The Winds of Hat Creek

David R. DeBoer

SchoolofE lectr ical and Computer Engineer ing

Georgia Institute ofTechno logy

July 10, 2000

Abstract

The 1994-present six-year wind data synopsis and the 1998-present complete weather record for theHat Creek observatorysite is analyzed to characterize the windsat

Hat Creek for antenna survival and pointing purposes. Wind loading from building design codes is discussed, aswell as a morespecific analysis of antenna wind loading using wind tunnel data. The expected 50- and 100-year windsarepresented both from the tabulated codes and extrapolation from the measured data.

The maximum wind gust measured was 73 mph and the fastest one-minute-average wind (^1min-wind~) was 61 mph over the six-year record. The median and 98 percentile gusts were 5 and 23 mph, respectivel y; while themedian and 98 percentile

1min-windswere 3 mph and 14 mph respectivel y. Thefull statistical data arepresented in two tables and nine figures at the end of thismemo. Several other tables and figures in the text help summarize the discussion.

Section IV servesas a brief executive summary. In other words, for the condensed, one-page version of this memo, just print out page 8.

I. Introduction

The weather station at the Hat Creek site contains an anemo meter sitting on a tower located about 40 feet fro mthe main controlbuilding near the BIMA array"T".

There are no large trees nearby, and it is at a height of~20 feet, which is a few feet higher than the controlbuilding’s peak.

Wind data is logged ever ythree minutes and records:

1.) peak gust within a ten- minute window (referred to as ^ gust ~),

2.) one-minute average wind (referred to as ^ 1min-wind ~),

3.) wind direct ion and

4.) wind direct ion r ms.

The data recorded will tend to skew the gust distribut ion since one large gust may be recorded for up to three samples and the averaged data does not record contiguous wind due to the one minute averaging on a three minute sample t ime. However, the data do give a fair representation ofthe wind historyat the Hat Creek site.

The data have been taken more or less continuously since 1994 and are archived at the Universit y ofI llino is. The datafiles are quite large so a synopsis record ofthe daily maxima/minima for the gust and 1min- wind over the who le per iod are also maintained.

Thanks to Rick Forster for maintaining and providing this data. In addit ion to the wind data, the weather station records air temperature, surface pressure, relat ive humidit y, rainfall, and dewpoint.

Section II presents a summar yofthe data, while Section III provides so me discussio n in context ofbuilding practices under wind-load condit io ns and design maxima, fo llowed by a br iefsummar yand conclusio ns (Section IV).

II. Data Summary

Severalstatist ics have been co mputed in order to summar ize the data, which consists ofthe full3- min sampled record for 1998-present (June 6, 2000) and the daily gust and 1min-wind extrema fro m1994-present. In addit ion, non-cont iguous ^windmile~ values for 1/98 ˘ 6/00 are shown, as well as addit io nalaveraged values. The basic statist icalset for the windspeed data consists ofthe maximum and minimumrecorded values over the time per iod, the average and standard deviat ion, the most likely value

(different fromthe average and median, since these are not symmetric distr ibut ions), the median value and 98 percent ile value. The data are presented in two tables and nine figures detailing the wind history, which are included at the end ofthis memo. A summar y ofallo fthe tables and figures is given belo w:

Table I : Summar yofFigures and Tables.

Table I This table.

Table II Statist ics for 6 year synopsis record (1994-present). [Page 10].

Table III Statist ics for 3 minute sampled year lydata (1998-present). [Page 10].

Table IV Extrapolated 50- and 100-year wind recurrence.

and thirt y- minute averages are not contiguous and the maximum values maybe

somewhat undervalued.

Expected Daily Values

1min- wind and wind-mile

Based on the detailed 1/98 ˘ 6/00 data (Table III), the most likely ( i.e ., the peak in

the distribut ion) 1min-wind is about 1 mph, while the average is 3.8 mph and the median

is 2.7 mph, no matter what the averaging time. Figure 4 shows the hourly averages by

mo nth for the 1min-wind, which indicate that theyramp up beginning shortlybefore

noon and taper offmore quicklynear dusk, with a seasonaldifference in magnitude. This

diur naleffect is most pronounced in the spr ing and summer. In the winter, the 1min-

wind has a diur naldifference ofabout 2 mph, which increases to about an 8 mph

difference in the summer. Both seasons have a nightt ime 1min-wind average ofabout 2-

3mph.

