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Section 1
INTRODUCTION

Studies of peak winds at the 10-m level observed at Cape Kennedy,
Florida, show that such extremals fit the Fisher-Tippett Type I (FT1) dis-
tribution. Because of insufficient observational data, however, similar
studies have not been attempted for levels above 10 m. This report outlines
a method by which power-law profiles based on peak wind observations from
the 150-m meterological tower at Cape Kennedy, and FT1 parameters devel-

oped for the 10-m level and for various exposure periods can be used to find:

e Cumulative distributions of peak winds for levels up to about
150 m and for exposure periods ranging from one hour to one

year, and

e Joint distributions of peak winds at a reference level (18.3 m)
and peak wind profiles (00, 10,20 and 30 profiles) extending to
about 150 m, and for exposure periods ranging from one hour

to one year.



Section 2
THEORETICAL DEVELOPMENT

%k
The Fisher-Tippett Type 1 (FT1) density function for a wind speed
variate u, with parameters a and y {(determined from the mean and vari-

ance of the wind sample) can be written
f(u) = o exp [-e'a‘“'“’ - a(u-u)]. (1)

Figure 1, based on work by Pope (Ref. 1), shows a distribution of 10-m ex-
treme winds. In the figure, the asterisks represent observed extremals,
the curves are control bands (Refs.1 and 2), and the straight line is the inte-
gral of the FT! function (Eq. 1). Experience with extreme winds indicates

that they often fit a Fisher-Tippett distribution (c.f., Ref. 3).

Fichtl (Daniels, Ref. 4) established an empirical relationship

-3/4
cu
h ) 18.3

Yh T Y18.3 (18.3

(2)

between u the peak wind speed (m/sec) at level h( m) and u 3 the

18.
peak wind speed at the reference level, 18.3 m. The quantity c ig a random
variable with a mean of 0.52 and a standard deviation of 0.36. Equation (2)
represents a power-law profile with parameters ¢ and 3/4 derived by statis-

tical analysis of Cape Kennedy wind records for a specific exposure period.

With this much as background, cumulative distributions of peak winds
can be developed for various levels by combining Eq. (1) and Eq. (2). For

some level h,

I
In this report, probability density functions are represented by f(u) where
u is a random variable.




£(uy, ©) = £(u,|e) £e) (3)

where f(uhlc) is a probability density function with random variable u sub-
ject to a given value of c; i.e., a conditional probability, which may be ex-
pressed in terms of Eq. (1) by

-a(uh-—li)
f (uhlc) = o exp[-e - c:z(uh - IJ-)] ) (4)

where uy is a function of c¢. For some other level h the corresponding

probability f(u};ic), is related to f(uh,c) by the transformation

ou
f(uh'|c) = f(uhlc) 8—uh'— . (5)
Then, from Eq. (5) and Eq. (3),
3uh
f(u, c) = f(uhlc) f(c) Em (6)

It is convenient to choose h=10m, since the 10-m FTI1 parameters o and U
required to determine f(uh|c) by Eq. (4) have been tabulated (Ref. 4, also see
Section 3), and to choose h'=18.3,since 18.3 appears explicitly in Egq. (2).

Subject to these choices, and the fact that ¢ is normally distributed”, i.e.,

-2 2
fle) = —— (&= /29

2T O

* .. . e
Fichtl, private communication.



then EJq. (6) can be integrated to give the probability density function

0
f(u18.3) = f f(u18-3, c)dc. (M

~Q0

To summarize, from the distribution f(ulo) given by Eq. (1) with ¢ and u
specified in Table 1, and a relationship between Ujg 3 and Uig given by
Eq. (2), the function f(u18 3) can be determined. Next the distribution f(uh)

for any level, h, is found.

