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dlstnbutlons and the1r interrelation are rewewed Functional relanonshrpsfrs

 on the basis of the above conslderatlons

" is used to}redlct surface wmds from upper level wmds, but is found to be un-.

. poded for predlcﬂng the drstnbutnon moments of surface wind speeds as functlons

.vanances of gradient wind speeds was performed for representauve condmons of

. were obtairied by objectrve 1sobar ana]ysns from synopt}c meteorologwcal data. The

| ABSTRACT C
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Séveral aspects of the statxstical descnptlon of strong winds are mvestlgated

-

togeﬂrer w:th thelr rmphcatlons for cert@m engmeering apphcmtrons.

Wmd speed distribjitions denved{ ‘from the blvanate normat models of velocrty
are dxscussed including the chis, Weibuli and Ray}ergh forms.. 'IZhe sultabihty df

the Raylelgh model for most purposes is confirmed. }/anous extreme value

developed befween the Flsher-Trppett Type I parameters of extseme Busts
mean hourly winds; the devratlorr of some observational data from these curves '\
is explqined in part by the variation'in terrain rougfmess arounda given obsenfing

station. Comparative statxshcs of extreme winds around the wotld are comprled

4

N %

A recent determrmstté approach to atmosphenc boundary layer descnptlon ‘
satisfactory in many practical srtuatxons A sunphﬁed probablhstlc model is pro-

solely o£ the terrain roughness and the standard vector demtlon of gradient wmds

~ S
'Ihe methodology for synthemmge wind climate at a given site is discussed,
particularly the use of upper wind retosds. Errors in rawg\nsonde measurements

are studied by power spectral methods. A synthesis of erTors in observed climatic

wmd strength and terrain roughness Some gradient and geostrophic wind climates

» £
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results compared favdurably with direct rawinsonde measur
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Three aﬁpljcations bf this work are’ given: tjg\e\optimum o eh)tati_on of airport
the pré)dic_tion, of

runways, the generation of electrical power from the wind a
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. extreme wave heights in relation to extreme wind speeds over the open ocean.’
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surface friction velocity

mode of 'I:ype I extreme value distribution
wind velocity

furling velocity L
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. rated wind veloc1ty A : L
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zero plane displacement
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(defined in Equation 4.4)

. dispersion of Type I extreme value distribution
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‘surface (irag coefficient . « .
angle of latitude or wind distribution parameter: A = V,/a
equwalent degrees of freedom (defined in Equation 2. 78)
average cycling rate
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parameter defined in Equation 2.78 ,

air density “

standard vector deviation




C"/,(-

. standard deviations of uncorrelated wind velocity components
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averaging period or shear stress - i
syrface shear stress -
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earth’s rotational velocity
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- N
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CHAPTER1  * .
- INTRODUCTION '

1.1 Descriptions of the Winds from Early Times to 1800 -

This thesis is intended to contribute towards improved statistical description and

urediction of strong wind£ with a speciﬁcemphasis on providing some useful tools

for those who must design structures or human activities to accommodate the forces

of nature. The necessary foundations for such work, the classification, measurement

and physical explanation of the winds, have}een laid down over the centuries, largely

in response to the pragmatic requiremgnts of farmers, sailors, merchants and,

L]

comparatively recently, er_lgineers.

1

-

-

It was, perhaps, the phjlosbhers of ancierit Greece who firs't subjected meteorological

phenomena to the- reveahng methods of scientific enqu.lry An unpor’tau! landmark

in these early attempts to rationalize the weather_ was the treatise ““Meteorologica™

" by Anstotle (384-322 B.C.), ' In fact, this- work formed the basis of the study of -

-

meteorology in Europe for nearly two thousand years.

L4

The Greek concept of the winds relied essentially on a simple classification

according to diréction. Aristotle specified the winds blowing from the winter (south-

west), equmoctlal (west) and summer (northwest) sunsets and from the Great Bear

(north), together with their respective opposmg winds. There were an additional two

winds originating from Just west and east of north This twelve-pomt wind-rose is

depicted in Figure 1.1.

in terms of accompanying weather phenomena. There

explanation’

The characteristics of the winds were descnbed by Anstotlé

s also some physical

-
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“As a general rule it is the winds :fro‘m Aparktias, Thraskias and
Argestes which continue after the other winds and make them
cease, for that they are so frequens and that they blow so P ‘
violently, it is because their point of origin is very nearyalso they
give the clearest weather of all the winds; blowing fro#n close by
they -have correspondingly more force and they supprgs the other
winds and dispersing the congested clouds they brihg fine weather,
at least when they are not at the same time very cold; then in
effect there is not fine weather for if they are colder than they are -
strong they cause condensation before they have chased away the
clouds.” (Ross, 1913)

Aristotle’s twelve-point wind-rose perhaps suggests a- precision in the definition of

. ' directions and sectors which did not exist at that time: rather, the winds were simply
known by their names. There is actually some evidence that the Greeks employed an
eight-point wind-rose. " The Tower of Winds (the Horologium of Andronikos Kyrrhéstes)

-in Athens is an octagonal monument erected in the second century B.C. It’s sides are

oriented closely to the eight principal‘points of the modern compass. Each face bears
the name of a wind and a sculptured figure representing its characteristics. The eight
winds are: Boreas (north), Kaikias (northeast), Apeliotes (east), Euros (squthéast),

Notos (south), Lips (southwest), Zephyros (west) and Skiron (northwest).

Theophrastus (c. 373-286,B:C.), Aristotle’s pupil, wrote two mgmﬁcant treatises
on the weather, “On Winds” and “On the Signs of Rain, Winds, Storms and Fair
" Weather”. HE enlarged upon the work of his tutor and, in the second treatisé, laid down
a considerable bociy of weather-lore, to which very little of importance was added in
the subsz:went two thousand years. It was through weather-lore that the beginnings
of the science of meteorology found pr‘actical application among sailors, farmers and

others intimafely concerned with the elements.

) Accord'mg to TheOphrasttis, winds could be predicted from the appeérance of the

sun and moon and from the behéviour of animals . . . and the human body:




“Also black spots on the sun o moQt_z ma'tcate rain, réd spots wind.
Again, if, while a north wind biows the horns of- the crescent moon
stand out strazght westerly winds- wzll generally succeed, and the

rest of the month will be stormy.”’ .

“A dog rolling on the ground is a sign of violent wind.”
. » R
“If the feet swell, there will be a change to a south wind. This
;o © also sometimes indicates a hurricane.- So too does it, if a man has
. a shooting pain in the right foot.” (Hort, 1916) “r

Through 'Roman times and into the Middle Ages in Europe the uﬁdemtandhlg
)
of meteorology’ remained essentlally unchanged Weather-lore and to a certam extent
astrology constltuted man’s guide to the vagaréea of the weather The invention of

printing in the ﬁfteenth century greatly increased the availability of astrological pre-

dictions through the publication of almanacs, but perhaps the most significant
development was the growing practice of keeping a diary of the weather. .The increasing
volume of data, howevgr, imperfect, would 'ultimately lead to the modern science of

meteorology. One of the earliest known diaries was kept by the Rev. William Merle.

He recorded daily weather observations for seven .years, from 1337 to 1344, at'Oxfor("i

and Driby, Lincdlnshire.

r

It was probably not until the ‘Seventeenth‘century that the first anemometers .
enabled reasgnablyq consistent description of the winds. The- invention of the pen;r -
dulum anemometer'gg generally atffibu{ed to Robert Hooke, although Leonardo da Vinci
(1452-1519) had earlier constructed 'a similar instrument ‘‘to measure how cgreat a
distance one covers with the cuerent'of the wind”’ (Hart, 1963). The anemometer
consisted of a light plate suspended by a rod. The plate was fa into‘the -wind and,

as it was deflected, the rod moved across 4 graduafeé"scale. \7’ioﬁs modifications of

. this design, and other instruments which measured the wind fdrce exerted on a given

area, appeared through the eighteenth cen?hry Meanwhile, the predecessor of the
modern yressure—tube anemometer appeared, attnbuted to Pierre Daniel Huet. Details
of.his invéntion were first published in Paris in 1722. He described a tm funnel “hke

the cowl of a monk” connected to a U-tube filled with mercury. A vane kept the

funnel turned into the wind.




thls] the determmatxon of wind- pressure was now possxble the direct measure-
ment of vhnd velocity was a problem never satlsfactonly resolved untll Robinson

P 3
mtroduced the cup anemometer in 1846 + In th eant:me,‘wmd velocxty was oft;:}t'i -

observed with the aid of floating objects such as clouds and feathers

i
1 o

-~

‘By 1800 scientists were “well on the way to the modern understanding of the winds ;

and generd‘etmosphenc circulati®n. Copmderable activity followed Torricelli’s invention
barometer or “weather glass™ in 1643. T‘he expajé;lon of overseas trade hexghtened

interest of sailors and Therchants in’ the behaviour of ocean'winds. In 1697 William
Dampier published “A vQyage round the World”, based on his buccaneering exfﬂoits
and co aining an excellent acc\gt of the wmds, Edmund Halley, regarded as the
fatl'g,’r%‘ dynanfical meteorology, also published an account of the trade-winds and
monsoo&at about th!-s tlme However, the man who first explained the trade-wmds

-

terms of the rotatlonal effect of the earth was aiondon lawyer, George Hadley

l
e

) data, as contained in the

In

North America such leading citizens as Geo:yf shir

Thomas Jefferson made regular observatxbn Moreover the practice o maintainin

and comparmg sxmultaneous weather records. ar two or more j.ocatlons was begmmng
~

to prowde clues to the structure and movement of weather systems
fs
' 1.2 Some Classifications of Wind Foree\,

B . ,
LY P t AN

It is interesting to note that one of the ﬁrst civil engineers, Johy Smeaton was ~
himself very much concerned with the force of the wind, and particularly the power
generated by wmdmllla. Ina remarl_cable paper before the Royal Somety in 1759 he
propbsed a classification of the winds ‘““according to their common appellatxons
(reproduced in Table 1.1). It wa?ongmally communicatéd to hxm by a Mr Rouse
“from 4 considerable number of facts and expenments There wers eleven

appelhﬁohﬁ)f forcp, ranging from “hardly perceptlble” to “‘an humcane that tears




VELOCITY OF
THE WIND

.

Miles in one howr
Feet in’ one second

' PERPENDICULAR FORCE
ON ONE FOOT AREA IN
POUNDS AVOIRDUPOIS

COMMON APPELLA TIONS OF THE FORCE OF WINDS

-
)

! Hdrdly perceptible
Just per'cep't;'ble
Gentle pleasant Wind

Pleasgnt brisk gale

* Very brisk _

; “High winds

Very high

A storm or ten1pest
A great storm
~An hurricaneé

efc.

4

An hurricane that tears up trees, carries buildings before it,

!
L /
. J

.TABLE 1.1 THE VELOC]TY AND FORCE OF WIND ACCORDING TO THEIR
COMMON APPELLATIONS !after Smeaton, 1759} '

¢\‘




up trees, qarries buildings before it, etc.”.

There wefe other wind scales in use by the weather observers of the time In
1723 James Jurin, Secretaly of the Royal Society, encouraged observers to send |
thelr records to the Society and recommehded certain measuring mstruments and
proceduré’s For the wind he prescribed a scale of five divisions from O (a perfect

calm), 1 (the lightest breeze), through 2 and 3 to 4 (the most violent wind). This

system was in use for over'a hundred years bef'ore 1t was overta?en by the more

precise Beaufort Scale. .

Admiral Sir Francis Beaufort kept- ‘a meficulous meteorological log throughout his
distinguished career with the Royal Navy, both eﬂoat and later on land. He used the
first versions of his s\d'nd scale and weather notation in his private log of 1806. There
were initiallSr fourteen classes of wind s-trength including calm. This was later reduced
to thirteen by combining the faint air and light air categories into a new Force 1.
Since his scale.was intended fer everyday apblicz\!tion at sea, it was naturally defined
in terms easily recognized by the sailor, that is, the speed-or sail carried by a ship of
. that period. Eventually the scale and weather notation were officially adopted by the
- Royal Navy. The wind categories, as specified in the Admiralty Memorandum of
1838, are given in Table 1,2.

The Beaufort Scale of wind force has undergone several modifications since irts
) introduction. In its present form it also provides a reasonable guide for the land-
based observer by associating the thirteen Beaufort numbers with the movement of
. common objects and ranges of wiﬁd velocity (see Table 1.3).

