 30,13 28.57 Palacios, Tex, 1 83
Sept. 15, 1945 28,09 12 30,00 28,09 Homestead, Fla,(Fla.E.Coast R,R) © 99
Sept. 17, 1947 27.76 19 29.8% 27.97 Hillsboro, Fla. 8 102
Sept. 19, 1947 28,61 28 29,70 28,61 New Orleens, Ie. WBO 2 72
Oct. 15, 1947 28,59 13 29.65 28,76 Savannah, Ga., WBAS 7 7%
Sept. 21, 1948  27.62 7 29,61 28,45 Key West, Fla, WBO 8 102
*Sept, 22, 1948 28.41 16 29,85 28,47 Clewiston, Fla, 8 85
Oct. 5, 1048 28.85 27 29.77 28,92 Mismi, Fla,, WBAS 2 67
Aug. 2k, 1949 28,86 2k 30.20 28,86 Diamond Shoals Lightehip, N.C, 3 8o
Aug. 26, 19k9 28,16 22 30,12 28.17 West Palm Beach, Fla, WBAS 0 99
Oct. &, 1949 28,88 28 30,15 28,88 Freoport, Tex, 0 78

Legend

pO
R

Pn
po’

LI I A |

Vex - maximm gradient wind speed, in m.p.h.

central pressure in inches.
radius of meximum winds in nautical miles.
assymptotic pressure in inches.

central pressure adjusted to the cosst.

loveat actually-observed pressure in inches.
Statf.on - at which pg was obaerved.
r - minimm distance in nauticel miles from station to to storm center.

Notes

¥ - Same hurriceane as preceding line.

(a) - At stage when pressure profile parameiers were computed,

at Mobile, Ala., later.
{b) - Parameters obtained by interpolation between ship off western end of Cuba and
Miami, and apply to vicinity of Dry Tortugas.
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confirmed in the analysis of the August 26, 1949 hurricane by the
Hydrometeorological Section,l/ that the apparent wind center was 6 to

7 miles to the rear and a fraction of a mile to the left of the pressure
center. In fact, 1t can be shown on theoretical grounds that the wind
and pressure centersg in a moving circular storm should not be coincident.

Table 2
DISPIACEMENT OF WIND CENTER FROM PRESSURE CENTER

Hours along Track Wo., of Cases

Wind Center Ahead 2.1 -~ 2.5 1
1.6 - 2.0 0

1.1 -1.5 2

0.6 - 1.0 5

0.1 - 0.5 7

0 16

Wind Center Behind 0.1 - 0.5 22
0.6 - 1.0 1k

1.1 -1.5 6

1.6 - 2.0 3

2.1 - 2.5 0

Distances scaled from the track mep pvertain to the pressure center.
An approximste sllowsnce was mede for the displacement of the wind
center from the pressure center by shifting the distance curve on the
time scale of the graphs like figure 8. If the station passed within
the radius of maximum winds, the distance curve was shifted to the
point where the minimum distance was coincident with the minimum speed
between the two peaks of the apeed curve; 1f the station did not pass
within the radius of maximum winds, the distance curve was shifted so
a8 to make the minimum distance coincldent with the maximum speed. Both
panels of figure 8 i1llustrate the former type of adjustment. Instead of
actually redrawing a curve, elbowed light lines were constructed at the
desired reference points as in figure 8. The upper ends pertain to the
wind-speed curve, the lower ends to the distance curve. This adjustment
compensates not only for real departures of the wind and pressure centers
from coincidence, but also for anslysis discrepesncies and the like. The
majority of the wind centers appeared to lag behind the pressure center,
as in the lower penel of figure 8, while in a few instances, the wind
center wae in advance, as In the upper part. On many of the grephs the
wind peaks were legs definite, and there wére possible alternative inter-
pretations as to which pesks in the wind speed truly Indicated the radius
of maximm winds and which peaks and valleys were of the nature of fluctus~
tions similar to gustineas. In the upper panel of figure 8 the minimum
wind speed, for the 0730-0T45 interval, would be subject to doubt on this
basis if it were not for the assocliated fact that the most repid becking
of the wind occurs but a few minutes later. As a dy-vroduct of the anely-
ses; a frequency distribution of the displacement of the centers is given
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in table 2, and shows that the wind center 1s most frequently to the
rear of the pressure center.

Observed R vs parametric R

Values of R obtained as described above from the wind profiles are
compared with the parametric values of R derived in fitting the pres-
sure profile in figure 9., Where the station passed within the radius
of maximim winds end a specific estimate of R was obtalned from the
wind-speed graph, a dot is plotted. Where the station did not pass
within the radius of maximum winds and the only estimate from the wind-
speed graph is that R 1s less than a certain value, a triangle is plot-
ted. If the correspondence were perfect, all of the dots would fall on
the 45° 1line and the triangles on or sbove the line.

COMPARISON OF RADIUS OF MAXIMUM WINDS
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The comparison of the values of R served as a double check, on the
analysis of each individual hurricane and on the hurricane model itself,
Any marked lack of correspondence of the two R's lead to a re-evaluation
of the anelysls of the storm. At steps where alternate solutions con-
fronted the analyst, that solubtion was glven extra welght which would
tend to bring the R's together. The final values of R are plotted in
the flgure. It is not surprising that even with this re-evaluation
there 1s & considerable dlscrepancy between corresponding R's in a few
Instances. Our idealized circular model should be expected to fit some
hurricanes less well than others. On the whole, the grouping of the dots
in figare 9 about the 45° line is sufficiently close and sufficiently
symetrical to give confidence to the physical reality of the parameter
R in our model. The correspondence is considered sufficiently good to
warrant thils conclusion in spite of the blas of the R's toward each other
introduced by re-evaluation of analyses.

Test of fit of exponential pressure profiles

Figure 9 presented a test of the applicability of the Hydrometeorolog-
icel Section pressurxe-profile formula, equation (1), to observed wind
fields. A test of the correspondence of the formils to observed pressures
is shoyn in figure 10. Differences, In inches, between the visually-drawn
profile and the corresponding exponential pressure proflle at selected
radiil for each storm are plotted. At the three points through which the
exponentisl pressure profile was fitted, the difference would be zero. To
obtaln maximum differences, the distances at which the differences were
taken were: halfway between the flrst and second fitted polnts, halfway
between the second and third, and st 60, 80, and 100 miles outwerd if be-
yond the third fitted point. The bulge in the frequency lines to the left
ig due to the fact that In this region the slope of the pressure profiles
is quite steep and the verticsl distance between the profiles may be con-
slderable, even though there sppears to be a good fit, The spread of the
frequency lines to the right 1s due to the fact that the fitting was to
the innermost (lefthend) portion. The over-all correspondence of exponen-
tial to visnally-fitted profile was considered guite satisfactory.

Test of path method

The velldity of the snalysis method when but few data are avallable was
tested by using two storme in leter years for which there were more data.
These were the storms of September 23, 1941, in Texas and October 19, 194k,
in Florida. Four barograms for the first storm and five or six for the
second wvere glven to each of three enalysts familiar with the path method.
No other information was provided. Tracks and pressure profiles, with
standard first and second approximations, were computed independently by
the three analysts for each of the two storms. The test tracks and final
track for one of the storms are shows In figure 11. The test pressure-
profile varameters cbtained, as well as the final values based on gll the
data, are shown in table 3.
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Table 3
PRESSURE -PROFILE PARAMETERS FOR TEST STORMS

Po R Pn
(inches) (naut. mi.) (inches)

September 23, 1941

Test A 28,63 2h , 29.77
Test B 28,70 17 29.67
Test C 28,74 35 29.97
All Dats 28,7 30 29.86

October 19, 19kL

Test A 28.38 35 29.73
Test B 28,52 60 30.01
Test C 28.40 32 29.75
A1l Data 28,32 Lo 26.96

The tracks and parameters for "all data" are based on winds as well as
pressures., Winds were not considered in the test analyses. Tt can be
noted in the table that the centrsl pressures correspond fairly well.

The values of R leave something to be desired. Wind data, not used in
the test analyses, would control this to some extent for those storms in
which wind date were avallable. The maximum dlsplacement of a test track
from the final track for the 1944 storm was 20 miles (track B at 0700).
The maximum displacement for the 1941 test tracks was 21 miles. The dis-
placements were considersbly less nearest the pressure-observing stations,

Paths of fifty years of hurricanes

The computed hurricane paths are reproduced in sppendix C. Interest
in simucsities in hurricane paths has been stimulated by Yeh@/. Bince

the analysls procedure could operate elther to smooth out real irregulari-
ties In the hurricane paths or to introduce spurious ones, no definitive
conclusions as to the reality or nature of sinuosities are warranted from
the tracks, some of which are smooth curves and some of which are more
irregular. Some analyste tended to smooth out irregularities more than
others. It is the lmpression of the writer, however, that many hurricanes
do indeed move qulte amoothly and that obthers move irregularly both in
pathh and speed. There were Insufficient observations compared to the num-
ber of degrees of freedom to ascertalin if the irregularities had any
systematic oscillating pattern.
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Chapter II

PRESSURES

Frequency dlstribution of central pressures

The values of the central pressure, po, for the hurricanes during
the years 1900-1949, obtained by the analysis described in chapter I,
are listed in table 1. The po's 1in the table pertain most closely to
the moment in time and point in space at which the storm center was
closest to the statlion that reported the lowest observed pressure for
the storm. The lowest observed pressures, most of which are from
stations on or near the coast, are also listed in table 1, with the
reporting stations, To place all the central pressures on a common
basls, those ppts for which the lowest observed pressure in the storm
wag from & station well inland, such as Houston, Tex., or at a coastal
gtation when the storm was emerging from land to sea; were adjusted
back to the comst where the storm entered land. The adjustments were
based on the average rate of filling developed in chapter V. The
criterion was set up that an adjustment to coast would be made in pg
if the lowest observed pressure occurred after the storm center had been
over land for more than two hours, after the center had moved inland a
dlstance along its track of more than twenty nantical miles. The adjusted
central pressures are listed in table 1 under the designation po'.
Adjustments were required in 13 storms.

The central pressures, adjusted to the coast where required, are
plotted as an accumlated frequency distribution in figure 12, (small
circles), It is seen that there are but two values below 27.50 inches.
Only twenty percent of the values are below 28.00 inches. The record low
pressure of 26.35 inches lies far beyond all the other data, the next
higher cemtral-pressure estimdte being 27.45, more than an inch higher.
The figure brings out that for the pressure to fall as low as 26.35
inches 1in a hurricane near the United States 1s Indeed a phenomenal
evenlt, and not that it 1s werely rare for such a pressure to be detected.

The central pressures were plotted on both logarithmic and normel
probability paper. The points d4id not fall in a straight line on either
type, and the linear presentation of figure 12 was consldered the mogt
satlafactory.

Pressure differences

Although the central pressure ls one index of the intensity of a
hurricane, a more precise index is the pressure difference, pp - Po.
The relation of the pressure difference to storm intensity, as indicated
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by Voys the maximum speed of the cyclostrophic wind, is obtained by
substituting ¥ = R in the general expression for the cyclostrophic
wind, equation (4),

Vex = Pn- Po
pe

(6)

If variations in the density, p, are neglected, vcx 1s completely
dependent on Pn~ Po. It 1s worthy of note that vex 18 independent

of the radius of maximum winds, R. The pressure differences, obtained
by subtraction of values in teble 1, are parsmetric values derived by
fitting the exponential pressure profile to a LO-mile segment of the vis-
ually~drawn radial profile, and py may be greaster or smaller then the
resl pressure at the outskirts of the storm. The average pp was 29.94
inches, with a standard devlation of 0,30 inch.

The accummnlated frequency distribution of valuves of pn- po 18 shown
in figure 12 (s0lid curve). For storms in which an adjustment to the
coast was made in the central pressure, the adjusted pressure difference
was teken as the originelly computed pnp minus the ad)usted central pres-
sure, po'. That is, it was assumed that there was no change in pp over
the interval of time for which the central pressure was adjusted. As
would be expected, the pressure-difference curve closely parallels the
central -pressure curve. (The pressure-difference and central -pressure
scales are so aligned that if p, equals the average value of 29.94 inches,
points on one scale will coincide with points on the other). The most
important departure between the two curves ls that three storms drop
cloger to the record September 1935 values on the pressure-difference
curve than on the central -pressure curve. The extreme pressure difference
1s 3.57 inches. The next three highest velues are 2,78, 2.77, and 2.76
inches, all smeller than the extreme by less then an inch. This does not
alter the previous conclusion that a central pressure on the order of
26.35 inches (or a pressure difference on the order of 3.5 inches) 1s an
exceedingly rare event.

As shown by equation (6), the frequency curve for the pressure differ-
ences is also a frequency curve of the square of the maximum cyclostrophic
wind speed. The pressure-difference scale was converted to the scale of
maximum cyclostrophic speed shown in flgure 12 by substituting in equetion
(6). With en air density of 1.175 x 103 gm/cm3, the density of saturated
air at a temperature of 68°F and a pressure of 1000 mb, and with a wind
speed in miles per hour and pressure in inches of mercury, equation (6)
reduces to:

1
Vex = 728 (pp- Po)2 (7)

The greatest departure from the adopted density at the radius of mexImum
winds in any murricene was 10 percent in the record September 1935 storm.
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There is further dlscussion of the distributlion of wind speeds in
chapter IV.

Reglcnal distribution of central pressures and pressure differences

Since the distribution of centrsl pressures and pressure differ-
ences in partlcular regions, especielly Florida, was of interest, the
values were geparated into five geographical groups, the Atlantic Coast
north of Florida, the Florida Peninsula, the Florida Keys, the Gulf
Coast from northemm Florida to the Texas-Louisiana border, and the
Texas coasgt, Accumlated frequency distributions of the central pres-~
sures and pressure differences for the various regions are shown in
figures 13 and 14. It can be noted that the central pressure is not
80 low, nor the pressure difference so great, with increassing dlstance
from the hurricane source reglon over tropical waters., There are no
central pressures below 27.50 inches cutside the Florida Keys, the ares
of the Unlted States closest t¢ the hurricane source region. Other
arees, however, by virtue of a high value of pp, contributed relatively
larger values of the pressure difference, but none approached the re-
cord value In the Keys, 3.57 inches.

