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ABSTRACT

Ten-year records of hourly wind speed observations at 15 selected
weather stations have been smoothed to correct for observer bias.
Records were adjusted to a constant, final anemometer height over
level airfield terrain at nine stations where the anemometer was
moved during the period of record. The anemometer adjustment
scheme is described for each location, since the anemometer ex-
posure change and date of change were unique for each location.
Finally, wind speed distribution curves and tables of synthesized
time series at final anemometer height and at 10 m, 20 m, and 50
m abkove ground have been prepared. These homogenized series
should be useful for various analyses of wind power systems,
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WIND SPEED DISTRIBUTION CHANGES WITH HEIGHT
AT SELECTED WEATHER STATIONS

Introduction

A major problem with long-term wind records, needed for asse sging site wind-power
characteristics is that anemometer location and height were often changed every few years.
International standard anemometer exposure is remote from bhstrué_tions, such as buildings,
trees, or hills, and the sensor is mounted 10 m above ground. There has been little attempt
to conform to this standard at moet United States Weather Bureau (now National Weather Service)
observing sites. Expedience, in various forms, has dominated in placing these anemometers,
As a result, it is often difficult to make interstation comparisons, particularly for wind-power

egtimates.

In earlier years of recording {generally before the early 1960's), the highest available
mounting point was often used in a atternpt to minimize the effects of local obstructions and in
hopes of obtaining a representative free-flow observation for use in weather map analysis.
Since most observing stations were located at airports, the anemometer often was found on top
of large hangars. Frequently it was on a mast extending above the control tower, pessibly
20 to 40 m above the ground. Sometimes a site was selected atop the airport terminal which

housed the weather station, to minimize signal cable length,

Cancern for actual wind co_nditions during landings with high-performance jet transports
led to a policy change In the early 1960's that caused most anemometers to be moved onto the
airfield. They were placed approximately 6.5 m {20 ft) above gound, representative of jet
transport landing conditlons, and without need for a formidable and hazardous mast. Thus the
10-m “standard' observation has been made, if at all, orly by some specialized agencies or
research projects in such limited numbers as to be jinadequate for wind-power climatological
assessment. Any assumption by users that standard 10-m observations were faken needs to be

examined,

Recent observations, made since the general shift to lccations at 6. 5-m height near a
primary runway, do provide a relatively homogeneoﬁs geographic data bank, Over such flat
terrain it is likely that simple extrapolation methods are adequate for wind estimates at greater
heights which concern many wind-turbine power planners. [t may be assumed that wind speed
increases in proportion to the one-seventh power of height above gl"ouncl1 for useful wind speeds

when neutral thermal stability probably occurs ag a result of mechanical mixing of the air,



Curves in Figure 1 show that the simple law is adequate for extrapolation above 10 m over flat
terrain, by comparison with the more complicated logaritiimic law which accounts for the size of

surface roughness elements,
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With another policy change permanent archive records were reduced io three hourly
weather observations beginning in 1965. Hourly reports which are still made for airways moni-
toring are no longer archived in computer accessible form. For purposes of exploring wind
speed distribution functions {and especially at the extremes), these homogeneous exposure data
since 1965 are only equivalent to 44 months of hourly observations., Recent analyses by Coroiisz
have shown that only two or three statistically independent observations can be expected during

each day, but it i5 not yet determined how this affects wind power time-series calculations.

For meteorological studies for wind power at Sandia Laboratories, it was felt that a long ra-
cord of hourly obgservations was required. A 10-yr series was needed to span pogsible gsunspot
cycles as well as provide significant occurrence frequencies for high-wind-speeds, In consequence,
a magnetic tape record of complete hourly weather observationg for 10 yrs {usually through 1964)

for fifteen stations was obtained from the NOAA National Clivnatic Center (NCC) Asheville, NC.

Station selections were made primarily to represent major U. 8. wind-power climate zones,
. 3 . . . - .
as derived from Reed’s” naiional map of available wind power. A second critericon was to select
stations near sites of particular interest to wind-power development projects under consideration

at the time, Collaberation with the NCC and reference to statistical tabulations by Reed4



identified the station which appeared to best meet the multipie criteria of loeation, representative
wind power potential, and record length and quality. It was not considered feasible to conduct
a cumbersome but objective site selection pfﬂce 88 in the hopes of evading the many questions
and shortcomings that could arise. Once an analysis scheme was developed and some resulis

were produced, records from other stations could be fed to the computer to satisfy specific needs.

Stations selected for detailed evaluation are listed in Table [ with record periods and
pertinent anemometer history notes. Several station histories were not specific about anemometer
location with respect to buildings, hangars, runways, ete. U.S. Navy records for Corpus
Christi, TX and San Nicolas Island, CA do not show the date, but only the year, of & change in
anemometer location. Records from Nantucket Shoals, MA (68 mos, ), Cape Hatteras, NC
{93 mos. ), and Eniwetck, Marshall Islands (78 mos.) do not span a full10 yrs, Thelr interesting

locations made necessary a compromise with record length requirements,

Anemometer Height Changes

Anemometer height changes during a record pericd must not be ignored in wind-power
evaluation. For an extreme example, at San Nicolas Island, the shift from 21.9 m to 4.0 m in
1963 might be expected to reduce wind speeds by a factor of about (21, g/4, 0)1/7 = 1.28, and
reduce the anrual wind power (speed cubed) estimate by a factor of 2.1. Rather than assume
the one-seventh power law for speed correction for this detailed study, actual speed distributions
were compared beiween eras of constant anemometer height at each location. In thig way, speci-

fic local influences could possibly be identified and corrected.,

The methodology employed to generate a homogeneous 10-year time series for the final
anemometer height (over open flat airfield terrain) almost necessarily assumed that climatic
wind distributions were the same in both anemometry eras, before and after each change. This
assumpiion introduces a possibility for error that will be analyzed in a later report, in consider-
ation of inter-annual wind variability. More important, there are more windy months early in
the year before a random anemometer change date, and more light winds later in the year after g
change. Consequently, the assumption that the wind distribution is the same hefore and after a
change is not strictly valid, It was decided that ihtrcducing this possible bias was prefersble to

reducing both sample sizes by deleting observations made during a year of change,

The cumulative probability function {(CPF) was graphed for each anemometry era. An example
is shown in Figure 2 for Corpus Christi, TX. It was assumed that if at some fraction of the time at
the first site the observed wind speed was below S1 knots, and that for the same fraction of the time
at the second site the wind was below 52 knots, then a speed of Si knots before the change corre-

sponds to a speed of 5, knotg after the change, In fact, these occurrences would not correlate