1.3 More Recent Developments in General Wind Description -

In 1820 Heinrich Brandes published a description of the weat};er over Europe in
the y.eaﬂﬂ83. He had collected data fron; a number of sources and prepared daily
synoptic charts of the deviations of atmospheric pressure‘ from, t_he normal. Super-
imposed on the patterns of isobars were arrows denpting the direction of the wind.

From these and, other prototypes of the now familiar “weather map’’ meteorologists




10

11

12

deno}es

Calm

Lighr Air -

Light Breeze’
Gentle Breeze
Moderate Breeze
Fresh Breeze
Sfrong Breeze
Moderate Gale
Fresh Gale
Strong Gt'zle

Whole Gale

Storm

»

Hurricane

dL

just sufficient to give . . .

with which a well-
executioned man-of-war,
under all sail, and clean .
hull, would go in smooth
water from . ..

in which the same ship
could just carry, close
hauled . . .

. -,
_with which she could
only bear . . .

W}rh which she would
be reduced to . . .
to which she could show

A) teerbge: way
r I to 2 knots

3 to 4 knots

"5 to 6 knots
L- .

[ Royals, etc.

' Single-reefs and top-
gallant sails
Double-reefs, jib, etc.

Triple-reefs, courses,
efc. ‘
Close-reefs and courses

b

Close-reefed main
top-sail and reefed
fore-sail .
Storm staysails

No canvas

TABLE 1.2 THE BEAUFORT WIND SCALE AS SPECIFIED BY

4

ADMIRALTY MEMORANDUM, 1838 {from Garbett, 1926)




%

( 2 Slight breeze

/’ 3 Gentle breeze

4 Moderate breeze

b) Fresh breeze
6 ‘ Strgng breeze
‘Modera te gale
A .
8 Fresh gale
9 4 Strong gale
¢
10 Whole gale
11 Storm
¢ . '
12 Hurricane

smoke drift bt not by
vanes

Wind felt on face, leaves
rustle; ordinary vane moved
{1b}3 wind

Leaves and twigs in constant
motion; wind extends light
*flag

Dust, loose paper and small
branches are moved

Small trees in leaf begin to
sway :

Large branches in motion;
whistling'in telegraph wires
Whole trees in motion
Twigs brokeri off trees;
progress generally impeded

Sligh t‘ structural damage
occurs; chimney pots
removed

Trees uprooted, consider-,
able structural damage

Very rarely experienced,
widespread damage

_ ~ VELOCITY 20 FT.
BEAUFORT | DESCRIPTION | - INDICATIONS ABOVE LEVEL
NO. E GROUND
! m/sec mph’
_ ) "
/ 0 " Calm Smoke rises vertically under .6 under 1 1.
< 1 Light air Wind direction shown by .

06— 1.7 1- 3

1.8— 3.3y 4- 7

34~ 52| 8-11
53— 7.4|12-16 |
75— 9.8|17-22

9.9-12.4123-27
12.5-15.2 | 28-34

15.3-18.2 | 35-41

18.3-21.5 | 42-48
21.6-25.4|49-56

25.5-290157-67

over 29. over 67|

TABLE 1.3 E BEAUFORT WIND SCALE WITH INDICATIONS
AND VELOCITY EQUIVALENTS
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were soon to describe the\occul:rence and progress of storm.é in relation to centres of
low pressure, tﬁus’ foreshadowing the regular prediction of winds by isobaric analysis,
a concept which will be taken up in Chapter 4 of this thesis. Meanwhile, detailed

. descriptions of the trade-winds and tropical storms had already been contributed by ) .
Dampier and his-successors. By 1840 Héinrich Dove, in his “Law of Storms”™, was

able to conclude that the general circulation <onsisted of equatorial ‘'and polar ‘currents

conflicting to produce the migratory weather systems of the temperate zones.

Throughout the nineteenth century the concept of the extratropical storm was

constantly discussed and modified. In the light of present knowledge, perhaps one of

the mere significant models was proposed by Jinman in 1861 and recently rescued

from obscurity by Ludlam (1966). Jinman’s cyclone is reproduced in Figure 1.2

alongside the present-day representation of a typical storm centre over eastern Canada.
The requirements of marine navigation remained uppermost in the heyday of the

sailing ship. By about 1850 extensive charts of ocean winds were generally available. ‘

Prominent among the draftsmen of ocean climate was the American naval -ofﬁcer‘ .

Matthew Maury. He collected a wealtﬁ of meteorological information from ships’

logs and compiled charts of, among other things, the winds and the most favourable

sailing routes. .
The necessary precursors of the modern understanding of the winds were the im-

proved instruments and recording techniques. These were lai'gely initiated in the last_

.

century. .

- \\ &
. T

Roiwinson designed his cup anemometer in 1846 anm'm a paper before
the Royal Irish Academy in 1850. In its original form it consisted of four hemi-
spherical cups mounted at the ends of cross-arms and free to rotate in thé horizontal
plane. A revolution counter was connected. The instrument was widely adopted but
later redesiﬁgnqd with only three cups. This configuration, with the additior.l of beading
around the l:ip%bf the cups, was proposed in Canada by P'atterson (1926). The three-
cup anemometer is still in widespread operational use, pa}t.icularly in the United States

and Canada. ‘
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FIG. 1.2 COMPARISON OF JINM‘AN'S CYCLONE MODEL OF
' 1861 (FROM LUDLAM, 1966) AND A TYPICAL
STORM CENTRE OVER EASTERN CANADA




The Dines pressure-tube anemometer wenteinto general use in the United Kingdom.
It was designed to sense the ‘dynamic pressure of the wiﬁd and, by means of a
rﬁanoméier and calibrated scale, directly indicate wind velocity. Both the Robinson
and Dines instruments were sc;on adapted to provide continous records. |
. - .

» A third basic type of anemometer worked on the principle of the windmill.
Numerous designs based on this idea were produced over the year&, including a light
six-bladed version i‘avoured by the French engineer Gustave Eiffel and which he used
to meésure wind velg)cities at the top of his celebrated tower in Paris (Eiffel, 1900).
However, not untjl after World -}Var II did Friez (U.S.A.) and Sanuki (Jépan) deveylop

instruments of this type sufficiently compact and robust for regular service. In view of

the later discussion in Chapter 3, it is interesting to note in passing that Eiffel’s
experiments at about 300 meters above ground level provided some of the first

observational evidence of the vertical variation of the wind field.

. Despite some recent standardization of wind measurement and recordinig pro-
cedures by the various meteorological agencies, the diversity of anemometer types and

averaging periods of mean winds causes some difficulties in many engineering applica-

tions of wind statistics. Specific aspects of this problem will be discussed ifi Chapter

2 of this thesis.

The electric telegraph, which made its public debut in 1845, linking
Washingtbn, D.C.4and Baltimore, Maryland, provided the technological means for,
widcsprea'd simultaneous weather reporting and cegtral analysis. This, in t'um,‘enabled
prompt return of imbortant information, such as storm warnings. The r;ec,essary

administrative structures were also being formed at this time.

In the United Staes the Smithsonian Institute organized the first network of
simultaneous observing stations linked by telegraph. From its small beginnings in
1849 it .grew to over 600 stations just before the Civil Way. In 1870 Congress established
4 national weather service under the Army Signals Corps. It was specifically charged




with predicting storms on the Great Lakes and the eastern seaboard. This reflected
the current concern over the considerable loss of shigs and lives due to unforeseen
weather eonditicgs; In 1868 alone, storms on the Great Lakes sank or. damaged 1;164
vessels and claimed 321 lives. The weather service expanded rapidly to meet the
requirements of trade, agriculture and later aviation. As well as tackling the immediate
task of storm forecasting, the service soon began’ compiling iocal climatologies and

iESding regular weekly bulletins on climate and crops. A hurricane first appeared on a

weather map in 1874, and in 1898 a hurricane warnirfg 'ﬁetwork was established.

»

- A development of particular interest in the context of the present study is the
. :heasurement of upper level winds by tfacking ascending t)alloons (see Chapter 4).
In 1909 the ‘U.S. Weather Bureau began releasing pilot balloons on a regular basis.
Initially, these were tracked by theodolité, but in 1937 upper air sOundmgs were

begun usmg the radiosonde (invented by Moltchanoff in the Sov1et Umon around

1927). Improved methods of tracking by radio and radar were introduced during
World War II. | - o
Whils‘t these and other milestones were being passed in the Urrited States, parallel
. developments were taking pla::e in national meteorological services around the world.
Intematlonal co-operatlon was also encouraged such that, by 1885, the Amencan
and British semces were jointly involved 1n storm forecasting for the Atlantlc Ocean.
As early as 1910, the U.S. Weather Bureau was routinely collecting simultaneous weather

observations for almost the entire northern hemisphere.
1.4 'Wind Records in Canada = ‘ .

The “Magnetical Observatory” was established in Toronto in 1839: Wind
measurements began there in 1841 using tl';e pendulum anemometer, so that wind
strengths were initially recorded in pounds. Directions and velocities (in miles per
hour) were first recorded m 1848. ElSewhere, observations were contributed by

- amateur meteorologists and smentxsts notably Dr. Charles Smallwood of Montreal

-

who estabhshed an observatory at St. Martin’s m what was then Canada East.

a
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h Two Canadian scientific jourﬁals of the nineteenth century published regulqr meteoro-
- logical summaries. The “Canadian Journal” carried monthly and annual climatological
data for the Toronto observatory. Among the parameters of the wind climate noted
were the resultant wind vector, the mean velocity and the ma;ximum velocity. As an
example, the wind summary for the year 1867 is repljoduced in Table 1.4. Tabulations
of data for St. Martin’s (on the St. Lawrence River nort_heast of Montreal) appeared in
the “Canadian Naturalist” and, in the same journal, Smallwood published descriptions

of the climate recorded at his observatory: .

]

“The greatest velocity recorded here exceeds somewhat 60 miles
per hour linear, — there seems a disposition for a change both in
the direction and velocity, at 3 p.m. and at 3 am., which
corresponds precisely with the diurnal barometric fluctuations.
The whole amount of miles linear.of wind during the past year
(1856) was 53061.63 miles, which being resolved into the four
cardinal points, gave, N. 6969.80 miles; S. 5298 .89 miles; -

E. 10776.40 miles, and W. 30016.56 miles. The maximum
velocity during the past year was 44.40 miles per hour.”
(Smallwood, 1857)

The somewhat cumbersome representation of annual mean velocities reflects the direct
registration of miles of wind obtained from a self:-recording cup anemometer.

The observatory at Toronto formed the nuclekxs of Canada’s meteorological service
when, in 1871, the government approvéd the ex—peﬁditure of $5,000 for further obser-

vations. Like its counterpart in the United States, the service’s task was to issue

storm warnings. Nevertheless, climatologic%l data was soon being assembled and issued
in the *MonthlycWeather Review”. An interesting feature of this publication was the

inclusion of wind-roses to describe the wind climate at each observing station

~

4
i

(Figure 1.3), forerunners of today’s more complex roses and frequency distributions

(see Figure 1.4 and applications in later chapters).

A !

Detailed statistics were also\given in the annual reports of the service and, from

\

1916, in the ‘““Monthly Record”. At a time when observations were'l;sually taken three

‘ fimes per day, statistics relating to these times were tabulated separately. Normally, the



RESULT

1867 OF EXTREMES
19 YRS.
Resultant direction N6(°W | N61°W
Resultant velocity in miles ~ 2.05 1.89
Mean velocity, without regard ) ]
to direction 7.00 6.89 © 8.55/1860 5.10/1853
Month of greatest mean velocity ‘Dec. Mar. _,Mar_r. 1860 Jan. 15848
Greatest monthly mean‘ velocity 10.32 8.83 12.41 J 5.82
Month of least mean velocity Jun. Jul. Aug. 1852 . Sept. 1860
Least monthly mean velocity 413 | 495 3.30 5.79
Day of greatest mean veloa'tly May 1 Mar. 19/59 Dec. 2/59 -
Greatest daily mean velocity 20:99 23.05 3116 ) 15.30 ,
Ddy of Ie@t. mean velocity Aug.‘7 , ‘
Least daily mean velocity 0.23 ‘
Hour of greatest absolute Dec. 6 Dec. 27/61 " Mar. 14/53
velocity 7—-8 pm 9-10 am 11—noon
Greatest velocity 368 |4002 | 460 25.6

’ .
A

TABLE 1.4 SUMMARY OF WIND OBSERVATIONS AT TORONTO-FOR 1867
(from the Canadian Journal, 1868 — wind velocities in m.p.h.}*

‘.
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DIAGRAMS SHOWING THE NUMBER OF HOURS IN-

THE MONTH DURING WHICH THE WIND BLEW
FROM EACH DIRECTION,; ONE INCH REPRESENTING
200 HOURS (FROM THE MQNTHLY WEATHER
REVIEW, MARCH 1882) '
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step is in the realm of statistical inference. The ‘evidence of the data, and other
theoretical and empirical factors, might well suggest a behavioural 'modcl expressed in
probabilistic terms, such ase certain probability distribution function. The model can
then be employed, with a certain level of statistical confidence, to predict a given

meteorological event. This general area will be the concern of Chapter 2.

