THE FLORIDA STATE UNIVERSITY
COLLEGE OF ARTS AND SCIENCES

STATISTICS OF WIND SPEED OVER THE OCEANS

by
EDGAR G. PAVIA-LOPEZ

A Thesis submitted to the
Department of Meteorology
in partial fulfillment of the
requirements for the degree of
Master of Science

Approved:

I
\\\@.Ao A \r\\ ] %&M

Professor Dire@XTﬁg Thesis

q

/)A’Z;ﬁ
Vit . L ract

Naramhar 108K

December, 1985



Abstract

The probability distribution of wind speed data over the
world's oceans is studied using a two parameter Weibull
distribution. The parameters are estimated following a linearized
least-squares approach. The seasonal and latitudinal variation are
described. A bootstrap statistical stability criterion is developed
to select the appropriate method to estimate the Weibull parameters
A and C. The method with the most stable estimate of parameters
gives acceptable goodness-of-fit values. The Kolmogorov-Smirnov
test also shows that the distribution adequately fits the data.

The seasonal and latitudinal variations are presented using
Hovmoller diagrams of the Weibull parameters. In general, these
diagrams showed a seasonal change in fair agreement with other
independent estimates of wind speed statistics. The results are more
reliable in the Northern Hemisphere because more adequate data are
available. The uneven geographical distriQution, and the scarcity
of data at high Tlatitudes and the Southern Hemisphere, do not permit
precise determination of Weibull statistics and remain unsolved

problems.
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1. Introduction

The importance of the distribution of wind speed over the ocean
has been recognized since people first ventured onto the sea. The
wind force was of primary interest in the days of sailing ships, as
sails were set according to it. Thus in the early nineteenth
century, Beaufort proposed a scale of wind force based on the
amount of canvas that a full-rigged frigate could carry
(H6f11ch, 1984)., Later, the numbers in the Beaufort scale were
related to the effect of the wind on the sea surface. Beaufort
estimates of the wind have been taken by ships for many years over
all oceans. More recently these estimates are being replaced by
measurements of wind speed; i.e. observations using an anemometer.
This does not necessarily mean a better estimate, since the ship

itself disturbs the wind field (Hoflich, 1984),

These ship observations have been used for climatological
studies (e.g. Hellerman and Rosenstein, 1983) and to compose
climatological charts of wind speed over the oceans (e.g. Gorshkov,

1974a, 1974b; van Loon, 1984).

In recent years a great deal of effort has been devoted to the

effect of winds on the ocean. An excellent bibliography of works on
+him cithinrdr hae haan ~rAamnilad hu LWittrsa (102410 Tha nonaral

effect of winds on the ocean. An excellent bibliography of works on
this subject has been compiled by Witte (1984). The general
1
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consensus is that often adequate data are not available. Thus the
use of satellites to measure winds represents the most possible
solution to the wind data problem.

After a series of wind speed observations has been taken we can
present the results as a histogram; i.e., as a plot of wind speed
against relative frequency. Theoretically if the wind speed
intervals are made smaller and smaller, the histogram becomes the
probability density function (pdf). With a continuous function as
an expression for the histogram'we can obtain other statistical
quantities analytically; i.e., the moments of a pdf. A practical way
to obtain a pdf is by fitting a curve to the histogram. In the case
of wind speed a Gaussian or Rayleigh distribution curve does not
always give good results. A better idea is to use a Weibull
distribution (see Gumbel, 1958). This is a more general model in
which the Gaussian and Rayleigh distributions are just special
cases. The advantages of the two-parameter Weibull model have been
pointed out by Justus et al. (1976) and Justus et al. (1978). Other
three-parameter Weibull models have also been suggested (Stewart and
Essenwanger, 1978; and Takle and Brown, 1978); but for the purpose
of this study they were not considered.

The first Atlas of wind using the Weibull distribution was done
for Denmark by Petersen et al. (1981). This Atlas is especially
suited for wind power assessment. Also, Stewart and Essenwanger

(1978) estimated the Weibull parameters for 45 land stations
suited for wind power assessment. Also, Stewart and Essenwanger

(1978) estimated the Weibull parameters for 45 land stations



3
threughout the Northern Hemisphere. However, as pointed out by
Jensen et al. (1984), the variation of the Weibull parameters with
Tatitude has not been investigated.

The purpose of this paper is to estimate the Weibull
parameters for the wind speed data over the world's oceans and
discuss their seasonal and Tatitudinal variation.

There are several methods to estimate the Weibull parameters.

A review of different procedures and a measure of their efficiency
is given by Conradsen et at. (1984). We first tried a non linear
least squares approach and an iterative minimization procedure. The
iterative method did not improve significantly our results. In some
cases we found convergence problems and therefore this procedure was
not used. We propose a new criterion in the selection of a method
to estimate the Weibull parameters. This criterion uses a bootstrap
technique (See Efron, 1982) to estimate the variance of the
parameters. We then define the statistical stability of a method as
inversely proportional to the variance of the parameters.

In section 2 we review the Weibull statistics and describe the
selection procedure of the method used to estimate the Weibull
parameters,

In section 3 we discuss the latitudinal and seasonal variation
of the parameters.