On the average, one mile ofwind goes byin about 9 minutes, for an average

wind- mile speed of6.7 mph, a median speed o f6.2 mph and a most likely speed of1.5

mph.

Figure 7a shows the relevant distribut ions, which all peak near the origin and fall

offnear lymo notonically(wit h so me except ions, most notablythe wind-mile statist ic,

which has another peak at about 7 mph; and the 30min-wind, which peaks at 1-2 mph).

Figure 7b shows the cumulat ive distribut ion funct ions for the gust and 1min-wind data.

Gusts

The most likelywind gust at anyparticular point in time is about 2.5 mph. The

gust average is greater at 6.3 mph, with a median value of4.8 mph. The gusts have a

similar diur nalfeature to the 1min-wind, but with a slightly greater diur naland seasonal

var iat ion (see Figure 5, note the differ ent ordinate scale). In the winter, the diur nal

var iat ion is about 5 mph, while in the summer it increases to about 12 mph difference

average gust. On a year lybasis the average nighttime gust is 2-4 mph.

Figure 7a (top frame) shows the gust distribut ion, which peaks between 2-3mph

and then tapers monotonically.

Wind direction

The wind direction data are shown in Figure 8, and indicate that the most likely

direct ion to expect wind fro mis the northwest (top frame). The bottomframe shows that

the weakest winds come fro mthe east and strongest fromthe west. The most likely

direct ion falls at an azimuth ofabout 305 ° (WNW). Figure 9 shows a minor diur nal

var iat ion, with the nighttime direction slight lymore consistently west-northwesterly. It

plots ^average~ wind direct ion, which is an unreliable number since averaging a north

wind at 359 ° and a north wind at 1 ° , produces a south wind at 180 ° . The data were

analyzed in different ways ( e.g ., looking at the most likely direction), which allproduced

a similar result, however.

Ext reme Values

The fastest wind gust in the ent ire record is 73 mph and occurred on November 4,

1997 (see Table II). The fastest 1min-wind occurred on August 28, 1997, which was 61

mph and is hence also the fastest measured mile in the wind record.

The maximumwind gust and also the fastest mile in 2000 (54 and 30 mph

respectively) occurred on Februar y14, 2000 (Figure 3). Judging fro mthe gap in the data,

the anemo meter didn´t like the 54- mph wind, as the anemo meter didn´t come back on-

line for about 8 hours, although it had sur vived similar winds in the past (e.g. Figure 2,

which shows the windiest dayin 1999). The minimum values are not reported here since

theyare all zero. In Figures 2 and 3, which show the detailed wind data for two ver y

windydays, note the ^calmbefore the storm~ and that the high winds are sustained for

many hours. One can also see the dailycycle o fafternoon wind resumes. Figure 1 shows

the 6-year maxima time record for both gusts (top) and 1min-wind (bottom), which

exhibits the seasonaldependence similar to the previous discussio n for the expected

values.

1min- winds and wind-mile

The most likelydaily maximum1min-wind is about 14 mph and the 98% ile value

is about 26 mph (Table II). Figure 4 displays the monthly-hour ly 1min-wind maxima,

which shows a fair ly strong diur nalco mponent from Apr il ˘ September (which is when

the expected values also display the strong diurnalco mponent) and a fair lyrando m

nature for the remaining mo nths. The average-plus-one-sigma values track the average

values in this plot (middle line). The summertime maxima are typicallyin the mid-to-

upper-teens and the wintertime maxima are typically less than 10 mph (Figures 1 and 4).

Figure 6a (bottom) shows the histogramofthe daily maximum1min-wind, with Figure

6b (bottom) showing the cumulative distr ibut ion.

Gusts

The most likelydaily maximumwind gust speed is about 22 mph, which is also

approximatelythe average and median dailymaximu m gust. The 98%ile dailygust

maximumis 43 mph. The time record for the daily gust maximum is shown in Figure 1

(top), which also indicates the seasonaldependence. It shows a lower median value in

the winter, but typicallywit h more var iabilit y. The summert ime daily maximumgusts

seemconsistent ly in the lower 20’s and in the wintertime around 10 mph. Figure 6a (top)

shows the histogramofthe daily gust maxima distribut ion, with Figure 6b (top) showing

the cumulative distribut ion.