Test of po's

To check the rellability of the frequency distrlibutions of figures
12-14, which are frequencies of estimated quantities, a test was set up
to furnish an snalyslis of errors in estimating po. Veriation In pp is
much greater than thet In pp. The reliability of pn~ po 1s &bout the
sgme a8 the rellsbility of py, end no specific test, as such, was made
of ppn- Po. The principal factors that influence the error in the cen-
tral -pressure estimate are the extrapolation distance, that is, the
distance from the closest observed pressure to the storm center, and
the value of the central pressure itself.

The test of the po estimates was carried out on the hurricenes In
which there was a pressure report within five miles of the storm center,
The vo's in these storms were considered the equivalent of observed values,
Estimating po with the closest observed pressure 20 miles out from the
center was then simulated by discarding the portion of each visually-
drawn profile within 20 nautical miles of the center of each test storm
and fitting the exponentisl profile oblectively by standard procedures
to the remsinder. The differences between the py's for these test ex-
ponential profiles and the po's originally computed were taken as a re-
presentative body of errors in po with an extrapolation distance of 20
miles., The procedure was then carried out for 40 miles and 60 miles from
the center, with the same storms. The three sets of errors were sublected
to a statistlcal analysis.
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Extrapolatlion distance ves. pgy error

The central-pressure errors are plotted against distance in figure
15. The increase in magnitude of the error with extrapolation distance
can be noted. The distribution of the errors at any one dilstance 1s
skewed, negative errors tending to be larger than positive errors. The
fact that there 1s an upper limit to the centrsl -pressure estimate,
which can certainly be no higher than the lowest reliable observed preg-
sure, while there 1s no such lower limit, is responsible for the skew-

ness.

The primary purpose of Tlgure 15 l1ls to demonstrate the acceptability
of the assumption that the standard deviation of the errors Increases with
incressing extrepolation distance while in other respects the distribution
remaing unchanged and has the game shape at all dlistances. The so0lld lines
in the fisure sre frequency curves drawn strictly to the date. The dashed
lines are the 15% and 85% frequency curves that best it the date within
the limite of the assumption. The moderate departure of the dashed curvees
from the corresponding golld curves is considered acceplable.

The standard deviations of the errors at 20, 40, and 60 miles, re-
spectively, are plotted againet distance in figure 16. That the three
points lie in a straight line lends some confldence to extrapolation of
the standard deviation beyond 60 miles and to the validity of the sssump-
tion stated In the preceding peragraph.

Po V8. Do €YTOY

The three standard deviations plotted in figure 16 were used to ad-
Just the errors in the thres categories, from 20, 40, and 60 miles, to a
ccommon bhasis for exemining the effect of py itself on the errcr in its
estimation. Bach error wes divided by the corresponding stsndard devia-
tion, and the resulting ratios (standard messure) were plotted against
the corresponding originally computed pg (figure 17). With the influence
of the extrapvclation distance thus removed, it 1s seen that the central -
pressure error becomes greater as the central pressure becomes lower,
The skewness in figure 15 1is again found here. The frequency curves were
fitted by eye. An attempt was made to fit a distribution with & mathemat -
icel basis, but the unusual neture of the data, with & variable and not
well-gpecified upper 1limit and no lower limit, made the effort fruitless.

Confidence interval for centrsl pressures

Figures 16 and 17 furnish the basis for placing a confidence interval
about any central -pressure estimate. Flgure 17 is entered st the central
pressure, Opposite the upper end lower limits of the desired frequency
range, values are read from the left-hand scale. Multiplying these valuves
by the standard deviation taken from figure 16 at the pertinent extrapols-
tion distance yields the magnitude of the negetive and positive errors
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within the desired confidence band, in inches. By following this proce-
dure the 70% confidence band (between frequencies of 15% and 85%) was
computed for a large number of central pressures and extrapolation dis-
tances, and figure 18 was constructed. The latter figure gives directly
the negative and positive error, in inches, wilthin the 70% band. For
example, 1f the central pressure ls estimated at 27.00 inches from an
extrapolation distence of 35 miles, there is & 70% probebility that the
true central pressure lies between 27.00-plus-1l.00 inches and 27.00-
minue-2,20 inches. Ae can be seen from figure 18, the reliability is
low for large extrapolation distances and low central pressures, The
principal interest of the study, however, is not in the individual p,'s,
as such, but in the over-all distribution, and the reliability of an
over-all distribution is higher than for the individual items.

The T0% confldence interval for each central ~pressure estimate In
table 1 was obtained from figure 18. These intervals are depicted by
the horizontal errows of flgure 12. The extrapolation distance was zero
for points without arrows. The very large varistion in the reliability
of the centrel pregsures, as shown by the varying length of the arrows
in the figure, prevents the placing of an over-all confidence band about
the accumulated central ~pressure frequency curve by any common statistical
procedure. However, to facilitate an approximste Judgment as to the re-
11ability of the curve, abscissag of the left-hand end points of the
arrows are replotted as x's in the figure In the order of megnitude. The
curve formed by the x's represents what would be the true frequency dis~
tribvution of the central pressures if the central pressure in every storm
had been overestimated to the extent that the true central pressure lay
at the lower end point of the 70% confidence interval., This sccumulated
lowey limit lies, on the average, 0.39 inch below the original centrel-
pressure curve, Considering the extreme unlikelihood that the former
curve represents, 1t 1s seen that the chances are very small that the
original central -pregsure frequency curve 1s grossly in error.

- The lower end points of the confidence intervals drop below 27.00
inches in three stomme, one, of course, belng the storm in which the
central pressure was 26.35 inches. One point even drops below 25.00
inches. The conclusion remalns unmodifled, however, that a central pres-
sure on the order of 26.35 inches or lower is an exceedingly rare event.
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Chapter IIT

A WIND-REDUCTION PROCEDURE FOR LAKE OKEECHOREE

According to the method that has evolved as the most feasible, the
first etep In syntheslzing a deslign hurricane st Lake Okeechobee is to
establish the design pressure profile. Chapter II was directed at ex-
panding aveilable knowledge for that purpose. The second step is to re-
duce the pressures to anemometer-level winds. The present chapter pre-
sents a method for accomplishing this. '

Anemometer-level winde in three frictlional cetegories are required,
over open water, off-water at the shore, and off-land at the shore. The
over-yater winds are by far the most important ones in computing the total
effect of the square of the wind speed along a fetch or the total kinetic
energy over sn area., The off-water and off-land shore effecte decrease
from the shore outward a few miles, where they are negligible. Moreover,
the squering of the wind speed decreases the influence of the frictionally
decreasged values. Thus, in computing the net effects in storms that have
adequate pressure and/or over-water data, a highly refined procedure for
computing the off-water and off-land effects 1s hardly required. However,
in older storms the over-water winds must be derived from shore observa-
tions by the near-shore procedures in reverse., In these cases the values
of the over-water wind are highly influenced by the procedures. ¥or thils
reason, & good deal of effort has been expended in developing the near-
shore procedures,

The hurricane of August 26, 1949, the most severe that has crossed

the Lake since 1928, contributes most of the basic data to the wind reduc-
tion procedure. BSome addltionasl dets is fumished by the storm of October
16, 1950. The fifty years of hurricanes from 1900 to 1949 as & whole,

to which the report is mostly devoted, play the necessary role of confirm-
ing an important deduction from the August 1949 hurricane, namely, that the
ratio of the free-alr wind speed above the surface frictional layer to the
cyclostrophic or gradient speed varies merkedly wilth distance from the
storm center,

Wind records at Lake Okeechobee

Since 1936 the Corps of Engineers has maintained a network of meteor-
ologlical statlions at Lake Okeechobee, The locatione of the stations iIn
operation in 1949 and 1950 are shown in figure 19. Six of the seven shore
gtations are equipped wilth Dines anemographs; the seventh, Lake Harbor,
has & Friez Aerovane. A continuous graph of the wind speed is recorded
at all statlons. Three of the stetions in the Lake were Installed in the
sumner of 1949, and records were obtalned from these in the August 1949
hurricene. The other two stations in the Lake were asdded the next yesr.
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The wind instrumentation for the stations in the Lake consisgte of
Robinson 3-cup snemometers, vanes, and multiple-pen recorders, Iinstalled
on Coast Guard navigation-light towers. The passage of each l/lO

mile of wind is recorded by a tick of one pen; another shows each 10
miles. BEBight pens give the wind direction.

The aversge speed over ten minutes wae the unit chosen as standard
by the Corps of Engineers snd the Hydrometeorologicel Section for hurri-
canes at Lake Okeechobee, both actual and synthesized. The wind direction
is also averaged over 10 minutes, Averasge lO-minute speeds and directions
were abstracted from originsl records by the Hydrometeorological Section
and have been published by the Corps of Engineers for the hurricanes of
August 26, 1949, and October 16, 1950, which passed over the Lske, and for
several previous hurricanes which passed near the lake. The standard 10-
minute Iintervals were from 5 minutes after the hour to 15 minutes after,
15 to 25 minutes after, etc,

———————— Vg {computed from pressures)— —— - —»
Vi {actual}

e —— Vpw {gust}
ey

. E=ege . Yu PRESSURE TUBE ANEMOMETER

= s _— S Vpl {gust)
e B e s e e T

- ey OFF - WATE, — et TR,
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:
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e i

F16. 20 SCHEMATIC REPRESENTATION OF CATEGORIES OF WIND
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For the slx shore stations equipped with anemographs, the pesk gust
within each 10-minute Iintervel, that is the highest point of the wind
trace, was extracted. The gust speeds at Lake Harbor, the shore station
equipped with the Aerovane, were picked off for the October 1950 storm
only. No comparable gust speeds could be obtained from the stetions in
the Leke, since they were equipped with cup anemometers. The gust speeds
(which have not been published) were employed in the present study to
invegtigate the relstion of amemometer-level wind speeds to free-air wind
speeds.

The speed recorded by an anemograph varles slightly with alr density.
However, in abstracting speeds no correction was made for density end,
therefore, no allowance for density should be made in the reverse proceas
of computing kinetic energles from the wind speeds for ocesnographic pur-
poses.

Definltion of wind categories

For designation of various categories of wind speed, the following
notatlon will be used in thils chapter: vy, 1O0-mimute-average speed at the
shore with wind direction off the land; wy, 1O-minute -average speed off-
water; vy, 10-minute-aversge speed over open water; vypl, lO-minute peak
gust off-land; vpy, 1O-minute peak gust off-water; vg, gradient speed; and
vy, free-air speed. The free-alr speed referred to 1s the true sustained
gpeed at the helight where reduction of speed by frictlon with the under-
lying ground or water surface becomes negligivle. This may be on the order
of 1,000 feet up.

The categories of wind speed are shown schematically in figure 20,
The surface speeds sre at the height of the installed aremometers at Lake
Okeechobee, The heights are llsted in appendix A.

Procedure for Over-Water Winds from Gradient Winds

The wind at anemometer-level that may be expected from a given gradil-
ent wind, computed from the pressure field by assuming a balance of forces,
depends on the departure--because of accelerations-~from the gredient wind,
vg, of the free-air wind, vf; the roughness of the underlying surface; and
the strength of the turbulence. The last, at a given place, depends on
the stability of the air (the verticel temperature gradient) and on the
wind speed itself. The required relationship of enemometer-level wind to
gradlent wind is obtained if the factors nemed can be isolated or measured.
It i1s permissible to assume that the verticel temperature gradient 1s
nearly constant in the high-speed zone of all hurricanes that may reach
Lake Okeechobee. This is based on the relatively constant temperature in
hurricanes and on the fact thet at high speed, perhaps sbove 40 mph, by
virtue of the turbulence, the vertical temperature gradient will approach
the adlabatic lapse rate. The other factors influencing the relationship
of gradient wind to anemometer-level wind have not heretofore been evaluated
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quantitatively by meteorologists for lack of adequate data.
his article, "Tropical Cyclones™, in the Compendium of Meteorology?,/n

says "'since the required dense network of observing stations has never been
avallable, no rigorous study of surface wind velocity and directions and
assoclated pressure gradients [in hurricanes] has ever been made." The
data from the Corps of Engineers network in the Aungust 26 1949 hurricane
enabled the Hydrometeorological Section to begin an atta,ok on this problem.
A chain of relationships among vg, vf, Vo, Vi, end vy was developed which
leads to an explicit procedure for computing the anemometer-level wind at
Lake Okeechobee from the gradient wind. In chapter IV a similar procedure
will be used to summarize the anemometer-level winds computed from gradient
winds in the fifty years of hurricanes. :

Relation of free-alr to gradlent wind

Practically no direct observations of the free-sir wind speed by pllot
balloons in the high~speed zone of hurricanes have bheen made because of
the unsuitability of associated weather conditions. An indirect indication
of the relation of free-alr speed, vr, to gradient speed, vg, can be ob-
tained by substituting the peak-gust speeds, vp] and vpy, for the free-air
speed., There is evidence that gusts at anemometer-level consist lergely of
bubbles of alr brought down by turbulence from fast moving layers sbove.
These bubbles will not originate from above the frictional layer, by defini-
tion, nor will they reach anemometer-level with thelir momentum fully con-
served. But, 1f peak gusts are selected, it 1s belleved that the level of
origin will be high enough and the loss of momentum small enough that the
gust gpeeds will be quite close to the free-air speeds Just sbove the fric-
tional layer.