A bivariate distribution can be formed relating the wind speed at.level

h to that at 18.3 m by writing an expression similar to Eq. (3)

) f(u (8)

flu, u)g3) = flugfu g ) flug,)

where f(uh Ug 3) is a conditional probability that can be expressed in terms

of the normal deviate c by the transformation

—2,, 2
fluple;g3) = \I—Zi g lc-e)/2o
T O

dc

, (9)
Buh

and where the explicit dependence among c, u and U g 3 viz.,

Znuh-lnu18.3

c =
_3/4
v18.3

(10)

fn (h/18.3)

follows from Eq. (2). The Jacobian in Eq. (9) can be obtained by differentiating

Eq. (10)

9c 1/u‘h

) -3/3
v u18(3 tn (h/18.3)

(11)




Substituting Egs. (7), (9), (10) and (11) into Eq. (8), and integrating gives the

probability density function for any level

o0
£uy) =f flup, uyg 3) dujg 3 - (12)
=00

The cumulative distribution, or the probability that a peak wind speed will

not exceed some value V, is obtained by integrating Eq. (12)

v
F (V) =f £(u,) du, (13)

- 00

Consider now peak wind profiles. The profile of winds from 18.3 m to
152.4 m for a given value of Ujg 3 is determined by only one parameter — the
normal deviate c. Furthermore, the probability that a profile will not be
exceeded is equal to the probability the ¢ will not be exceeded. Then, for a
fixed value c=C, f(u,, u)q ) in Eq. (8) is the probability that both u)g 5 and
the "C' profile," given by Eq. (2) will occur. For example, the ""30" profile
is obtained by setting C = € + 30 in Eq.(2). The cumulative distribution or
the probability that neither u)g 3 noT the C profile will be exceeded is obtained
by integrating Eq. (8)

W(C, V) V
F (W, V) =f f f(u,, uyg g)duyg 5 duy . (14)
~ 00 - 00

To evaluate Eq. (14), the arbitrary choice is made that h=152.4 and C = ¢,

c+ 0, €+ 20, and €+ 30.

Equations (13) and (14) were integrated numerically by Simpson's rule,

The application of Simpson's rule to Eq. (7), summing over the limits ¢ + 4o,



was straightforward. Equation (8) was solved in blocks over a windspeed
range of from 6 to 154 kts, each block having sides of 2 kts. For the inte-
gration of Egs.(12), (13) and (14) only the blocks with probability greater
than 0.00001 were included, and the, total probability was generally about
0.9993. Figures 2 and 3 illustrate the double integration. The general
results of this study are presented in Figs. 4 through 47, and are discussed

in Section 3.

Figure 2 is an example (Cape Kennedy, 30-day exposure period) of a
plot of the probability contained in the individual blocks. Rather than a density
function, the ordinate is the probability that an 18.3-m wind value lies between
Uig 3 and Uig 3 + 2 (kts) on the horizontal axis, while a 152.4-m wind value
lies between Uiso g and Uisp .4 + 2 (kts) on the diagonal axis (unlabeled, but

on which the lines are spaced at two-knot intervals, beginning at six knots).

Figure 3 illustrates the same results in two-dimensional blocks. The
solid blocks represent probability greater than 0.0001, the shaded blocks
probability between 0.0001 and 0.00001, and the clear blocks probability less
than 0.00001.




Section 3
RESULTS

Results of Eq.(13) are shown in Figs. 4 through 25 for eleven different
exposure periods. The curves are almost straight. Since a straight line on
this graph represents an FT1 distribution, all curves are interpreted as rep-
resenting such distributions. The dashed curves on the one-hour exposure
period figures (Figs.4 and 15) are linear extensions of the solid curves; this

is discussed below.

The 10-m ¢ and pu values for Cape Kennedy, given in Table 1, vary

with the exposure period t according to

a =(at+tb fn t)—1
L= {c+d fn t)
with coefficients given below.
annual .
reference values "env' values
1 fn <t <24hrs|lday< t <365days|l in <t <24 hrs |l day <t <365 days
a 4.6782 4.7668 5.3487 5.4579
b 0.0279 0.3687 0.0343 0.9170
c 9.3997 16.8799 14.9100 19.8496
d 2.3537 4,7451 1.5535 4.3462

The coefficients designated by "env," result from the interpolation of an
envelope of maximum-monthly, bimonthly, and yearly (including hurricane
data) means and standard deviations of one- and 30-, 60-, and 365-day peak

winds, respectively. The corresponding a's and ['s represent conservative




distributions for design and operational purposes. They may be thought of as limit-

ing cases of peak-wind distributions that could be expected to occur (see Ref.4).

Values of a and p for the other levels (18.3, 30.5, 61.0, 91.4, 121.9 and

152.4 m) were determined from the linear expression

y =a {u- u

by substituting values of u and y (the reduced variate) from two points on

each curve; they appear in Table 1 also,

Before proceeding further, several comments about exposure period
should be made. In the present context, exposure period is the interval of
time chosen for which the largest or peak wind is extracted from a given
wind record. This period may be 10 minutes* (Ref. 4) which was the case
in establishing Eq. (2), or it may be an hour, a day, a month, etc. The im-
portance of exposure period is manifested in the o and y parameters which
vary with the logarithm of exposure period, and which determines the shape

of the FFT1 distributions.