In the last section we discuss the conclusions of this

investigation.

in thne 1ast Section we di1sSCuUusSsS tne conclusions oOT TNI1S

investigation.



a. The wind speed data

In this study we consider the wind speed observations made by
ships all over the world during 1983. We obtained the original data
set from the NOAA National Climate Center and it was stored by month
on magnetic tape. These monthly files consist of thousands of
observations unevenly distributed geographically. Fig. 1 shows the
locations where observations were reported during a typical month.
The high density along commercial routes and at low and middle
latitudes in the Northern Hemisphere is a notable feature in all
months. Observations over land constitute erroneous reports of
position; they are less than one percent and are typical of errors

in this data set.

We sorted the data into 90° longitude by 5° latitude bins. The
world is roughly divided in four oceans: Indian Ocean, from 30°E to
120°E; Western Pacific Ocean, from 120°E to 150°W; Eastern Pacific
Ocean, from 150°W to 60°W and Atlantic Ocean, from 60°W to 30°E. Due
to the sparse data samples at high Tatitudes we restricted our study
from 50°S to 60°N (Indian Ocean from 50°S to 25°N). We excluded all
values above 40 m s-l (not many) and the observations in excess of

1500 in each bin., We considered 1500 observations to be a
[ U TP R R, B A Ri~mAar amrav ¢ nat ~ramnuitatrinnallv

1500 in each bin., We considered 1500 observations to be a
representative sample. A bigger array is not computationally

4
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convenient, especially for the sorting routine. A summary of the
average number of data used at each bin is given in Table I. The
numbers in this summary also include the reports of calm conditions;

i.e., all wind speed values between O and 40 ms-1,
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Table I. Average number of data used at each bin per month.

Indian 0. W. Pacific 0, E. Pacific 0. Atlantic O.

30°E-120°E 120°E - 150°W 150°W-60°W 60°W-30°E

N S N S N S N S
0°-5° 866 444 422 234 252 166 1126 390
5°-10° 1500 498 548 375 529 360 862 432
10°-15° 1500 465 548 637 252 264 686 424
15°-20° 1438 555 827 424 1500 300 813 679
20°-25° 1066 647 1166 404 1500 132 1487 593
25°-30° - 652 1500 321 1500 110 1484 527
30°-35° - 514 1500 529 1500 75 1500 892
35°-40° - 346 1500 1143 1500 227 1500 675
40°-45° - 97 1500 385 iSOO 237 1500 434
45°-50° - 65 1500 230 1500 121 1500 180
50°-55° - - 1500 - 1500 - 1500 -
55°-60° - - 875 - 1260 - 1500 -




2. The Statistical Method
a. The Weibull distribution

The Weibull pdf of a random variable V, with parameters A and
C, is expressed mathematically as

f(V; A, C) = (C/A) (V/A)C-L1 exp(-(v/A)C) (1)

where
V>0, A>0, C>0.

In this case V [ms~1] is wind speed, A [ms=1] is a scaling parameter
and C is a dimensionless shape parameter. For C<1 the function
decreases monotonically, C=1 gives an exponential distribution with
mean value A. For C>1 the function has a maximum away from the
origin, C=2 is the Rayleigh distribution (Hennessey, 1977) and C=3.6
yields an approximation to a Gaussian distribution (Fig. 2). The
cumulative distribution function (cdf) is obtained by integrating
(1):

F(V; A, C) =1 - exp(-(V/A)C). (2)

~ Other statistical quantities are given in terms of the

parameters; i.e., the mean value:

V=Ar(1l+1/C), (3)

variance:
L2 - A?2(nl1 o 20N _ 201 1 1/0V) {4\

variance:
o2 = A2(T(1 + 2/C) - r2(1 + 1/C)), (4)

8
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10

mean nth power:

VM = AN (1 + n/C), (5)
modal value:
Mo = A((C - 1)/C)L/C, (6)
medfan:
ML = A(1n 2)1/C (7)

and skewness:

Y= [r(1 +3/C) -3r(1 + 1/C) (1 + 2/C)
+2r3(1 + 1/0)]/[r(1 + 2/¢) -r%(1+ 1/0)]*'? (8)

where T(x) is the gamma function defined by:

r(x) = fztx-l exp(-t)dt. (9)

Tables of gamma functions for 1<x<2 and recurrence formulas are

given by Abramowitz and Stegun (1970).

A special property of the Weibull distribution is that if V is
Weibull distributed then V raised to the power m is also Weibull
distributed with shape parameter C/m and scale parameter AM, This
property is important since we could apply a power transformation to
non-Gaussian data by selecting

m = C/3.6,
and now VM will have an approximate Gaussian distribution., This

approach has been used by Brown et al. (1984).

aru Juw vt Wil niave all QPP UATIIaLE uaud D 1dil Uidul 1UULiUlle LIRS

approach has been used by Brown et al. (1984).
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It is important to note that the pdf of wind speed in an
jsotropic situation would have a shape parameter C = 2 (Hennessey,
1977), i.e., a Rayleigh distribution. This is the distribution of
the magnitude of a two-dimensional vector with independent
components when each follows a Gaussian distribution with zero mean
and variance A2/2. In many meteorological situations, such as in
the trades, certain wind directions are preferred and thus, the
value of C is often different from, but close to two. Therefore C#2
is a measure of the departure of V from isotropic conditions.

Also note that for a fixed A, C=2 will produce a minimum mean

value, because the gamma function reaches a minimum at T(1.5).




b, Estimation of the parameters.

There are several methods to estimate the Weibull parameters A
and C. A comparison of different methods is given by Justus et al.
(1978); a more comprehensive review of Weibull statistics has
recently appeared (Conradsen et al., 1984).