-—

The traditional statistical measurés applied to the winds are, as indicated in the
previous section, the mean speed and the resultant, or vector mean. It is now corﬁmon
practice to classify the observations into finite interva'ls of speed and direction to
produce a frequency distribution. Frequencies are usually normalized by the total
number, of observations. . Other measures of central tendency can then be estimated,'.
particularly the modal, or most likely, Yalues of speed/ and direction (the “px;evailing”

wind).

A statistic commonly employed by climatoloéists is “persistence”, defined as the
ratio Aof the magnitude of the resdltant wind to the mean wind speed. It implies the
relative strength of winds from the prevailing direction. —Variability can be measured
by the.standard deviation, and higher moments o}: the data (skewness and kurtosis) can

indicate the general shape of the frequency distri_f)ution. The variability of wind vectors

is measured by the :Iandard vector deviation.

The modern wmd-rose is a dxagrammatlc rqentation of the bivariate frequency
distribution _of speed and direction. This notation can also indicate the incidence of ‘
calms and-the mean wind speeds associated with each direction (see Figure 1_.4b). "An
alternative tréatment is to plot frequency against direction and the mid-point of the
wind speed interval, and then construct contours of frequency. Although this form has
a .certain illustrative value, it erroneously suggests that a finite frequency can be
assigned to a specific wind vector. To avoid this objectiqn, it is possible to. rearrange
the frequency dlstnbunon to give the frequencies of wmd speeds less than or equal to
ngen values (the cumulative frequency dlstnbunon) and, conversely, the frequencies of
exceedance. The latter can also be plotted on a plane of wind vectors to give a two-

dimensional representation of the familiar “probability mountain”. ¢




resultant wind vectdr was given, together with the mean and maximum velo_c'ities for
' the“7 month or year. ©

Due to the si_gady increase in the number of Canadian weather stations and the
frequency of observations, the scope of available wind rec;)rds is now considerable”
In March 1973, for example, the “Monthly Record” summarized hourly wind data from
248 stations. It' listed not only the traditional quantities (means and mgxima),but

also the occurrence frequencies of wind speeds and directions, and the maximwm gust

speeds. More detailed information for a number of stations is available in the “‘Annual
Meteorological Summrari\ps’-’, which include historical records of the monthly and annual
maximum winds. In addition, the “Hourly Data Summaries” contain mean monthly

frequency’ distributions.
Q + Y

* S

Apart from these sources of surface wind data, there are a number of published
climatologies covering ‘vafious regionsﬁof Canada. Most of these have been listed by

Thomas (1961)." L.

_ . The Canadian radiosonde network began ;aperation in 1941, preceeded by a limited
_— programme of pilot balloon ascents. The ‘““Monthly Bullgti'n” of upper air data ﬁrst
appeafed in 1959. It provideﬁthose gnterested in wind climate aloft with the processed
m results from twice-daily radiosonde flights at- over thirty stations, data whig:h will be
"~ used exterzsively in the present study. Wind speed and difection are recorded for the
/surface and certain standard pressure surfaces above 1000 millibars. As a further aid to
the undef%ia;;dmg of upper winds, but closer to the ground, a quarterly bulletin is now
available giving regular observations taken on towers Of various heights. There an;. some

seventeen locations, generally in urban surroundings.

1.5 The Application of Statistics to Wind Climate °

© <

The collection of a substantial volume of data is but the first step towards

o

successful prediction of wind climate. Suitable statisticdl tools must then be used t'o

summarize the data and provide some guantitiative notion of passed events. The third




. These methods of depicting a bivariate frequency distribution are illustrated in
Figure 1.4. The same hourly wind records for London, Ontario in the month of
o )

January have been used throughout. The ofiginal data tabulation is shown in
Figure 1.4a. | ' '

Perhaps the first probabilistic model to be-applied to meteorological elements
" was the simple law of errors, or normal distribution. The (cumulatlve) probabﬂlty
dlStflbthlOl‘l function, and its derivative the density fuhgtion, are agﬁned compiletely
\by the mean and standard deviation. It has often been a;_)plied to atmospheric pressure
and temperature, vsugg;esting that the various physical factors: contributing to their occur-
rence are, at least effectively, independent. However, this may not always hold true
and othef considerations, such as a known skewness in the frequency distribution,
gu'ght indicate an alternatis;e model. Such is lhe case with rainfall and wind speed.
\’~\The choice of a theoretical distribution to describe the winds is still, to a large
extent, a matter of pérsonal preference. However, there are a numbgr of pointers'to a
group of closely related exponential functions. For example, it has been shown ( Brooks
‘Durst and Carruthers, 1946, and other?) ﬂ't upper winds can be well represented by the
biydriaté normal distribution. ' ln a particular restriction of the general form, closely
bllowed by many data samples, the density function is circular and centred at the
g o_rigin of the axes. It turns out that the conequnding distribution of wind speeds,
der'weq by integrating the bivariate function over all difections, is Rayleigh, a particular
case of the chi distribution (see Fig'ure 1.3). It is defined by a single parameter

equivalent to the stadard vector deviation of the original bivariate form.

4

+

The general concepts outlined above are now flrmly established among engineers ‘
and others concerned with'future meteorological events. Unfortunately, it is often in-
sufficient to simply peggcribe a distribution of ‘the entire populatlon of winds (the parent
distribution). Many areas of application are concerned with the occurrence -of extreme

~ values, a branch of statistics for whieg a good body of theory is now available.

20
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The modern theory of the statistics of extrefnes originated around 1920. 'lnitially,

investigations centred on the extremes of samplés taken from the normal distribution and
their relation to sample sizé. A significant contribution was made by Fisher and Tippeﬁt
(1928), who derived the three asymptotic distributions of extreme values. They pointed
out that the same results are obtained from a group of parent distributions. Later,
von Mises was to define the conditions under which the asymptotic forms were vélid.
The three distributions may be interpreted physically as describing the largest or smallest
value of an .unlimitec‘i variable (Typo ), the largest \;aluc of a vaﬁable with a lower limit
(Type 1) and the largest or smallest value limited in the range of interest (Type III). It
should be noted that both the Yirst and second types are completely defined by two
parameters which express the scale and shape of the distribution. The general relationship
between the extreme and parent probability func)tions is illustrated in Figure 1.5. /
: .

In f'932 a significant discussion contributed by‘S.P. Wing appeared in the: proceedings - -
of the American Society of Civil Engineers on the subjact of wind loads on steel buildings
(Wing, 1932). This was one of the earliest proposals to introduce the statistics of extreme
winds into engineering design. Another pioneer in the application of extreme value
theory, E.J. Gumbel, devised a widely-adopted method for fitting e:ﬁi_ggme data to the
first asymptotic distribution (see Gumbél, 1954). He is largely responsible for the con-
siderable practical acceptance which the theory has gained over the past fifteen years

®
or so, including applications to wind climate.

Since, in meteorology, there exists a natural penodmty of one year, the analysxs
of strong wmds has concentrated on the annual maxima. “Thus Shellard (1960)
apphed the Type I extreme distribution to the recorded yearly maxima in the
Umted ngdom and developed maps of the surface wind speed likely to be exceeded,
on average, once in 50 years {the 2% duantile or SO-year ’retum wind). ‘Thom (1968)
undertdok similar worl'c for the United States, but preferred to use the Type Il
distribution. ‘ ‘

In extreme wind analysis and other investigations of wind climate,*difﬁ'culties
frequently arise due to non-'mdépendence of samples, averaging times of observations

and instrument response. These and other factors may impair the-homogenefty of




climatic data and the validity of statistical models. To understand and‘ rhaps avoid

such pitfalls, the theory of stochastic processes may be brought to bear on theproblem.

~

Wind speed can be regarded as a continuous random function which consists of

: .. .
a number of harmonic components of various strengths, represented by the power spect-

e .
rum (shown schematically in Figure }.6). The function can only be described in

statistical terms and, if th_e' statistics are constant throughout a given record, the process

is said to be stationary. Stationarity is an important assumption facilitating fairly
straightforward analysis. Winq can be considered in this way be separating the ﬁuctuations
according to their characteristic time scales and regarding each as a “locally stationaﬁ”
process. They divide roughly into “gusts” in the _micrometeorologica] range, with

periods less than about 20 minufes, and the remaining low frequency or mean wind
componex?ts. The \lattcr derive from diurnal influences and the passage of individual
st‘dnns (the mesometeorological rmée), and seasonal fluctuations. Thus, a series of
‘hourly surface wind or twelve-hourly upper wind measurements will constitute a roughly |
stationary record of the la}ger scale climatic process. A knowledge of the microscale
compSnents is also iinportant to explain, for example, the statisticz;l differences between

: hourly records of maximum gusts. and ten-minute mean wind speeds (see Chapter 2). “

.
L

A 1
A L

The theory of stochastic processes is not new to the communications and control

AN

engineers, who have used such concepfs since the 1930’s, but it is a relatively rg;erit .
departure in the study of winds. Much of the initial work centred on the high
frequency fluctuations, or atmospheric turbulence, and partiwlarly the implications
for stmct\;ral design against wind action (see, for example, Davenport, 1968). The ‘
theory has also been used to derive improved distributions .of e%treme values and other
'stati§tics of win& climate, such as the durations of storms. These developments draw

‘ *heavily on earlier work, notably by Rice (19.54) and.Cartwright and Longuét-Higgins

(1956), concerning the crossing rate of certain levels of a random function. ° -

1.6 Engineering Uses of Wind Statistics
The interaction of the natural wind and man-made structures is at least of passing

concern to many engineers and planners. ‘It may add- an unwelcome dimension

¥
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to a structural des:gn problem, such as a tall bmldmg, or it may be the ratson d’'etre
for the entrre prolect such as power generation from, the wmd In erther case a good
undesstanding of future climatic events is required. As outlined in the prevrous
discussion, this is best expressed in statisticaI terms. Depending on the design

phllosophy, the required information may range from a specrﬁc wind condrnon to a

detalled probability distribution.

" -

s 3
\ o

+ Many countnes have now established codes of practice contamrhg procedures for
dealmg wrth wind loads on structures Design wind speeds in drfferent locations are
often recommended, based on a certain return period of‘ years. These may be either
‘maximum gust speeds, as in the British Code of Practice (British Standards Institution
1972), or ma;dmum mean hourly speeds to be used in conjunction with recommended
gust factors, as in the Canadtan National Building éode (National Research Council,
1970). However, for unconvent]onal struetures a special investigation ‘may be
necessary perhaps mvolvmg a meteorologrcal study of t.he site and wmd tunnel tests
to determine the statlc and dynamxc behavrour under wind action. The results, such
as peak responses, might well be expressed in probabilisitc terms, an essentlal ingredient
bemg a rehable model of the bivariate dlstnbutlon of mean winds (see Davenport, |
1971, for a dlscussron ‘of the generfal approach) Similar methods can be employed to

describe the microclimate in the v1c1mty of tall burldmgs from the point of view of .