2
perfectly, but the scatter hag been ignored. Next, the ratio of gpeeds at the two levels was

calculated at each speed integer on the lower curve, Results were graphed as shown by Figure 3.
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TABLE I
Stations Selected for Detailed Wind Power Analyses

Anemometer
Record Period Helght
Station Start Stop {m) (ft)
Corpus Christi, TX  1/1/55 12/31/60"  19.2 63
1/1/61"  12/31/64 8.7 22
Albuguerque, NM 1/1/55 2/4/60 14,6 48
2/5/60 12/31/84 7.0 23
Memphis, TN 1/1/55 7/22/58 16.8 55
7/23/58 12/31/64 6.7 22
Dodge City, KS 1/1/55 4/12/61 17.9 58
4/13/61 12/31/64 6.1 20
Nantucket Shoals, MA 4/1/57 12/4/62 61,0 200
Cleveland, OH 1/1/55 1/30/58 17,1 56
1/31/56  6/25/59 26, 8 88
6/26/59 12/31/64 6.1 20
Fargo, ND 1/1755 6/26/61 26. 2 86
5/27/61 12/31/64 6.1 20
Lubbock, TX 1/1/55 12/31/64 20,7 68
Oklahoma City, OK 1/1/55 12/31/64 4.0 13
Cheyenne, WY 1/1/55 10/2/57 22,3 73
10/3/57 12/31/64 10,1 33
Great Falls, M7T 1/1/55 8/1/59 22.9 75
8/2/59 12/31/64 7.0 23
Tatoosh Is., WA 1/1/55 12/31/64 18,5 64
Fniwetok, Marshal Is. 1/1/60 6/30/69 ----  Unkn
San Nicolas Is., CA  1/1/60 6/30/63° 21,8 72
7/1/63  12/31/69 4.0 13
Cape Hatteras, NC 3/1/57 12/31/64 8,8 32

Exact date of anemometer relocation not recorded,

Remarks

Station Belection
Criteria

Atop control tower roof

Near runway {3R-31L

Atop alrport adm. bidg,

Near E-W runway

Atop airport adm. bldg.

(Near runway?)

Atop airport adm. bldg.

ek
{(Near runway?}

Radio mast, top deck,
Texas Tower

Atop mun, airport adm,
bldg,

Atop int'l airpert term,
bldg.

{(Near runway? Y

Atop airport adm. bldg.

e
{Near runway?)

Atop airpert'term, bldg.
Near N-S runway

Atop airport bldg.

Fod
{(Near runway?}

Atop airport adm, bldg.

b
(Near runway?)

Atop USWD office

Atop control tower

800 fi 8E of opns bldg.

At USWB bldg. in Buxton

"“Final location not specified but it probably was near a runway.

Gulf coast winds

Sandia VAWT Lab

Southeast U.8,,
light winds

High plawns winds

Atlantic offshore
winds

NASA i.ewis Lab
and turbine

Northern plains
winds

High plains winds,
Texas Tech turbine
project

Plains winds,
university turbine
projects

Western high
plains,

Mountainous and
windy

Pacific coastal
winds

Tradewinds, ERDA
site

Pacific coastal
winds

Atlantic coastal
winds
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Figure 2. Wind Speed Distributions at Corpus Christi, TX
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For reference purposes, the ratio obtained from the one-seventh power law has been shown,
As the next section will demonstrate, there are various deviations from this power law result.
Each station thus needs individual analysis in order to obtain an appropriate funcltion for adjusting

early era records and synthesizing a homogeneous long-time series of observations.

In most cases very low wind speeds have correspondingly large ratios. These conditions
are of littie concern te wind turbine applications, so relatively crude functional relationships

have been adopted for height adjustments at speeds below about 5 knots,

Station Wind Records

Corpus Christi, TX

This station was selected as representative of the breezy Gulf Coast of Texas. 3 Wind
speed distributions for 19.2-m and 6. 7-m heights were shown in Figure 2. In general, both
distributions give a relatively smooth curve on this log-normal graph. Both are curves, however,
and not straight lines as would be required for a log-normal distribution. On the other hand, =&
log-normal distribution could be guite reasonably fit to 60 to 80 percent of the data in a range of

importance to wind-power studies,

Figure 3 shows that very light winds are magnified with height although the upper level
speed is not great. There is an approach to the ong-seventh power law relationship at 10 to
20 knots, * as might be expected., There is, however, a decay so that high speed winds at low
ievel appeared te correspond to lower winds aloft. This result was not repeated in other staiion
records. Returning to Figure 2, this crossover is seen to result from an irregular hump of high
probability for speeds over 30 kt from the low anemometer. There was a possibility that these
high winds came from a specific direction where the contrel tower anemometer was protected,
Original records showed, however, that some 20 hrs of exceptionally strong winds (over 35 kt)
were observed during the passage of Hurricane Carla (struck Port LaVaca, 100 km northeast of

Corpus Christi) on September 10-12, 1961, This storm considerably distorted the entire 6,7-m

speed distribution.

It is generally accepted that winds in tropical disturbances distort the normal wind-speed
distribution. This musi be considered at low-latitude coastal stations where hurricanes may strike.
Such storm wind cccurrences cannot legitimately be deleted from a statistical sample, but they do
pose problems for wind energy assessment, They may contribute an excepiional amount of wind

power to station averages, but most typical wind turbines would be secured during hurricane threats,

*A rchived wind-speed data were recorded in integer knots (nautical miles per hour,
abbreviated ki), so this measure has been preserved in calculation. Easy conversion to metric
standard meters per second is obtained from dividing knots by 2 {with -2,9% error).



This special case must be considered whenever semitropical or tropical coastal station analyses

are conducted,

For the present analyses, it will be assumed that when wind speeds at 6, 7-m height
exceed 20 ki, the one-seventh power law is valid for extrapolation to higher levels., At lower
speeds, the ratio curve is approximated by linear relationships between the three points shown
in Table II. ¥or comparisons with other studies, the apparent exponent for relating wind speed o

height is listed in Table III for low-level winds of 5, 10, and 20 kits.