In our case we follow a Teast-squares approach. In order to
obtain a linear problem we take twice the logarithm of (2) and then
minimize an expression of the form:

K K

ze? =z [In(AC) + ¢ 1n vy - by]%, (10)

j=1 j=1
where K is the number of points we use to fit the curve. Using (2)
we can determine that

by = In(-1n[1 - F(Vj)]). (11)

Note that this approach actually fits the cdf to the ogive which 1is
analogous to fitting the pdf to the histogram. Estimations of the
goodness-of-fit given by this procedure show highly acceptable
values; previous estimations of the goodness-of-fit in similar cases
have also shown good results (e.g., Justus et al., 1976).

We also consider the stability of the method to estimate the
Weibull parameters, simply because different methods give different
results. A stable method is one which yields minimum

variance-unbiased parameters. We are particularly concerned with the
results. A stable method is one which yields minimum

variance-unbiased parameters. We are particularly concerned with the
fact that two different methods can give different values for the

12
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Weibull parameters and still adequately fit the data. A measure of
stability can be obtained by means of a bootstrap technique similar
to the one described by Diaconis and Efron (1983). We use a
representative set (S) of wind speed data to implement the bootstrap
stability method. From S we randomly select M bootstrap sample
subsets (Xy; i =1, 2, ..., M) and estimate A; and Cy. Each
bootstrap sample subset consists of an N-data random sample drawn
independently with replacement and with equal probability. The
stability of the Weibull method is inversely proportional to the
variance Qf A; and Cj [62(A) and ¢2(C)]. We may also calculate the
average goodness-of-fit:
Ae = 1/M ;1 Agjy,
i=1
where Aej is the individual goodness-of-fit given by A;j and C; for
the subset Xj, and which numerical value is given by:
K 2
Aej =1 - [l/K z e-]
j=1"

The efficiency of the method is defined as the ratio between
the average goodness-of-fit and the variance of the parameters. The
higher the ratio means the better efficiency and the better the
method.

In this case S consists of 3000 wind speed observations

randomly selected from a high density region. The number M of

bootstrap samples is 10000 and their size N is 200 individual wind
Amnanad wnliianr Tha ddaa hahind +ha hAantce+tran torhniane ice +hat

bootstrap samples is 10000 and their size N is 200 individual wind
speed values. The idea behind the bootstrap technique is that

it is preferable that these numbers M and N be as Targe as possible.
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Three preliminary tests of this technique did not show a significant
difference for bigger M and N (2x106<MxN<1x107); but the results
were different for smaller M and N (MxN = 1x109),

This bootstrap method to determine the best procedure is
important, since we are interested in the seasonal variation of the
Weibull parameters; because the emphasis is put in the determination
of the value of A and C and their variability. We do not expect a
large seasonal or latitudinal variation in the parameters, thus we
should try to estimate them as accurately as possible.

We first tested two Weibull Teast-squares methods for
stability. Method I uses the wind speed values between 10% classes
in the ogive; i.e., F(Vj) = j/10 for Vj between classes jth and
(j*1)th. Then (11) becomes:

bj = In(-1n[1 -j/10]), j =1, 2, ..., K=9,
Method IT uses fixed values for Vj, e.g. Vj = jex [ms-1] (j =1, 2,
.e., K). Therefore F(Vj) = nj/N, where nj is the number of
outcomes up to Vj; i.e., the number of wind speed values between Vo
= 0 and Vj, and N is the size of Xj. Now (11) becomes:

bj = Tn(-1n[1 —nj/N]], j=1,2, ..., K.
Method II is similar to the procedure for grouped data given by
Conradsen et al. (1984). The difference between the two methods is
that in Method I F(Vj) is uniformly spaced and Vj is variably
spaced, in Method II Vj41 - Vj is constant and F(Vj) vary. (See

Fig. 3).
spaced, in Method II Vj4+1 - Vj is constant and F(Vj) vary. (See

Fig. 3).
The bootstrap results showed greater stability for Method II.

This suggests that the parameters depend greatly on the highest
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values. However Method I gave slightly better goodness-of-fit
estimations. The advantage of Method I is that all nine points it
uses are within the lowest 90% of the data (where Method II normally
uses only six or seven points). The disadvantage of Method I is
that it can not consider any data in the highest 10% of the sample
(Method II considers at least one estimate).

These results suggest a third method. In Method III we use the
first 95% of the data in the ogive. The highest value of this
sub-sample 1is used to make 10 groups; i.e. Vj = j+(Vy/10), j = 1, 2,
«es, K =10, where VM is the speed at the 95% point. F(Vj) is then
calculated as in the second case. Method III uses both: variable
Vj and variable F(Vj), and can be regarded as a combination of the
two previous methods. Method III gave the best bootstrap results;
i.e. better stability which means smaller standard deviations and
higher efficiency, and therefore was chosen to perform the
calculations on the global wind speed data (see Table II). However
the Kolmogorov-Smirnov test (see Ostle, 1963) showed that any of the
three methods adequately fits the data. The same statistical test
in a previous case also gave similar results (Justus et al., 1976)
for wind speed data over Tand.

The data included 0<V<40 ms-l, We decided to include the
reports of calm conditions in the estimation of the parameters. We
considered these low wind speed data to be representative of each

sample. The effect of the calms on the Weibull distribution has
considered these low wind speed data to be representative of each

sample. The effect of the calms on the Weibull distribution has
been discussed by Conradsen et al. (1984) and Takle and Brown

(1978).