. pedestrian comfort. i

- ’ a

Good statistical models of wind climate are also applicable in- studies of the dis-

tributioh of .air pollutions over wide 'areas.“ Some numerical methods (for example,
Bowne, 1969) divide the region into grid squares and use-plume and puff idealizatfons
‘io find the prdportion of source concentrations carried into' sguares downwind. The
overall picturé is obtained by summing the effects of all sources under given weather -
con'ditions By incorporating probability distributieh's of the meteorolpgical elements,
mcludmg wind; this method can be extended to yield statistical descnptrons of pollu-
'tron ‘climate” over the area.
The operatron of short take-off and landing (STOL) aircraft mto small areas close to

crty centres s hkely to become gscommon feature of air transportatron in the next

>
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few years. Wind climate will be an important factor in the siting and orientation of
landing strips for at least two reasons.
Firstly, concerning si'ting, it is desirable to position the STOL-port such that it
is most often upwind of the built-up city centre, thus minimizing general levels of ‘ ' M
atmospheric turbulence near the ground. The aircraft types in question, having low

wing loadings, experience handling difﬁculties in highly turbulent conditions. Clearly,

optimum siting will involve a close examination of prevailing wind statistics.
Secondly, the runway should i7e aligned such that the proportion of timé the ‘
facility is unusable due to high crosswinds is minimized. A bivariate wind distribution’
model will be useful here, from which the probabilities of exceéding a specified
crosswind component can be calculated for any given alignment. Slmllar techmques
will apply to convenfional alrports and can be extended to encompass cases of two

or more runways (a recent approach has been given by Falls and Brown, 1972).

Strong winds over oceans and coastal regions, especially those affgcted by cyclones
or hurricanes, can create particular difficulties fo; the engineer. Statistical models
of hurricanes are still far from finalised, but there is some evidenc;a that the probability
distributions of extreme wind speeds in tropica} storms are distinctly different (for
example, Thom, 1970). It is also possible to formulate the statistics of' extreme wave
heights from the wind chmate over oceans, this being of consxderable 1mportance in the
design of harbour defenses and other marine structures (Thom 1973).

3

The last applicatim; to be mentioned ir} this brief survey is that of power genera-
tion from the natural wind. This possibility has recently enjoyed a revival as part of
the publig debate on the rising cost and diminishing availabilit); of fossil fuels. Jn 7
" theory, the power generated by a windmill device or aerovane is proportional to the ‘
cube of the wind speed. However, there are inevitable losges which might cut the output
of the generator to below 50% of the energy of the incidence airflow. In general, the
proportlon of theoretical power available will be a function of Wmd speed, there being
also a minimum wind speed at which genefatlon begins and a max1mum operational

speed. These machine properties can be combined with the probablhty distribution of

winds to predict the total energy likely to be delivered in any one year period. Other
\

N\
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interest. ; : ‘ - -

*comparative survey of extreme wind statistics for a number of countries asqund the
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*

critical statistics would be the proportion of time the wind dips below the maximum
generatirrg speed or exceeds the maximum, and the distribution of idle periods. :Althoﬁgh
these considerations are not new (see Tagg, 1957), renewed investigations may be in

order in the light of current trends arrd recent advances in the statistical description of

winds.

The questions of airport runway alignment, ocean wave heights and wind power will

be discussed in greater detail towards the conclusion of this thesis.

1.7 The Present Study - .

£

This study will be principally concerned with various statistical models of mean wind
climate, the emphasis being placed on strong winds at ground level and. gradient height, at

the top of the atmospheric boundary layer. lee purpose is to examine these fnodels

and their interrelaiior;, introducing some improveq apbroacheé likely*to be of practical

3

’ -. L
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&

Chapter 2 will discuss bivariate distributions of wind vectors and correspond‘mg '
. distrilbytions of speeds, extreme value theory applred ‘to \\:md climate, and the relatnonshrp

between gust and mean Wmd statistics. Some of the results will then be used in a

- N -

.

world. ‘ ) <

- 4 . - ' ‘e
- - v - ) -~

»

The connection between hsg’rface and gradiens .winds will be investigated in

Chapter 3 with the aid of some’physical, as well as statistical, models.

The general problem of establishing wihd climate will be treated in Chapter-4. The

suitability of surface wind records and. upper air data will bé discussed fromv the stand- . N

" point of- various terrain influences and statistical errors. In addition, climates of winds

calculated from synoptic records of atmospheric pressure will be derived and compared

! A
with those obtained by conventional methods.







CHAPTER 2

.
v

-STATISTIC‘ALEPRQPERT_IES OF WINDS AND THEIR EXTREME VALUES /

~

.

2.1 General
-r
Jhe practical requirement‘fo“r good statistical models of wind climate, and

. partit;ulariy extreme events, has already been oyglined. Some specific distribution
types hav&;, evolved, from both theoretical and empirical considerations, as being
\rep'resentative in most situatipns‘. These include the bivariate normal distributions
(at upper levels) ;cmd ihg, Weibull-and Rayléigﬁ distributions of wind speed regardless
‘of directiofl. Of the extreme value forms, the first and second asymptotic types are

_ most commonly encountered. l '

In view of the fundamenta} importance of selecting an appropriate distribution,

” andrthe'frequent necessity of comparing statistics derived from different models, it is
pertinent to re-examine the relationships between the bivariate and ur{ivariate forms
and the various extreme distributions, and then to explore the significance of

L ~

averaging time, as between mean winds and peak gusts.

\

2.2 The Bivariate Normal Distribution

"The general ijz[iriate normal distribution of wind vectors has the following

" probability density function:




=~ 2
V)
Y__)J (2.1)

05 0x0y 0)%

in which V, and are the zonal and meridional velocity coméonents respectively,
Px and are the component means, . .

o, and are the component standard deviations

X

r is the correlation coefficient between the components.

xy

'Tﬁe vector mean, or resultant, is given by
V, = (V2 + Pf)l/z (2.2)

Following the usual meteorological convention, x and y will be defined as posi-.
tive for vi'inds blowing from the west and south respectively. The bivariate surface,
when projected onto the x-y pl;me, can be represented as a series of elliptical

r contours of certain probabil@ty levels centred on the vector mean (Figure 2.1a). The .
ellipse drawn t}xrough the component standard deviatior;s will enclose approxiniately
39% of the distribution and is used to illustrate the special cases of the distribution in
the remainder of Figure 2.1. ‘ .

&

Winds aloft have béen found to be distributed closely in accordance with _the
bivariate normai function (Brooks, Durst and Carmthers\, 1946, and others). Further-
more, the restrictions of zero x-y ‘correlation and equa;l' -éompénent standard deviations
apply at most locations and altitudes. This is the offset circular case. Crutcher
and Halligan (1967) note that noncircular distributions are fe’nmd where the ov‘erall
wind climate is composéd of distinctl)" different regimes, such as along the boundary
between prevailing westerlies and easterly trade winds, over mountainous reglons, above
coastlines and, at higher altitudes, in regions of preferred je:tstream forgaation and

just above monsoon circulations. From an examination of over one thousand seasonal

- upper wind distributions, they report that, although noncircularity is at least twice as

+
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frequent over continents than over oceans, the proportion of elliptical to circular

dlstnbutlons over the Northern Hemisphere is about one to six (in this case a distri-
bution was considered elliptical if the ratio of the larger component standard devnatlon

to the smaller was 1.2 or more).

©

The offset circular density function is: ) : L
- 2 = 2 \
] V=V, + (V.k’ -V, ,
pv.v,) = expl A (2.3) L
¥ and? 26°
where ¢
0 =0, =0, (2.4)

Conveniently, the sole defining parameters are the standard vector deviation, o, and

the magnitude and direction of the vector mean. These quantities are suitable for
mapping and this has been done for most of the world and at various altitudes, usually

at standard pressure surfaces above 850 millibars. ,Examples are .to be found in Brooks

et al (1950), Henry (1957) and Crutcher énd Halligan (1967‘)1 However, of more '

- immediate interest tothe earth-b;)ung_gngjneer is the wind climate at gradient height, at
what can be regarded as the top of the\atm'ospheric boundary layer. As shall be
described in a later chapter, this can be related to the surface climite. In a previous
study the wnter (Baynes, 1971) established a prehmmary climate of gradient winds

over Canada also based on the circular model. As 1ndlcated above, the cxrcular distribution
is best followed when only one distinct wind regime predommates so the analysis is
usually applied to seasoeal or monthly accumulations of data. ‘ -

1

2.3 Wind Speed Distributions Derived from the Bivariate Normal Model 2

Given a bivariate distribution of winds, it is useful to obtairi directly the
torresponding distribution of wind speeds, regardless of direction. Unfortunately, in only
one special case is the solution obtainable in closed form, but Weill (1954) has given

a general expression for the density function of speed, V, "y

&




where the components, Vx and Vy, are completely uncorrelated. It can be

written as follows:

- ~
. - ,
B(V) = AgV exp(—A V2) [IfAV2) Ia3v) .
» oo | .
+ 2 jz:} IfA,V?) I,{A3V) cos 2i¥] , V= . (2.5)
L
where * J‘e '
’ V2 P2
1 1, Vx V
Ap = ——expl— 5(3 + L)) °
0 Ty, 2 0;\2; ‘032:_ 5
; 5 :
40% o3 402 o3
Vi 2 V, 2 1/2
Az = {30 + () /
0% > ) .
, 1% a_‘g '
and tan ¢ = ::l—z v ' (2.6)
'4\ ony - ' .
I denotes a Bessel function of the first kind. ' \

o
If the components are corre.i‘r:ted, as when the major and minor axes of the
elliptical distribution are oriented other than in the x-y directions, it is necessary to
transform them to uncorrelatgd variables. In fact the transformation consists of a

simple rotation of the axes so as to be parallel with the axes of the eilipse (see
Figure 2.1a). This results in a redefinition of the parameters listed above (Yadavalli,

1967):

\
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" where o% and ag are the uncorrelated compongnt variances, given by the positive and
{ s ‘ .
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9
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The wmd speed distributions associated thh each of the restnctxons ﬂlustrated in

Flgure 2.1 can be deduced,straightforwardly from these general expr;essnons " The circular -

‘ cases, of particular significance here, will now be exammed in detail.
. . ¢

2

2.4 Wind Speeds from Bivariate Circular Models |
o X /
¢ . ' ' ' N A . ' ‘/
For the offset Circular distribution Equation 2.5 reduces to: 7
p(?) QAP (V2+V'g)/1 ), V>0 DU (29)
= —= expl- » - .
P 2T 07
*in whiéh f’ is taken as the magnitude of the vector mean. This is known as the non-
‘ _ central chtz distribution and can be rewritten in terms of the non-dunenmonal .o
quantmes t and N asfollows: - , .

‘» * ' ) ‘
pj = :/an,l.—'(ﬁ—;———“no(m‘, (>0 L 20
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where

weo
Qiw

>
]
sl

(2.11)

The cumulative probability function is then gitién by:
' ?

0 = exp () frexpi— ' | |
t) = exp(—= -jot exp —~2—) Iy \t)dt # (2.12)

Following Smith (1971), the Bessel function can be expanded as

n

o0 i Y - P
o = 3 o ' -

- (2.13)
j=0 2% jI TYj+1)

and then, integrating term by term, a series solution is obtained:

2 .
Pt = exp (- Z‘2,--)/(1 ~ expl— —212-))

—’7(-) 121 ~ expl~ é}) - Pexp (—é)/

)2 (—) /4/2(1 expl— ﬁ,) | B
2 B
s expl - 52-)/ - Aexp (- %2-)/ + 0.0 .. (214)

According to Smith this-converges satisfactorily for X less than about 3.5. Fortunately,
the distribution can be characterized fairly readily by its various moments, an expidgsion
for which has been derived by Patil 961). The first two moments are:

r 1/2 AZ )\2 .
2) expl— ) (Fp (1%L ) : (2.15)

)

m;

VY A
andm2 = 2exp(— 7‘) IFI (2,1,’7) . e (216)
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\\1where jF) denotes the confluent hypergeometric function. The above examples can be
easily transformed to fall within the range of parameters commonly listed in mathematical
tables (for example, Abramowitz aﬁd Stegun, 1964). The behaviour of the mean and
standard deviation of ¢ as a function of A has thus been developed and plotted in

Figure 2.2.

As the non-dimensional variable A lapproaq{les zero, the ‘oivax}"ate circular form
becomes central with respect to the x-y. axes and the wind speed distribution is
! Rayleigh: 7
V) =1 — expl(- ——5) : (2.17)
. 20 ’
with a mean value of (1r/2)1/2o and standard deviation- 0.656 ¢ (1= ].253 and
0, = 0.656). Investigations of the monthly gradient wind climate over Canada (Baynes .
1971) have revealed that A seldom exceeds 0.5 so that, c6nsiden’ng Figure 2.2

the Rayleigh model might be a reasonable choice. However, the standard vector _

deviations may be large, of the order of 10 m/sec, and this would result in under-

" estimates of the mean and variance’of V and perhaps unacceptably low extreme

value statistics.