Profiles of the gradlent and cyclostrophic speed and of the pesk-gust
epeeds, vpl and vpy are shown together in figure 21 for the hurricane of
Aungust 26p 1949, The cyclostrophic and gradient profiles are computed from
the parameters p, = 28.20 inches, R = 22 gtatute miles, and pp = 29.97
inches. These were previcusly determined as best fitting the data at the
time the storm was over Lake (keechobee, while the slightly different para-
meters listed for the storm in table 1 pertain to the time the storm center
was at the Atlantic Coast. Mean gust profiles were constructed by plotting
separate profiles for each station, then aversging the speeds at five-nile
intervals, except at the peak. There, to avold reducing the peek by smooth-
ing, the average peak was located by averaging the positions of the pesks
of the station profiles along both the distance scale and speed scale. To
investigate the possible influence of lack of symmetry, separate mean gust
profiles were firet prepared for the forward and rear halves of the storm,
No significant departure from clrcularity wes found, however, and the finsl
guet profiles (and other profiles) in figure 21 are based on all the data.

In plotting the gust profiles, distances from the wind center were taken

directly from the analysls of the storm previocusly made by the Section. To
tile in most readily with this previocus analysis, the distance unit in this
chapter is the statute mile, whereas in most of the study the nautical mile,
more convenient for laying out hurricane tracks, is the standard unit.
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Comparison of the gust profiles with the gradient end cyclo-
strophic profiles in figure 21 shows that: the guste speeds are
congiderably less thansthe gradient speed at some distance from the
storm center, experience & relatlive Increase ss the radius of maxi-
mum winds, R, 1s approached, and appreciably exceed the gradlent speed
at the redius of maximum winds, while inside R the gust speeds drop
below the gradient speed again. Tt can hardly be assumed otherwise
than that the ratic of free-air speed to gradlent speed follows the
same trend. The free-alr speed will not be less than the gust speeds.
If the free-alr speed 1s somewvhat in excess of the gust speeds, an
even grester exceedance over the gredient speed results st R, The
interpretation of the observed trend is that in the outer portion of
the hurricane the forces acting on an air partlcle are not in balance.
The spesed is not sufficlent for the coriolis and centrifugel forces
to equel the pressure-gradient force. The particle is accelerated
inward across isobars, and as 1t moves closer to the storm center,
not only does v in the centrifugsl term‘ve/r increase, but r decreases.
As r becomes gquite small, & balance of forces 1s quickly obtained,
end then the pressure-~gradlent force ig exceeded, as indiceted by the
super-gradient wind speed in figure 21, by the total of forces acting
outward. The particle with a super-gradient speed will no longer be
sccelerated Inward, will assume an essentislly tangential direction,
and, in fact, should turn slightly outward end be slowed down by the
pressure gradient. In support of this, the reader is referred to
figure 5, page 11, in which the average deflection angle of the anemo-
meter-level wind inward across isobars 1s graphed as a function of
distance from wind center for the 1949 hurricene. The angle decreases
from 40° at a distance of 60 statute miles to zero at five miles. (Two
stations within five milles of the center actually showed negatlve de-
flection angles.) It seems evident that the radiue of maximum winds,
R, is eutomatically at, or slightly inslde, the redius at which the in-
creasing v /r term becomes equal to the pressure-gradient term. At R,
the coriolis term is almost negligible in comparison to the large ve/r
term.

Other data conflrm the foregoing conclusions, which would not be
completely above susplicion if there were no confirmetlon, Only a moder-
ate error in evaluating the pressure-profile parameters~~or in assuming
that such paresmeters properly describe a real hurricane--would consldersbly
Influence the gradlent-wind profile., The firet confirmation 1s obtained
from the hurricane of October 16, 1950, A figure similar to figure 21
was prepared and showed the same pattern of gust speeds, sub-gradient et
the outer portion of the storm end becoming super~-gradient at R, The ex-
ceedance of the gust speeds over gradient speeds at R is larger in the
October 1950 storm than for the storm in figure 21 (the October 1950 storm
wvas asymmetrical and date were restricted to the forward helf). Final and
important confirmation is from the fifty years of hurricanes as a whole.
It was found that the average ratio of the sustained anemometer-level wind
to the gradient wind increases as R is approached from the outskirts of
the storm.
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Relation of over-water to gradlent wind

The quantitative relationshlp of actusl wind to gradient wind
will be developed in terms of the sustained rather than the gust speed.
Aversge radial profiles of the over-weter 10-minute average snemometer-
level wind, (vo), were constructed for the August 1949 storm, figure 21,
and for the October 1950 storm. As wlth the gust speeds, only the for-
ward half of the October 1950 hurricane was used. The varlation of the
ratio vo/v8 alqng a storm radius was brought out by plotting at selected
distances, the quotients of vo/vg at each distance divided by vo/vg at
R. BSee figure 22. A similar curve was prepared as an average for the
fifty years of hurricanes, curve C of the figure. The winds were "off-
water" instead of "over-water" for this last curve. The close similarity
of curve C to curves A and B leaves no doubt that the decrease of the
actual wind as compared with the gradient wind with increasing distance
beyond R is typical of hurricanes reaching the United States., The detalls
of deriving curve C are glven in chapter IV.

Variation of the ratlo of over-water to free-alr wind with wind speed

To what extent 1s the observed variastion in rstio of anemometer-
level wind to gradient wind along & storm radius dve to differences in
accelerations at different distances from the storm center, and to what
extent, if any, to variatlion in the turbulence structure as a function
of wind speed? The magnitude of the latter variastion will be investi-
gated firgt, by examining the varilation of V/Vf with wind speed, where v is
any anemometer-level speed, It 1s not fessible to do this directly, and
again recourse is made to gust speeds as Indicators. The ratlio of 10-
minute average speed8 to the peek gusts within the same 10-minute inter-
vals wee teken es an Index of the turbulence structure. This is an
attractive index, as the numerator and denominator are measured simul-
taneously by the same Instrument.

Off-land gust ratios, v1/vpl, and off-water ratios, vy/vpy, were com-
puted for four Lake Okeechobee hurricanes and were plotted separately
against the average wind speeds, vy and vy, for each of the seven shore
stations, a total of fourteen graphs. In segregating off-land and off-
shore winds, it was required that both be more than 10° away from a direc-
tlon parsllel to the shore. The shore-line of the shallow lake variles
with the height of the water surface, It was verified by reference to
Corps of Engineers water-level maps that for off-water winds the edge of
the water surface was actuslly close to the station in all cases. During
the highest-agpeed portion of each storm the ratios In each successive 10~
minute interval were used. In the lower-speed portions, when the speed
chenges more slowly, only every second or third 10-minute interval was
used to avold & multiplicity of points at the same absclsss.

The startling result from the fourteen graphs was that wvy/vpy for

well -exposed stations 1s independent of wind speed, whereas_vl/vpl is
markedly dependent on wind speed. The two graphs for the well -exposed
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station with the most data, Clewiston, are shown in figures 23 and 2L,
All of the off-land graphs are similar to figure 24, although the posi-
tion and slope of the curves, fitted by eye, are not the same. The off-
water graphe for Leske Harbor, Canal Point, Port Mayasca, and Okeechobee
are like figure 23, showing no dependence of the ratio on wind speed.

The off-water graph for Moore Haven, figure 25, looks like an off-land
graph, This is presumably due to vegetation in the Leke off-shore. It
was found previqusly in the anaslysis reported In Hydrometeorological
Report No. 26 1/ that Moore Haven does not have a true off-water expos -
ure. The off-water curve for Belle Glade 1s intermediste between an off-
water curve for a well-exposed station and an off-land curve. It i1s con-
cluded that the islands off-shore from Belle Glade and vegetation in the
Lake have a pertial effect in reducing off-water winds st that station,
To ascertain whether winds blowing directly over the islands were reduced
more than winds over the adjacent water channels, the off-water ratios

at Belle Glade were stratified by wind direction, but no systemstic varia-
tion by wind direction could be lsolated.

The finding that the gust ratio, vw/va, for a well -exposed shore is
independent of wind speed leads to the following deductions: (1) the turbu-
lence structure is essentially independent of the wind speed, (2) w/vr
mst then be independent of wind speed, (3) if vy /ve is independent of
speed, then Vo/Vf, with even less friction invcolved, 1s assuredly indepen-
dent of speed also, (4) the observed variation of Vo/Vg along 8 storm
radius (figure 22) is a function of the dynamics of the hurricane only,
and 1ig independent of speed. (This line of reasoning is not 1ntended to
apply to very low speeds, which were not investligated and at which Vw/Vf
is probably not independent of the sveed.)

Standard curve for the ratio of over-water to gradient speed

By & combined theoretical and empirical study, 1t should be poseible
to analyze the responsible forces and accelerations, at least for a model,
and to describe the variation of vf/vg In terms of the three pressure-
profile parameters, po, Pn, end R, and two additional parameters, speed
of forward motion and intensity of the updraft. 7he present study stopped,
however, at obtaining the observed variation of vo/vg along a radius in
particular storms (figure 22) and demonstrating that the ratio is indepen-
dent of wind speed., At present, then, to reduce vg to vg we are restricted
to considering the ratio of vp to vg as a function of but one variable,
distance outward In the storm, and to evaluating the ratio directly from
the empirical data in figure 22,

Curve A based on the 1949 hurricane (figure 22) was chosen as the
standard reduction curve in preference to curve B {1950 storm), or curve C
(average of 50 years), or some combination of the three. The principal
purpose lg to compute the winds from the pressures in a near-meximum hurri-
cane at Lake Okeechobee. The 1949 storm was a fairly intense, nearly cir-
cular storm, at the location of interest, end with R approximately that
expected in the design hurricane. The Octcober 1950 storm wass decidely
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asymretrical and was weaker. The average curve for the fifty years

of hurricanes 1s based on meesurements at different locations, at
different anemometer heights, wilth uncertain frictional effects.
Individuel analyses of the concurrent wind end pressure fields are less
reliable and probably most important, much of the data is at fairly
low speeds and 1s from storms with large R,

In order to reduce gradient wind to over-water wind through appli-
cation of the selected curve, A, the actual v, /vy ratio at R (or at
some other distance) is required. Available values for vo/v at R are
86.5% for the 1949 hurricane, 99.2% for the 1950 hurricene, %3.2% for
the mean of fifty years of hurricanes, The last value is obtained by
making adjustments from the average height of the snemometers to the
height of the Lake Okeechobee anemgmeters, and from off-water to over-
water exposure. The ratio from the 1949 hurricane was selected as the
standard by considering the same reasons as were used in choosing curve
A and from the fact that this value lies halfway between the other two.
Then, the observed value of vo/vg at each radius in the 1949 storm was
chosen as the standard for wind reductions.

The obsexrved vo/vg curve for the 1949 storm is shown by the solid
line of figure 25. TFrom R outward, values on this curve are ratios of
the speeds on the mean vy and vg curves in flgure 21. Inside R, speclal
steps were requlired to compensate for the facts that, firstly, there
were very few meagurements of vy inside R, and secondly, that the ratio
of vy to vy is very sensltive in that region to small errors in distance.
To increase the data, all off-land and off-water wind-speed measurements
inside R in the storm were adjusted to the corresponding over-water values
by relationships to be given in the next section. These synthetic over-
water wind speeds, together with the few actual over-water winds, wexe
plotted on an expesnded distance scale end s profile fitted. The points
inside R on the solid curve of figure 26 are based on values of v, from
that profile. The dotted curve in figure 26 1s a smoothed version of the
solid curve and is adopted as the standsrd for reducing vg to v,. There
is little doubt that the upturning of the solid curve inside 2R 1s e
spurious effect of the sensitivity-to~dlstance errors referred to, and
this upturning was rejected in constructing the dotted curve.

The questlon presented iteelf as to whether the vo/vg ratio at a
given distance from R in the 1949 hurricane was most representative of
the ratio at the same distance from R, or at the same fraction of R in
ancther hurricane, The distance was Judged best outside R and the frac-
tion inside R. The horizontal scale in figure 26 i1s so labeled.

Procedure for Shore Winds

Having once obtained the snemcmeter-level wind over the open waters
of the Leke by the procedures jJust described, the winds at the shore may
in turn be computed from the over-water winds by evaluating the frictional
differences. The relationships so developed sre also epplicable in re-
verse, to compute the over-wster winds for oceanographic purposes in older
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storms In which wind observations are avalleble from the shore sta-
tlone but not over the Leke. The relationships of shore winds to
over-water winds presented here are revisions of those described in
Hydrometeorological Report No. 31 g/.

The problem is divided into determining the ratios of off-water
wind speeds to over-water speeds and the ratios of off-land speeds to
over-water speeds. Once more we are guided by the behavior of the
gust ratios. From the fact that vw/va does not change with wind speed
for well-exposed shore stations, we concluded previously that both vy /ve
and Vo/Vf are independent of speed. A fortioril, then, wy/vo is inde-
pendent of speed. The ratio of vl/vo is dependent on gpeed, as is indi-
cated by the off-land gust ratios, vl/vpl. Tt remasins to ascertain 1if
vw/vo varies significantly from one station to another and to assign
values, while the variation of v1/vo both with speed and location must
be assessed.

Varietion of off-water gust ratios between stations

The varlation of vw/vo from one station to enother could be investi-
gated by comparing observed values of wy for the respective stations at
the same distance from the wind center of the storm, but the distances
are obtained only be meticulous analysis. A more precise comparison,
though more Iindirect, may be made by examining agaln the off-water gust
ratios, Vw/va. Greater friction at one location than another would re-
duce vy more than vpy and lower the ratio. This was demonstrated by an
over-all comparison of vl/vw in the 1949 and 1950 hurricanes with vpl/pr.
The first was much the smeller ratio, showing, as would be anticipated,
greater reduction of the susteined wird than the gusts by the grester
friction over land. The velues are listed in table k.

Teble U4

COMPARISON OF FRICTIONAL REDUCTION OF
10-MINUTE-AVERAGE AND GUST WINDS

‘Ratio (percent)

August 1949 October 1950
vl/vw ; ‘ - 75.0 S | 73.3
Vo1 /Vou 87.2 89.7

Mean off-water gust ratlos for the five gtations with open exposures,
table 5, vary a few percent from 70%. An application of the F test
(Snedecor 10/) showed that there is less then 1% probebility that the
ratios of the first four stations listed in the teble were drawn from the
same population. An "F" of 4,52 was computed, whereas the value at the 1%
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~level was 3.87. The F test responds to variastions in the standard
deviation ag well as variations of the mean, and the marked difference
of the standard devistion at Clewiston from the others contributes to
the large F. However, there ig 1little doubt the means are significantly
different, in the usual statistical sense. This would be inferred by
comparing the varistion of the means In the first column of the table
wlth the standard errors in the last column. TLake Harbor was excluded
from the F test because of the dif:f‘erence in instrumentation (Aerovane
instead of Dines anemograph).