TABLE I

Linear Approximators for Wind Speed Ratio Funetions

End Points of Linear _Segments

I
Low-Level : Ratio  Low-Level I Ratio low-Level = Ratioc
Speed Speed Speed
Corpus Christi 0 2.000 8 1.2%9 220 1.163
Albuguerque All 1.060
Memphis 0 - 1,269 27 1.04%
Dodge City 0 1. 450 =15 1.164
Cleveland I All 1.158
Cleveland I All 1,236
Fargo 2 1. 500 30 1,232
Cheyenne 3 0. 850 =25 1.12¢
Great Fallg All 1.184
San Nicolas Island 8 1,175 28 1,124
TARLE IIL

Observed Wind Speed - Height Relation Exponents
a
uyfuy = (2, /7))

a = ﬂn(uZ/uI)/JZn(ZZ/ZE)

Anemometer
Heights (meters) Low-Level Speed, 1y {knots)
Station Z, Zy 5 10 20
Corpus Christi 6.7 18,2 6.37 .23 G, 15
Albugerque 7.0 14. 6 0.08 0.10 0.11
Memphlis 6,7 16.8 0.23 0.19 0.14
Dodge City 6.1 17.7 0.28 0.22 0.16
Cleveland I ' 6.1 17. 1 0,02 0.12 0,15
Cleveland 1I 8.1 26.8 0.24 0.20 0.17
Fargo 6.1 26.2 0.28 0,23 0.22
Cheyenne 10.1 22.3 (-0.23) {-0,05) 0.11
Great Falls 7.0 22,9 0,14 0.20 0.1%
San Nicolas Island 4.0 21.8 0.12 0.11 0.10

13
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Albuguerque, NM

This station was selected for proximity to Sandia's Vertical Axis Wind Turbine (VAWT)
laboratory. Tt is probably representative of many Inhablted valley regions in the mountainous
west, Wind speed distributions for 14. 6 and 7, 0-m anemometer heights are shown in Figure 4,
and the curve of speed ratios versus 7. 0-m speed is shown in Figure 5, Very low speeds are
more frequent at the higher level, Also, the speed increase with height is not so great as the
one-seventh law would indicate for speeds below about 25 kt. These conditions probably both
result from the fact, stated in Table [, that the higher measuring site was atop the airport
terminal, where conslderable wind resistances could be expected from the building and nearby

trees.

In adjusting the 14, 6-m disiribution to 7.0 m, very low speed winds may be neglected.
A speed-correction factor of 1.06 has been adopted from the data, rather than 1.11 which was
obtained from the one-seventh law, Errors from under-correcting for speeds above about 25 ki

may be safely ignored, as they affect only 0.3 percent of this data series.

Men_r};?his, ™

This station was éelected to represent conditions in the generally light-wind regions
of the Southeast. 3 Wind speed distributions for 6.7 and 16. 8-m cbserving heights are compared
in Figure 8, and speed ratios are graphed in Figure 7. Thesge data are guite well -behaved in fol-
lowing the one-seventh power law. Early siting on the airport administration building did not
appear o seriously infivence these data. At very low speeds the increase with height is larger,
as could be expected. The small stope of the ratic curve was used for the linear adjustment

function, as defined by two points in Table I,

Dodge City, K5

This station is representaiive of the high-wind-power region of the western High Plains. 3
Wind speed distributions for 8.1 and 17.7 m are shown in Figure 8, along with the total distribu-~
tion that ignores the anemometer height change. Speed ratios for the two heights are shown in
Figure 9. A one-seventh power law approximation appears valid for low-height wind speeds
above about 15 kt. At lower speeds a linear approximation of the ratio will be assumed for data

adjustment (from two points shown in Table II).

Cleveland, OH

This station was selected for proximity to the NASA Plumbrock wind-turbine test site,
The Cleveland anemometer was moved twice during the 10-yr record, so three distribution curves
are shown in Figure 10, for 6.1, 17.1, and 26,8 m., Two ratic curves, in relation to the lowest
6.1 m observations, are shown in Figure 11. The 13-mo, record at 17.1 m showed reduced
speeds at low speeds with a dip on the ratio curve, similar to the effect noted at Albuquerque.
The new building and anemometer mount, established at 26,8 m in 1956 shows an opposite effect:

a speed-up beyond what the power law gives. Both data sets show an approach to one-seventh



power law dependence for speeds above 10 to 15 kt, so this relationship will be assumed valid for
all adjustments of this station record, Resulting errors at speeds below 10 ki will not affect wind

power analyses, because of the low-power production level.
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Figure 4. Wind Speed Distributions at Albuquerque, NM
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Fargo, ND

This station was selected to represent conditions in the northern Great Plains, 3 Wind
speed distributions for 6.1 and 26.2 m are shown in Figure 12, and the ratic curve is shown in
Figure 13. At this location there does not appear to be the expected convergence toward one-
seventh power law dependence. Instead there is simply a gradual decrease of speed ratio with
increasing speed. A cause for this response is not apparent, so it must be gimply accepted at
this time as a site characteristic. Adjustment of 26.2 m speeds to the 6.1 m height will be
accomplished with a linear approximation between two points shown in Table II. This speed

range encompasses 86 percent of all cbservations, and speeds above 30 kt af 6.1 m were only

f
i

reported 0. 17 percent of the time.

Cheyenne, WY

This statlon was selected for its long available record near the very high-wind-power
region in southern Wyoming. 3 Wind gpeed distributions for 10. 1 and 22,3 m anemometer
heights are shown in Figure 14, with the speed ratio curve shown in Figure 15. Here again it
appears that the airport terminal building did influence and reduce lower speed winds, so that
only when the speed exceeded about 15 ki was the speed greater at the higher level, One-seventh
power law dependence was reached and maintained above 25 kt. Adjustment of thig record is

made at lower speeds with a linear approximation between points listed in Table II.

Great Falls, MT

This siation was selected to represent inhabited regions of the northern Rocky Mountain
States. Wind speed distributions are shown in Figure 16 for the 7.0 and 22,9 m observations,
The ratio curve in Figure 17 shows fairly good agreement with a one-seventh power law factor,
although there are some significant broad oscillations., Until they are explained, however, they

will be ignored, and this station record will be adjusted in accordance with the simple power law.