-
As an 4ttempt to overcome the practical shortcomings of the Rayleigh model,

an alternative dnd somewhat empirical approach is to allow the function a second

variable parameter, such that
V) = 1 —expl~(2)) ] (2.18)

This is known as the Weibull distribution and has often been used successfully to
describe actual wind speed oecurrences at grbund level as well as higher elevations. By
way of illustratiZn, Figuee 2.3 shows distributions of mean hourly surface winds at

Toronto International Airp'ort in the decade 1957-66. Rewriting Equation 2.P8 in terms

of ¢, and redefining c, .
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. ko
At =1~ expl—(4)) , (2.19)

with the mean value
. }

- ’

t = cm + k) , ~ o (2.20)
and standard dev}mon
2 12
o, = i1+ — ey (221)

-

In the Rayleigh form, k =2 and ¢ =/2.

A PR
4

The convenient Weibull distribution can be used with upper wind data by some scheme
of curve fitting to the wind speed frequenci;zs. In the absence of such detailed statistics
a direct /relations'hip can be established between the Weibull parameters and tﬁe de-
fining p?rameters of the offset circular distribution, V and . One approach isto

match the ﬁrst and second moments of the non-central chi? and Weibull functions.

Firstly, the rel'ationship of k to \ is derived by equating the coefficients of

-variation:

o V.
L T K/ TR

W\ = = (2.22) -
o (N T4k .
Then the behaviour of C is found by eq‘uating the means:
S
(O = cT(i+3) . (2.23)

Both ¢} and t(\) are taken from Figufe 2.2. The final relationships are shown in
Figure 2.4, indicating that, within the ranée of A wsually encountered, k can be
taken*ad”2.0. This is again the Ray]eig,h distribution, but with the value of ¢ greater

<

. than /2 and increasing quite rapidly with A.

7
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2.5 Other Bivariate Distributions
Brief mtﬁon will be made here of some other bivariate models which have been
employed in the analysis of wind climate, particularly near ground level where the

influences of terrain roughness and general topography often produce a more complex

' distribption.

Taking the special case of the biviRate normal model in which it is both central
and circular, the probability density function can be expressed in polar cpordinates as:
)] V

p(ve) = 02 ‘expl~ 2 (4] “ (2.24)
27 , .

where 0 is the wind direction. An empirical extension of this, which could allow for

the directional properties of the terrain, is:
p(V.B) = Vexpl—(a0)V2 + O + C)] ' (2.25)

where C .is a constant and a6) and b(6) can be represented as infinite harmonic

series. Their exact forms are determined by fitting to observational data. This

approach h?s been used in an invéstigation of winds in Toronto by Davenport, Hogan

.4

and Isyumov (1969). T

Recently, the Wenbull curve has been used to describe separately the probability
of wind speeds blowmg from within_ a ngen sector (for example, Davenport and

Jandah, 1973). Thus the ..aggregate blvanate distribution can be written as:

» ™ rt

P(VB) 2 a(B)(J*exp[ (kaﬂ) - (2.26)

»

3
» *3
»

The functions a(), o 0) and kf8) can again be expressed as finite h@fmonic

series in accordance with the available data, with the necessary condition that:
p o

¥
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Frae)ds = 1 S 227
. 4

* In that the latter model has a singulan'ty at the origin, it may not be applicable ai

low wind speeds. Nevertheless, both methods discussed here provide a reasonable means

L4

of extrapolating to very high winds from any required direction. .

. - B
. * \ i \ ]

2.6 The Statistical Theory of Extreme Wind Speeds ;. . Y

Turning to the statistical properties of extreme winds regardless of difection, it is

well to considér first the basic approaches to the problem. Four of these will be

identified, as follows: y -

exact solutions;

a).

’ b). approximations to exact solutiens at low probability levels;

l

-

¢) sasymptotic forms; and

d) forms derived from a continuous stochastic process.

Fundamentally, for a random sample of N independent observations of wind ‘speed,

which are themselves identically distributed, the cumulative distribution function of the

o

maxima is given by:

£ ‘ +

rv) = Fy) : | (2.28)

where F(V) geféfs to fhe parent distribution. Since wind speed is continous, as®

opposed to discrete valued, the probability density function is:

Y

p(v) = NEV=ly) - qrv) o (2.29)

fIlV) being the ciensity function corresponding to F'V). Thus, if V) and FV)

are known, the exact distribution of extremes in N samples can also be determined.
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Unfortunately, calculation of the various moments of the distribution would usually

require some cumbersome*numerical integration and, in any event, the rather complex

" functjon would not lend itself to easy application. k

A " In some cases a considerable simplification can be made at low probability levels, that
is towards the right-hand tail of the extreme distribution. As an example, consider
| a Weibull parent distribution (Equation 2.18), then
\] v ‘\

\

k N
V) = (1= exp(~(2))] (230

Expanding the logarithm of. the left-hand side of (2.30) and ignoring terms of second

order and above.

— — . '

k
WYY = ~Nexp(~(L) ) : (2.31)

Now, the return period, R, can be introduced in place of P(V). It is tﬁe average

number of observations between oscurrences of values exceeding V, defined by:

¢ ) . . ‘_ i 1

so that, for R greater than about 5,

3 Cmev) = -k | (2.33)
_ * it follows from Equation 2.31 that
) 1k o .
v = dmnr)! 4 (2.34)

If apnual maximum wind speeds are considered, R will be expressed in years and N
should be the number of independent observations in ofle year, as distinct from the-
total number recorded. [t is often taken as the average number of “cycles” of wind in

. 3 a year, based on an gxamination of the power spectra for the process. The average

cycling rate is given by: : e

»




® 4y

1

2
f n“S(n)dn 2

Vo ‘ (2.35)
L . IO S(n)dn » - v \

where S(n)"is the spectral density at frequency n. For hourly mean winds, # is

typically about 0.1 cycles per hour (Davenport, 1968), so that N~ 876 and

Vo~ 8.6+ RS ~ ﬂ (2.36)

Without the simplification outlined above, an extreme distribution can often be derived

from a knowledge of the parent‘distributién and the assumption of large N. The
question is, how soon is such an asymptotic solution approached as N increases.

Gumbel (1954) has studied this by introducing two parameters, the expected largest

. _ : value in N observations, Ujp, and ap defined by:
ay = NfiUy) ) (2.37)1'
s It can then be shown that ‘
b o (238

expected largest value with respect to the logarithm of sample size.: ¢ case of a

aVeibull parent distribution, it turns out that:

1k '
Uy = dinN) / ‘ : : (2.39)
[}
Also ,
. } 4
Lot ‘ . (240)
ay k . !

' f These relationships are plotted in Flgure 2.5for ¢ =+/2 and k=2, the Ray]elgh

form. Itewill be noted that.in the case shown UN increases more slowly than .

In N, whereas if k were less than | the increase would be more rapid than In N,
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Extrgme value theory, which will not be detailed here, can now be invoked to ’
obtain the distdbution of the maxima, provided that values ofathe variate are sufficiently
large. The first asyr'n‘ptot‘e, the Fisher-Tippett Type I or Gumbel distribution, is derived '
from a parent of thie general exponential type, for example, the normal, lognormal, N

chi-squared and Weibull distributions. The.Type I has the form:

AV} = expl-expl—y)) o<y <o - | (2.41)
/
in which

" The parameters U N and ap now take on new meaning as measures of the
scale and shape of the extreme distribution. In fact, U N is the modal value and
ay 'the inverse of the dispersion: .

Parent distributions of the Cauchy type, that is,

Lim(1 = Fv) vk = 4 (2.43)
L¥eo ¥

For A >0 and k > 0, give rise to the second asymptote: )

-

Pd

AV) = expl—(2) ) (2.44)
. ﬁN &

. :
This is the Fisher-Tippett Type Il or Frechet distribution, in which fy increases with
N but v is independent of N. For applications involving wind sbeed it has the
theoretical advantage that,'like the distribution of the parent, it is left-bounded at zero.
However, since observations often conform to the Weibull, the Fype 1 may be pre-

@

ferred as the corresponding asymptotic distribution of extremes.

- A third claszs, of initial distributions, limited in the tail of interest, has extreme

1

-

distributions of the Type 1lI:

‘.

—

”

s
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PY) .= exp[—(::_gN) ], —e<V<w ‘ ' . _(2.45)
. . »e \4“_ \

The corresponding distribution of smallest valueg is:

For the partlcular case of wy = 0 the lower hmit Equatlon 2.46 reduces to the
Weibull form, although it should be noted that th1s does not constitute any theoretical

foundation for its use.as a parent distribution of wind, speeds.

The.'ﬁnél approach to 'the statistics of extreme winds considers the wind“as a
continous process (see Davenport and Baynes, 1972) The basw elements. of this method
are as foﬂows The “crossings” of a high- value of the vanate ‘V, in a given period, 7,
are treated as nare independent eventsi followmg the Poisson dlstnbutxon An -expression
can be found for the crossing rate in terﬁfs of the probablhty densxty fnnctmn—of the
ongmal process, its average cycling rate, v (Equatlon 2. 35), and its standard deviation,

o It is asgumed that-the process is statlonary and independent of its derivative with-

. respect to time, and thax the \denvatwe ig: normally dlimbuted Thys, the probability

of fhere being. no crossmgs at level V in tnme T is gwen by:

[ v

CPV) = exp(~Cp(V)T) SR | T (24
where the constant C is defined by: ' » . ‘ . «
c =_\/51?o.v S L . (248) .

The forhlulatlon then pro“ceeds on the basis of a suitable probabdlty model of wmd
speed for each month or Q'.ason of the year. If the Weibull dtstnbutlon 1s chosen, 1t
- Gan, be sﬁown that ior the whole year, the extreme value dlstnbutxon becomes

—4
I
+

) v 'm k —1

. ke ¢, ‘ , e
" RYV) = eipl-B T (-—-), ., xp(-(‘—,:i) oo - (2.49)
S b S .

.,
. . . - -
) . L . K : ' -
o e
. . ., - * R
.
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. P | . “1 . I) q( > . o !f"'
‘ * ’ * where b ) S “ R ‘ . Y e - : e
' Rt | R A " A ' , L _ .
- - . BR\/znrxow 15<K<22 (2.50) B
o ! : ' . o . ’ :
Ty v ) ' . o
* If the summation in (2 49) refers to the twelve mqnths then T~ 720 hours and c,
and :k, are the \\ferbttn parameter; for each mo,n}h./ e g "
e @ ¢ . < St g

Refiming momentarily to the first asymptoﬁcdistribution it is readily shown
that for 3 very Large values of the vanate, 1t approaches tfte sxmple exponential form:

C . r . . y - 5'
‘ 11’%‘- , qs' ' i : S } v . - 9 |
i LAV = 1 - aexp(~bV) L ) (2.51)
) ' %n& ! vl ‘ ' LS i L]
/ o {\ - . . i
. R I o
: el This has been employed in some studies of extrgme winds and is mentioned here for
"‘14:‘\:? ’ " VAR 4 : ) \
1}1\; the sake of completeness. I .

‘ Essenttally, the parameters of a requlred q;stnbutron ef extremes caR ‘be .
determined either from tlte parameters of a knoWn parent 7ehs.tnbutron (ds in Equatrons
239 and 2.40) or from a smtable fit ef the general form of the extreme drstnbutron to -
" obsérved maxima.. There is a drstmct praetrcal advantage in taking the former approach,
% . the parent distribution can’ be estabhshed from a shortey period of record utilizing all] .
" the avaxlable data, whereas any vahd analysis of aﬁnual maxima V;Euld require many years
of obsengatrons Gomes and Vrckery (1974) have recently comnpared tpe extreme wmd .
speed dtstribut‘tons for Sydney Ahﬁtraha denyed from 18 annuirpaxxma and just 5 years |
t of hou:’ly data- ﬁtted to Wexbull cunes‘ ‘A eiosc srmrlanty was found (within 77 m/s
*T uptothe 100ﬂear return Period) and further analysis showed the drstnbutrons denved
* from the individual 1 year reoords tQ fal} within the 80% oonﬁdenoe band centred on. -

¥

'theSyear’result \ B I
, . . » ) . . U ' o o
. . ' P ' ‘
oo, , Theproceuofcwve ﬁtungtbobservedlargestvaluesrsfamhtateﬂbycertam ‘
'¥)' * ‘ P re]atr:;t\uﬂem&ng between the exteeme- parametm and the momenaofthemaxmla
SR b dver ‘

For the, Fiiher 'l‘lppett Type }, it cdn be shown (Gumbel 1954) that: .