Table 5

RATIOS OF 1O0-MINUTE OFF-WATER SPEED (vy) TO PEAK GUST SPEED (pr)

Standard Standard
Station Mean vy/vpy _No. of Obs, Deviation error of mean
Clewiston (HGS 2) 69.88 128 7.22 0. 52
Canal Point (HGS 5) 67, 28 4,00 1.11
Port Mayaca 69.13 53 4,33 0.8
Okeechobee (HGS 6) 71.80 58 4,05 0.77

Leke Harbor (HGS 3) 67.36 11

Several possible explanations for the differences between stations may
be advanced. One is that there are small local differences in exposure,
either the immediste surroundings of the weather house, vegetation in the
Lake, or the configuration of the levee., Another is that the responsiveness
of the anemogrsphs 1is not identlical, giving slight veriastions in the re-
corded peak gust speeds. A third possibility is that there 1is & more broasd-
scale Influence, the topography of the land about the station and the
general type of vegetsl cover., It was Judged that there is a sufficiently
good chance that the differences in the means in table 5 are due to strictly
local influences, either exposure effect or Instrumentel effect, that an
over-all mean may best represent the average frictional influence along any
conaldersble stretch of the shore better than the value from the station
that happens to be the closest. Therefore, the station mean vaelues were
lumped together and a value of 70% for vy/vpy was assigned to all well-
exposed beaches of the Lake. The corresponding assumption for vw/vo is that
the ratio varies only slightly with location and should be regarded as con-
stant for the well-exposed beaches.

Standard reduction of over-water to off-water speed

For the five well -exposed stations a mean vy profile was computed for
the 1949 storm and for the 1950 storm. Ratios of speeds from these mean
profiles to ¥ at the seme distance, at 2%i-mile intervals from R outward,
(figure 27) give confirmation that the ratio is independent of the wind
speed. A mean ratio of vy to veo of 89% is obtained for both storms. The
factor, 89%, is adopted ag the gtandard for reducing over-water wind, not
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only at the five stations, but at any well-exposed beach.

For the two other shore statlions, Belle Glade snd Moore Haven, the
vW/vo ratios conflirmed the indications from the gust ratios that the
frictional reduction of the off-water wind is greater than for the well-
exposed stations. The vy /v, ratios for Belle Glade (figure 28) are in-
termediate in magnitude to the vw/vO ratios for well-exposed stations
(figure 27) and Vl/"o ratios for all stations (flgure 30). The depen-
dence of ratilos on wind speed in figure 28 also appears to be Intermediate
to figures 27 and 30. The gust ratio, Vw/VpW, at Belle Glade, with dats
avallable over a greater range of wind speeds, showed a variation of the
ratlo with wind speed more distinctly than figure 28, end also, as do the
vw/vo ratios, Indlcated a frictionsl reduction of the off-water wind at
Relle Glade intermediate to that for off-water winds at well-exposed
gtations and for off-land winds. Accordingly, a curve 1s fitted to the
data in figure 28 that 1s intermediate to those of figures 27 and 30,

The curve of figure 28 is made asymptotic to the 89% line of figure 27

at a vo of 100 mph., Figure 28 1is recommended as the best available rela-
tlonshlip of Belle Glade off-water wind to the over-water wind, ¥or con-
venience the curve of figure 28 1is redrawn in figure 29, yielding the
Belle Glade off-water wind directly from the over-water wind, The magni-
tude and dependence on wind speed of the Moore Haven vy /vy ratios was
similar to off-land ratios, vl/vo. This behavior is again consistent
with that observed for gust ratios. Accordingly, Moore Haven winds were
treated as "off-land" for all directions. ~

Standard reduction of over-water to off-land speed

To esbaplish an empiricel relatlonshlp between over-water and off-land
winde the most direct approach was carried out first--observed vi/veo ratice
in the 1949 and 1950 hurricanes were plotted against over-water winds
separately by stations. These plots proved to be too irregulsr to furnish
reliable relationships. Of the two factors, station and speed, the most
Influential on the ratio was shown by these plots and by comparison of
the collection of v1/vwl curves liké figure 24 to be the speed. The next,
and successful, procedure was to average out the station influence first.
Ratios of wind speeds from a mean off-land profile to speeds from e mean
over-water profile, at 2—%— -mile intervels from R outward, are plotted in
figure 30 agpinst the over-water wind gspeeds for the hurricanes in 1949
and 1950. The curve was fitted to the 1949 data, which was considered
superlior to the 1950 date or to a mean of both. However, it can be noted
that the 1950 data does not depart greatly from the curve. The following
considerations determine that a curve concave downward should be fitted
instead of a straight line., Tt is bplleved that with a decreasing pressure
gradlent an off-land wind would drop to zero, while an over-water wind
gtill hed a finite value. The ratio was drawn to zero at an over-water
wind speed of one mph. On the other end the ratio cannot increase indefi-
nitely as a straight line would require. The off-water reduction factor of
89% was taken ss a limiting value, and the curve was drawn to this value at
150 mph. It is possible that the ratio of off-land winds to over-water winds
would be higher than for off-water winds at some very high wind speed. The
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greater roughness might result in more fast-moving air being brought
down from above, while the flow might be more laminar off the water.
However, without data to demonstrate otherwise, it seems wisest to
vlace the off-water ratlo as a 1limit to the off-land ratilo.

For convenience, the curve of figure 30 is redrawn in figure 31
(the curve labeled "average") so as to give the average off-land speed,
vy, directly from the off-water speed rather than the ratio,

The supplementary curves of figure 31, give the off-land wind at
each particular statlon directly from the over-water wind., ZEach of these
curves was developed empirically from the 1949 and 1950 hurricane dats
by computing the average ratlo of observed off-land wind speed at the
particular station to the sverage off-land speed in the same hurricane
at the same distance from the storm center. Multiplying the "average"
curve of the figure by these aversge ratios ylelded the station curves
gshown. An investigatlon determined that the supplementary curves should
be retios of, and not constant differences from, the average curve. It
will be noted that the same curves were obtained for two palrs of sta-
tions, HGS 2 and HGS 6, and for HGS 4 and Port Mayaca. The curve labeled
"HGS 1" is for Moore Haven off-land wind directions only. The off-water
winds at thig stetion were treated as if they were off-land winds for s
separate station, and a ratlio of 100.4% to the average curve of figire 31
was obtained. Hence, the average curve is used for reducing over-water
winds to Moore Heven "off-water" winds. A limiting value of 89% of the
over-water wind was placed on all off-land winds; at this value the off-
land wind 1s equal to the off-water wind., A study of topography may
permit computation of approximste wind velues in synthetic or reconstructed
hurricanes for off-land winds at polnts other than weather statlons by
analogy to the most similarly exposed weather statlon, if thils refinement
gshould be consldered desirable,

Summary of procedure for reducing gradient wind to anemometer-level wind
at Lake Okeechobee

1. Obtain the over-water wind profile by applying ratiocs of
figure 26 to the gradient profile.

2. Obtain the shore winds by computing:

(a) \off~water profile for open exposures by multiplying the
over-water wind by 0.89

(p) off-water wind at Belle Glade from over-water wind by
use of figure 29

(c) off-water wind at Moore Haven from the over-water wind
by use of the "average'" curve of figure 31

(4) off-land wind profiles for the various statlions from the
over-water wind by use of the appropriate curves of figure 31.
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Chapter IV

WIND FREQUENCIES

The accumulated fury of hurricanes along the United States Coast
during the years 1900-194Q is summarized by the pressure-profile
parameters in table 1. These data will now be interpreted in terms
of average recurrence intervals of certain high wind speeds at a coastal
point. The point frequencies, computed from a comprehensive set of
data by an indirect means, are intended to supplement the directly-
observed but far-from-comprehensive records of maximm wind speeds
avallable to the engineer charged with the design of a building, tower,
or other gtructure at a geographical point in the hurricane zone. The
wind speed frequencies are baged on a reconstruction of the anemometer~
level wind profile in each hurricane, adjusted to a standard anemometer
height and frictional exposure.

Frequency Distribution of the Empirical Relstionships
Between Anewometer-level Winds and Hurricane
Pressure Profiles \

Observed pressure data are mich more numercug and reliable than
are observed wind data for all hurricanes, and especlally for the older
ones. Also the wind date show such wide variability that any curves
of begt 1t would have a low degree of rediability. Therefore, the
method analogous to the Lake Okeechobee procedure was adopted of
developing a relationship between such wind observations as were
avallable and the simltaneous pressure profileg, then applying this
relationship to other pressure profileg---in this case the profiles of
all the observed storms asg defined by table l---to reconstruct anemometer-~
level winds. Deriving the wind reduction relationshlp conslsted of the
seme steps as before., The varistion of v/v with digtance, where v is
the anemometer-level wind, was determined empirically and, coupled with
values of v/vg at R, furnished the basls for reducing any gradient wind
profile to anemometer level. The empirical reduction factors were based
on as many of the hurricsnes as possible, 1n contrast to the lake
Okeechobee single-hurricane basis, since the goal now was to reconstruct
winds that actually occurred in hurricanes of a wide range of intensity
end locatlon rather than to approximete the circumstances in & very
intenge hurricane at one place,

Variation with distance of ratio of anemometer-level to gradlent wind

The average decrease of v/v8 with distance in the fifty years of
hurricanes, curve C of figure 22, was derived by constructing for each
gstorm a chart containing the profiles of observed wind speed (v) and
the gradient profile (v ), reading off ratios of v to vg at specifiled
distences, and combining the ratios into averages as detalled below.
Obgerved speeds and distances (from the wind center) were taken from the
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previously prepared grephs like figure 8; gradient winds were computed
from the parameters in table 1. The v/vg values were read off, in the
forward half of each gtorm only, at R, R+ 10 miles, R + 20, etc.,
where R 1s the radius of maximm winds on the gradient profile.

Curve C wag computed from these v/vg values in three stages. First,
stepwise ratios were computed for each storm, being the ratio of v/vg
at R + 10 miles to V/Vg at R, V/Vg at R + 20 to v/vg at R + 10, etc.
Then these ratios were averaged across atorms for each ten-mile interval,
Finally, the resulting averages were multiplied in succession to yield
curve C, The variation of the stepwise ratios at any one distance was
large but was conmpensated by the sufficlent number of observations, as
Indicated by the dashed curves of Tigure 22. The ordinates of these
curves are: the ordinate of curve C plus or minus the stendard
deviation {s) of the stepwise ratios, and plus or minus the standerd
error of the means (85) of the stepwise ratios. The standard error of
the mean 1s sufficiently small to substantiate that curve C slopes up
to the left and that for v/vg to increase toward R 1s a real phenomenon
typical of hurricanes in general,

The aversge incresse of v/vg with approach toward R iz interpreted
8s a combination of the dynamic effect (increase of Vf/vg due to -
chenging accelerations) and frictional effect (increase of v/ve due to
lessening of percentage decrease in the wind by friction at higher
speeds). This interpretation is mede by analogy to similar exposures
at Lake Okeechobee---all off-land winds and those off-water winds that
are merkedly influenced by friction, To separate the two effects is
neither feasible mnor necegsary, and the over-all curve should be
satisfactory for the purpose of obtalning frequency distributions of
the anemometer-level winds from a nunber of gradient wind profiles. In
the lLake Okeechobee procedure, by contrast, the highest degree of
refinement was needed in order to properly extrapolate beyond all observed
data to the design hurricane. :

Ad justment of snemometer-level-to-gradient-wind ratio to 100-ft off-water
velue at B :

Every observed v/vg at any distance during the fifty years of
hurricanes was adjusted to & standard 100-£t off-water value at R in
order to introduce as much ag possible of the greatly varying v/vg dats
into the wind-reduction procedure. The first step was the adjustment to
a gtandard anemometer-height, 100 feet. This adjustment was accomplished
by use of empirical curves---off-water (figure 32) and off-land (not shown).
Mean positions were computed for each third of the data (x's of figure 32),
and a curve was drawn to the three points. The curve for figure 32 and
the corresponding curve for the off-land winds are congldered as reliable
as any that can be obtained from the data. (A1l theoretical treatments,
e,g. the Ekman splral, show that the varlation of wind with height above
the ground 1s a curve concave down. Therefore, it 1g not appropriate %o
fit & linear regression line.) The observed v/vg's were adjusted to
100 feet by multliplying by the ratio of the ordinates of the solid curve
In figure 32 at the actual anemometer height and at 100 feet, and similarly
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for off-land winds. In stratifying, the off-water category included sl1
cases In which the anemometer was within a mile or two of open water, and
the wind direction was off the water. Large bays, such as Corpus Christi
Bay and Mobile Bsy, were considered open water, The off-land category
included all other cases.,

The second adjustment was from off-land wind to off -water wind,
chosen as the standard frictional category. The off-land curve, alluded
to above, fell at an ordinate of 0.88 of the corresponding ordinate on
the off-water graph at all aremometer heights. Off-land v/vg's at 100
feet were adjusted to off-water by dividing by that factor.

The third step was to divide each v/vg adJusted to 100 feet and
off-water by the ordinate of curve C at the pertinent distance, thus
adjusting each ratlo to distance, R.. More than 150 adjusted values
of v/vg &t R were obtalned in this way.

Application of frequency distribution of adjusted ratios st R to cbtain
probability distribution of srnemometer-level wind from pressure profiles

The adjusted values of v/vg at R were arrayed in order of magnitude
and the values were taken from the array at the 90%, 70%, 50%, 30%, and
10% frequency levels. Expressed ame percentages, these values were 99.4,
83.6, 71.4, 61.0, and 50.5. Multiplying curve C of figure 22 by each of
these percentages yielded five reduction curves for obtalning 100-~foot
off -water winds from gradient winds at varying distances from R. The
gradient wind proflle as computed from the coastal pressure profile in
each hurricane was reduced by each of the five curves.