San Nicholas Island, CA

This station was selected to represent the coastline and off-shore wind power potential
conditions along the California coast. 3 This station record turned out to be a mixed bag of
reports taken during the 10 yrs from 1960 through 1869, Daytime hourly observations were made
except during 1965, and three hourlies were reported part of the time outside normal working
bours. Wind speed distributions at 4.9 and 21. 9 m are shown in Figure 18, with speed ratios in
Figure 19. Results show some influence of the early location on the control tower which was
atop a new operations building. Wind speeds increase with height but not as much as expected
from the one-seventh power law. This condition may also be attributable to particular flow
patternsg over this rocky island, or it may result from the prevalence of daytime obsarvations
during relatively unstable vertical thermal gradient conditions. Speed adjustment is assumed
to foliow the local pattern, with linear relationship established by the two points listed in

Table II.
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Figure 12, Wind Speed Distributions at Fargo, ND
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Figure 14. Wind Speed Distributions at Cheyenne, WY
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Figure 18, Wind Speed Distributlons at Great Falls, MT
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Figure 18. Wind Speed Distributions at San Nicolas Island, CA
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Constant Height Records

The six station records in which no anemometer height change was reported may be con-
veniently separated into continental and maritime regimes. Lubbock, TX and Oklahoma City, OK,
the continental stations in the relatively windy southern plains, 3 had speed distributions as shown
in Figure 20. Lower speeds at Oklahoma City may be attributed to the lower anemometer height.
Power law extrapolation from 4. 0 to 20.7 m (the Lubbock height) would give 1.265 times the low-
level speed and very nearly approach the Lubbock curve in the 10 and 25 kt fange. This resualt
agrees with the national map analysis of annual average wind power available, 3 that shows both
locations near the 200 Wm-2 contour. The low-gpeed irregularity at Lubbock probably results

from an anemometer cut-in speed near 3 kt.

Four maritime locations provided speed distributions shown in Figure 21. An interesting
feature of comparison is thai Tatoosh Island and Nantucket Shoals gpeed distributions differ by
a facior of 1,234 at speeds over 20 kt, as predicted by the cne-seventh power law for the anemo-
meter height difference. Thus it appears that estimates of New England off-shore wind power

3
may have been overestimated in the national map analysis, for equivalent heights.

Unfortunately, an anemometer height is not available for the Eniwetok record tzken in the
relatively persistent tropical trade wind belt. Yet, this distribution does show the steady trade
winds characteristic: 62 percent of reports were speeds of 10 to 20 kt, The relatively high fre-

quency of gale winds at Cape Hatteras was caused by Hurricanes Helena in 18958 and Donna in 1860,

Wind Speed Distribution Functions

Considerable computational advantages may be gained if wind speeds can be described by
some general and common distribution function sueh as the normal, log~normal, or Weilbull
distributions, even over limited ranges of speed, This would allow analytic solutions of integrals
for wind pewer rather than fedious numerical integrations by computer, although this advaniage
becomes less apparent with the current proliferation of programmable pocket calculators. From
most of ‘Fhe preceding figures, it is clear that a log-normal distribution functicn does no\t accu-
rately depict distributions cver the entire wind speed range. If the interesting range for wind
turhines is defined as above an 8 kt cut-in speed with a cut-off near 35 kt, several station records
can be reasonably approximated by a log-normal distribution. Lubbock, Cape Hatteras, Memphis,
Dodge City, and Cheyenne provide good examples. Yet, a more generally applicable distribution

function is required for wide~spread usage in wind-power assessment.
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Figure 20. Wind Speed Distributions at Continentsl Sites
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Figure 21. Wind Speed Distributions at Maritime Sites




For comparison purposes, speed distributions for Nantucket Shqals have been graphed in
log-normal, Weibull, and normal coordinates in Figures 22, 23, 24, respectively, When a distri-
bution follows one of these common models, the data of the distribution fall along a straight line
when plotted in the appropriate coordinates. For these curves, the actusl distribution was severely
smoothed to counter observer bias in favor of certain digits. 5 (This smoothing caused about 1 kt
speed increases at most probability levels that are not yet explained.) The curvature evident in
log-normal coordinates can indeed be flattened {linearized) in ugeful speed ranges by use of Weibull
coordinaies. ©On the other hand, the simple normal distribution coordinate curve shows an excellent
straight-line fit up to 30 ki, even to 35 kt. Since this range contains over 90 percent of all occur-
rences, this elementary distribution function certainly should not be discarded without further con-
gideration. Even more appropriately, speeds probably should conform te a bivariate circular
normal distribution of wind vectors, as suggesied by Buell, 6 but this does not appear tb allow a
simple description for wind-power applications. TFurther study of vecior wind distributions is
planned in hopes of developing direction variation statistics needed for evaluation of horizontal

axis turbines,

The other three maritime station records have been shown in normal distribution coordi-
nates in Figure 25 and in Weibull coordinates in Figure 26, At Eniwetok, a normal distributicn
approximation appears valid from 1 to 25 kt, covering over 98 percent of the data. At Tatoosh
Island, 30 percent of occurrences with speeds over 15 ki appear normally distributed, but a
somewhat different normal distribution is needed to describe the interesting 40 percent of speeds
petween 8 and 15 kt. Cape Hatteras speeds show 2 gradual curve, but it could be approximated
by a line beiween 8§ and 20 kt, covering nearly 60 percent of occurrences, From these curves it
appears that a normal distribution can be quite useful for degcribing speeds that are most inter-

esting to wind-power evaluations,
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Figure 22. Wind Speed Distribution at Nantucket Shoals, MA,
in Log-Normal Coordinates
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Welibull coordinate distributions in Figure 26 also show extensive linear ranges, At
Eniwetok, however, the useful linear segment only extends down from 25 kt t¢ about 8 kt, and
this is somewhat more restricted than the comparable normal coordinate curve. Both Cape
Hatteras and Tatoosh Island data may also be well estimated by a straight line over useful

ranges.

A similar pattern holds valld at continental sites, as shown in Figures 277%nd 28, in
normal and Weibull coordinates, respectively. A normal distribution adequately describes
Oklahoma City data from 5 to 30 kt, but Lubbock data are not so wéli approximated at higher
speeds. Eoth station data sets can be fit by Weibull distributions over the range of wind power

interests,

There was no attempt to make "goodress-of-fit" caleulations for comparing these various
distribution approximations, Preceding discussions have shown considerable subjectivity in the
selectlon of ranges where various functions fit the data, but the stated conclusions are evident
by inspection of appropriate figures. Whether or not common distribution functions are indeed
adequate for wind-power caleulations will depend on numerical tests and not on arbiirarily

selected probabilities derived from goodness-of-fit tests,

In summary, any of three common distribution functions may be useful in simplifying
wind-power calculations if the range of applicability is restricted to about 8 to 30 kt. This corres-
ponds to the range of interesting operations of most wind turbines currently envis;'.oned. On the
other hand, for more detailed and generalized evaluations being uandertaken at Sandia Laboratories,
there do not appear to be any particular advantages gained by these simplified approximations, In
analyses by large-capacity computers, aciual daia sequences can be easily handled, so we will con~

tinue to operate in thig mode.