Figures 26 through 47 result from Eq. (14). The curves represent the

joint probability (ordinate value) that u abscissa value) and the profile

18.3 {
indicated in the legend will not be exceeded. These figures show clearly
that there is little difference between the cumulative distributions of 0¢ and

30 profiles.

Before proceeding with examples of how the results of this report can

be used (Section 4), several points should be made.

>kThe peak wind observed at each level h=18.3, 30.5, 61.0, 91.4, 121.9 and
152.4 m during an exposure period of 10 minutes was tabulated. The peak
winds were assumed to have occurred simultaneously at all levels (Fichtl,
private communication).




Difficulty arises from trying to integrate Eqgs.(12) and (14) for small

values of uy - In the present study, only the one-hour and one-day exposure
period cases were affected (Figs. 4, 5, 15, 16, 26, 27, 37 and 38). The center
of difficulty is the empirical expression (Eq. (2))Which enters into the inte-
grate;l f(uh, u18.3). Equation (2) possesses a minimum u for some small
value of Ujg 3 Such a minimum (call it u'h) is not ordinarily observed,

so the empirical relation is not meant to hold for u < uh. Therefore, the
contribution to Egs. (12) and (14) from the range (-, u‘h) is lost. Because,
theoretically, the integrals must approach unity as their upper limits tend to |
w, it is reasonable to assume that any computed deficit results from this loss.
Accordingly, the distributions were adjusted by assigning the deficit value as

n> U, uP-
ward. The curves were then completed by linear extrapolation downward to

the cumulative distribution for ui_l, and by shifting the values for u
the 0.001 ordinate value (dashed lines in figures).

Secondly, it should be mentioned that no special significance is implied
by the use of FT1l graphs for plotting Figs. 26 through 47. The graphs were
used simply as a matter of convenience. On the other hand, it might be ad-
vantageous for some purposes (e.g., computer applications) to have joint
distributions in a form other than graphical. Therefore, each curve was fit
by the linear expression Y(c,t) = g{c,t) [u18.3 - '}’(c,t)] ; the constants
B and ¥ appear in Table 2. Approximate joint distributions F(u18.3, c), for

a specific 18.3-m wind and profile, may be computed from

F(u18_3’c) = exp [_ e-Y(C’ t)] . (15)

%* .
Below this small value of u18.3, uh tends toward oo as ul&3 tends toward

zZero.




Section 4
USE OF THE GRAPHS

Figures 26 through 47 represent joint probability statements derived
from two conditions, viz., the 18.3-m wind is equal to a given wind A, and
the profile of the winds from 18.3 to 152.4 m is equal to a given profile B
when the 18.3-m wind is A. The product of these probabilities P(A NB), is

the probability that both conditions exist simultaneously.

Consider three statements of joint probability to determine how the

figures and the table can be used.

Case 1 The probability that the 18,3-m wind A is less than a
given value A', and the profile B is less than a given
profile B!, in other words, neither A nor B are ex-
ceeded, is given symbolically by P(A <A'N B <B!)

Case II The probability that at least one of the conditions in
Case I is violated, i.e., either the 18.3-m wind is ex-
ceeded or the profile is exceeded or both are exceeded
is given by P(A > A'UB > B') =1 - P(A <A'NB <B')

Case III The probability that both the 18.3-m wind and the pro-
file are exceeded is given by P(A>A'NB >B') =1 -
P(A <A') - P(B <B') + P(A <A'N B <B).

To determine the probabilities in Cases I and II, choose the graph from Figs.
26 through 47 for the desired exposure period and the profile of interest.
Using the 18.3-m wind value on the abscissa, read the corresponding prob-

ability from the ordinate or, use Eq. (15) with B and ¥ from Table 2.

Example of Case I Suppose that a vehicle must remain on the pad for

a period of three months and that its design limits will be exceeded if the
18.3-m wind exceeds 55 kts and the profile of winds exceeds the 30 peak-
wind profile. What is the probability that these conditions will not be ex-

ceeded? According to Eq.(2) with ¢ = ¢ + 30 = 1,60 the profile includes

10




55.0 kts

18.3 —
Us05 < 58.78
10 < 64.32
ug; 4 < 67.80
Ujo19 < 70.39
Uisy 4 S 72.46 .