Table II. Results of the bootstrap statistical stability test

Method I Method II Method I11
o2 (A) 2.56 | 1.96 : 1.21
a2(C) 3.24 x 102 2,59 x 10-2 2.52 x 10-2
Ae .9927 .9921 .9925
Ere(A) .39 .51 .82
Ere(C) 31 38 39
Efficiency

Eff(A,C) 12.1 19.4 32.0

Note: Efr(A) = 2e/o2(A), Efs(C) = ae/o2(C)

and Efg(A,C) = Efe(A) x Eff(C).

17




3. Discussion of the Climatological Results

The results are presented using Hovmoller diagrams (HD) of A
and C (Figs. 4-11). These diagrams have a notable general feature.
Both parameters clearly show seasonal changes; from high values
during the winter to low values during the summer, in both Southern
and Northern Hemispheres. Particular details of this variation are
discussed separately for each ocean.

A very complete discussion of the climates of the oceans can be
found in van Loon (1984). The climatic features of the wind speed
over the oceans are well described and the reader is referred to
that work for particular details.

There are no climatological studies of Weibull parameters over
the ocean. However, Jensen et al. (1984) give expected values of
the shape parameter. For the Arctic and near the Equator, C~1; for
temperate Tlatitudes, C~2; for persistent wind zones, C~3; and in
general 1,5<C<2.5.

For most values of C found in this study (1<C<2.5) A is close
to the mean value, and the frequency distribution is positive
skewed. Low values of C(<1) reflect a high percentage of calms or
1ight winds. A preliminary test without including the zero values
did not yield any C<l. 1<C<2 means that the wind speed values are

wide soread. C=2 is the isotropic condition, and C>2 reflects the
did not yield any C<1l. 1<(C<2 means that the wind speed values are

wide spread. C=2 is the isotropic condition, and C>2 reflects the

18
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existance of a preferential direction.

The Atlantic Ocean's HD of A (Fig. 4) shows winter maxima in
January at 55°N and in September at 30°S. Minima are found at 45°N
in July and 40°S in November. The Equator shows Tow values around
the year. The North Atlantic's latitudinal variation shows a marked
positive gradient, except above the 20°N maximum during the summer
and the winter maximum; i.e., A increases towards higher‘1at1tudes
almost everywhere. The South Atlantic's Tlatitudinal variation is
not so well organized. This may be due to the smaller number of
data available for the calculations. The associated HD of C (Fig.
5) shows a winter maximum at 40°N in February. At 30°S there is a
high value in October, this is seen as a late winter maximum,
Minima are found at 45°N in June and 40°S in November. The

latitudinal variation does not seem to have an established pattern.

The Eastern Pacific Ocean's HD of A (Fig. 6) shows winter
maxima in January at 45°N and in July at 50°S. Minima are found at
35°N in July and at 15°S in November. The latitudinal variation in
the north is somehow similar to the North Atlantic's but shifted 15°
southward; i.e. the Towest values are found around 15°S, In this
case a similar increase towards higher Tatitudes is also found from
15°S southward. The associated HD of C (Fig. 7) shows a winter
maximum at 50°N in February and a winter maximum at 45°S in

September. There is also a summer maximum at 15°S. Low values are
Faiimd A+ DCEON im Mass an A 1EO9C 5n Mavuamhan /=N AQ) Tha lattar

September. There is also a summer maximum at 15°S. Low values are
found at 35°N in May and 15°S in November (C=0.49). The latter

should be seen carefully since for C~1/2 the mean value is about 2A.
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The Eastern Pacific shows Tittle seasonal variation above 55°N.

The Western Pacific Ocean HD of A (Fig. 8) shows a winter
maximum in February at 35°N. A maximum is shown in May at 45°S.
Minima are found at 35°N in July and at 10°S in November. The
latitudinal variation is similar to the Eastern Pacific's but
instead of having the Towest values around 15°S, these are around
10°S in February and 5°S in August. The associated HD of C (Fig. 9)
shows winter maxima in March at 35°N and in July at 30°S. A
summer minimum is found in August at 40°N. A minimum is found in
November at 10°S. In this case the pattern of maximum and minimum
values is very complicated. The Western Pacific seasonal variation
above 55°N is even smaller than in the Eastern Pacific.

The Indian Ocean HD of A (Fig. 10) shows maxima in December and
July at 10°N and at 15°S in July. The Equator shows Tow values
around the year. The associated HD of C (Fig. 11} shows roughly Tow
values at the Equator with Tittle increase towards higher latitudes.
Maxima are found at 25°N in December and at 15°S in July. The
absence of a minimum during the summer may be due to monsoonal

effects.
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4, Conclusions

Wind speed data over the World's oceans have been studied
using a Weibull model. The two-parameter Weibull distribution
adequately fits the data.

The bootstrap statistical stability test provided excellent
criteria in the process of selecting the method to estimate the
Weibull parameters. The Teast-squares approach was found to be very
flexible for this test. In this sense, the chosen method resulted
by combining two procedures: one stable procedure and one that gave
better goodness-of-fit results. The bootstrap results also showed
that the parameters greatly depend on the highest wind speed values.
These values usually have low relative frequencies, and their effect
on the goodness-of-fit estimates is minimum,

In general the results agree well with other independent
statistics of wind speed. The seasonal and Tlatitudinal variation in
the Northern Hemisphere is g]ose1y related to the transition from
winter to summer. The Southern Hemisphere has a less regular
pattern. Although some climatological features are recognized, the
results may have been affected by the scarcity of the data.