The purpose of using five reduction curvee instead of e single mean
reduction curve wes to avold minimizing the frequency of high speeds.
The observed values of v/vg were widely dispersed. Variations from a
mean were due both to real varistione in the relatlionship of the anemo-
meter-level wind to the pressure gradlent and to errors in measurement
and analysis of both wind and pressure., In a particular storm the snemo-
meter-level wind may have been either appreciasbly higher or appreciably
lower than would have been obtained by computation from a mean reduction
curve only. These departures would have tended to average out for speeds
of frequent occurrence, but not for the extremes. For example, the highest
gradient wind speed in any storm was 137 mph in the hurricane of September 2,
1935. Use of a mean value of v/vg at R (73%) would have yielded a maximum
anemometer-level wind of 100 mph, with a zero frequency for sll speeds sbove
100 mph. This would neglect the fact that v/vg nsy have had a higher velue
than 73% in that particular storm. To take cognizance of the variastions of
v/vg, the values of v/vg at the five frequency levels mentioned were employed
and given equal weight. The five frequency levels were considered to be at
the ?1d~points of five equal portions of the entire array of possible values
of v Vge
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Perivation of Wind-Speed Frequencies

Frequency of 100-ft off-water winds

At a coastal point, the average frequency of hurricane winds in
excess of 80 mph during the 1900-1949 period wee synthesized in the
following manner. (a) The outer of the two distances from storm center
at which the speed was 80 mph was found on each of the flve anemometer-
level profiles (for the five frequency levels) that had been cbtained
for each hurricane by reducing the gradient wind profile. (b) These
distances were scaled at right angles to the track of the storm center,
and the length of coast lying within each of the five 80-mph zones was
measured. (c) All such lengths were summed by geographicel regions.

(d) The sum was divided by five and by the total length of the coastline
within the region, thus ylelding the freguency, at a point, of a hurri-
cane wind speed of 20 mph. (By this method, each storm ylelding the
critical velue is counted as one occurrence, without regard tc duration.)

The same procedure was followed for 90 mph, 100, etc, The resulting
frequencies, in terms of recurrence interval, sre sghown In figure 33 for
five geographical areas. In delinesting these areas, the Florids Keys
were construed as & "coast" of 160-nsutical -mile length from Dry Tortugas
to the northern end of Key Largo. "Southwest Florida" extends from the
southern tip of the Peninsula, at 81°W, to a point at 28.5°N on the west
coast (about halfway between Cedar Key and Tampa); "Southeast Floride"
extends from the southern tip to Titusville. "Mid-Gulf" embraces the
coast from the Texas-Louisians border eastward to 84°W, in Apalachee Bsy,
(below the narrowest portion of Northwest Florida). There were no hurricanes
of sufficient strength to enter figure 33 between Apalachee Bay and the
northern limit of Southwest Florida during the 50 years. "Texes" is the
coagtline of that State. Along the Gulf and Florids Coests the probabillity
of a sustained wind 80 mph (the minimm speed in figure 33) for fifteen
minutes in other than a2 hurricane is extremely remote, and filgure 33, though
based exclusively on hurricanes, is logically interpreted as a frequency
distribution of all sustained winds sbove 80 mph. Along the Atlantic Coast
there would be increasing contamination northward of the frequencies by non-
hurricane high winde, and wind frequencies vere not computed for the Atlantic
north of Florida. Tornadoes were not considered. The hurricanes listed on
page %, which were omitted from anslysis and which may have had centrasl
pressures as low as 28,50 inches, would have mede but a negligible contribution
to figure 33, By the method of computation employed, the average maximm
sustained wind speed at the 100-ft level, for a central pressure of 28.50
inches, and aversge asymptotic pressure, is 65 mph.

The off-water exposure to which the frequencies in flgure 33 pertain
is a typlcal Weather Bureau City Office exposure at 100 feet above the
ground, atop a downtown bullding with other buildings in the vicinity. The
frequency of winds at the same heilght on & tower in open country would be
higher. The frequencles from figure 33 were compared with an approximete
frequency table given by Norton and Grayli/, which is also baged on a fifty-
year period, 1886-19%5, Norton and Gray's frequencies of hurricane-force
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winds for certain citles are compared with the frequencies of T5-mph

(by extrapolation) and 80-mph 15-minute-average winds from figure 33

for the areas in which the cities lle. In Floride, the 75-mph frequencies
from the present study compare well with Norton and Gray's frequencies,
That thelr frequenciles sre consistently s little higher could easily be
accounted for by e difference in wind category alone. The durastion of

75 mph or more for 15 minutes 1s more restrictive than the ususl defini-
tion of hurricane force. At Pensacola, Norton and Gray's sversge fre-
quency of a hurricane wind is much greater than the average mid-Gulf
frequencies found in the present study. This lack of correspondence may
be evidence of one or more of three influences., A disproportionstely
large number of hurricanes may have passed very close to Pensascola, from
1886 to 1935, increasing the frequency in Norton and Gray's table. Secondly,
the mid-Gulf coast may not be climatologlcally homogeneous with respect to
hurricanes, having a real higher freguency in fhe vicinity of Pensacola
and Mobile than to the west. Finally, the long and devious coastline of
Louigiana, even though smoothed, may have artifically depressed the hurri-
cane frequencies for the mid-Gulf curve when the lengths of coast subject
to particuler speeds were divided by the totsl length of coast.

Table 6

CHANCES OF HURRICANE WINDS IN ANY GIVEN YEAR
AS OBTAINED FROM FIFTY YEARS OF RECORD

Norton and Gray Figure 33 1900-19L9
1886-1935
15-ninute aversage
Hurricane force 75 mph (by extrap.) 80 mph

Jacksonville 1 in 50 - -

West Palm Beach 1 in 20
Miami 1 in 20

Southeast Florida 1 in 26 1 in k2
Key West 1 in 10

Florida Keys 1 in 13 1 in 28
Fort Myers 1 in 20
Tanpe 1 in 30

Southwest Florida 1 in 48 1 in 7%
Pensacole 1 in 10

Mid-Culf 1 in 11k 1 in 185
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The recurrence intervals in flgure 33 may seem large in comparison
with the ovublished accounts of individuel hurricanes, in which there are
not a few reports of winds in excess of 100 mph. This is in part because
the publighed accounts frequently cite bursts of wind of short duration,
while figure 33 applies to winds averaged over 15 minutes. (Conversion
of figure 33 to gust speeds is discussed later.) Also, prior to 1928
many published records are uncorrected for instrumentel errocr. The stand-
ard correction for the Robinson b-cup enemometer, the type in universal
use by the Weather Bureau prior to 1928, is large. An indicated speed of
100 mph represents an actual speed of only 76 mph. Throughout the present
report all wind speeds are corrected to true velocity, and the convention
of dividing tropical storms from hurricanes at 75 mph did not have to be
used,

Figure 33 18 the end-product of the portion of the study devoted to
the task of interpreting the large body of informstion about hurricenes--
obtained In the course of meeting requirements for Lake Okeechobee=--to
point wind frequencies at a standard height, exposure, and interval of
time over which the wind is measured. A comprehensive investigation of
departures from the standard--other heights, exposures, and time intervalg--
lies outside the scope of the study. However, a few suggestions on possi-
ble adjustments from the standard, based largely on factors obtalned for
other purposes, are included in the remsinder of the chapter.

Frequency of 100-ft off-land winds

Approximate average frequencies of off-land speeds can be obtalned
by multliplying the speeds of figure 33 by an average reduction factor.
Comparison of the solid curve of figure 32 for off-weter winds with the
corresponding curve (not shown) for off-lsnd winds yielded a reduction
factor from off-water to off-land wind of 0.88 at all anemometer heights.
It would be supposed that thig ratio approaches 1.0 with increasing helght,
but no variation with height was discernible up to the highest anemometer
height, 314 feet. The ratio should also vary with wind speed. However,
it is probably not practicable to introduce a dependence of the ratio on
height or speed without precise knowledge of the frictionel effects at the
particular location of interest. Multiplying the speeds of figure 33 by
0.88, or 0.9, 1s suggested as a conservative reduction to obtain a frequency
distribution of hurricene wind speeds at the 100-ft height for off-land
winds, eilther winds at the coast from a direction off the land or winds
from any direction several miles, say 5 to 20, back from the coast, A
rough check of the factor of 0.88 1s obtained from the Lake Okeechobee wind
data. In figure 31 the solid curves glve off-land speedes for the various
statlons on the shore of the Lake for different over-water speeds. The
dashed curve, labeled 89%, gives the corresponding off-water speeds. At
an off-water speed of 80 mph, the corresponding off-land speed ranges from
61 mph at HGS No. 5 to 79 mph at HGS No. 3, a renge from 76% to 99%.

Wind-speed frequencles at helghts other than 100 feet

Flgure 33 could be readily translated to heights of cther than 100
feet if the variation of wind speed with height in hurricsnes was known.,
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The variation of wind with height as obtained from the fifty years of
hurricenes ig depilcted by the solid curve of figure 22, but the rells-
bility of the curve is low, and it may well be that 1t would glve speeds
that are too low in comparison to 100 feet; bhoth at lower heights and
greater heights. We agree with R. H. Sherlock of the Structural Divisgion
Committee on Wind Forces of the American Society of Civil EngineerslZ

that for design purposes, "The equation for the relation between velocity
and height should be baged primarlily on well validated rationsl conaldera-
tlons rather than upon statistlical analysis of non-homogeneous . . . . .
records." For cbtaining design wind speeds, Sherlock has recommended th
"seventh-power law" in which the wind at any height, vy, is related to the
wind at 30 feet; v5, by the expression

v/ = (n/30)%/7

The curve from thils formula, computed 4o pass through the solid curve at
100 feet, is shown as dashed in figure 32 and flte the data reasonably
well. Tt has been pointed out, however, for example by McCormickl3 3

that, as was recognized by Sherlock, there is a wide varistion in the
exponent l/? and thet caution is called for in applying exponents bhased

on low-speed date to high speeds. It is questlonable that the one-seventh-
power expression should be referred to as a "law". However, the expression
is at least as good as any other avallsble and has gained accepbance. It
can be used to transpose the speeds of figure 33 to ancther height with

the recognition thet the exponent of one-~seventh ig subject to fluctuetions
and has not been fully tested for high speeds. TUse of the one-seventh
power expression for variation of wind speeds up to 1000 feet hag been
recommended by Gentry_3/ in his recent discussion of hurricane winds.

Frequency of gusts

Nearly all climatological date on wind speeds published by the Weather
Bureau are, like figure 33, in terms of speed averaged over a periocd of
time. This 1s true even of the "fastest single mile"” from the point of
view of the engineer interested in the speed of gusts of only a few seconds'
duration., The gust factor, that is, the ratio of gust speeds to average
wind speeds, has been studied by Matticeéﬁf, Husslé/, and Sherlocki2/,
Mattlice compared xuets from a Dines anemograph with an snemometer on top of
the Weather Bureau Centrel Office in Washington during the year 1936. The
other two investlgators analyzed wind records from speclally designed anemo-
meters mounted at different levels on towers. It 1s important to compare
gust factors obtained from the Lake Okeechcobee wind dats with the others,
a8 higher speeds were observed than in any of the other investigstions. The
highest speeds in each set of data are: Msttice, 47 mph (fastest single
mile); Huss, 54 mph (5-minute average); Sherlock also 5k mph (5-minute
average); and Lake Okeechobee, 81 mph (10-minute average). The Lake
Qkeechobee gust factors are obtalned by taking reciprocsls of the left-hand
scales of figures 23-25 and similar figures (not shown) for other stations.
The off-weater factors are also the reciprocals of the vw/va values iIn
table 5.
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Table 7

GUST FACTORS AT LAKE OKEECHOBEE
(Ratio of peek gusts to 1l0-min-average winds)

Off-water Off«land

(all speeds) 20 mph* 60 mph*

HGS No. 1 *% 1.78 -
HGS No. 2 1.43 1.89 -
HGS To. 3 1.48 1.33 -
HGS No. 4 *% 1.72 1.47
HGS No. 5 1.48 2.23 1.65
Port Mayaca 1.bh4 1.87 1.66
HGS No. 6 1.39 1.80 -

Average 1. L3 1.80 1.59

Wind instruments sbout 23 feet above top of levee,
sbout LO feet gbove Lake and surrounding terrain.
(See appendix A.) *1L0-minute average. **Factor
at this station depends on speed. *¥¥Reciprocal
of previously mentloned standard value of Vy/Vpy,

70%.
Table 8
GUST FACTOR AFIER MATTICE, HUSS, AND SHERLOCK
Helght above

ground Mattice** Hugg¥#* Sher]ock¥***
20 mph* L7 mph¥ (eelected high-speed periods)

85°* 1.50 1.46

30! - 1.50
ho? , 1.63 1.h7
100" 1.h2 1.39
160! 1.37 1.35
220" 1,31 1.32
2801 1.30 1.30
350! 1.27 1.28

*fastest single mile

**from author's figure 2
**%from author's table 8
*%%%from author 's equation (3)
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Comparative gust factors are listed in tables 7 and & and show that
over-all correspondence is good. If s precise comparlson of gust factors
is made, several contingencies must be given weight: (a) The gust factor
decreases with height. (b) The gust factor increases with roughness.

(c) The gust factor, decreases with increasing speed, as was shown by the
Lake Okeechobee data. (d) Definitions of gust and average speed, and the
instruments that measured them, differ. Helghts and speeds at which the
gust factors were measured are shown in tables 7 and &. Table 9 lists
the definitions of the speeds by the various suthors and the Instrumente-
tion and exposure.