-y

oo

@ 03772

.o s, " o ‘ (2.52)

and ' .

Oy =V o= (253)

where I—’ and ¢ here are the sample mean and stdndard deviztidbn of the observed ., K

max1ma, and oy and y are the expectebvalues of the normahzed standard

deviation and mean for a sample size of N, These have been computed and plotted

by Gumbel and are shown in Figure 2 6. The normahzed vanable y was prewously
..deﬁned in Equation 2. 42. For large N the above relatlonshlps become:

L N 4
‘

v

L-ﬂ. . ) ‘ . ’ . " 3
a w'%“ . ‘ . (2.54)

U=V - (2.55) °

RN

a
¢

Gumbel has sifown how these are obtamed from least squares ﬁtnng of the Type I to the
observafxonal data, in whlcﬁ the maxima Are ranked in ascen-d)vérde\r and plotted
5 N - 3 '

3 T
— 5

as: ¢
' ’
L]

P(weN—T’, | Y L (256)

‘)«.

'*m beihg the’rank ( 1 to N) of an observation of V. In this case, 1f the reduced

" *probability, —In(—In P(V)), is plotted against ¥, the cusie to be fitted is a straight _

line with intercept Uy and slope I/ay;. “ ‘
.. ‘

It wﬂl be noted ﬂmt, should a Type b | dnstnbutlon be requlred the abave
appr(;zch can be applied by using a loganthmw transfonnatxon of the ongmal vanate
It lsappai'emfromacomparmonoquuauons 2.41 and 244mat In V will be
dlstnbuted accordmg to the Type .

-
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Alternative methods are available for establishing the extreme distribution from

_observed maxima, although they appear to offer little practical advantage over Gumbel’s

2.7 The Interrelation of Extreme Wind Speed Distributions

method (notable examples dre those of Jenkinson, 1955 and Gringorten, 1963).

-

[y .

It has been seen that the first-two asymptotic forms of the distribption of extremes

are generaﬂy’suitable for describing maximum wind speeds. They are, rewritten without

%

]

subscripts N:
‘ : .
V) = expl-enl-a (-0l (257)
J - ‘ |
and AV) = exp(-’(g)") ‘ | ‘ (2.58)

For the purposes of comparison of wind statist,}i\cs‘ based on these two distributions,
théy can be ;nétched at any required probability level. If the correspondence occurs
at wind Speed v with cumulative probability P V'), the parameters of the
distributions are-relﬁted by:
! ’ ) | .
Uy V )+ oV -U) =0 | (259

and, setting the rates of chan{; of the: reduced probabilities with V equal, .

o = Aot ;’V‘ inf)] | .o ‘ (2.60)
o a=L . o P (261
: | ¢ ) . ' o
Where the distributions are matchied at their modes, it follows that !:b
vepamd e} L, (2.62)

¢




7 <

Fxgure 2.7 shows that if this method is used to transfonn a Type 1l distribution to a
Type 1, estimates of hlgg: wind speed quantiles from the second model will be .
generally low.

As an alternative, since the quantity In V is distributed as ¥ in the Type I
) model, the means and étanda_rd .deviati%iis for large samples c/an be written:

R (263)
. a .
a/6 - :
and InV = Inf +- 05772, Oy = . : (2.64)
. 7 .
. V6

.

It is then possible to relate the vgnous parameters by assummg that, towards the modes
of the distributioms, the extreme values of ¥ and InV are normally distributed. This
may be realized by first writing the Type | &enéity function in the form

) ‘ : RV
p(V) = aexply —expy) - ) (2.65)
Then, expanding exp y and neglectiné ‘terms in y3 and above,
a 2 ) ‘ ‘
V) = % expl- L) (2.66)

which is of the for’;n, of the normal distn"l'pution. The foilowing standard relationships

then apply (see, for‘example, Benjamin gnd Cornell, 1970): L e
\ ‘ ’ ' “’" . rz.} . ’I
L e— ‘__ 17 ] . : .
WV o=V - 3oy ) . (267)

R S - | (2.68)
dy=nFer o
) 5 :
- . v ", L
Substituting for ¥, gy ¥ and opy ?\om Equations .63 and 2.64,
. . " A \

e

05772) °
¥

05772

zp # 2208 < U+ (2.69)

52
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N ‘ 1'2 . . . ‘ . .
672 602 (U+ 05772) )

" Now, it is found in practice that the yalué of 1/aU is usually less than about 0.2.

A

. Therefore, to a first approximation, ignoring terms in (//alUJ ", and above, it can be

shown that (2.69) and (2.70) reduce to:’

i}

alU = y = 05772 (2.71)

Lo 0.5772¢ . : : '
and In,U‘—lnB—- e A7 - o (2.72)

L Figure 2.7 clearly indicates that, for representative Type I parameters; the latter méthod o

e

of matching a Type II distribution results in a closer corréespondence for all probability

levels, but again a transformation from the Type II to the Type I will give subsequently

‘low predictions of wind speed. In making the transformation in this direction, there-

k]

Lo

' fore, it may be preferable to snnplx match probabllmes at two points in the range of
» o

interest using Equatlon 2.59.

[PUUUPININIEN

‘ | ’ .
The simple exponential distribution, derived from the first asymptotic form at very ‘ S

large values of the variate (Equation 2:51), is linked to the original Type I through

the identities:

(-

o = explal); b = a | N ' . (273)

P

4

Jq‘\e more compléx distribution obtained from a consideration of wind as a continous

« stochastic process (Equation 2.49) can also be related to the more manageable Type I

by matéhing at a common mode, . In this case the Type I \'yill provide, from the design

point of view, a conservative approximatibn. The parameters will be given by the

~

solution to: &

¢

. om oy kel k ' | . ’
2 LT ey - S 2
@ i=] ¢ . C’i . ‘ ] ‘ ‘ ‘

‘and, requiring equal slopes of the reduced probability curves, |

¢

.




:jTippett Type L.

_ d(nZ) . . ‘ , ..

dv (2.75)

v=u o '

: N \ .
(denoting the left-hand side of (2.74) by. ) }igure 2.8 illustrates the general

)

relationship between the two distributions derived in this way.
The distributions discussed above, all used in the analysis of maximum wind speeds,

are summarized in Table 2.1, along w1th their respective relationships to the Fisher- |

2.8 Maxima from the Non-cenital Chiy Model

It has been seen that the non-ce'n'tral circular case of the bivariate normal distribygfion
of upper level winds leads to a non-central chiy model of wmd speeds Consequently, .
it is of some interest to examine bneﬂy the distribution of maxunum speeds derived from

this. The parent distribution has already been}related to the more manageable Weibull

. form by requiring common first and second moments ‘(Section 2.4), but it is .exp;ected that

a substitu(ion on this basis would result in low predicted values of the maxima. Further-

- Weibull parent.

more, an alternative approach might yield the comparatively high' values (greater than about
0. 1‘) of the Type | parameter gropping I/aU suggested by the observatiomat some
locations but- generally unattainable through the usual asymptotlc treatment of a ’

.

Tn order to render the extreme valué problem tractable in this cas¢, an approxima-

tion to the non-central chi& model has been employed which, according to Patnaik

(1949), provides a close correSpondenee in the tails of the distribution. This is ihe

simple chiz distribution, given by -
’ g ;" - ‘ - .
w 2 exp(— %) : ) A
ﬂt') : \ . - (2.76)
, H2 1(3) \
3 . i ¢

in which

20 - IR ° (2.77)
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DISTRIBUTION -

-~

RELATIONSHIP TO TYPE I

-
Fisher-Tippett Type I ’

1Y

AV) = expl-exp(~a(V-U))]

TABLE 2.1 DISTRIBUTIONS OF EXTREME WIND SPEEDS, AND

_Fisher-Tig‘gett Type I
. | was}
pv) = exp(—(-)) or aU = v — 05772 )
mU = g - 03772
'i'1~.5772) '
—*
Exponential !
lP(V) 1 — aexp(-bV) al = Ina
} t
a =b {
Continuous Model
U given by
. » Vk ] k
PV) = exp -B- p((—))-—
B 1=1
m . ‘
v ki1 vk d(znz.)
(=)t expl~(=)Y) a = =%
i=] C\"- R av =l .
S 4 )

TrlElR RELATIONSHIPS TO THE TYPE ] FORM
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and;in this application,

242 a¥f
P Sl
24X 2+ 2x

t ' !

u is the equivalent number of degrees of freedom in (2.76). ‘

Following asympto{ic extreme value thedry; the modes and dispersions have been
calculated fof a range of values of \, by again assuming 876 independent observations
per annum. The resqlts are presented in Figure. 29. Upto about A =1 there is no
significant .departure from the parameters which would Be obtained from the- corresponding
Rayleigh parent as indicated by Figure 2.4. Although higher ratios of the vector mean
to standard vect.or deviation would give' largé, values of //aU, this would represent

exceptional circumstances at the elevations of interest here.
. , . (2N
2.9 The Influence of Averaging Time on Wind Records

The previous section dealt with the means by which extreme wind statistics based
. .on \different probability models can be cg;npare_d and, if desired, transformed to épmply
—with a standard distribution type. Another inconsistency which often arises in the
sfudy of wind climate is caused by the .various averaging, periods over which the wind
sﬁeed is measured. It is not uncommon, for example, to be presented with “hourly
mean” winds recorded over a fuﬁ_ hour or ten minutes, as well as peak “gust” speeds
ﬁ relating to periods of about 2 to 5 seconds, depending on the response characteristics
_ of the anemometer. Iq addition, the standard wind speed meésure,ment in tﬁe'
i . ' United'Stateé is the “fasteét' mile” of wind, beihg the highest mean velocity of any mile ‘
rﬁn of wind passirtg the anemometer in the record interval, usually an: hour. ‘
‘ The' physical linlggbetween' these quantities will be the degree of gustiness ata given
o time»and bution. “This will be affected i>y tﬁe general character’, or roughness, of the
upwind terrain, thé presence of convective activity: as indicated by a;mospheric

E B | stability, the h‘ei'ght ofl the anemometer above g;ound level and the turbulent wake of

- B

o . &

s
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FIG.2.9 EXTREME DISTRIBUTION PARAMETERS FOR THE
, _ NON-~CENTRAL CHI, MODEL ‘ :




any nearby burldmg or other obstrustron In thrs drscussron it will be assmned that ’ N
‘ mechamcally, rather than thermgy mduced atmosphenc turbu}ence w111 predomlnate, “ '
as in condrtrqns of hrgh mean winds and roughly neutral stabrhty Furthermore,

it will be taken)hat the anemometer 1s ‘weéll sited, away. from local mﬂwnces and at

'about the standard. helght of: 10 metres g . ! . .

. . " ) . .

¢ Durst .(1960) has investigated the gust faetor, the ratio of the peak gust sgpeed to g ' ,r

the mean hourly speed, using measur'e;ments made at Card‘ington', Engl!n&. His results “ L ‘

) apply to a range th‘ mean “hourly spe'eds' with the anemorneter -positioned 15 metres L. ]

-+ above open level grassland. This work has been dxtended by Deaeon (1965) by o i

utrlrzmg addmonal data obtarned at Sale, Australia and Shellarnf 5.(1958) ﬁgures for . | D
maxnnu_m annual mean wmds and gusts at some 30 locations in the Umted I'(rngdoml ‘

The effect of terrain roughness is included, using three’ desdnptwe categories. The K h\(

dependence of mean gust factor on avcragmg penod as indicated by Deacon, is shown

| Flgure 2,10 (Deacon used a ratio based on the 2second gust but, for the purpose

<

of thr‘rdy, a gust factor based on a one- -hout averagmg period is shown. Defimtlons

of the roughness categones are alsb glven in the figure).

¢ i

f"

4

When consrdenng the t'astest mlle of wmd the averaging penod 1s 1tself a funcuon

<\l .

of wind speed aecordmg to

A R S o o)

’ \ . f", ) o Cy ’ ' . * ) ]
where VF is the speed %f the fastest mile and 'K isa constant dependmg on the fmrts

, employed Gf 7 is Bxpressed in seoonds and Vg in mrles per hour, then . K =.3600;" ’

1f VF is m metres per second, then K = 1607) Then if a mean gust factor, g,

- relatmg the. r-second gust to the mean hourly can be assrgned the ratio, of the fastest

7

c rl b
' B

mile to the mean hourly is given by

.r w

o * - . . : . N : s

Al

° g '?F‘flc(f) "G(VF‘) .

o
Go
o
~ -
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.