Estimated Speed Distribution Tables

Homegeneous wind~speed distribution tables have been genersated from all 15 station
records, and adjusted to the final anemometer exposure where a change occurred. Considerable
smoothing was necessary to remove the effects of observer bias which showed significant report-

ing preference for integer speeds that were divisible by two and five, .

In addition, each distribution was used to synthesize a 10-yr series of hourly wind speeds
for selected heights of 10, 20, and 50 m above flat ground, by using the one-seventh power law
approzimation. These extrapolations may err where the series was not obtained with or adjusted
te an airfield exposure, as at Nantucket Shoals, Lubbock, Tatoosh Isiand, Eniwetok, and Cape
Hatteras. Lacking other information, however, this appeared to be the best available procedure,
Results for each integer knot of wind speed at each height are listed in the Appendix, Tables A-I
through A-XV.
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Listings show both the raw number of occurrences and the smoothed numbers for the
period of record, Smoothed pecurrences were used to generate the listings for percent of
occurréences and cumulative percent of occurrences., Comparable listings of wind-power
statistics, along with turbine speed limit effects, ete., will be included in subsequent reports

from this project,
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Figure 27. Wind Speed Disiributions, Continental Stations, in Normal Coordinates
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Summary

Raw wind-gpeed records from elimatic archives have shown certain faulis that requtired
correction for detajled use in wind-power potential studies. In particular, many weather station
anemometers were moved st least once during a selected 10-yr period of record, This intro-
duced a nonhomogeneous element into the time series of data that needed correction. Compari-
sons of speed distributions for eras before and after anemometer moves showed that a uaiform
and simple adjustment procedure, such as using a height power law, was not adequate for all
cases. Each siation record with a change had to be individually analyzed to obtain appropriate
adjustment functions. This has been done, and homogeneous time series have heen synthesized
where necegsary, along with extrapolated series for three selected heights above level ground

in open country,

Inspection of wind-speed distributions has shown that common statistical distribution
funecticns adequately represent some restricted ranges of speeds, Neither the normal, log-
normal, or Weibull function appeared univergally appropriate, however, so numerical distribution

tabulations will be used for subsequént calculations by this project.
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W NG

SPFen
KMNTS

~N MO Oy -

bl

G
10
it
12
17
le&
1a
14
17
14
1a
o0
21
2o
2
?b
el
°h
29
-1+
79
3n
a1
ar
37
ETA
3g
34

TOTAL .

necHe-
BENCES

4650
464G
3750
3455
~3N7
5532
70473
a0
TE5
49R1
7945
3734
6067
3517
4332
PRP2Y
PTSH
1340
1810
AO2
1471
311
5131
235
319
162
125
2h
45
12
13

Do NN N

P7598

“MUNTH
[atad M FE 20N
DECES

4550
1283
JuHn
3424
217
57717
FET6
ASAR
£470
A199
54GHh
Baln
4HAg
4141n
3fle
3il#
2496
1497
I21A
1177
R R
1540
i
LER
25
19n
iPA
77
47
24
13

f

el VI =)

A7LQa

FEFT

PERCENT
oooHR -~
RENCFE g

S.30H
e 7?
31,973
3,91
Tetag
6,590
7.051
Te2AR
TeP277?
T.077
6.774

6.176"

5.577
a.Qf‘-’]_
4y244
F.5%9
2 .R50
£l 4
1771
le3ad
1.04A
. THRA
W 573
17
205
1A
A
N2
027
015
« 009
005
+003
02
«001
01

C

T
o

oy

U
I
£

i T T T AARLATE LI TECA VA TR AT Clis IS SEPNPRN . NS NN Y N ST O

HETaHT

WINND

SPFen
KNOTS

DO ~NITAD> -

K1
3A
a7
3n
30
4n
4%
47
47
4y
Le
4k
Ly
¥~
4La
5n
51

TNT 41

164,

NCCHR-
RENCF S

4650
46G

375n
3458

£307
5517

7043
56720
1625

0
49A1
7945

3734
6067

3512
4337

2R25
2158
1341

1819
6n2

1471
311

5131
235
319

162
125

26
45

ie

et
D N DN NN D W

RTS98

FFeY

amMOOTH
INAIE
PENCFS

4650
157
/%"
1742
247
1]9a
EL RN
3ty
GagR
LAx=32
4598
4900
4ni
439
LaS7
3H] o
3544
3745
04
H1P
2935
233%
213k
1517
1214
1194
S22
T8N
AST
508
H4R®
N>
372
254
271
167
117
g1
57
39
24
17
1>

PERCENT
JCCHR -
REMNCE <

Sa30R
Nz
1494an
1.959
3.7
FuehLh
4,127
S.N55%
5.524
5.591
5.604
SerlAl
4 ,R3H
4 .67
4,351
44045
3.70%
3429
2.210
248094
Ze6A1
2170
1728
1.3A3
1.0%2
<Ha)
o 196
.6!'}3
« 558G
TG
« 3587
287
«19]
.11"‘
« 025
+«0RT
o« B0l
NG
14
«I09
«ONA
LT
L0073
nﬂr"?
LIn2
«NN}
UL
00l

CuMuLa~
TIvE
PERCENT

5.7308
S.710
7 .649
9,A3H
13,339
16,.9R5
21,108
2% .,h23
30,678
36,7203
41,794
47,398
S2.662
57.500
672,131
h6, 483
70,578
74,7233
T7h62
86,872
B3,767
RA 427
BB, ARAH
94,936
Y YA
S4,027
85,179
55,970
56,706
GT.457
9rR . N}l
QR 470
SR,R37
99,129
99,380
99,571
§q,705%
99,801
8¢ ,R66
99,910
99,938
96,947
$G9,97])
9G,98p
96,986
59,960
99,963
89,4955
99,997
99,998
99,9649
1a0,00n0

43




Station Number 24018)