Figures 2 and 3 are a look at the windiest days in 1999 and 2000 (March 3 and

Februar y14, respectively). The 3-min record shows the rapid onset ofthe strong winds,

which are preceded by a lull. Figure 5 plots the monthly-hour ly values for the gust

maxima data, which exhibit s a fair ly strong diur nal component in the summer (June-

September) and is so mewhat randomfor the remaining months. The average-plus-one-

sigma values track the average values in this plot (middle line).

III. Discussion

Building Codes

Construction ofany civilian building is governed by the relevant building code,

which addresses wind loading amo ng other factors. Among a myr iad oflocalvar iat ions,

there are primar ilythree civilian building codes, which are themselves similar:

-Standard Building Code (Southern Building Code Congress International)

Used pr imar ily in the southeast.

-Unifor mBuilding Code (InternationalConference ofBuilding Officials)

Used pr imar ily in the midwest and west.

-Basic (or National) Building Code (Building Officials and Code Administration)

Used pr imar ily in the northeast.

These codes are allgenerally ver ysimilar and are allbased in large part on the

National Standard ANSI A58.1, which is current ly under the jur isdict ion ofthe Amer ican

Societ yofCivilE ngineers (ASCE) with the current revisio n ASCE 7-98. The codes are

based on five interrelated parameters to produce the estimated wind loading ( in unit s of

pressure):

-Basic wind speed

-Importance parameter (probabilit y ofexceeding design load)

-Exposure coefficient

-Gust response

-Pressure and mo ment coefficients

The basic wind speed is character ized bythe fastest-mile at 33 feet above the

ground and the design is typically for the 50- year recurrence value, although the

I mportance Parameter may be used to modify this in the actualcalculat ion. The newest

standard (ASCE 7-98), however, no longer uses the familiar fastest-mile windspeed, but

rather the three-second-gust, which increases the design windspeed used.

Note that within the boundar ylayer ofthe earth´s sur face (up to about 1500 ft) the

wind will increase wit h alt itude due to the slowing ofthe prevailing high winds as they

interact with the sur face. This is often represented as a power law:

where V(h) is the mean velocit y at height h , V o is the mean velocit yat the reference

height h o , and

a is the power law coefficient. For the Hat Creek site, the most likely value for a is between 1/7 and 2/9. Note that other, more complex, models exist, but given the scatter in the actualat mosphere are so mewhat useless. Further more, the 1hT antennas are relat ivelyshort and will be at or below the anemo meter levelused, so the anemo meter values should provide good upper limit s.

Using the ANSI standard code (ASCE 7-88) to determine the static loading on a

5- meter antenna in the ^wind-sock~ posit ion ( i.e. pointed at the horizon facing the direct ion ofthe wind flow) yields a value of3857 pounds ofdrag force for a 75 mph wind (see below). Note that this is an upper bound for that windspeed, since the antenna is essent iallyviewed as a flat billboard, rather than a curved structure. A more detailed analys is is shown below, using tabulated force data measured in a wind tunnelwit h var ious antennas.

Design Maxima

Building code tabulated values for the fastest-mile design cr iter ion exist for the

US, primar ilyin the for mofa contour map. Using this map for the Hat Creek site, indicates a 50- year fastest-mile in the mid-70´s mph. In addit ion, there are also methods to convert the fastest-mile to maximum gust values. These are typically funct ions of height or terrain type. For Hat Creek, a value of1.5 seems reasonable, for a 50-year gust of112.5 mph. The 100-year values are not significant lygreater (say, 78mph and 117 mph for the fastest-mile and gust respectively). Note that some references indicate a gust

a

÷ ÷ ø

ö ç ç è

æ

= o o h

h

V

h V ) ( factor of1.3, so the above values may be upper limit s. Also, recallthat the new standard specifies the three-second-gust rather than the fastest-mile, with an associated 50-year gust of85 mph and 100- year gust of91 mph. One finalnote, other versio ns ofthe fastest-mile maps indicate a faster windspeed o fabout 80 mph for a 50-year recurrence

( e.g. Sachs 1972, p. 304).