A observatlons aver relatrvely smooth tetrain. : : B

, 1\ Up to now the discussion has been conﬁned to the mean gust factor that‘rs the

o Durst ulculated the standard dgvlanons of gusts for varrous averaging ‘)es and’

o " - ,
oo .o . : . e s
o’ . i “,.  J s ’ - L] .
S Lot ~ o C .
- . ) p . R .
¢ ‘ L] , .
1 . “ é . N .
+ M B ‘ . ! . .‘ . . "
. P N " . . " i . s -
. e ‘ ‘r \” I i e T
. - v LT o . .
: . N LI - %
_ ¢, . ! -

'_, Holhster (1969), us‘mg estrmates of "76 by Durst’ and others for various, averagmg

. A . ¢
ot v 2 '(.n / " ] »
> R . . - : *
&
¢ L] M 2 *
¢ 1 [} ] \’ .t L)
» . * ¢ LY

3

tupes, has ﬁtted the followmg culvé -

, .' , . - _. “ ‘ \ ' “‘ ' s \t\ ,,, . L R . ‘_.- \ ‘1'016
Sk 1,73(- OIISM(K“) S S PR C2 TR
» . . '. LR N ’:./
V-ﬂ s v . . - \‘ K a

. His wwmmended t;mmmn be used specrﬁcally w;th the U S* Wcather
Bureau records’nommlly tiktn at airport locations in relativeky smtooth terram The
mﬂuence of rougl‘lerg,en'am can be Judged by using the gust factor relatronshrps\shown :
L in Frgure 2. 10 for roughness categones B.and C. The results are‘ plotted" m‘\ﬁngure

2. H together with Holhster s Empmcal curve. ' . ) '
v A
< . ? . * R § | ’ : . ‘ [
’ - B ! 3 ) s L .
2.10 Pistributions' of Guits.and Gust Factors . Lo . "
7 . - . w o » . ‘. P

fatio ofthe. peak wind’ 4;0/ the mean wind which is expected 10 exrsx for any
hourly record. T mg to the statxstrcal“drstnbutron of the’ gushfactor §ome mrtral o
. mdrétron of the devratron of values mnbe gamed from Durst s (1960) analygrs of

. mean wmd speed condmons For examiple, thz standard devratron of S-seoond éuxts ‘
expremd as 2 ratio of thc ane-jrour mean, iso 159 for mMerate wyrds Tbe frgure
is: mﬂy less for light wmamd grntzr for strong wina%" although the tofal angt
'ofvaluesrsonly about 5} !t is reasonable to conclude conmdenng the. typrcai mmn
gust fadtor for this type of ‘mi‘n,ﬂwjboth the drstnbutrons of gusts and maxgnum
gnumqurtepeakedmdjrtﬂemﬂmnoédby wrhdspeed Thrsrsfurthcrsupportedby
'ro‘rﬁ?iutsncs mnby Dmonmss) e

-
. ‘

: Datenpon(lm)hapropowdameoreuw cﬁstnbntron ofguqt factors basgdbn
mmﬁmof,ﬂumnhudammcmdom fm’i;ctron First, the, norma- |

lizedmfwton 'q,.mmﬁeﬂaamrmnﬂy dntnbutedmndom?umnon ’Ihe

” \ . P 4
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Y

cumulative probability of the \g}éxima of the same Yunction, Q(n), can therr be \

obtained following Cartwright and Longuet-Higgins (1956). From this, the probability

of the largest maximum or peak gust fzrcror in %maxima can be derived as:

pikin =M1 & omN=] gl o,

Py
. ’ 4 Ta

This is, in words, the probablllty that one maximum has ‘a value i m the range of 7 to

n +dn anQA‘he remamder are smal]er It can then be shown that for large N and

invoking Rice’s (1954) expression for the number, of maxima'in time 7, p(n) can

usually be represented by
ool =0 - | -
wh‘ere '§ is defined by
’, . . ﬁ ) - ) . ) .
‘§,=,va'reip(—2) 5 , .

Yy is taken as ﬂl‘é average cycling rate of the fluctuating pr,oce}ss, n. This will be,

practical terms, the cycling rate of the horizontal component of atmospheric turbulence.

as seen by the anemometer. In most cal¥s 7 ~will refer to a period of o?re hour. -The -

(2.84) -

in

dxstnbutlons of the ongmal funcuon and’the peak gust factors for dlfferent values of *

a
_&lgarly shown. ..

. -
v *

" Davenpert has compared his theorgicai model ‘with some data c‘ollégted by,

Shellard (}9'63) in strong winds. It this mstance the anemometer was a cup generator

‘type, for wmch the frequenéy response curvé ‘or admittance function, .was known.
Thls, combined with a chosen spectmm of atmosphpnc turbulence determined the

v 1 are mustrated in Figure 2. 12, The very peaked distributions of the maxrma are

.

spectrum seen by the anemometer " The mean square ﬂuctuatlon (the area under the

) spectrum) and ‘the seoond moment of the final spectrum were then requ)u'ed in the

calculatxon of the aVerage cyc]mg rate, ¥, (see Equation 2.35). Some devxatlon of the :

!

3

-

(2.82)

]
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‘ theory from SheHard’s data was noted, pérticularly insofar as the mode] seemed to ' . » '
sup@ress the highest values of peak gust factor This possibly arose from non-uniform .
terrain roughness, in the sense that the wmd blowmg from dlfferent directions over

~ diverse terrain types would have different turbulent structures. Gust factor might also
have been influenced by mean wind speed and atmospheric stabxhty, in the spectrum
used a constant wind speed and more or less neutral stability was assumgi Neverthe-

less, the theory compared quite favourably w1th the data and, if used with a shghtly

high mean. gust factor, prov1des a useful dxstnbutlon which to some extent overcomes
the difficulties just mentioned. . EENPPEEN

. The purpose of introdueing such a theoretical model of peak §ust factors here is
to obtain.a general form for the distribution of peak gust speeds, given a distribution
of mean hourlies. This can now be’achieved provided thatthe mean wind and peak gust
factor can be considered mdependent in wl'uch case . \ Cos

. ‘ ’ A‘n‘ |
p(Vg) = pn)-p(Vy) ‘ (%.85)

where ,sufﬁces M and G have been added’to denote mean and gust velociti‘es .
respectlvely If pf VM) is of the Weibull form with the parameter k greater than unity,
the probability density . functnon can be described by:

-y
\ | | Vo=l Vok o
B p(l_/G) = fmgfglz) -5 xp(—(a(-_;-)) B ‘ (2.86)

LS
AN

in whlch A is the mode of the dxstnbunon of gust factors. The derivation of (2. 86) ¢

P L4

A is mcbxded in Appendix'1. ~ . Y
B 2.11 Extreme Mean Wind and Guit Statistics

3 . - ¢
= . ) P 1
. E

" From a eontmuous model ,pf the annual record of mean wmds it can be shown L

.

that the dxstnbut:on of the maxlma is given by : . ’ o,




§7

.- k—1 . ‘
PVy) = expl-By (-2 Vi - Pl ( Mk . © (287) -
Y ‘
l?\
~where ., v}g : -
\’ N N u:.. ' - . 1
By = 2rvyT x ks o : . (2.88
M oyl X Zoy - . -88)

-

and vy is the average cychng rate of tHe process (typlcally 0.1 cycles per hoqr)

7: is the penod of the record (one year)

ap s the standard deviation of mean wmds, Ve - i

ic ¢ are the parameters of the parent Weibull distribution. |
Matching thls form to the Flsher-Tlppett Type I distribution at the mode the corres-
pondmg parameters of the Type I are given by:

»”

Uygk—1 - U ' o : ‘
M oS - —;; . . (2.89)

and L = /” k), M)k -1t (2.90)

aM M C

If a similar argument is followed for the extreme distribution of peak gusts usihg thé‘pafent
density function given in (2.'86),‘ it is found that ; :

- - Vg k-1 Vek . S
PVg) = expl-Bg () expl~(gghl : (251)

- G
where the quantities with suffix G have the same meaning for gusts as similar
quantities in Equatior 2.87. Anothier Type I curve can now be defined as: -

Ug k- U .
ST e ) = F _ . (29

' _ Un k=1 —1 ’ : . - :

and L = (A=K ., k Gk, : : (2.93)
G e € ' ' . . L,

The detailed derivation and explanation of Equations 2.87 to 2.93 have been relegated .-

to Appendix I. & . ' ' ' ' 4

L




The impﬁcaﬁons of these equations can be studied in term‘s of the relation-
ship between extreme mean hourlies and gusts' with given return periods. This will
" obviously }épend on the character of the parent dlstnbutron of mean wmds and the
assumed mean gust factor. A convement expression forthe first variable is the ratio
1 /“MUM’ since this is a recogmsable quantity quoted i m the hterature and 1s found to
be effectively dependent on the s1ngle Weibull pﬁ!mﬂer k lt subsequently turmns out
‘that the gust fact(;rs appropnate to hlgh return periods are themselves virtually indepen-
dént of The parameter c. }t follows from the definition of return&;eriod, R, for
R >3, tnat' the ratio of the R-year return gust to the mean hourly wind is: .

»
]
— InR+U »
V a G
R = FL(R) = L (2.94)
M =~ In R + Uy - '
"I‘he_refdre , | ' - )
’ am 11 G +
a- ayU In R +_U_ R _
ng = LM (2.95)
' 77 inR +1 -
GMM

Values of ng. nave been computed ;’or return periods of 10, 100 and 1000 years and a
range of I/aMUM from O to about 1.25, correspondmg ‘to 'k values greater than 1.0.
This has been dorie twice, assuming one-hour and 10-minute averagmg\tunes for the

mean hourlies, and mt‘n m‘e.an pedk gust factom of 1.5, 1.6 and 1.7. - Tnese figures deter- .
mine the parameter A in the above expressions (see Appendix I) and represent terrain
roughnesses in categories A and B as" previoUslir deﬁned, the__nonnal environment for
regulatly recording meteorological stations. The.plote of nR against’ 1/ap Uy, and k
are given in Figures 2.13 and 2.14. It will be noted that, as k tends to infinity, ng
appiroachei the simple matio of the ‘modes, or most likely values.‘qf_ ‘the'cxtrerne gust and

0 LY . . ' -
mean wind speed. ] T .

o
~ Strictly, the curves apply only to gusts recorded by the part&cular anemometer for
wh:clﬁhe response to a typical power spectrum of turbulence was found by Davenpqrt

(1964). From this ‘the cycling rate v, is ngen by" . ’r' . S e
v, = 0.0065V Hz - . . S~ (2.96)
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.FIG. 2.13 PEAK GUST FACTORS.FOR 10,100 AND 1000
; " YEAR RET.URN WINDS (AVERAGING. PERIOD
OF MEAN HOURLIES - 10 MIN.) |
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FIG. 2.14 PEAK GUST FACTORS FOR 10,100 AND 1000
o .~ 'YEAR RETURN WINDS (AVERAGING -PERIOD
‘OF MEAN HQURLIES-IHOUR) :
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Thé mean wind speed, ¥, is-taken here as the mean of the prescribed Weibull distri-
~N ' :

bution, given by:

T’:‘-“”f*?’c') o I : | (2.97)

| ' "\
Even with these assumptxonq, the results will hold for mpost situations. and gust

b /

anemometer types since the theory is not sensifive to ”a

-

[y

In Flgures 2 15 and 2. 16 are shown the correspondmg functlons of UG'/U 'y and

aM/aG versus 7 /a.MUM, again for mean hourlies with averaging penods of 10 minutes..

and one hour. It is noticeable ttlat the ratio of modes 1s consxstently hnghe( than the

meéan gust factor for values of & normally encountered in wind records, whereas the"

ratjo ‘of .dispersions is'lower, H,o(ave‘véf, both increase as k approaches unity. In pi'actice

a large. degee of scatter is encountered in these relationships but, as detailed in

Appendix 1}, the general’tren‘d of thq‘.curves is in accordance with records of peztl{ gusts

.
P o,

and mean winds for a number of stattons in Europe.