Figure 34 gives joint probabilities for the 90-day exposure period. Fifty-
five kts on the abscissa corresponds to P = 0.92 on the ordinate for the 30

envelope or profile.

Example of Case II What is the probability that one or both conditions

will be exceeded? By subtracting 0.92 from 1.0, 0,08 is obtained for the
probability that at least one of the conditions Uig 3 < 55 kts and uy iuh(30)
is violated.

Turning now to «ase III, it is suggested that the simplest way to eval-
uate P(A > A'N B > B') is term by term, according to the formula above.
Figure 48 is used to find the value of Uiso 4 that corresponds to the profile

of interest and the particular u value, or, it may be computed directly

18.3

from Eq.(2). The terms P(A < A') = F(u18 3) and P(B < B') = F(u152 4)
. % .

are obtained from the appropriate graphs (Figs. 4-25). P(A <A'NB < B')

is read from Figs. 26 through 47 or computed from Eq. (15).

73

'rAlternatively, Eq. (1) could be integrated

Y18.3

-afu )
Flagy =/ fd=ex (—e 183 ) (16)

-0
and P(A <A') = F(u18 3) solved, using u and o from Table 1. A similar
expression for 152.4 m would lead to P{(B <B') = F (11152 4).

11



Example of Case III Suppose that for an exposure period of 90 days,

the probability is needed that the 18.3-m peak wind is greater than 40 kts
and the profile is greater than the 00 profile. Accordingly

P(ujg 3 $40) = F(u g 5 =40) = 0.40 (Fig.12),
or
a=0.1509, w=39.3919, F(40) =0.40 (Table 1, Eq.(16)),
Uisp g4 = 44.83 kts (Fig. 48 or Eq. (2)),
Plu)g, o <44.83) =F(u ., , = 44.83) = 0.37 (Fig. 12),
or

o 20,1463, u =44.9120, F(44.83) = 0.37 (Table 1, Eq.(16)),

P(u < 40Nu <44.83) = 0.32 (Fig.34),

18.3 152.4

and finally

P(u.18 3> 40Nu, > 0o profile) = 1 - 0.40 - 0,37 + 0.32 = 0.55.

h

12




Section 5
SUMMARY AND CONCLUSIONS

Integral equations were developed that describe the cumulative distri-
bution of peak winds for several levels viz., 10.0, 18.3, 30.5, 61.0, 91.4, 121.9
and 152.4 m, and several exposure periods viz., 1 hr, 1, 2, 5, 10, 15, 30, 60,
90, 180 and 365 days. The equations are applicable to intermediate levels
and time periods. The results are presented in graphical form for each ex-
posure period. The curves in each figure were fitted by a linear expression

whose coefficients are tabulated.

Equations describing the joint probability that a wind value at the ref-
erence level 18.3 m, and a given profile (0o, 1o, 20, 30) will not be exceeded

are also derived. Results are presented in both graphical and tabular form.

The cumulative distribution,presented in this réport, of peak winds for
levels between 10 and 150 m and for exposure periods between one hour and
one year, possess the double exponential shape characteristic of FT1 distri-
butions. As one might expect, the probability that the wind will not exceed
a given value, decreases with increasing height above ground (for all exposure

periods), and decreases with increasing exposure period (at all levels).

From a physical viewpoint, to the extent that wind gusts associated with
individual small scale eddies can be envisioned as simultaneously influencing
the entire planetary boundary layer at a given station and within a given ex-
posure period, peak winds at levels above 10 m could be exvected to be dis-
tributed according to a FFT1 distribution with parameters given by Table 1.
However, to interpret the results obtained as proof that peak winds above

10-m fit such a distribution would be speculative.

13




With the reference wind Uig 3 and the exposure period t fixed, joint
distributions for 00, lo, 20 and 30 profiles are practically the same. The
probability that Y63 will not exceed a given value and none of the four

profiles will be exceeded decreases with exposure period.