Table ©Q

DEFINITIONS OF GUST AND AVERAGE SPEEDS
PERTAINING TO TABLES 7 AND 8

LAKE CKEECHOEEE
Gust : 7peak of trace in each 10 mimutes, duration of
gust unspecified

Avg. gpeed :+ for 10 minutes
Instrument :+ Dines anemograph
Exposure + see appendix A
MATTICE
Gust '+ pelected peak of trace that is higher than adjacent
pesks, duration of gust unspecified
Avg. speed : "fastest gingle mile" within a few minutes of the
pesk gust
Ingtrument : gustes from Dines snemograph, festest single mile from
Robinson Lk-cup enemometer
Exposure :+ cilty; on top of Weather Bureau Central Office building
in Washington, higher building nesrby in one direction
HUSS ‘
Gust : gelected "outstanding” pesks of trace, duration estimsted

by Huss from chart speed, etc., as 1 second
Avg. speed + average of highest S-minutes that Includes the gust
Instrument + light ~welght anemometer

Exposure : open "off-land"; on steel radio tower
SHERLCCK :

Gust : highest 10-second gust for a storm
Avg. speed + maximm S-minute average for the storm
Instrument ¢ light -weight anemometer.

Exposure : open "off-land"; on steel tower

The off-water gust factors at Lake Okeechobee are lower than at
a corresponding height in Huss' data, which ig consigtent with lesser
roughness at the Iske, Sherlock's factor is closer to the lLake values,
which 1s consigstent with the opposing influences of greater roughness
but longer gust duration in his data. Duration of gusts from the lake
is not specified but there is no doubt that it is less than the 10
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seconds on which Sherlock's data in table 8 are based. The Lake
Okeechobee 60-mph off-land gust factors agree well with Huss!' and
Sherlock's factors in spite of differences in techniques. The 30-mph
off-land factors, as would be expected, are larger. The over-all
conclusion is that previous measurements of the gugt factor and the
Lake Okeechobee measurements appear to be consistent and that gust
factors determined in other types of stomms are applicable to hurri-
canes, with sultable allowsnce for the higher speeds, and conversely.

Recurrence interval of off-water gust speeds may be obtained by
multlplying the speeds of figure 33 by the sppropriste gust factor.
Gust factors and their varistion with height; with durstion, and with
other circumstances, discussed briefly above, are treated comprehen~
sively by Sherlockl2/. Tt is not the province of the present study
to specify what the exact gust factor sghould be, but a first approxi-
mation of the recurrence interval of off-weter gust speeds at 100 feet
is obtained by multiplying the speeds of figure 23 by 1.4. This is based
on the following considerations. The independence of wind speed of the
off~water turbulence structure found at Lake Ckeechobee does not carry
over to the less open downtown location to which figure 33 1s referred.
Huss' gust factor of 1.42 at 100 feet should be adjusted {a) down for
high speeds, (b) down for off-water instead of over-land exposure, and
(¢) up for downtown instesd of open-tower location. The same three ad-
Justments would apply to Sherlock's 100-ft gust factor of 1.39. In
addition, Sherlock's factor would be adjusted up to a shorter gust duration
comparable to Huss' and the Laeke Okeechobee data. The Lake Okeechobee
off -water factor of 1.43 would be adjusted (a) down for greater elevation
and (b) up for greater friction. It is doubtful if any of the above ad-
Justments individually exceed 10%, and 1.4 is sn approximate mean adjusted
value,

The corresponding factor to adjust the speeds of figure 33 to off-land
guets is 1.3 to 1.4. This is based on the following considerations.
Huss' 100-ft factor of 1.42 should be sdjusted (a) up for greater friction
and (b) down for higher speed. Sherlock's factor of 1.39 would be similarly
adjusted and, in addition, up for shorter guet durstion. The Lake Okeechobee
60-mph off-land fector of 1.59 should be adjusted (a) down for elevation
(to about 1.50 by Sherlock's formule) and (b) down for high speed (less then
the others). A gust factor of 1.5 is consldered as approximately represent-
ative of the Lake (Okeechobee data and Sherlock's values, when adjusted to
the 100-ft off-land downtown exposure. A final adjustment is required, not
to the gust factor as such, but to convert the off-water speeds of figure
33 to off-land speeds. Employing 0.88 as the reduction factor from off-
water to off-land as before, a totel adjustment factor of 1.5 x 0.88 = 1.32
is obtained to convert the sustalned off-water speeds of the figure to off-~
land gusts, or, roughly, 1.3 to 1.k,

The speeds obtained by applying the suggested spproximate gust factors
represent the gust speeds of frequent occurrence, every ten minutes or so,
all arcund the hurricane in the high espeed zone. Additional allowances
would be regquired to obtain the extreme gust for a glven sustained gpeed,
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and also for local exceedance of the sustained wind speed over the
prevailing speed at the same storm radlus.

The highest wind speed In the twentieth century in any hurricane
near the United States was doubtless in the storm of September 2, 1935,
although no measurements of the wind speed were obtained when the storm
crossed the Florldae Keys. The maximum gradlent speed in the storm as
computed in the present study by the standard procedure of assuming
normsl atmospheric demsity (1.175 x 1073 gn/cm®) 1is 137 mph. Corrected
to the density for_the reduced pressure at the radius of maximum winds
(1.10 x 1073 gn/em3), this ie 142 mph. To exemine the relisbility of
these maximum wind values which are computed from the pressure difference
of 3.57, with Do 26.35 inches and Pn 29.92 inches: +the central pressure
ls accepted as sn observed value; P 1s incressed by one standard deviation
(0.30 inch) with the seme central pressure; a value of 143 mph instead of
137 mph 1s obtained for the meximum gradient wind, there belng 1little change
because the meximm gradlent g d 1g proportional to the square root of the
pregssure difference. Harneyl s> in a comprehensive analysig of the storm
from essentially the same basic data, obtained a maximm gradient speed of
151 mph, Accepting the 137-mph gradlent wind value, a procedure for reduction
to surface winds is to make an analogy to the August 26, 1949 hurricane at
Lake Okeechobee. Comparative values of various categories of wind are shown
in table 10. The speeds for the 1949 storm are observed values. Miltiplying
these by the ratio of the respective meximum gradlent speeds ylelds the speeds

Table 10

ESTIMATES OF MAXIMUM WIND SPEEDS IN SEPTEMBER 2, 1935
HURRICANE BY ANALOGY TO AUGUST 26, 1949 HURRICANE

August 1949 September 1935
(observed ) (estimated)

Maximum gradient speed gk.5 137

10~minute -average wind,

Peak of mean profile
Off ~water T7.5 112
Over-water 8 119

10-minute-average wind,
Highest single observation

Off wwater 8 117

Over-water - 8 ; 123
Off-water gusts : :

Peak of mean profile 112.5 163

Highest single observation =~ 12k : 180
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Table 11
RADIUS OF MAXIMUM WINDS (NAUTICAL MILES)
IN U. 8. HURRICANES 1900-1549

Texas Mid-Gulf Florida Florida Atlantic
Peninsule Keys (north of Fla.)

Do below 28,50

35 31 48 28 kg

32 29 3L 27 ko
30 27 28 ol 35
21 2L i T 21 26
19 pre) 16
18 19 15
17 18 7
1k 16 6
12 : 14
i3
12
Mean 22.0 27.7 22.5 218.0 38.0

P between 28.50 and 23.00

(P 88 43 19 89
28 58 35 61
2k 57 27 55
18 51 26 5L
17 50 25 49
13 Ll Ll
11 37 by
33 ‘ 34
28 26
28 2L
19 13
18
Mean 26.6 ko .6 31.2 19.0 Lh 5

listed for the 1935 storm. Since it 1s more than likely in the very intense
and very small 1935 hurricane that the actual free-air winds exceeded the
gradient wind by an even greater percentage than was the case in the 1949
hurricane, all speeds listed In the table for the 1935 storm may be under-
estimates, Thus, we see that & value near 200 mph is duite reasonable for
the extreme gust. That such a speed was sustained for any length of time,
however; 1ig not confirmed by the present data.

68



Duration and ares of high winds

For wave helght and set-up (wind tide) at Lake Okeechobee, duration,
area, and length of fetch, as well as speed, are of Ilmportance. TFor a
building, the number of square miles covered by high winds is of no
interest, and the duration is of distinctly secondary importance in com-
parison with the design speed. Filgure 33 does not consider durstions or
areas but presents point frequencies. Several hours are required to bring
the Lake surface to equilibrium with a sustained high speed. The presen-
tation 1s not made here, but the basic data developed in this Report casn
be assenmbled in such a fashion as to portray the distribution of wind
speeds in the various hurrlcanes, not only as point occurrences but in
terms of areas and durstions.

Frequency of radius of maximim winds

The values of R for individual storme, table 1, are listed in table
11 in order of magnitude, by geographical regions, and according to whether
the storm central pressure was gbove or below 28.50 inches, R tends to in-
crease with increasing distance from the hurricane source region--as the
pressure difference tends to decrease (figure 1L). R 1s also larger for
the weaker storms, with central pressures above 28,50 than for the more
intense stomms.

Frequency of maximum gradient and cyclostrophlic winds

Teble 1 includes the maximum gradient winds which are computed from
the pressure profile on the basis of a normal air density (.001175 gm/cm ).
The accumulated frequency of the maximum cyclostrophic winds (which are
obtained directly from the pressure difference, pn - Po) in the 50 years
of hurricanes is shown in figure 12 (solid curve).. In but one storm (the
1935 storm already discussed) did the meximum cyclostrophic wind exceed
130 mph; four storms had values between 120 and 130 mph and 18 of the
storms had values in excess of 100 mph. A very rough approximation of
the frequency distribution of maximum values of various categories of
anemometer-level winds may be obtained by analogy to the data for the August
1949 nurricane in table 10. The maximum cyclostrophic wind in the storm,
at the time it was over Lake Okeechobee, was 96 5 mph.
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Chapter V

FILLING

The £illing problem

Hurricenes are maritime phenomena, and it is commonly conceded that
when they pess over a land surface their force 1s diminished and they
£111 -~ that is, the pressure rises. Since Lake Okeechobee lies 30
statute miles from the Atlantic Ocean, two questions arise. How mch
(1if at all) should a great hurricane be expected to diminish in force
in traversing that distance? And, ig the reduction in wind speed inland
regtricted to the surface layer, or 1s the speed of the free-alr wind
above the frictional layer diminished also? If only the surface wind
iz diminished, a hurricane would be expected to regain its open-ses
strength over the waters of the lake; if the circulation above the
surface ig also diminished, 1t would not. The problem was investigated
by considering the modification of pressure gradients as hurricanes moved
inland. '

Analysis of £illing in individuval hurricanes

Each of the hurricanes listed In teble 1 for which sufficlent
pressure data were availsble was subjected to a filling analysis, In
addition, a few storms with central pressures higher than 29.00 inches,
and therefore not listed in the table; were included In the filling
study. In these, 1t had been necessary to lay out the path and construct
the pressure profile before 1t was determined that the central pressure
was higher than the 29,00-inch criticael walue,

It was soon found that the rste of filling varies markedly with
distance from the hurricene center. To portray the relation of the rate
of £1lling both to distance from the storm center and to the passage of
time, analysis of each hurricane proceeded in the following msnner.
Differences were taken between sea-level pressures observed at gtations
at one-~hour intervals and pressures read at the same distances from the
storm center from the mesn radial visually-fitted pressure profile, the
construction of which was described in chapter I, The differences,
which will be termed pressure departures, were plotted as points in a
coordinate dlagram with the time of the pressure observation and the
distance from the hurricane center as coordinates. The plotted points
were labeled with the value of the pressure departure, in hundredths of
an Inch. Lines of equal pressure departure were constructed. Pressure-
departure values vwere then read off this analysis for selected distances
and timegs. Departures so obteined were interpreted as the mean change in
pressure, at the distences to which they pertained, from approximately
the middle of the time interval for which the original pressure profile
had been constructed to the time of the particular departure value.

The zero, or reference, time was then shifted to the hour the storm
center crossed the coasgt by subtracting the pressure departures at thet
hour from the departures for all other hours.
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Average f1lling charaecteristics

Values of the pressure departures were averaged at gtandard
distances and times ~- for example, at 10 miles from the center two
hours after entering the coast -~ and the averages were plotted in a
disgram, figure 34, The number of observations is also given in the
dlagram and varies from point to point because data were avallable in
each hurricane for only & portion of the figure. The large veriability
of the number of observations makeg strict quantitative interpretation
of figure 34 unjustified. In fact, adding the pressure changes shown in
the flgure to the pressure profile-of an average hurricane would glve,
within & few hours after it entered the coast, a higher pressure at the
center than a few miles farther out, manifestly unreasonable for an
average pattern, Nonetheless, the lines of average pressure departure
in the right-hand portion of figure 34 make it evident that the following
are typilcal characteristics of a hurricene moving inland. (1) The
fastest rise in pressure is at the center of the storm (as indeed 1t must
be if the over-all pressure gradient is to diminish). (2) With increasing
distance from the center, the rate of pressure rise 1s greatly decreased,
and in the Tirst few hours rises of any magnitude sre restricted to s
core near the center not much larger than the eye of the storm (perhaps
no larger). Farther out the pressure actually falls slightly. (&) During
the first few hours the average pressure rises are so restricted in
megnitude and in the area covered that 1t is not unreasonable to
congider that an Iindividual hwrricene, which msy £1ill even less than
the average hurricane, cen penetrate ag far inland as lake Okeechobee
with its pressure gradients undiminished.

Filling over the sea seems to be taking place before the typlcal
hurricane reaches the United States Comst -- gimilar to the filling that
ls characteristic of the passage overland, though at & slower rate.

This 18 suggested by the left-hand portion of figure 34, which is
roughly & mifror image of the right-hend portion. The filling prior to
reasching land may be due to the storm encountering drier alr or greater
etmogpheric stebility in ite progress. If so, the same factors, as
well as the increased friction, should play & role in the filling over
land.