The main goals of this study have been achieved. This work

provides insight on the seasonal and latitudinal variation of the

Weibhn11l narametarc. However. aiiestinns can <til11 bhe raised ahout

provides insight on the seasonal and Tatitudinal variation of the
Weibull parameters. However, questions can still be raised about
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the representativity of the available data. The uneven geographical
distribution of the observations and the uncertainty of the

percentage of calms remain unsolved problems.
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APPENDIX

List of Symbols

Ae

Ae

Weibull parameter which approximates mean wind speed.
Linearized Weibull ogive.

Weibull parameter which determines the shape of the
pdf.,

Probability density function (pdf).

Cumulative distribution function (cdf).

Number of points used in the pdf estimation.

A power transformation to rescale Weibull distribution.
Total number of tests used in bootstrap method.

Modal value.

Median.

Number of individual data in random bootstrap sample.
Representative set of wind speed data.

Wind speed.

Highest value in the 95% sub-sample of the subset X.
Bootstrap sample subset.

Skewness.

Gamma function.

Goodness-of-fit,

Residual in Eq. (10).
G00dNessS-0T-T1T,

Residual in Eq. (10).
Variance.
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Table Al. The value of the Weibull parameters: A [m s-17 and C.

January 1983,

Indian 0. W, Pacific 0, E. Pacific O.
30°E-120°E 120°E -~ 150°W 150°W-60°u
N S N S N S
A C A C A C A C A C A C
0°-5° 7.1 1.6 5.4 1.4 8.1 2,1 6.2 1.6 4.9 1,2 5.9 1.7

5°-10° 9.1 2.0 6.0 1.6 9.8 2.2 6.0 1.4 7.4 1,5 8,5 2.4

10°-15° 8,1 1.7 6.2.1.6 9.4 2,1 6,5 1.5 9.1 1.8 7,2 2.2
15°;20° 8,0 1.5 7.9 1.8 9,0 1.9 8.4 1.7 7.3 1.7 6.7 1.9
20°-25° 9,3 1.9 7.4 1,9 8,2 1.9 8.6 2.1 7.7 1.8 6.7 1.6
25°-30° 9.1 1.9 11, 2.2 7.6 1.8 7.4 2,0 8.7 1.6
30°-35° 9.0 2,0 13, 2.2 4.6 0.9 8.8 2.0 9.6 1.6
35°-40° 8.0 1.9 14, 1.9 7.4 1.3 8.6 1.3 7.8 1.9
40°-45° 8.8 2.0 13, 1.8 7.5 1.2 8.7 2.2 7.9 1.6
45°-50° 11, 1.6 11. 1.8 1.9 0.4 8.8 2.0 7.3 1.8
50°-55° 11. 2.2 13. 2.4

55°-60° 10. 1.9 11. 2.3

Atlantic O,
60°W-30°E

A
4.6

5.9

8.8
17.

N
C

A

S
C

1.2 6.2 2.0

1.2
1.5
1.5
1.8
1.8
1.7
1.5
1.8
2.0
0.8
2.0

6.0
5.7
6.6
6.3
7.5
6.3
6.5
5.0

9.1

1.8
1.8
1.7
1.6
1.5
1.2
1.3
0.8

0.8
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Table A2. The value of the Weibull parameters: A [m s-1] and C.
February 1983.

Indian O, W. Pacific O. E. Pacific 0. Atlantic 0.

30°E-120°E 120°E - 150°W 150°W-60°W 60°W-30°F

N S N S N S N S
A C A C A C A C A C A C A Cc A cC
0°-%° 6,01.6 5,3 1.57.92.47.61.95,01.44.,41.,45,51.36.,91.9
5°.10° 6,4 1,8 4,7 1,3 9.6 2,1 5,21,35,41.36,81,96,7 1.47.01.9
10°-15° 6.9 1.9 5.6 1.4 8,4 2,1 6,6 1,57.,11,57.82.,16.81.85,81.9
15°-20° 6,0 1.6 6,6 1,4 6,6 1.6 9.9 2.0 7.0 1.6 8.1 2,1 6.6 1.7 6.9 1.7

20°-25° 8,9 1.7 7.5 1.8 7,5 1.8 8,5 2.0 7.3 1.9 7.9 1.8 6.0 1.3 5.9 1.4

25°-30° 8.6 2.0 11. 2.1 7.1 1.8 8.3 1.9 7.9 1.5 8.4 1.8 7.7 1.7
30°-35° 9.2 1.9 14, 2,3 7.3 1.6 11. 2.0 6.4 1.5 9.2 1.9 8,0 1.7
35°-40° 8.1 1.7 15. 2.2 7.3 1.6 11, 1.1 7.6 1.7 7.9 1.6 5.6 1.1
40°-45° 9.7 2.0 12, 1.9 7.4 1.2 10. 1.9 6,9 1.4 9.9 1.9 2.6 0.6
45°-50° 12. 2.4 10. 1.7 7.6 1.0 8.8 1.9 4.4 0.8 12, 2.1 3.9 0.5
50°-55° 1.5 1.9 11. 1.9 8.0 0.9

55°-60° 3.1 2.2 8.8 2.2 11. 1.5
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Table A3. The value of the Weibull parameters: A [m s-1] and C.
March 1983.