The extrapolated 50- and 100-year recurrence values based on the measured data may also be computed bya reduced frequencyanalys is, whereby the recorded year ly maxima are ranked byorder (index m ) and a frequencyis co mputed as F = m /( N +1), where

N is the totalnumber ofyears for which data exists. The reduced frequency is y = - ln ( ln(-

F )) and the result ing reduced frequency- max plot is roughly linear (see Figure 10) and may be extrapolated via linear regression. Obviously, the more years ofdata that exist the better. This analysis has N =6 fro mthe recorded data, assuming that the 2000 maximumhas already occurred (?). This yields number s less than the tabulated values above for wind gusts (see Table IV).

The extrapolat ion above implicit lyassumes a particular formofthe probability densit yfunct ion called the Fisher- Tippett, or Gumbel, distribut ion. Given this distr ibut ion, the recurrence values maybe analyt ically calculated given the mean and standard deviat ion ofthe data as:

v r = < v A > + 0.78[ ln(T R ) ˘ 0.577] s A where v r is the speed exceeded after recurrence time T R , with T R expressed in units ofthe averaging time scale, A ( e.g. T R = 365 ´ 50 for the 50-year recurrence with a dailymax averaging time), < v A > is the average speed over that time scale and s A is the standard deviat ion. This distr ibution is plotted in Figure 6 with the corresponding histogram, and the recurrence values are given in Table IV using the averaging time scales ofone day and one year (again, assuming the year 2000 maximum values have occurred).

Table IV : Extrapolated maxima.

Reduced frequency Fisher- Tippett (day) Fisher- Tippett (year)

50-year 100-year 50-year 100-year 50-year 100-year

Gust max. 92.7 99.7 84.3 89.0 82.4 87.5

1min-wind max 81.2 89.5 52.7 55.6 69.9 76.1

Vortex Shedding

In addit ion to the static load, vortex shedding and gust ing clear ly impacts the wind per formance/sur vival. Vortex shedding is the pheno menon o fthe wind splashing offat right angles to the incident wind direct ion due to the structure and seems to be per iodic ( i.e . left-r ight-left-�). This willtend to make the structure ^r ing~. An estimate ofthe excit ing frequency maybe obtained fro mthe structure diameter and the Strouhal number (S), a dimensio nless number for structures that quantifies this pheno menon. Note that the Strouhalnumber is not a constant for a given structure, but var ies with wind speed. For a cylinder at high wind-speeds, S=0.2, which is also taken as the canonical value since S seems to var yfro mabout 0.1 ˘ 0.3 for many geo metries. Note, however, that it maytake larger values and wind tunnelmeasurements are needed to get the true value for a structure at a particular wind speed.

Given the Strouhalnumber, the frequency ofthe vortex shedding is given by f =

V S/D, where f is the frequencyin Hertz, V the wind velocit yand D the diameter. You generallywant to build a structure such that its natural resonances are greater than this frequencyusing the maximumsustained wind speed. Using a fastest-mile speed o f75 mph (33.5 m/s) and a diameter of5 m, yields f = 1.34 Hz for S=0.2 and 2.01 Hz for

S=0.3. This is for survival ofthe structure. In terms ofoperating, for the median 1minwind ofabout 3mph, the frequency is f <0.1 Hz. At the 98%ile 1min-wind of14 mph, f <0.4 Hz. These will also be a strong function o fthe antenna posit ion. The discussio n of vortex shedding is based on the studyofcylinders with certain ranges ofReyno lds number (another dimensio nless number that characterizes structure interaction wit h wind) and is therefore presented only to illustrate possible frequencies that may be induced.

Antenna Forces

A more accurate indicat ion ofthe forces on an antenna maybe obtained fro m studies conducted at JPL with parabolic antennas, as summar ized in Levy1996. (See pp

102-128 as well as Sachs 1972, pp. 288-295). Appendix 4.2 lists the measured force and mo ment coefficients for a solid sur face antenna with an f/D of0.313. The JPL

Publicat ion (78-16) lists similar data for other f/D and meshes. The ^windsock~ drag force for the canonical 5mantenna is 2920 lbs, which is less than the maximumvalue der ived fro mthe ASCE algor ithm, as expected. Figure 10 shows the expected axial forces for the antenna for severalelevat ions, both facing into the wind and facing away.

Alt hough these values have been scaled to a 75mph wind and a 5-meter antenna, theyare merelyillustrative, since the details depend heavily on the geo metric details ofthe antenna. Also note that scaling the windspeed up to 100mph, yields a windsock drag force of5190 lbs, since the force scales as the square ofthe windspeed.