HE I~HT

6h, FFET
WIND OCCUR-  ~s(0TH PERCENT
SPEFEn RENCES  ~CrUS-  GO0UR-
KNOTE OF LLFS rENCFQ
n SIn win 537
1 56 160 f2PH
-] A2 1931 1.177
3 13R4 165 1.7
4 PTIR ke Pe35%
[~ n 24630 P75
A 3841 RLF? 3,907
7 4330 49273 “.1A5
a 5861 5737 &. N7
[ THHe Azln 7000
1a 6234 498 T.419
11 7113 A3PR Toasn
12 ANBS AdRD 7,180
14 A974 5419 Falib
14 456G 46T 8,326
1= 408G 370k 4,212
14 1] anne 2,427
17 3933 PIRF 3, 1%R
10 2784 2rm 31 A4
19 AR08 2R 1.178
20 3379 Phdh 7908
1 15A5 2287 7.A23
72 ~r94 19497 2PTR
e 1574 1478 1,914
24 1579 11645 ] 584
-3 Qa7 11154 1.7204
Ph 747 T EL
27 0 29 623
28 BPR EY-FA LS04
-To3 4hl LGG LG7N
3n 531 48N JHas
31 474 4?2o L4839
3x Phs 152 LAn2
k! 374 HRG e -1
A4 173 £la 209
3 174 162 187
A 155 (e s bal
37 n L 100
38 91 Ay .05
3q 119 7 P R
Ln 63 3] ,n"m
43 36 5o . hae
4 /7 4= PRILY:
47 7 34 0
Lp - a7 25 NP9
45 3 18 NS
46 13 17 g
47 g ] L 009
ae 0 = R
40 3 £ W15
an A [ AT
23 5 4 W ins
Ba 1 a LT
57 &4 k] NIDR!
¥ 7 2 SN2
eg n 1 L0l
TOT &y RTRAR ATHAR

Cutnl s-
T1vF
PERCEANT

LHRZ
LR

1 .987
3.195
5.5%3
A,37H8
12.2%4
17,399
£3. 716
30, 40K
3R, P25
45 ,A75
B2 ,.875
5Q,240
A& 566
&R ,T798
12.286
75.343
TR, 547
R1,.722
A4,71IR
A7 ,341
89,016
91,9142
$3.091
G4, P45
95,182
45 RAS
GhHab3
Q7,033
57,581
GR,.NT70
SA 472
gR, 737
g9 . N4s
59,232
$9,372
99,481
40,576
99,6603
Q4,740
96,806
99,857
96,1835
99,925
9G,4945
99,959
9G,96R
99,974
99,950
ga,qrYy
49,94y
99,9413
99,934
9u,9GH
99,949

HFTAHT

wINm

SPFFR®™
LY.t ak 8

FIRVER -

7L
pas
PA
7
Pa
Po
3n
kR

12
31
ETA
k1S
ETS
a7
e
10
an
41

&
47
bty
A
XS
&7
&R
[732]
an
51

5o
B2
Ra
-4
5e
c7
o
52
a0
A1

A2
]

TOT AL

this,

NCCHR-
RENCES

5110
1

21
1334
2718
34l

n

430
GGH1
To0A
-

7113
ARSE
AGTY
4545

4099
1833
2784
SRQA

1329
15A5
?P94
1824

1579
a7
747
arh

451
531
474
254

3I7R
173
174
185

119

R B B W i » e V)

27845

FreT

LEO0TY
RTARN S e
rEoCFE g

AN
LN
1A
Ny
LN
251
Peye
Aps 2
G
[N NS
LN A 3=
SL1a
[AAR o)
5176
SoHEN
nnle
4 4Ph
34
3172
PurRna
PIRG
Ayl
Plin
1us7
1474
TR
1932
1154
1¢]1%
1)
L]
el
G4BT
a3l
195
a87
Sin
A3A
@01
174
im=
122
GA
bl
7n
59
4
a1
kI
an
A
15
11

il

4

i~

-~

- o d

o PAET

PERCEST  CluMig -
Ui FLyF
RF LCE PERCOENT
B2 L
L N8 «F3
e 1,006
1.0 2ati4s
2.Nun balla
2.342 [T
PaGn? Q474
KR TN 1316k
4, 70a 17,9467
Yaf13 23,580
C,e4a7 20,.601%
5.R4 AR, 347
5Lht 4N, 949y
G907 A R9H
Ay 0 572.947
S,.729 SR, ASA
4,97 63,554
4o N7 AT ,A4]
Y R2P 71,7253
R,324 Thaba]
BN T7.803
7e TS AR, 8RG8
Fa YA HP L QWA
Paret HR, P54
Zealan HT 6
T.94n RO ,343
a5 an,379
T.314 92,855
1180 93,457
(IR Q4  4ans
A 98,179
R - ) 9ALEIN1
L BT 9f AR
fG72 87.14%1

dhu] BT LEN2
Ok SR, N0
PR PN 98,14h4
L7271 SR, 427
AN 9R 857
AN 9%, 058

178 8G,232
P R 9a,372
L1093 9G 4R}
PRI 20,5875
Lan LAY
WA 99,722
P 90,777
A QO AR}
o (17 Ga, %8R0
TS 99,594
ST 99,9722
WiT R S0 aud)
PRAR 30,953
FUR 99,947
007 EEIRTA
5 N1 GG, Iy
RLLE GG, ux]
o INs GO, QHn
L LTA [P T
MURES G0 ,.4933
LN 90, GyhK
LY GG, YGH
W ug, Q9y

L0 1nn_nny




HETGHT

WIAD

SPEED
KNETS

OB NP AL W@

1

.
o b

-
“

ik

FOTAL

164, FTET
QUCUR~  SHOOTH  PERAENT  CUMULA=
PENCES  NOCUR~  (CCCUR- TIvVE '
RENCES FENRES  EFRCENT
2285 Zzsg [ -LE 2.58¢6
a7 35 Lt 2,E28
a 78¢ L 1,828
EEN 1B1E 2,72 5,598
¥2cy 3469 2 960 @,558
5380 k1-3:2 1 k101 £3.657
¢ 4179 aJ7TN O ts s
6767 6532 .17 23,621
5921 wE?? ‘B.3teT TTEAEL L
GR5Q 4763 EokIT 34,372
4 L7581 L4350 TIYRITS
8518 4782 SJ.IRA 45,193
388z GLEg ETLT S - -{N -3
B281 4438 5.69% B4 ,88q
4 3E2q 4029 ERLER3
3333 3iz9 34572 BRuuGh
4258 2974y L yER T ey esly
3592 2948 T.3E3 e2.213
c 2943 3360 2.573
b 3s 2823 2,22% 78,735
3978 X1 29887 TTFSTEL
1982 2326 2.£5% 81,419
5 206% £.3%" H3ILTTR
2784 19€6 2.2kG RE,.EIC
2431 1972 7 T2 ERY AR T
2iLE 1871 2.13f 83,u07
2066 ABRE T L RALTT TTRIVENL
9 1e12 4.38% Q3,594
1264 948 1.082 S4.676
a7z 7R3 371 95,547
BS54 651 WITEETTTTREVEYY
Q 593 577 96,878
867 Ty T PEL L L
ALE 558 52T e, il
198" 388 TWu2h A%,.521
s 28 W84 98,825
2EY L i8g <238 7 €9,8337°
232 147 168 93,204
78 77 135 JABE TURR TR
e 128 1317 8g,ung
264 194" 419 gu,e3}
455 a7 399 99,744
77 & +378 7 89,74g
[ 44 «0F2 93,837
28 29T T LERY g, FTR T
38 24 £27 99,R47
23 18 21 89,614
b4 14 JELE 99,834
4 ke JO117 0 99,848
2 2 «I09 52,563
T ig” 7 LM TG gRTT
i 7 WIME Q4,889
& ] «007 99.9%¢&
9 ] JBPF g, egy
3 a7 ahe T Ay, Yds
g 3 NfL 95, a89
5 3 .893  @a,¢82
- LB ~802 99,994
1 1 UL ER- UL E
b 1 L00% 99,257
4 1 LB go,ce7
2 1 L0210 88,998
L ¢ L300 ag,c98
2 9 ~G0% 82,939
g [ 202 99,499
i o g.one 93,999
L] [ %.000  ©5,9%9
N ! 9,409 99,439
4 4 9.0f] 2g,829
I3 ) a.nar 9,494
2 9 900 99,999
r d Lt ag,cag
g g 4001 92,999
¢ T b L1 2,629
[ [ f.I8% 83,999
£ 2 g,00%  ga,ceg
. 9 C.90% g9,c99
: 0 Sl 23,699
c n SCfn 22,899
[ g .00 &9,gag
4 BT 23,¢ag
1 ] 2307 103256
" n LR S 4 1
g7¢92 g¥5gg