Indian O, W, Pacific O. E. Pacific 0, Atlantic O,

30°E-120°E 120°E - 150°W 150°W-60°W 60°W-30°E

N S N S N S N S
A C A C A C A C A C A C A C A ¢
Q°-5° 4,9 1,4 4,51,4 7,3 2.36.,31.65.11.44,91.,46,2 1.6 6.4 2.1
5°-10° 5,21,54,31,28,32.,05,21.45.,61.46,32,05.01.,17.7 2.3
10°-15° 5,9 1,5 5,01,4 8,3 2,1 6,0 1,57.,6 1.6 7.6 2,06.41,57.,41.9
15°-20° 6,51,56.91,6 7,51,7 7.81.6 7.9 2.0 9.6 2.3 6.9 1.6 8,2 2.1

20°-25° 8.0 1.6 7.0 1.8 7.5 1.9 8,3 1.8 7.9 1.7 7.8 2.5 6.9 1.6 6.0 1.0

25°-30° 8.2 1.8 9.8 2,2 7.7 1.7 7.91.87.71.77.51.67.7 1.3
30°-35° 8.5 1.9 13. 2.3 6.5 1.5 9.7 1.9 8.6 1.7 8.6 1.7 7.5 1.5
35°-40° 9.1 1.7 15, 2.4 8,5 1.8 8.6 1.1 9.0 2.1 7.6 1.4 5,2 1,1
40°-45° 8.0 1.4 13, 2.3 9.8 1.7 9.5 2.2 8.5 2.0 8.9 1.7 1.3 0.4
45°-50° 12, 2,2 11, 1.7 10, 1,7 8.0 1.8 8,3 1.7 8.4 1.6 1.3 0.3
50°-55° 9.9 2.3 9.4 1.9 9.6 1.1

55°-60° 10, 2.2 8.4 2.0 11. 1.4
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Table A4, The value of the Weibull parameters: A [m 5‘1] and C.

0°-5°
5°-10°
10°-15°
15°-20°
20°-25°
25°-30°
30°-35°
35°-40°
40°-45°
45°-50°
50°-55°
55°-60°

April 1983.

Indian O, W, Pacific O, E. Pacific 0.
30°E~120°E 120°E - 150°W 150°W-60°W
N S N S N S
AN C A C A C A C A C A ¢C
3.81,24,91,36,11.94.,91.6 3.6 0.9 4,9 1.1
4,0 1,3 5,6 1.3 8,4 2,14,01,24,91,34,40.8
5.4 1.6 6.4 1,4 8,2 2,25.81.,36.81.46,7 1.2
6.0 1.6 8,9 1,6 7,3 1,9 7,4 1,8 7.4 1,9 6,51.0
7.31.68,61,77.92.07.31.97.01.49.51.7
8.9 1.9 8,6 2.2 7.2 1.7 8,7 2.3 8.3 1.5
7.5 1.7 9.2 2.1 8.4 1,7 8.3 2.0 8.3 1.5
10, 1.8 9.9 2.1 9.7 1.6 8.4 1.1 7.7 1.4
11, 2.0 10. 2.2 8.9 1.5 6.4 1.3 9.0 1.5
11, 1.4 11, 1.8 10, 1.8 7.4 1.8 8.4 1.6
10, 2.3 9.2 2.1

8.7 2.0 7.4 1.8

Atlantic 0O,
60°W-30°E

N
A
7.4
4.9
6.7
7.5
8.0
7.2
8.1
8.4
10.
9.4
7.9

8.5

C
1.6

1.3
1.5
1.6
1.7
1.6
1.8
1.6
2.0
1.5
1.1

1.3

S
A
6.9
7.1
6.7
5.8
4,7
7.5
6.8
6.2
5.3

1.9

C
1.2

1.3
1.6
1.6
1.6
1.4
1.5
1.2
1.4

1.6
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Table A5. The value of the Weibull parameters: A [m s-1] and C.
May 1983. :

Indian O, W, Pacific 0. E., Pacific 0. Atlantic O,

30°E-120°E 120°E - 150°W 150°W-60°W 60°W-30°E

N S N S N S N S

AN C A C A C A C A C A C A ¢ A ¢C

0°-5° 4,2 1,2 5,31.54,61,13,51,1 3.4 0.9 3.80,95,71.,58.12.0
5°-10° 5,41,37,01,7 7.6 2,05,11,54,9 1.4 2,7 0,54,81,28.,21.4
10°-15° 6,1 1.5 8,9 1.9 7.7 2,1 5,2 1,1 7,51,45,20.,86.,81.47.11.8
15°-20° 6,8 1.7 8,7 2,0 7.0 1.9 9.0 1.8 7.2 1.8 3.3 0.6 8,5 1.8 6.4 1.4

20°-25° 6.5 1.6 7.2 1.6 8,2 2.1 9.6 2,1 7.5 1.6 8.1 2.0 8.6 2.0 5.7 1.4

25°-30° 8.0 1.7 7.9 1.9 8.6 1.8 7.9 2.2 7.4 1.9 7.2 1.7 7.7 1.5

30°-35° 9.4 1.6 8,3 1.8 8,7 1.7 6.5 1,5 8,0 1.8 6.6 1.6 7.1 1.2

35°-40° ‘ 9.3 1.5 9,7 2.1 10, 1.6 6,2 1.0 8,9 1.6 7.3 1.6 7.9 1.3 'w
40°-45° 3.4 0.5 10, 2.3 12. 1.6 6.6 1.7 8.3 1.5 8,7 1.5 4.6 0.6

45°-50° 2,0 0.4 10, 1.8 11, 1.6 7.2 1.6 8,5 1.7 5.8 0.9 1.7 0.4

50°-55° 9.5 2.2 8.3 1.8 6.8 1.1

55°-60° 6.4 1.7 7.3 1.9 6.9 1.2




Table A6.