The windsock forces are quoted, since that is the proposed windstow configuration as it is believed that withstanding the drag force in that configuration is preferable to withstanding the pitch mo ments at zenith for this antenna (Matt Fleming, personalco mmunicat ion). The drag force at zenith is on the order of1000 lbs (as opposed to 5200 lbs in a windsock point ing with 100 mph wind). The pitch mo ments are

9200 lb- ft point ing at zenith and 1950 lb- ft as a windsock. The drag forces have fair ly substant ialpipes opposing them, while the pitch moments have the less substant ial dr ive gears opposing them, hence the preferred windstow posit ion.

In terms ofpo int ing, if the dish is po inted into a me dian gust (5 mph), only 20 lbs ofdrag force are produced (with a 4 lb- ft pitch moment). Pointing into a 98%ile gust (23 mph) produces 420 lbs ofdrag force (the maximum), with a 90 lb-ft pitching mo ment.

The maximumpitch mo ment occurs with a rear wind at a relat ivelyhigh elevat ion angle

(say60 ° ), producing about 300 lb- ft for the 98%ile gust of23 mph.

IV. Summary and Conclusion

Based on a six- year record ofwind data fromthe Hat Creek site, determinat ions ofthe survivaldesign windspeed and most likelywindspeeds have been obtained. In addit ion, the windspeed and patterns have been character ized to give an idea as to when problems maybe expected, as wellas the direct ion fromwhich theyare likely to originate. Table V summar izes these expected daily and extreme values fro mTable II and Table III, while Table VI summar izes the extrapolated/tabulated maxima.

Table V : Summar yo fwind data.

Expected daily (1998-present) Max daily (1994-present)

1min-wind Gust Wind-mile 1min-wind Gust Wind-mile

Maximum 36.0 56 30.1 61.3 73 62

Average 3.8 6.3 6.7 13.8 20.9

Most Likely 0.5 2.5 1.5 14.5 22.5

Median 2.7 4.8 6.2 12.8 20.1

98%ile 13.8 22.7 16.7 26.4 43.6

Table VI : Extrapolated and tabulated wind maxima.

ASCE 7-88 ASCE 7-98 ** Extrapolated Fisher- Tippett �

50-year 100-year 50-year 100-year 50-year 100-year 50-year 100-year

Gust 98 * 101 * 85 91 92 100 82 88

Fastest-mile 75 78

1min-wind 81 89 70 76

* Gu st fa ctor 1.3 ** 3 -second gu st � one year averaging time scale

The winds generally originate fro mthe west-northwest and are greatest in the afternoon and the summer, however the gust maximu ms tend to occur during the more unstable times in the ear lyspr ing or late fall.

Applying the ASCE Building Code analysis, yields a maximum windsock drag force ofabout 3900 lbs, which uses the 75 mph fastest-mile ( note that the new design speed is the three-second-gust, and willin generalbe greater) and assumes a flat billboard shape. Applying better models for parabo lic antennas and using 100 mph as the design windspeed (the extrapolated value for a 100-year gust) yields a maximum windsock drag force ofabout 5200 lbs. The windsock configurat ion is used as the windstow posit ion since the pitching mo ments are much less than for zenith point ing (1950 lb-ft vs. 9200 lbft), even thoughthe drag forces are much greater (5200 lb. vs. 1000 lb.).

In terms ofpo int ing, if the dish is po inted into a median gust (5 mph), only 20 lbs ofdrag force are produced (with a 4 lb- ft pitch moment). Pointing into a 98%ile gust (23 mph) produces 420 lbs ofdrag force (the maximum), with a 90 lb-ft pitching mo ment.

The maximumpitch mo ment occurs with a rear wind at a relat ivelyhigh elevat ion angle

(say60 ° ), producing about 300 lb- ft for the 98%ile gust of23 mph.

Vortex shedding will cause the antenna to ^r ing~, with a dr iving frequency between 1-3 Hz in windstow. In terms o fpoint ing dur ing use, the vortex shedding dr ive frequencywill be less than about 0.5 Hz for the 98% ile gust speed.

The force, pitch and frequencynumber s above are illustrative only, since the actualvalues are highly dependent upon the specific geo metr y, as is the vortex shedding frequency. It is recommended that the extrapolated maxima values via the reduced frequencymethod be used as the survival condit ion ( italicized in Table VI).