45




CUMULA~
TIVE
PERLINT

2.585
2.765
454250
6,535
18,298
15. 4ab
7H8.59E
26.119
31,958
38.00%
4. 066
49,791
54,996
59,67¢
53.85% 7
67.962
T1.ELi
ThathZ
Tr 828
BO. 348
B2,525
84,722
BE.E7S
88,465
90.848
91,409
92,5710
9%,58%
94.533
95,406
964208
96.891
974 kg
97.897
95,261
9B.578
98, 844
99,068
99,253
9400
93,518
93,603
92,683
%, 745
gQ,74%
99.83%
a3, 86€
49,492
92,315
99,336
99,953
99,565
9%,.973
99,979
95,983
93.987
9%,¢50
39,333
98,994
99, 95
a4,296
99,997
99.9938
93.598
g9c,.59¢
1005040
too.ea0

HETGHT 464 . FEET

HIND QGCUR~  SHDOTH  PERCENT
SPEEQ RENCES DOCCCUR-  COCUR-

KNOTS PENCES  RENGES
8 2284 22 &4 2.585
i Te 157 1480
2 L33 815 «930
3 £897 1156 $.329
4 2 2420 2.763
& &371 2380 3,403
3 38ig 3815 EXY 15
7 5371 &430 54854
8 4901 ES- 31 3,516
9 604E 4327 5.628

10 2768 L7 32 Seul2
11 TR L2133 3.025
12 o 40401 4.568
13 hEEER 3803 weduz
14 423t 3rsd by P91
15 1834 37Rg 4. 318
1 3305 3739 L2269
17 4117 3413 34807
18 I0ED 2as2 3,371
19 3L3E 2uut Ba794
20 1) 2821 2.307
2% 2445 1861 2.102
22 1682 1849 2,077
Z3 Z28E 1864 24128
i 1797 336 Z.097
25 1378 1651 1,886
25 2187 1518 1,519
27 1425 1141 t.326
28 I 267 1104
29 1bls 877 1.001
o 769 LY «961
31 864 350 JE7 0
32 386 426 Gau
33 513 749 « B3E
34 1469 651 WTh3
s 434 51¢ $593
36 2} 403 450
37 483 335 +383
38 425 308 352
39 228 301 o Thh
4t 37e 277 J1E
43 145 2%0 262
&2 235 183 209
43 163 41 161
L] 9 1a7 2123
45 % a9 202
hb 127 79 + 098
47 5 73 WO
48 [} &E BTG
“3 8z 53 2061
£9 23 Ly A7
1 LE 34 836
X4 4 22 026
53 8 18 » 021
5h 16 14 +O20
33 23 18 <521
56 24 18 B2l
57 24 15 . 017
58 n 10 012
59 3 -] or
2] 0 & 004
&1 B 5 G
62 2 3 003
&3 €& 3 O0Gs
64 3 3 « 083
3] t 2 002
56 2 1 082
B7 ¢ 1 001
68 4 1 « 004
69 1 1 001
79 ¢ 1 001
71 1 1 «001
72 1 1 + 001
73 0 i 401
Th 1 a 080
75 ] fi acn

»
S
uJE
]
(Y]

TOTAL 87583

GURULA-
TIVE
PERCENT

2.58%
24765
3, €93
G012
7,278
11,181
15.53€
20.59%
26,110
351.73¢€
37,138
42,164
464731
51,073
5,364
59,679
53.949
8T .8L56
T1.247
TL.011
16,319
M-ELI:E
B0 .98
82,525
B4.722
86 4508
Bg,.227
89.562
90.E57
91.E58
92,619
43,539
344533
95,387
95,130
96,722
97,192
27,566
97.917
98.261
48,578
98,860
94, 0%3
899.210
99,353
39,435
99.825
92.60%
99.583
8. T4
99,7371
a9, 827
9F.88%
99.873
99, 89%
99,915
29,93E

95,053

99,96%
q9.¢72
92,576
9.57¢
23,983
99,87
93.%90
99.993
99,894
99,995
98, €36
9%,c95
99.997
59,538
99.999
95,999
100,800
tog. 000




T 1RG4, FEET
ANFMOMETER HRETGHT 33. FEFT

NCCHGB=  ~MOuGTH  wERCE ST
wWIND NACCUR=-  eMUOTH  PERCENTN  DFENCES  nCCUR-  OCCLR-
SPEFH  RENCES nOCUR-  QUCUR-r< DFNCFS  RENCER
KNOTS RFENCFS RENCES