Regional distribution of filling

Filling diagrems similar to figure 34 are shown in figure 35 for
the Florida peninsula, the Gulf Coast exclusive of the Florida Peninsuls,
and the Atlantic Coagt north of Florida. The regional f1lling patterns
are quite simlilar to the over-all average pattern in figure 3k,
Hurricanes that entered the Atlantic Comgt filled more rapldly and to
greater dlgtances Trom the storm center than the others. Hurricanes
moving northwerd st esea off the Atlantic Cosst behaved similarly. This
is ghown by the lower right-hand panel of figure 3% which presents the
pressure changes in five such storms. The reference time 1s that of
location closest to Hatteras, N. C., reather than the time of entering
the coast. These storms did not enter the coast and were not included
in flgure 34, The indicated pressure changes can be considered
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as typical of a maturing hurricane after recurvature northward. The
similarity of the diagram to the others is further evidence that the
typical filling pattern for & hurricane moving over land can be
interpreted as a combination of *the maturing process, which takes place
over land or sea, and fllling associated with movement over land.
Greater Influence of the maturing process, which would be expected to
be more in evidence ferther north, would account for the greater
f1lling in storms-entering the Atlantic Coast as compared with those
pagsging into Florida or other Gulf States.

Redigtribution of kinetic energy

The typilcal filling patternm operates in such a fashion that the
loss In kinetic energy assoclated with the rise in central pressure
ig in part compensated by an expansion of the storm in such a way as
to minimize the decreese 1n kinetic energy. A procedure will be
degcribed in the next chapter for computing the kinetic energy of the
cyclostrophic wind in a hurricane from the center out to & specified
radiug., That procedure was applied to a hypothetical hurricane in
which the Initial central pressure was 27.00 inches, the radius of
maximim winds 20 nautical miles, and the ssymptotic pressure 29,97
inches. To simlate a filling hurricane, the central pressure of the
hypothetical storm was then Increased at a uniform rate while the
agymptotic pressure was held constant, and the radlus of maximum wind
wag varied in such a fashion that the kinetic energy within a radius
of 100 nauticel miles remained constant. A filling disgram analogous
to figures 34 and 35, constructed for this hypothetical hurricane and
its variations, is shown in figure 36. The similarity of the
hypothetical filling pattern for constant kinetic energy in this
figure to the filling patterns for actual hurricanes is sgtriking and
points up the fact that the rise in central pregsure in & hurricane moving
inland, or for that matter in a hurricane maturing as it invades a less
tropleal region, 1s, iIn part, assoclated with an increase in the radius
of meximum winds and a redistribution of the kinetic energy of the
storm outward. It is interesting to note in figure 36 that the pressure
changes are opposite in sign inside and outside of the initial radlus
of maximum wind,

Comparison with other aunthors

MbDonaldAZ/cites evidence from ship observations of hurricane
pressures in the West Inmdies during the 1933 seasgon that "supports
the view that tropical distribances often, or perhaps commonly, arise
a8 iIntense vortices of small diameter, which expand in area and
incresse in intensity as they progress.” Deppermann}§/, has said
with respect to Phillipine typhoons, "While the minimmm pressure
diminishes steadlly over land still the storm at times may widen out
in the region of the 745th [29.33 inches] or the 750th iscbars".
Simpsonk 5 in a detailed anslysis of the hurricane which pasged over
Tempe in October 1946, describes the rise in central pressure
accompanied by an expansion of the storm, a development which at the
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time was puzzling. The findings of the present investigation give
guantitative support to these qualitative descriptions of the
expansion of hurricanes, ‘
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Chapter VI

KINETIC ENERGY

Size vs. intehsity,

In estimating the maximum hurricane-induced wave and set-up (tide),
either in a large inland body of water such as lake Okeechobee, or amlong
the coast, the area covered by high winds as well as thelr speed must be
considered. An answer 1s required to the question, is there a relation-
ship between the highest wind speed that may be expected in a great
hurricane and the lateral extent of the hurricane winds? In the litera-
ture there are suggestions of a tendency for hurricanes with the lowest
pressure (end the highest wind) to be of limited lateral extent. Any
gpecific high maximum speed represents leass of a threat to the ILske 1if
this relationsghip 1s resl than if there is neo relationship of hurricane
slze to Intensity.

Deppermannlﬁ/ has tabulated the durations of calme for some 59
typhoons in the Phillipines as follows:

No. of Mean dursation

Central pressure (in.) cases of calm (min.)
Below 27.56 4 18
27.56 - 27.95 7 16
27.95 - 28.35 5 37
28.35 - 28,7k 11 32
28.7Th - 29.14 15 39
29.1Lk - 29.53 17 &k

The table 1s evidence for larger areas of near-calm with high centrsl
pressures than with low, and the radius of maximum winds, in turn, can
be assumed to vary about as the diameter of the eye.

The hurricane of September 2, 1935, also suggests the inverse rela-
tionship. In that storm, with the lowvest sea-level pressure ever chserved
near North America and the highest wind In the fifty years of hurricanes,
the energy for producing tldes was much less than in meny other hurricanes
because of the very small dlameter, The radius of maximum winds was dbut
six miles, the smallest for the fifty years of hurricanes,

From the results on filling in chapter V, one would conclude that in
eny particular hurricene there 1s a tendency for the pressure difference,
P - Po, end the highest wind to diminish when the lateral extent increases,
Other evidences of an inverse relaticnship between slze and intensity are
figure 14 and teble 11. The figure shows that the pressure difference tends
to decrease with increasing dlstance from the hurricane source region, and
the table indicetes that R (index of size) tends to increase. This inverse
relationship is investigated In the present chapter in greater detail.

77



Kinetic energy of the cyclostrophic wind

Combining the expression for speed of the cyclostrophic wind,
equation (4), page 3, with the expression for kinetic energy, E =32 mv°,
leads to the following expression for the total kinetic energy of the
cyclostrophic wind In s horizontal, c¢lircular layer of a hurricane one

centimeter deep extending from the center to radius r:

1 1 R/fr
a8 = (pn - po)7R e dr (8)
o o

The kinetic energy, E, is In ergs when other ltems are in c.g.s. units.

It can be noted that the total kinetic energy in the horizontal layer ie

a function only of the radius of maximuin wind, R, and the pressure differ-
ence, pn = Do, and, unlike the cyclostrophic wind speed, 1s independent

of the air density. ‘

Redius of meximum wind vs. pressure difference

To investligate the relation of size to Intensity the values of R from
table 1 were plotted against the corresponding value of pp - Do (po' was
not used). R is the shape factor for the pressure profile and is sn index
of the lateral extent of a hurrlcane. The pressure difference, p, - p,, 18

an index of the maximum hurricane wind, ss is shown by the exypression for
the maximum cyclostrophic speed,

2
Vex ¥ Pn - Po (6)
pe

The plotted points are shown in figures 37 and 38 (the points are identical
in the two flgures). The curves in the figures, depicting the totsl kinetic
energy of the cyclostrophic wind within a horizontal, circular.layer one
centimeter deep extending from the center to a radius, respectively, of

50 and 100 nautical miles, were computed from equation (8).

A tendency is clearly evident in figure 38 for the points to lie along
a band of kinetic energy values. This is interpreted as evidence that s
very large value of either R or pn - Do would probably be assoclated with
a small value of the other factor. If the points of flgure 38 were to be
stratified by curves enveloping various fractlions of the data, 1t would be
logical to construct the curves parsllel to the kinetic energy lines.
That there is a better grouping of the points along a kinetic band in
figure 38 than in figure 37 is reasonable, as a radius of 100 nautical miles
is a more inclusive and pertinent dimension of hurricanes than 1ls 50 miles.
The point for the Septenber 1935 hurricsne is labeled with the date and
lies in the lower right-hand portion of figures 37 and 38. It 1s seen that

78



62

R (NAUT. MILES)

80

70

60

50

40

| ’ |
| !
il _
|
i
l * - ’
" NOTE: )
i Pojnts pertain to
porticular hurricanes
+ | - i -
| . 9-14-44
L]
| .
Py
O+

e e
| e 3 4 5 6
P~ P, {INCHE S)
KINETIC ENERGY (ERGS) IN A CIRCULAR LAYER OF
I00-NAUTICAL~ MILE.RADIUS, | CM DEEP, AS
FUNCTION OF R AND R -F,.

FIG. 38

R {NAUT. MILES)

80

70

60

50

40

30

20

L]
d
. .
« 4 g NOTE:
2 8-18-16 Paints pertain 1o
particuiar furricanes
- . . e
A * o . % *
. *
‘ \ s
»
*

M&_
2xinl8e

18 Loy 9-2- N
e "

| 1 -

i 2 -3 4 5 6
Py~ Py {(INCHES) :

' KINETIC ENERGY (ERGS) IN A CIRCULAR LAYER OF

50-NAUTICAL -MILE RADIUS, | CM DEEP, AS A FUNC-
TION OF R AND Ry~ P,

FIG. 37



in this storm the kinetic energy integrated to a radius of 100 miles 1s
only moderabe in magnitude iIn comparlson with the other hurricanes but
has a somewhat higher relatlve position with the energy computed to but
50 miles,

Simpsongg/ has published a description of & reconnaisance flight
into a mature typhoon in the western Pacific in August 1951. A gea-level
pregsure of 26.43 inches was recorded at the center (pn - po about 3.50
inches). The radius of meximum winds 1s not known but, from the descrip-
tion of other phenomena, was probably in excess of 20 nautical miles.
The energy In that typhoon, as computed from figure 38, turns out to be
greaster than that for any of the hurricanes surveyed in the present study,
all of which were of Atlantic origin., While there 1s probadbly more fre-
quent opportunity for such & storm to develop In the vast expanses of the
Pacific than in the Atlantic, the possibility cannoct be excluded that a
"Cape Verde" hurricane--the type that crosses the entire Atlantic before
reaching the Unlted States--could be of equal magnitude.

Comperison of kinetic energy values from visually-drawn snd exponential
profiles ' :

The kinetic energy values of figures 37 and 38 depend to a grest
extent on the slope of the outer portion of the radlal exponential pres-
sure profiles from which the parameters R and py -~ po are derived, becsuse
the outer portion sweeps the largest area In Integrating around a circle.
However, since the exponential profiles were fitted to the inmermost 4O
miles of the corresponding visuslly-constructed profiles, the outer portion
of the exponential profiles is the least accurste portion. The valldity
of the interpretation of figure 38 was therefore tested by comparing the
kinetic energy values there with more accurate energy values computed
directly from the visuslly-drawn profiles. The energy values from the
visually-drawn pressure profiles, though more relisble, cannot reedily
be substituted in flgures 37 and 38, as there 1s no logilcal basis for
assigning values of the coordinates R and pn - po. Xinetic energy values
derived by the two methods--both to 50 and 100 miles--are compared in figure
39. Many of the visually-drawn pressure profiles did not extend Inward
to the center of the lurricane. In these instances the exponentlal pres-
spure profile was substituted for the visually-drawnm profile over the missing
portion. The energy from this substituted portion was a small fraction of
each total.

Figure 39 1e in reality a test of the goodness of fit of the exponen-
tial pressure profile to the visually-drawn profile but is presented in
terms of energy velues for convenlence for present purposes. The points
in flgure 39 lie sufficiently close to the 45° line to substantiate the
general relisbility of energy values in figures 37 and 38. In fact, the
range of values of energy from the visually-drewn profiles; as a ecrutiny
of figure 39 will reveal, is smaller than that for the exponentlal profile
values. This adds welght to the interpretation that the energy values in
figure 38 1lle along a restricted band.
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The two pointe which have the highest energy values In figures 37
and 38, and which stand apart from the body of the data, were subJjected
to particular exsmination. They pertain to the storms of September 1k,
194k, off Cape Hatteras, and August 18, 1916, on the Texas coast. Both
were great hurricenes. The 1916 storm is included in Mitchell's list,
quoted by Tannehill&/, of the 16 hurricanes during the half-century pre-
ceding 1928 that "can be claseed as ‘great' both as to intensity and
diameter." Of the 1944 storm Tannehill says, "It was one of the most
violent hurricenes of hilstory, in fact there is no definite proof of a
more violent hurricane in the records.” In both storms, however, the
exponential pregsure profile deperted from the visually-drawn profile in
the direction that exaggerates the kinetic energy as computed from the
exponential profile. The energy to 100 mlles for the SepteMbe§ 1944
storm, compyted from the visuaslly-drawn profile, is 12.3 x 10*° ergs
(16.7 x 1gf ergs in figure 38) and is the highest value for any storm by
this method. The value for the 1916 storm is slightly smaller. There is,
then, Justification for undercutting the two highest points In constructing
an enveloping curve for figure 38.

Kinetic energy distribution for specific problems

The fifteen highest kinetic-energy values of the cyclostrophic wind,
computed from the visually-drewn pressure profile, are listed in table 12
to facilitate comparison of the relative force of the varlous hurricanes.
The actusl kinetic energy In a particular hurricane of interest may be
ascertained more accurately from a wind profile in which the diminution
of the ratio of actual wind to cyclostrophlc or gradient wind with distance
from the hurricane center lg taken into account, as described in chapters
IIT snd IV.

The plotted points of figures 37 and 38 provide a convenient basis
for obtaining a first approximation of the frequency in the 50 years of
U. S. hurricanes of different values of the totel kinetic energy over
- any specified area, for exsmple, an ares equivalent to Leke Okeechobee.

If a relationship,either analytical or graphicsl, can be developed for the
kinetic energy over an area of interest or along a line of fetch, the
appropriate set of kinetic energy lines can be substitubted for the curves
of figures 37 and 38.