V. Bibliography

ASCE Standard 7-98, ^Minimum Design Loads for Buildings and Other Structures~,

Amer ican Societ yofCivil Engineer s, 2000.

Lawson, T. V., ^Wind Effects on Buildings: Vo lume 2, Statist ics and Meteorology~,

Applied Science Publishers, 1980, London (TA654.5.L38X)

Levy, R., ^StructuralEngineer ing ofMicrowave Antennas For Electrical, Mechanicaland

Civil Engineers~, IEEE Press, 1996, New York, NY.

Levy, R. and D. Kurtz, ^Compilat ion ofWind TunnelCoefficients for Parabolic

Reflectors~, JPL Publicat ion 78-16, April 1978.

Liu, H. (ed.), ^High Winds and Building Codes : Proceedings ofthe WERC/NSF Wind

Engineer ing Symposium~, 1987, Kansas Cit y, MO. (TH891.W97X)

Liu, H., ^Wind Engineer ing : A Handbook for StructuralEngineers~, Prentice-Hall, Inc.,

1991, Englewood Cliffs, NJ. (TA654.5.L58)

Mehta, K. C. and R. D. Marshall, ^Guide to the Use ofthe Wind Load Provisio ns of

ASCI 7-95~, ASCE Press, 1998, Reston, VA. (TH891.M45)

Sachs, P., ^Wind Forces in Engineer ing~, Pergamon Press, 1972, Oxford, UK.

(TH891.S33X, TA654.5.S22 2 nd ed. 1978)

Taranath, B. S., ^StructuralAnalys is and Design ofTall Buildings~, McGraw-Hill Co.,

1988, New York, NY. (TH845.T33)

1994˘date Daily gust max Daily 1min-wind max

Maximum 73.1 61.3

Average 20.9 13.8

Most likely 22.5 14.5

8.8 5.4

Median 20.1 12.8

98%ile 43.6 26.4 gust 1min-wind 5min-wind 30min-wind wind-mile

YTD2000 74,935 14,987 2497 4797

Maximum 54.0 36.0 31.1 23.0 30.1

Average 6.8 4.1 4.1 4.1 7.2

Most likely 2.5 0.5 1.5 1.5 1.5

6.2 3.9 3.7 3.5 4.6

Median 5.1 2.9 2.8 2.8 6.8

98%ile 24.5 14.8 14.0 13.2 19.0

1999 155,812 31,162 5193 9653

Maximum 56.0 33.4 27.7 22.6 29.0

Average 6.7 4.0 4.0 4.0 7.0

Most likely 2.5 0.5 1.5 1.5 1.5

6.2 3.9 3.7 3.5 4.4

Median 4.8 2.7 2.6 2.6 6.8

98%ile 23.0 14.2 13.4 12.8 17.3

1998 158,128 31,625 5270 8590

Maximum 46.2 28.6 22.0 20.0 24.7

Average 5.7 3.4 3.4 3.4 6.0

Most likely 2.5 0.5 0.5 1.5 1.5

5.1 3.3 3.1 2.9 3.8

Median 4.6 2.6 2.5 2.5 5.4

98%ile 20.6 12.8 12.1 11.6 15.0

January 1998 ˘ June 2000

388,875 77,774 12,960 23,040

Maximum 56.0 36.0 31.1 23.0 30.1

Average 6.3 3.8 3.8 3.8 6.7

Most likely 2.5 0.5 1.5 1.5 1.5

6.2 3.7 3.5 3.3 4.2

Median 4.8 2.7 2.6 2.6 6.2

98%ile 22.7 13.8 13.0 12.4 16.7

Table II: Statist ics for the synopsis daily max data.

Table III: Statist ics for the 3 minute sampled data (1998, 1999, YTD2000 and cumulat ive). The italicized integers tallythe number ofdata points used.

D a y s s i n c e J u n e 2 , 1 9 9 4

0 5 0 0 1 0 0 0 1 5 0 0 2 0 0 0

Windsped[mph]

0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

1 9 9 5 1 9 9 6 1 9 9 7 1 9 9 8 1 9 9 9

D a i l y g u s t m a x

D a i l y 1 m i n m a x

˙ Figure 1˙

(Top) Dailygust maxima from November 1994 to date(June 6, 1994).