b 329 329 I.1r1

n 379 izq 1.1, 37 R LRar
1 37 108 37 n 147 BN
» 308 EEL ol ans P .an5
1 355 3Ra 14374 355 aje Toh78a
4 T4 734 2.50= T4G 4R 1.704A
& 663 181 2475 68A7 581 1,944
A 1095 948 3.3% n 649 Z.729
7 836 ]l?.ﬁ ?ogﬁg ]()Qq 511 ?.RF’R
R 1H6A 1317 44645 A3k S39 EPEIEY
a 1017 1524 S.3%9 1666 11n3a 1. RAS
in 2372 1738 G.17 1017 1102 JL.HAR
11 12R6 19ta fy Tl n 1279 4,319
ir 2B6R 2041 Ta20 2377 1480 5.7%G
1z 1536 2091 T.3% 17286 } 448 5.R15
‘4 2605 polz 7.305 2848 171n LR TS
i 1729 1988 Tolifg 15356 1230 Sa724
14 2194 1840 LI R 4 n 1HR2 BaBus
17 1291 1654 5.8°q 260D 1691 S.BPR
1A 1930 143n e flig 1729 1487 S.850
19 764 1177 L B 2194 15Ha 5.500
2n 1250 u2n 3.2n 1291 1478 4,867
21 400 CYAL 2e3i2 ] 11A% 4,112
b 502 u4%a 1.6 7 193n 1uh7 Y. TAR
27 171 29R J PRI 164 357 3,374
Pl 181 183 G 1250 ay7 2.AR4
1S 70 111 S 400 ANA 2.14n0
rd 63 AR 27 0 405 1.4729
27 16 3a 1R s0p 2Rq 1,019
28 17 21 00 17y 2En . 7473
2a 5 n i 1R} 161 JERA
3n 9 7 i 70 104 + 374
31 o s « o ] A0 217
3 5 3 UE] &3 da £ 137
k! 1 3 iy 1A 24 . f1ag
7 3 2 » g 17 17 LA
35 1 2 « Oye, 5 1t L0737
3 3 ? + O n A W01
av 0 1 «On q 4 015
3s 1 1 «Ba 0 7 L0
30 1 1 «Oa 5 3 010
4n -0 n O 1 2 L0a7
& 0 n o 0 ? «0A
42 1 f olin 3 ? 004
4 n o oha 1 > .Nag
& 1 n A 3 1 LA05
45 0 o he 0 ] LT
¥ 0 1 LN

TOTAY 2RA31 28311 8 1 1 Nnp
0 1 n LY

sa i f L0017

B3 n n L0

57 0 l Nn}

32 1 n 01

LT n 4] 00

E1 1 2} <10

54 n a NN

Tal 2R3} ELEEE!

CUMLL &~
Tive
pERf‘?ﬁNT

1.181

1,259

779

PJhEG
4,362
f.N69

R,013
104,302
13.170
16,445
20,149
24,017
2R.377
33.601
19,416
45,452
51.7236
56,921
62,649
AR, 489
T4, 089
TR.951
B3.063
896,831
90,209
83,094
95,2734
96,643
G7.682
IR 42
GR,.9493
39,347
99,579
G99, 717
99, 7uH
99,857
Y99 HE5
9G,415
93,930
96,042
99,4951
99,959
99,9A5
9G .97
99,4976
94,4981
99,988
G9,947
49,98y
99,93]
99,992
59,4657
99,4964
99,996
49,957
99,949
50,0949

47




A (Station Number 93118)

EIGHT &8, FEET

INO OCCUR-
PEED RENCES

3224

NOTS
o 3139
1 130
2 g
3 1596
4 3038
5 3803
6
7 0
8 3913
9 2894

10 331¢€
11 3147
12 B
13 3928
14 1249
15 2728
18 1253
17 8
18 2126
19 1282
29 2019
21 1072
22 0
23 1053
24 595
25 o948
26 308
27 8
28 565
29 250
30 288
31 b
32 209
33 112
34 98
35 60
36 0
37 11
38 21
39 6
40 12
10
42 0
43 2
TY g
JTAL L8353

ODCCUR~

3139
a7

388

1549

2797

2618

z654
2539

2688

2757
274D

2545

2278
2166

1386

1783
1519
1336
1358
1360

1089
861
737
649
580
474
368
307
262
225
176
137
111
87
69
35
20
13
10

=T A B ]

L8353

1296

TIVE

SMOGTH_ PERCENT _CUMULA~-
(CCUR-
.RENCES  RENCES __PERCENT

60492 5.492
..2282 6,693
108356 8.529
3.185 11,714
5,784 417499
LWBetlh 22,913
5,489  2B.402
. 5354  33.756
5560 39,316
_5.702 u5.018
E.667 50.685
54264 55,849
4,712 60,861
_hen81 85,142
L.108 59,249
3.687  T2.93&
To141 764077
2.764 78,341
2.808° TR{.BeE
2,813 Bh.4b2
2,681 AT LRI
2,252 89,395
1,780 91,175
1.524 92,638
1.342 94,040
1200 95,240
« 380 96,220
762 96,982
«B36 97 H18
+ 541 98.159
2466  QA8.525
+365 98,930
283 99,377
»231 99.503
« 180 99,683
125 39,808
072 99,881
e D41 54,924
. 028 99,947
.020 99,9568
«015 39,883
.009 99,992
+004 99,995
L0082 99,998
<001 99,599

HEIGHT 164,

WIND - OCGUR-
SPEED RENCES

KNOTS
0 3139
1 130
2 8
3 1596
4 3038
5 o
6 3803
7 322t
8 0
9 3913

10 2894
11 3318
12 i
13 3147
14 3926
15 0
16 1249
17 2728
18 B
19 1253
20 2126
21 0
22 1242
23 2019
24 1072
25 0
25 1053
27 595
28 0
29 S48
30 308
31 0
32 565
33 250
34 288
35 0
35 209
37 112
38 0
39 98
40 60
41 9
42 11
43 21
4l 8
45 B
w6 12
47 0
48 0
49 2
59 n

TOTAL 43353

FEEY

SMOOTH
OCCUR~
RENCES

3139
97
888
1089
2053
2028
2232
2335
2462
2557
2495
2478
2362
2192
2045
1812
1555
1351
1251
1201
1165
1155
1183
1119
1000
821
645
Sh4
492
443
380
3it
3087
262
225
172
12¢
94
77
60
42
30
19
11

3 g W U T

48353

PERCENT
{CCUR~
RENCES

Bo49?2
2202

1.836

2+252
L.245
LeiO%
4,615
4,828
5.062
5,288
5,150
E.125
4,885
4.533
wa,225
3. 748
3,215
2.794
2+588
2ot Bl

2:369

2.3849
2o LLT
2.315
2. 0869
1.698
1.334
1.125
1.017
« 916
+ 787
#7114
+£306
TS |
LB
« 356
« 261
« 203
163
o124
« 088
«06%
<0339
2023
2018
015
« 011
« 807
«+O0u
092
« 001

CUMULA -
TIVE
PERCENT

6,492
L B.€93

8,52%¢
16.781
15,027
13.220
23.83¢
28,664

33,75¢"
39045
44,205
4g, 329
S4.214
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