14
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Fig. 1 - FT1 Fit of 30-Day Peak Wind Data for Cape Kennedy
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Fig. 35 - Surface Wind Profile Cumulative Distributions
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56




< -y =0 > FONDY

$8 8§ 3313 38

"

CAPE KENNEDY £ T 1 DAY (ENV)
i |
O] O sSicMa ENVELOPE
O] 1 SIGHA ENVELOPE
X | 2 sSicHMA ENVELOPE
#| 3 sSIcMA ENVELOPE
10, g0, 90, 40, g0, 0, 0. 80, 0.
KNOTS

Fig. 38 - Surface Wind Profile Cumulative Distributions

57



X s = D> P OD

CAPE KENNEDY E T 2 DAYS (ENV)
O SIGMA ENVELOPE
1 SIGMA ENVELOPE
2 SIGMA ENVELOPE
3 SIGMA ENVELOPE
10, g0, 30, 40, $0. 0, 0. 00, LD
KNOTS

Fig. 39 - Surface Wind Profile Cumulative Distributions

58




€ -t = - >POO DY

CAPE KENNEDY E T S DAYS (ENV)
O S16MA ENVELOPE
1 SICMA ENVELOPE
2 S1GMA ENVELOPE
3 SICMA ENVELOPE
10. 20, 30. 40. 80, 0, 10, 0. 0.
KNOTS

Fig.40 - Surface Wind Profile Cumnulative Distributions

59

10,



< -t = - >PO0N

CAPE KEMNNEDY

E T 10 DAYS (ENV)

O SICMA ENVELOPE

1 SIGMA ENVELOPE

2 SIGMA ENVELOPE

3 SIGMA ENVELOPE

F/4

40,

$0. 00, 10, 0. 0. 190,
KNOTS

Fig.41 - Surface Wind Profile Cumulative Distributions

60




o - e ®>DBOD

CAPE KENNEDY

[ 3 §

13 DAYS (ENV)

0 SICMA ENVELOPE

1 SICHA ENVELOPE

2 SIGMA ENVELOPE

8.

3 SIGMA ENVELOPE -

.400

10, 20,

40.-

80,
KNOTS

Fig.42 - Surface Wind Profile Cumulative Distributions

61




€ = - @ > P®PO0ODY

CAPE KENNEDY E T 30 DAYS (ENV)

O] 1 SIGMA ENVELOPE

O SIGMA ENVELOPE

2 SIGMA ENVELOPE

*| 3 SICMA ENVELOPE

700

+-400

10, 20, 30, 40, 30, 60, 70. 00, 0.
KNOTS

Fig.43 - Surface Wind Profile Cumulative Distributions

62




< - >PEODY

CAPE XENMEDY

€ 7T 60 Davs (ENV)

.

§ & 388832

g

O SICMA ENVELOPE
1 SICMA ENVELOPE
2 SIGMA ENVELOPE
3 SIGMA ENVELOPE
10, 20. 30, 40, 80, 00, 10, 0. .
KNOTS

Fig. 44 - Surface Wind Profile Cumulative Distributions

63




€« 4= -0 > PO0RY

CAPE KENNEDY

€ T 90 DAYS (ENV)

O SICMA ENVELOPE

1 SICMA ENVELOPE

2 SIGMA ENVELOPE

3 SIGMA ENVELOPE

.700

400

10, 20. 30, 40,

Fig.45 - Surface Wind Profile Cumulative Distributions

s0. 0.
KNOTS

64




< =W > OB

CAPE KENNEDY € T 180 DAYS (ENV)
0 SICHA ENVELOPE
1 SICMA ENVELOPE
2 SICMA ENVELOPE
3 SIGMA ENVELOPE
A
10, g0, 30. 40, 80, [ 18 0. o0, . 108,
KNOTS

Fig. 46 - Surface Wind Profile Cumulative Distributions




< == >» PO DY

700

400

CAPE KENNEDY E T 363 DAYS (ENV)

. ST

o| o siema Enverore

0 1 SIGMA ENVELOPE

X | 2 siGma ENvELOPE

s | 3 sioma fnvevore

—
S S —_t U G
° 10 20, . s, so. s, ro. 0. ». 1%,
KNOTS

Fig.47 - Surface Wind Profile

66

Cumulative Distributions




1GOAOE @G OMMIPOE~E

B be Nuaw

rmcecmr

120.

110,

P
P
77
7
s A/
A
e
A
o

10.

80, 40. 0. eo,
WINDSPEED#KNOTSs- 18.3 M. LEVEL

Fig.48 - Wind Profile Plots

67

MSFC—RSA, Ala