Conclusion and interpretation

The work presented in chspterg V and VI supports the inverse relatlon-
ship between hurricane slze and hurricane intensity thet has been suspected
by various suthors. The relationship applies both at different times in
the life of a single hurricane and between different hurricanes. That such
a relationship should exist is logical. We may speculate that the hrrlcane,
which feeds on atmospheric convective Instability not greatly in excess of
the usual at the season, can produce phenomenally high winds when its energy
ig concentrated in a small area. On the other hand, if the hurricane is
very large, the inflow of fresh unstable air required to release the energy
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Energy
1018 ergs per
cm, deep
1. 4 .26
2. 3.79
3. 3.54
L, 3.49
5. 3.46
6. 3.41
7. 3.19
8. 3.10
9. 2.94
10, 2.85
11. 2.84
i2. 2.82
13. 2.70
14, 2.70
15. 2.58
1. 12.3h4
2, 11.86
3. 11.64
L, 10.90
5. 10.71
6. 10.29
7. 10.16
80 9098
9. 9.97
10. 9.90
il. 9.1k
i2. 8.97
13.  8.96
1k, 8.94
15. 8.93

(Energy comput

Table 12

KINETIC ENERGY OF THE CYCLOSTROPHIC WIND

U. S. Burricanes 1900-1949
ed from visuelly-fitted pressure profiles)

Within 50 - nautical miles

Date

August 18, 1916
‘September 1k, 19hL
October 20, 1926
September 5, 1933
September 16, 1928
*September 18, 1526
August 11, 1940
September 29, 1915
September 17, 1947
Augnst 25, 1949
September 2, 1935
September 28, 1929
September 16, 1945
September 7, 1900
*September 20, 1926

Near

Sants Gertrudis, Tex.
Hatterasg, N. C.

Key West, Fla.
Brownsville, Tex.
West Palm Beach, Fla.
Miemi, Fla,

Sevannsh, Ga.

New Orleans, La.
Eillsbore, Fla.

West Palm Beach, Fla.
Long Key, Fla.

Long Key, Fla,
Honegtead, Fls.
Galveston, Tex,.
Perdido Beach, Ala.

Within 100 nautical miles

*September 14, 194k
September 16, 1933
Augnst 18, 1916
September 21, 1938
September 5, 1933

*September 1L, 194k
September 29, 1915
October 20, 1926
September 28, 1917
September 18, 1926
August 25, 1924
August 30, 1942
September 16, 1928
July 5, 1916
October 19, 19k

*Same hurrlcane

83

Hetterss, N. C.
Hatteras, N. C.
Sante Gertrudls, Tex.
Hartford, Conn.
Brownsville, Tex.
Point Judith, R. I.
New Orleans, La.

Key West, Fla.
Pensacola, Fla.
Miemi, Fla.

Hatterss, N, C.
Seadrift, Tex.

West Palm Beach, Fla,
Mobile, Als.
Sarasota, Fla.



necessary to establish very high winds over a great ares would soon
exhaust the avallable supply of fresh unstable alr within the range
of the storm, and the hurricane would then wesken before 1t had
attained an extreme intensity. Another aspect was presented in
chapter IIT, namely, that Inflowlng alr parcels in the hurricene are
accelerated by the pressure gradient as they move toward lower pres-
sure, v increasing while r decreases In the term ve /r of the cyclos~
trophic wind equatlon, until cyclostrophic balance 1s obtailned or
exceeded. The distance from the center at which the maximum winds
occur, gymbolized by R in the present study, is very clogse to the dis-
tance at which the cyclostrophic balance ls reached. An increase in
the pressure gradient, of which pp - po of figures 37 end 38 is an
index, will drive the alr inward to a larger v and smaller r before
cyclosbrophic balance is cobtained, thus decreasing R. A decreasing
pressure gradient wlll have the opposite effect.
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SUMMARY

The principal contributions of the study sre:

1. A method for reconstructing the track and the pressure and wind
fields of & hurricane on a gystematlc bagls from sparse data.
(Chapter I.)

2, Egtimation of the central pressures of virtually all hurricanes
reaching the United States during a fifty-year period. (Figure 12,
chepter II.) It was shown that a hurricane pressure near the United
States on the order of the record, 26.35 inches, is an exceedingly
rare event.

3. A detalled procedure for reducing gradient winds to anemometer-
level winds at Leke Okeechobee. (Chapter III, summary at end of
chepter.)

Lk, An estimate of the frequency of occurrence of hurricene winds
at the coast based on all parts of all slgnificent hurricanes in
the area considered over 50 years. (Figure 33, chapter IV.)

5. The finding, validated by datas, that free-air winds in a hurriceane
range along a storm radius from sub-gradient speed at the periphery
to super-gradient speed at the radius of meximum wind.

(Chepters III and IV.)

6. Evaluation of the average filling characteristics of hurricanes
moving inland. The filling in the normal transit time of a hurricane
from the Atlantic Ocean to lLake Okeechobee is, on the averasge, quite
small and in every case is concentrated near the storm center.
(Figure 34, chapter V.)

7. Confirmation, from an empirical investigation of storm energiles,
of an inverse relationship between hurricane intensity and lateral
extent. (Chapter VI, )

8, The presentation of gust factors obmerved in a hurricaie,
(Teble 7, chapter IV.)

85



ACKNOWLEDGMENTS

Previous work on hurricanes by the Hydrometeorological Section, which
is published in part in Hydrometeorological Report Nos. 26 and 31, formed
the basis from which much of the present Report evolved., Most of the previous
work was directed by Alexander L. Shands and Robert W. Schloemer, project
leaders In successlon, and Robert D. Fletcher, the former Chief of the
Section. The present study was carried out by Vance A. Myers under the
guidance of Charles S. Gllman, Chief of Section. Other members of the
Section providing professional and computational assistance were
James F. Appleby, A, E, Brown, Annie lLeurie Criss, James L, Keister,

John T, Lindgren, Mergsret E. Linehan and Harlan H. Vimmedge. The report
wags edited by Lillian K, Rubin and the copy prepared by Marian I. Hammer

and Betty L. Fox. Drafting was by Carroll W. Gerdner, Nemesio O, Calub s

Joseph E, Fimiani and Ishmeel A, Santiasgo,

REFERENCES
1, HYDROMETEOROLOGICAL SECTION, U, S. Weather Bureau, "Analysis of Winds
over lake Okeechobee During the Tropical Storm of August 26-27, 1949",
Hydrometeorological Report No. 26, 1951.
©.  HYDROMETEOROLOGICAL SECTION , U. 8. Weather Buresu, "Analysis and
Synthesis of Hurricane Winds over lake Okeechobee, Florida',
Hydrometeorological Report No. 31, 1954,

3, GENTRY, ROBERT C,, "Wind Velocities During Hurricanes", Proceedings,
Amer. Soc., of Civil Eng., vol, 79, Separate No. 218, July 1953.

L, TANNEEILL, I. R., "Hurricenes”, Tth Edition, 1950.

5. CLINE, I, M., "Tropical Cyclones", 1926,

6. HURD, WILLIS E,, "The Calm Center, or Eye, of the Tropical Cyclone”,
Pilot Charte of the Indlan Ocean, U, S. Hydrographic Office,
Septemwber 1950,

7. DEPPERMANN, C, E., "Is there a Ring of Violent Ujéward Convection in
Hurricanes and Typhoons?', Bull. Amer. Meteor. Soc., vol. 27, No, 1,
January 1946,

8, YEH, T. C., "The Motion of Tropical Storms under the Influence of a
Superimposed Southerly Current", J. Meteor., vol. 7, No. 2,

April 1950.

9. DUNN, G. E., "Tropical Cyclones", Compendium of Meteorology, Amer.
Meteor. Soc., 1951,

10. SNEDECOR, G, W,, "Statistical Methods", Wth ed., 1946, p. 218.

&6



11.

13.

1k,

15,

16.

17.

18.

19.

GRAY, R, W., revised by CRADY NORTON, "Florida Hurricanes",
U. S, Weather Bureau, 1936,

SHERLOCK, R, H,, "Variation of Wind Velocity and Guetes with Height",
Proceedings, Amer. Soc. of Civil Eng., vol. 78, Separate No. 126,
April 1952.

McCORMICK, R, A., "Discussion of Variations of Wind Velocity and
Gusts with Height'", Proceedings, Amer. Soc. of Civil Eng., vol. 79,
Separste No, D-126, March 1953.

MATTICE, W. A., "A Comparison Between Wind Velocities as Recorded by
the Dines and Robinson Anemometers", Monthly Weather Review, vol. 66,
No. 8, August 1938,

HUSS, P. 0., "Relation Between Gusts and Average Winds for Housing
Load Determination", University of Akron, June 1946,

HARNEY, P, J., "Computed Wind Velocities in the Florida Keys
Hurricane of Septeuwber 2, 1935", (mimeographed menuscript, circa 1938),

McDONAID, W, F,, "Low Barometer Readings in West Indian Disturbances
of 19%2 and 1933", Monthly Weather Review, vol. 61, No, 9,
Septeuwber 19%3%,

DEPPERMAINN, C, E,, "Some Characteristics of Philippine Typhoons",
Phillipine Weather Bureau, 1939.

SIMPSON, R, H,, "A Note on the Movement and Structure of the Florida
Hurricane of October 1946", Monthly Weather Review, vol. 75, No, L,
April 1947,

SIMPSON, R. H., "Exploring Eye of Typhoon 'Merge’, 1951", Bull.
Awer, Meteor. Soc., vol., 33, No, 7, September 1952.

SMITHSONTAN INSTITUTION, "Smithsonilen Meteorological Tables",
6th ed., Smithsonian Miscellaneous Collections, vol., 11k, 1951,

87



APPENDIX A
IAKE OKEECHOBEE WIND INSTRUMENT EXPCSURES

Height of anemometer
feet -~ m.s,1.

Moore Haven (H.G.S. No. 1) 53
Clewiston (H.G.S. No. 2) 55
lake Harbor (H.G.S. No. 3) 56.5
Belle Glade (H.G.S, No., k) 55
Canal Point (H.G.S. No. 5) 55
Port Mayaca 56
Okeechobee (H,G.S, No, 6) 55
Lake Station No, 10 L6.5
Iake Station No, 12 46.5
Take Station No, 1L 48.5
lake Station No. 16 47.5
Lake Station No, 17 45,5

The seven shore installations are on top of the leves. The
crown elevation of the levee is, in general, 32.5 feet m.s.l.
The elevation of the land near the levee is 16 feet m.s.l.,
plug or minus two or three feet, alt all stations. The water
level varies. The mean water level for the Leke immedistely
prior to the August 26, 1949 hurricane was 13.9 feet m.s.l.
Extreme helghts during the storm were 6 feet m.s.l. at the
upwind ghore and 24 feet m.s.l, at the downwind shore.
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APPENDIX B

APPROXIMATION OF THE GRADIENT WIND SPEED

Standard tebles of gradient wind speed are not convenient for
evaluating the gradient wind in hurricanes because tabular values of
the radius of curvature do not go low enough. Fogr example, in the
Smithsonian Meteorological Tgbles, Gth editionsk s the smallest radius
in the gradient wind table is 100 miles. Direct computation of speeds
by substitution in the gradient wind equation requires the solution of
a quadratic equation, This is undesirable for a large number of
computations. Therefore, throughout the pregent study the gradient wind
gpeed, vg, vas computed by an approximate method, which coneisted in first
computing the cyclostrophic wind speed, vy, from pressure profile
parameters by use of equatlon (L) on page 3, then obtaining the gradient
speed by subtracting a correction.

An expression for the correction, ve - vg, will be derived. Standard
formulag for the cyclostrophic wind and gradient wind speeds are:

5 ,
YC s J: -@ (3)
r P dr

and
Ve (5)
g - + dp 5
7 T = p ar

where f 1s the corilolis parameter, dp/dr the pressure gradient, and ¢
the air density. Equating the left-hand menmbers of the above equations

we obtaln

| 2
"2 ‘ Ve (9)
— f'V'g = e : ‘
T r

which may be solved for the desired correction factor, vo - Vg
v2 ve
(vc + vg) (VC - vg) = rfvg

Vo = Vg = _TEVg (10)
¢ '8 Vo * v
¢ g
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Over the range of hurricane speeds of interest the difference between
the quantities v, and vg 1s small compared with the quantities them-
gselves. The approximation is made in the right-hand member of
equation (I0) that vo = vg. This ylelds the required expression for
Vo - 'Vg:

ve - vg = r(£/2) (11)

where the elements are expressed in any consilstent set of units. In this
study the speeds are always expressed in miles per hour. The redius, r,
is sometimes expressed in statute miles, but more often in nautical
miles, In the latter instance the expression takes the form

ve - vg = L15(f/2)r (12)

where f is in units of hours™l, In computing the difference between the
cyclostrophic and gradient winds from equations (1) and (12) approximate
values of £/2 or 1.15 (£/2) were taken from the teble below.

Table 13

APPROXIMATE VALUES OF £/2 AND 1.15 £/2
(Exect values are given in parentheses)

£/2 1.15¢ /2

Latitude (hours-1) hourg %
25° 1/9  (.111) 1/8 (.128)
30° 1/8 (.132) 1/7 (.152)
35° /7 (.150) 1/6 (.17%)
40° 1/6 (.169) 1/5 (.194)

The difference between the approximate gradient wind as computed
from equation (1) or (12) and the exact gradient wind that would be
obtained from equation (5) ig negligible. To teke sn exireme case as
an exsmple, 1if the cyclogtrophic wind speed is 100 mph at a radius of
100 miles, st 25°N, the exact gradient wind speed is 89.5 mph., The
approximate speed by the procedure described is 85.9 mph.
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APPENDIX C
HURRICANE TRACKS 1900-1949

Tracks (figure 40-48) computed by the procedures of chapter I are
shown for 811 the hurricenes listed in table 1 and also for & few other
hurricenes, for which complete tracks were determined but which were
excluded from table 1 for not meeting the pressure criteria.

Bi~hourly positions of storm centers are marked on the tracks,
Dates pertain to the portion of the track lmmedlately adjacent to the
date, Daghes indicate that anobther portion of the track of the seme
hurricene sppears in another figure.
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APPENDIX D

WIND PROFILES FOR HURRICANE OF AUGIBT 26-27, 1949

Figures L49-53 depict the individual station wind-speed profiles
in the August 26-27, 1949 hurricene at Lake Okeechobee in the five
categories of wind speed named on page 37.

The wind-speed values pertaln to guccessive ten-minute intervals
and are connected by straight iines in the figures. The mean profiles
are drawn, with slight smoothing, to mesns of the ordinates of the
station profileg taken at five-mile intervals, except at the peak.

The peak station values were averaged both horizontally and vertically
to obtain the peak of the mean profile,.

Moore Haven off-water winds vere omitted from the means because
of greater friction then at other stations,

The five mean profiles are shown together in figure 21.
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