0°-5°
5°-10°
10°-15°
15°-20°
20°-25°
25°-30°
30°-35°
35°-40°
40°-45°
45°-50°
50°-55°

55°-60

The value of

June 1983

Indian O.
30°E-120°E

N
A C

A

S
C

5,2 1.3 5.8 1.5

7.5 1.6
8.6 1.9
8.2 1.8
7.7 1.8

8.1
8.2
7.8
6.8
8.4
8.9
10.
1.5

1.4

2.0
1.9
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the Weibull parameters:

W. Pacific O.
120°E - 150°U

N
A

C

A

C

3.0 0.8 4,2 1.1

5.8
7.2

10.
8.9
8.8
6.0

1.6
2.0
2.1
2.3
1.8
1.9
2.1
2.0
1.6
2.2

1.7

7.5
6.7
7.2
8.5
10.
9.1
10.
8.9
11.

1.7
1.2
1.7
2.0
1.9
1.8
1.9
1.7

2.1

A [ms-17 and C.

E. Pacific O.

150°W-60°W

A

C

S
A

C

4,5 1.1 4.9 0.9

5.4

1.4
1.3
2.0
1.5
1.9
1.1
1.0
1.8
1.4
2.0

2.0

4.5
3.0
3.2
7.1
9.2
9.0
8.6
9.2
12,

0.7

0.6

1.5

Atlantic 0.

60°W-30°E

N
A C

5.9 1.5 7.4

6.2 1.6
6.6 1.6
7.2 1.7
7.4 1.5
6.3 1.5
6.3 1.5
6.1 1.4
7.3 1.3
4,1 0.8
5.3 1.0

7.6 1.4

7-
6.

0

C



Table A7. The value of
July 1983,
Indian O,
30°E-120°E
N S
A C A C
0°-5° 5.9 1.4 6.4 1.5
5°-10° 7.4 1.6 9,3 2.1
10°-15° 8.4 1.8 11, 2.3
15°-20° 8,0 1.8 11, 2.2
20°-25° 6.9 1.7 9.0 1.8
25°-30° 9.0 1.7
30°-35° 9.7 1.6
35°-40° 6.9 1.1
40°-45° 8.9 1.1
45°-50° 4,8 0.5
50°-55°
55°-60°

40

the Weibull parameters:

W. Pacific O,
120°E - 150°W

N
A
4.5
6.0
7.1
7.3
8.2
7.0
7.8
8.1
8.6
8.4
8.0

6.1

C
1.1

1.6
1.7
1.9
2.2
2.0
1.9
2.0
1.9
1.7
2.1
1.4

S

A C

7.0 1.9
9.0 1.9
8.4 1.8
8.3 1.7
8.6 1.8
9.9 2.0
9.5 1.8
9.7 1.6
7.3 1.4

8.4 1,6

A [ms-1]and ¢

E. Pacific O.

150°W-60°W

A

C

S
A

C

4.9 1.4 6.6 1.7

4.8
8.6
8.7
7.5
6.1
6.5
5.9
5.0
7.0
7.2
5.7

1.5
1.5
2.0

1.6

1.7

1.9
1.2
2.0
1.5
1.8
1.5

3.4
3.6
3.1
7.0
8.4
8.5
7.6
8.9
10.

0.7

0.5

Atlantic 0.

60°W-30°E

N
A

C

S
A

7.1 2.1 7.6

6.4
6.2
8.0
9.3
7.2
5.8
5.9
5.2
4.9
4.8
7.1

1.7

1.4

7.5

6.9

C
1.9

1.1
1.7
1.5
0.9
1.8
1.0
0.9
0.6
0.4



Table A8,

0°-5°
5°-10°
10°-15°
15°-20°
20°-25°
25°-30°
30°-35°
35°-40°
40°-45°
45°-50°
50°-55°

55°-60°

The value of
August 1983,

Indian O.
30°E-120°E

N
A C

6.4 1.4 7.5 1,

7.9 1.6
9.3 1.7
8.9 1.8

7.2 1.6

A

9.2
9.2
7.3
7.2
8.8
11.
8.9
11.

S

2.

41

the Weibull parameters:

W, Pacific 0.
120°E - 150°W

N
A

5.3 1.5

5.1

1.
1.

3
6

C

7.1 1.8

9.
8.

0
6

2.2

1.9 5,1 0,
1.
1.

3
6

A [ms-17 and C.

S
A

3.1

E. Pacific O,
150°W~-60°W

OI
6'

Atlantic 0.
60°W-30°E

N
A

6.3 1.7 7.

7.0

C

1.7

5.
7.

C
2.1



Table A9,

0°-5°
5°-10°
10°-15°
15°-20°
20°-25°
25°-30°
30°-35°
35°-40°
40°-45°
45°-50°
50°-55°
55°-60

September 1983.

Indian 0.
30°E-120°E

N
A C
5.6 1.5
6.5 1.4
6.4 1.3
6.3 1.5

6.7 1.6

S
C

6.4 1.4

8.
9'

7
5

2.0
1.9
1.7
1.6
2.0
1.6
0.9
1.6
0.5

42

W. Pacific O.
120°E - 150°W

A

A

C

5.3 1.4 6.5 1.8

5.3
5.8
6.2
6.8
6.5
8.4
9.8
9.6
8.6
9.1
9.4

].u
1.
1.

]-.

4

5

7
7

1.6

1.
1.
1.
1.
2.
1.

6
7
7
5
2
7

7.1
6.6
7.2
6.9
7.0
8.4
10,
11,
10.