(Bottom) Daily1m in-wind maxima from June 1994 to date.

T i m e [ h o u r s ]

- 1 2 0 1 2 2 4 3 6 4 8 6 0 7 2 8 4

Windsped[mph]

0

1 0

2 0

3 0

4 0

5 0

1 9 9 9 m a x i m a

M a r 2 , 1 9 9 9 M a r 3 , 1 9 9 9 M a r 4 , 1 9 9 9

˙ Figure 2 ˙

Time record from around March 3, 1999, which was thewindiest dayof

1999, sampled ever y3 minutes. The top/black lineisthe gust data and the bottom/red line isthe 1min-wind.

˙ Figure 3 ˙

Time record from February14, 2000, which was the windiest dayof

YTD2000, sampled ever y3 minutes. The top/black line is the gust data and the bottom/red lineis the 1min-wind. Note that the anemometer apparently didn´t like the high windspeeds.

T i m e [ h o u r s ]

0 1 2 2 4 3 6 4 8 6 0

Windsped[mph]

0

1 0

2 0

3 0

4 0

5 0

?

Y T D 2 0 0 0 m a x i m a

F e b 1 4 , 2 0 0 0 F e b 1 5 , 2 0 0 0 F e b 1 6 , 2 0 0 0

Monthly-hourlysummaryof 1998-present 3min-sampled 1min-wind data. Each frame is one month, with the top/black line being themaximum 1min-wind within that hour of the day, the bottom/black lineis the average 1min-wind within that hour, and the middle/red line is theaverage plusone standard deviation.

Windsped[mph]

0

1 0

2 0

3 0

H o u r o f d a y

0 4 8 1 2 1 6 2 0

H o u r o f d a y

0 4 8 1 2 1 6 2 0 2 4

J a n u a r y F e b r u a r y M a r c h

M a y J u n e

H o u r o f d a y

0 4 8 1 2 1 6 2 0

0

1 0

2 0

3 0

A p r i l

0

1 0

2 0

3 0

H o u r o f d a y

0 4 8 1 2 1 6 2 0

H o u r o f d a y

0 4 8 1 2 1 6 2 0 2 4

J u l y A u g u s t S e p t e m b e r

N o v e m b e r D e c e m b e r

H o u r o f d a y

0 4 8 1 2 1 6 2 0

0

1 0

2 0

3 0

O c t o b e r

˙ Figure 5 ˙

Monthly-hourlysummaryof 1998-present 3min sampled gust data. Each frame isone month, with the top/black linebeing the maximum gust within that hour of the day, the bottom/black line isthe average gust speed within that hour, and the middle/red line is the average plus one standard deviation.

Windsped[mph]

0

1 0

2 0

3 0

4 0

5 0

H o u r o f d a y

0 4 8 1 2 1 6 2 0

H o u r o f d a y

0 4 8 1 2 1 6 2 0 2 4

J a n u a r y F e b r u a r y M a r c h

M a y J u n e

H o u r o f d a y

0 4 8 1 2 1 6 2 0

0

1 0

2 0

3 0

4 0

5 0

A p r i l

0

1 0

2 0

3 0

4 0

5 0

H o u r o f d a y

0 4 8 1 2 1 6 2 0

H o u r o f d a y

0 4 8 1 2 1 6 2 0 2 4

J u l y A u g u s t S e p t e m b e r

N o v e m b e r D e c e m b e r

H o u r o f d a y

0 4 8 1 2 1 6 2 0

0

1 0

2 0

3 0

4 0

5 0

O c t o b e r

˙ Figure 6a ˙

(Top) Distribution of the dailygust maximum values from November 1994 to June 2000. Thered (smooth) line is the Fisher- Tippett ( Gumbel) distribution for the gust data.

(Bottom) Distribution of the daily1min-wind maximum values from June 1994 to June 2000. The red (smooth) lineisthe Fisher- Tippett ( Gumbel) distribution for the 1min-wind data.

%

0

2

4

6

8

2 0 1 9 t o t a l

D a i l y g u s t m a x

W i n d s p e e d [ m p h ]

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0

%

0

2

4

6

8 D a i l y 1 m i n - w i n d m a x

2 1 4 2 t o t a l

˙ Figure 6b ˙

(Top) Cumulative distribution function of the dailygust maximum values from November 1994 to June 2000.

(Bottom) Cumulative distribution function of the daily1min-wind maximum values from June 1994 to June 2000.

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

W i n d s p e e d [ m p h ]

0 1 0 2 0 3 0 4 0 5 0

0 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

2 0 1 9 t o t a l

D a i l y g u s t m a x

D a i l y 1 m i n - w i n d m a x

2 1 4 2 t o t a l

˙ Figure 7a ˙

Distributions of the1998-present 3-min sampled data, with a bin-size of 1 mph. Thetext in each frame tells thedata type andthe total number of points used to compute the statistic.

W i n d s p e e d [ m p h ]

0 5 1 0 1 5 2 0 2 5 3 0

%

0

1 0

2 0

%

0

1 0

2 0

%

0

1 0

2 0

%

0

1 0

2 0

W i n d s p e e d [ m p h ]

0 5 1 0 1 5 2 0 2 5 3 0

%

0

1 0

2 0

G u s t

1 m i n a v e

5 m i n a v e

3 0 m i n a v e w i n d - m i l e

3 8 8 , 8 7 5 t o t a l

3 8 8 , 8 7 5 t o t a l

7 7 , 7 7 4 t o t a l

1 2 , 9 6 0 t o t a l

2 3 , 0 4 0 t o t a l

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

W i n d s p e e d [ m p h ]

0 5 1 0 1 5 2 0 2 5 3 0 3 5 4 0

0 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

3 8 8 , 6 2 6 t o t a l

G u s t

1 m i n - w i n d

3 8 8 , 6 2 6 t o t a l

˙ Figure 7b ˙

(Top) Cumulative distribution function of the gust values from January1998 to June 2000.

(Bottom) Cumulative distribution function of the 1min-wind values from

January1998 to June 2000.

˙ Figure 8 ˙

(Top) Wind direction distribution using the 3-minute sampled data for 1998-present, binned into 10 ° bins (black) and 90 ° bins(red).

(Bottom) Histogram correlated windspeed with wind directions using the 3-minute sampled data for 1998-present, binned into 10 ° bins (black) and 90 ° bins (red).

W i n d D i r e c t i o n [ d e g ]

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0

%[10obins]

0

2

4

6

8

1 0

%[90obins]

0

1 0

2 0

3 0

4 0

5 0

N E S W N

W i n d D i r e c t i o n [ d e g ]

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0

WindSped[mph]

0

2

4

6

N E S W N

Monthly-hourlysummaryof 1998-present 3min-sampled wind direction data. Each frame is one month, and shows the ^average~ wind direction.

Windir[deg]

5 0

1 0 0

1 5 0

2 0 0

2 5 0

3 0 0

3 5 0

H o u r o f d a y

0 4 8 1 2 1 6 2 0

H o u r o f d a y

0 4 8 1 2 1 6 2 0 2 4

J a n u a r y F e b r u a r y M a r c h

M a y J u n e

H o u r o f d a y

0 4 8 1 2 1 6 2 0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

3 0 0

3 5 0

A p r i l

5 0

1 0 0

1 5 0

2 0 0

2 5 0

3 0 0

3 5 0

H o u r o f d a y

0 4 8 1 2 1 6 2 0

H o u r o f d a y

0 4 8 1 2 1 6 2 0 2 4

J u l y A u g u s t S e p t e m b e r

N o v e m b e r D e c e m b e r

H o u r o f d a y

0 4 8 1 2 1 6 2 0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

3 0 0

3 5 0

O c t o b e r

R e d u c e d f r e q u e n c y

- 1 0 0 2 3 4

Sped[mph]

2 0

4 0

6 0

8 0

1 0 0

5 0 - y r

1 0 0 - y r r e c u r r e n c e

D a i l y g u s t m a x

D a i l y 1 m i n - w i n d m a x

˙ Figure 10 ˙

Reduced frequencyanalysis to extrapolate tothe 50- and 100-year recurrence values based on the six years of measured data.

E l e v a t i o n [ d e g ]

0 1 5 3 0 4 5 6 0 7 5 9 0

AxialForce[lbs]

0

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

5 0 0 0

F a c i n g i n t o t h e w i n d

F a c i n g a w a y f r o m w i n d

˙ Figure 11 ˙

Calculated axial forces on a 5-meter antenna at different elevations, based on wind tunnel measurements of a f/D0.313 solid surface antenna (Levy1996).