1.5
1.4
1.7
1.6
1.8
1.8
1.9
1.7

2.1

E.

150°W-60°W

A
7.7

5.2
7.7
8.4
6.8
7.6
7.1
6.9
5.2
7.3
8.1

7.3

The value of the Weibull parameters:

A [ms-17 and C.

Pacific O.

C
2.1

1.5
1.6
2.1
1.6
1.9
1.5
1.2
1.9
1.5
1.8

1.4

S
A

4.4
2.6
4,8
4.4
7.8
6.9
6.2
7.9
8.1

8.6

C
.8

.5
.5
.6
1.4
1.6
1.2
1.7
1.7
1.7

Atlantic O,

60°W-30°E

N
A
6.6
5.4
6.9
7.2
7.2
5.8
6.8
5.7
6.7
9.3
11.

11,

C
1.7

1.6
1.4
1.7
1.8
1.6
1.6
1.4
1.4
1.6
1.7

1.5

S
A
8.1
6.9
7.8
6.4
6.8
8.3
8.3
5.7
3.2

4.7

C
2.0

1.4
1.7
1.1
1.4
1.7
1.3
0.8
0.6

0.7



Table AlO,

0°-5°
5°-10°
10°-15°
15°-20°
20°-25°
25°-30°
30°-35°
35°-40°
40°-45°
45°-50°
50°-55°

55°-60°

October 1983.

Indian O,
30°E-120°E

N
A C
5.1 1.3
6.3 1.4
6.7 1.6
8.1 1.5

7.6 1.3

A

6.
6.
70

11.

S
C

1.5
1.6
1.8
1.7
1.8
1.9
1.9
0.9

2.2

W, Pacific O,
120°E - 150°W

A
5.4

4.9
6.8
9.1
8.6
7.5
8.9
10.
11.
11.
11.

11.

43

C
1.6

1.6
1.7
2.4

A

The value of the Weibull parameters:

4,5 1.3

4,2

1.

1.

1

4

E. Pacific 0.
150°W-60°W

N S
A C A

7.0 2.4 6.3 1,

5.2 1.6 7.3
6.6 1.4 3.5
6.2 1.5 3.6
6.2 1.5 8.3
6.5 2.3 6.3
7.0 1.6 6.6
7.7 1.2 7.4
7.2 2.1 7.3
8.7 1.7 8.8
8.8 1.8

9.2 1.5

O.
0.

A [ms-17 and cC.

Atlantic O,
60°W-30°E

N
A C
6.7 1.8
4,4 1.3
6.1 1.4
6.3 1.6
6.4 1.7
6.4 1.5
7.5 1.8
6.3 1.4
7.2 1.4
8.2 1.6
12. 2.0

14, 2.1

S
A
8.4

6.8

C



Table A.11,

0°-5°

5°-10°

10°-15° 9,7 1.5
15°-20° 11,

20°-25° 7.4 1.3

25°-30°
30°-35°
35°-40°
40°-45°
45°-50°
50°-55°

55°-60°

The value of the Weibull parameters:
November 1983,

Indian 0O,
30°E-120°E

.5

W. Pacific O,
120°E - 150°W

. Pacific 0.
150°W-60°W

4.7 1.2 4. 1.2 5.8 1.4

s=17 and c.

Atlantic 0.
60°W-30°E

S
A
7.6

6.0

C
2.5

2.2
2.3
1.1
1.6
1.7
1.0
0.6
0.4

2.0



A [ms-17 and C.

Table Al2., The value of the Weibull parameters:

December 1983.

Indian 0, W, Pacific O. E. Pacific 0,
30°E-120°E 120°E - 150°W 150°W-60°W
N S N S N S
A C A C A C A C A C A C

0°-5° 6.,51,5581,54,81,5 4,4 1,2 2,2 0.6 4,6 1,2
5°-10° 8,51,75,51.,47,31,82,10,6 4,6 1,2 0,7 0.4
10°-15° 10, 1.8 7.2 1.9 9.6 2.1 4,1 1.0 7.3 1.2 0.9 0.3
15°-20° 9,5 1,6 8,1 1,7 10, 2.1 9.4 2,0 7,1 1.6 4,0 0.8
20°-25° 8,5 1.5 9.0 2.4 7.6 1.7 9.1 2.0 7.8 1.7 6.3 1.5
25°-30° 8.6 2.2 9,1 1.8 7.4 1.7‘8.7 2.5 8,5 1.8
30°-35° 7.4 1,6 11, 2.1 7.9 1.7 9.5 1.8 7.8 1.3
35°-40° 3.2 0.6 12, 1.8 8.1 1.8 11. 2.0 6.5 1.5
40°-45° 0.4 0,3 13, 2.3 9,2 1.6 6.2 0.9 7.0 1.5
45°-5Q0° 13, 1.6 13, 1.8 9.3 2.0 9.0 1.2 7.9 1.6
50°-55° 11, 2.0 9.0 1.8
55°-60° 9.8 1.8 7.1 1.7

Atlantic 0.
60°W-30°E

N
A

C

S
A

6.6 1.4 7.1

4.9
8.6
8.4
6.6
7.9
8.9
8.3
11.
10,
8.0

13.

1.1
1.9
1.9
1.7
1.7
1.7
1.5
1.3
1.3
0.9
1.9

5.9
5.6
4.4
6.6
7.5
4,6
1.5
0.1

10,

C
2.4

1.8
1.9
1.0
1.6
1.7
0.8
0.4
0.1

1.4