It is apparent that the theory inits present form represents a considerablé'simpliﬁca-

, ation and cannot account for deviations Prought about by such meteorological conditions

as thunderstorm activity and other gusti;mess' of thermal, rather than mechanical, origins.

Other pos51ble causes are statistical departures from the Weibull dxstnb‘utlon of mean

winds; thls being z‘pamcular problem in areas susceptlble -to cyclones or strong local

wmds Finally, there are the weaknesses of the probability model of peak gust factors

outlined earher as well as the inevitable uncertamty over a sultable choice of mean gust

factor in a glven s:tuatnon

* v

2.12 The Effect of Non—umform Terra}n Roughness .

£

It has-been noted that certam effects of terrain may cause @ departure from the \

theoretlcal statistical distribution of gust factors, and hence a divergence from the

relationships derived above. Spec:ﬁca]]y, if the terrain roughness surrounding a given

P

3 observxgg station ;s non-umform with respect 'to wind dlrectlon and the greatest roughﬂess

*
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correspepnds with the%revajling djrectign of strong winds; then a considerable divergence ‘- R
from the theory can reasonably be expected A p'reiimingar? inveStigation has been made
+°to estrmate the magnitude of this- effect by numencal mmulanon af typlcal conditions of ©

pronounced terrain roughness variation and strongly dlrectronal _mean wirid climate.
. . s s . .
PO : > ‘ i ) : e P

’

«

’ . V. . . - . .
Monte Carlo methods, in conjunction with presentsday digita] computer facilities,

prov?de an effective ‘means of Esnmatmg the statistical outcome of a multlvanate process

: where analytlcal approaches are intractable. In this case, only three vanables are mvolved

but the third, the gust facfor, is dlstnbuted in such’ a way as to make a s1mulatlon proce-

dure px:eferable The three are: . . . P a >

*
€
CHe

-4

-3

— a). The meridional (N S) wind component,_ normally dxstnbuted wlth a prescnbed mean

, and standard dc\natlon (equivalent 'to the vector mean and stanidard devmtron pf a

" non- centra’tucular fiormal distribution). 4 . - b

-

b): The zonal. (E—W) wind cAment also normaﬁy dxstnbute?l w1th the same standard
N : LY
dev1atlon and a mean value of zero. ' . . . N v
4 \Q" ‘ ¥ . -

) The gust factor, the normalized form of Wthh has the probabrhty density given -~
by Equation 2. 83 1t is exponéntial in §. /I*:;r\any given wind dlrectlon the
.actual gust factor will be determmed by the mean factor defined for the terrain

o

~
t

upwind in that direction. : ' ,

h (‘“ ‘. / : .

In the relatively simple simulations describeddaere, two mean wind chmates are consrdered

-

“with ratios of the vector mean to standa deviation of 1.0 and 0 5 The mean gust

factor, as a'fuﬁaiqn of .azunuth 6, is defined by

;z_=1,6+0:4c0s(9—’¢)~ S X /T

. ] -
{

) e . . -

> v where ¢ istaken as 00, 459, 909, 135° and 180° in five simulations. These parameters,
. together with a block diagrarh of the simulation procedure, are ilfustrated-in Figure 2.17. o

. .
v s K .
\ . C.
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-, speeds were charactenzed by the Welbulkfonn and the parameters of the correspondmg

.T. ‘ \

LY

The' neeessary transformatlons to obtaln the requrred variables from. the umformly dis-
tnbuted random funchon generated by the computer are straightforward-and wrll not be

- detailed here (referenoe may be made to Hammmg, 1962).

3 \\ «
N~
The statistical distributions of both the mean. 1 wind speeds and the sunulated gust

extreme drstnbutlws “found from the- .continyous model of the annual wind records -
Equatrons 2.89 and 2@90) In this way the quantmes UeplUy “and ayfag were

computed and-expressed as a ratio of the same quantltles obtained for uniform terrain

* conditions. These are shown i in Figure 2.18, plo*ed against the angle ¢ ‘)

Lt -

L,
O

It iseshovm that the theoretical relationsﬁip of gust to mean hourly mode‘s can be as
much as 50% in error. This oceurs ina typrcally severe case-Where ;',/o for the mean
wind climate is unity and the mean gust factor is 25% abovéJ the average in the direction
of the resultant mean wind. In these circumstances the relatronshxp between the dis-

f

persrons can be about 70% in error.

, 2.13 Conclusions

3

" The principal features of tlns chapter have been as follows:

.a) A conMached hy earlier investigators, that the non-central circular case of

the bivariate normal distrit{ution of velocities provides an adequate.descriptiOn of ¥
upper level wind vectors was cbnﬁrmed From an examination of the scalar wmd
speed drstnbutrons derived from the btvanate models it was found that the Raylengh
fomt is likely to be as good as the Weibull form over the range of A usually "

: enoountered Howe\rer, the deﬁnmg parameter should be generally greater than that
derved simply from the central circular velocity dtstnbutron. O

-

t) The statistics of- extreme values apphcable to wind’climate were revrewed and

relatlonshtps between the various extreme drstanions suggested It was, nqted cthat '

v ~

L4}

.
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. values of the ratio of dlspemon to mode, grven by ‘the parameter gmupmg 1/aU,”

AAVEPCI
. ’ A‘”ﬁ»—'

are often smgmﬁcantly greater than those suggested by extreme value theory apphed 1)
a parent Wetbull dlstnbutlon- However apart from the mﬂuence of smgularm% a ‘ ,

-

(such as thunderstorms) on the wind record, a large offset of “the original blvanate

’ .
L Yy . .
Rk ALY 1 cos -
s "Miﬁr’t-&i‘;-?,‘lr“
w

{- / veloc1ty distribution would gQ. some way R reconclle thls dlsm'epancy;

- . . ) -~
. . -

<) The mfluertce of averagmg time on maxunum wind statistics was consxdered

spemﬁcally ‘the differences between ohserved mean hourlies and peak gusts Based,

on Davenport’s (1964) theoretical distribution of gust factors, functions were

° developed for the relatxonslups between the Flsher-Tlppett Type 1 parameters of

%

extreme gusts and mean winds. Higher gust wmds are .predtcted by tius approach,
g ,
~ compared with the sunple application’ of a-mean gust factor to a given maximum

mean hourly wind speed.’ The additional effects of ‘thunderstorm gusts were not,

determinéd here.. . : . : tL

»

d) Soie European data mextreme wind speeds mdacat‘ed consuierable scatter ‘about

these derwed relattonslups A short numencal%xmulatxon showed that-significant® <«

devnatlons might.be caused/by vanatxons m terrain roughness around the

observing station.

’

]

An immediate application of b) and c) is in the comparison of design wind speeds based -
on-different averaging times and prolSability models. A survey of extreme wind

information in various parts of the world is given in Appendix IlI.




CHAPTER 3

THE RELATIONSHIP OF SURFACE TO GRADIENT WINDS

3.1 Some Useful Wind Profiles o -

" It has long been estal:gished that the mean. wind usually increases with height above

ground level until the freestrearn'conditions are reached at the top of the atmospheric

boundary layer, above the frictional influence of the earth’s surface',, This is often .-

accompamed by a distinct tuming of the wind vector ln the northern hemisphere

- there is a cIoekwrse rotation, or veermg, away from the drrecnon of decreasmg atmos-

‘ ghenc pressure. Although these phenomena are readlly observed, then precise behrmour

3

in any given situation .is quite difficult to predrct as is the exact thickness of the

boundary layer (for convenience, the layer thrckness has been taken as the * gradrent

height”, at which the freestream velocity is ﬁrst attained, although other deﬁnmons

are frequently encountered in the meteorologxcal literature).

in order to simpl‘ify the problem, it is common to ,'consider only steady flow over

homogeneous terrain. Since neutrally stratified atmospheres are usually associated with

.’ windy conditions during the paseage‘ of a centre of low pressure, this further restriction

is particularly relevant here. It has the advantage of permitting more straightforward d

models of the mean wind profile.

The. atmoSphenc boundary layer can be vrsualxzed as being composed of an inner

and outer su‘blayer ln the mner sublayer, or surface layer, it can be shown by one of —

a number of approaches that the wind velomty as a functron of herg,ht above ground

level z 1s given by the logarithmic law , o ‘ .\

s




. Y . . :
Y R | | C
Y - =% b,"(zo) S cL (3.1)
where z, is the roughness length and & is von Karman’s constant (~0.4). 1t shduld

be noted that there is no veering of the wind véctor in the surface layer, there being ‘ e -

. only one velocity_compdnent along the x-axis of the adopted coordinate system shown

in Figure 3.1. The surface friction velocity, ue, is defined by

.+Ofpu.2 - St ' o ' - (3:2).
'* J ) e ﬁ ' \’

is the surface shear stress and p is the fluid density. The depth of the

wherein 7.

P N - ) ' : . : :
fayer over which the logarithmic law applies has been estimated as about 10% of the.

total boundarsl layer thickness, or approximately 100 m under fypical conditions (see

Iennekeé,’l9'l‘3a, for a'contemporary discussion of the Jogarithmic ,prgﬁle). ]

' . B
. » ‘
It has been sﬂggested that the mtroductlon of a zero-plane dlsplace?ent Zg

improves the applrcabrhty of the model especra]ly where large and frequent obstmctxons

-

are features of the undertymg terrain, as in urban centres or dense forests. Essentially, * “ ,

 the origin of g’ is shifted such that ' . | .

N~

.
«

L 7—2 . - ) ‘. .
Us . . 7

ty

Rax e

& : o “ L/‘\f
. In a recent paper, Sumu (1973) has qg‘hed this formula to the predxctnon of wind speeds
over London England. He concludes that the designer_can use this form * ‘up to

heights of the order of a few hundred metres” (Wmd prof'ﬂes .over the city were o

estimated from aservanons at suburban locations. The connectron between the

‘Jogarithmic models in and out of the qlty relied on th_e'reasonable assumption of a

common gradieni wind and a relationship between this and the friction veloi:'ity for a

* certain terrain roughness Simiu utilized an expressron derived by Csanady (1967? and
others, which is also applied and discussed later in this chapter ) P

» : B )

The roughness parameters, 24 and 247 have been mvestlgated by a number of

writers. Values of zo for dxfferent surface types have been ‘summarized by Davenport

~ (1963) and are indicated in Figure 3.2; estimates of zd in cities can be made from the

[l SR
L g
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. following formula provided by Helliwell (1971):

N N z “ . ' . . * .
zd=,z(—z- ‘ N £ L
) whé?’e ! is taken as the general level of the roof-tops. In the cas‘e of densf crops ,

or tyees,.to a goo¢ approxnnatlon zg4 can be assumed equal to the cover helght

(Plate, 1971). ' : -
[

thn the boundary layer bécomes either stably or unstably stratiﬁcd the physical

.

foundations for the loéaﬁthrﬁic law no longcr apgly and other models must be found.
" One such is the log-hnear model generally apphcable u; condmons of slight mstablhty

(forced convection) or stab1hty It has the form | ' ) T |
v iz, 8z, ' -
cl-‘—;- = | E(!n zo + L ) o . . - - | - . (’3.5) .
o , , : : .

in wluch B is an emplrtcal constant and L is a scalmg length deﬁned by Monin and
Obukhov- and expressmg the vertical heat ﬂux (the value Bf ﬂ has been the subject d
of some controversy, estimates ranging from 0.6 to 7) The vahdlty of the log-linear

law has been discussed more fully. in Lumley and Panofsky (1964) and by Plate (1971),
who has also suggested that in general stable mﬂicatlons the. ordinary logarithmic law
_is suitable for z/L < 0.01. I

. ]
-

Turﬁing to-the mean wind profile in the outer sublayei‘, am empirical but practical

model in wide use and suitable. for neutral, strong wind situations is the power-law

k]
»

1__ Ianr' . ) . ’ (3.6)

whic}{ relates the mean wind. velocities at any two heights, z; and ). A reference

level is normally mtxoduced elther the stamfard anemometer height of 10 m or the
gradlent height, zG, so that '

v o g ¥ 28’ g . I
= = (5 cof .5 = (). C (3.7)
Vo 107 Vg 3G . ~ ' ‘

v
-
ar




These have been used to describe the mean wmd pmeﬁou@o.ut the boundary

layer, mcludmg the surfac% layer

. . . T N
N s - N ' .*.

Davenport (1960) has studned a large body of wmd data in order to determine

values of the index @ for varmus types of terram They range from approximatety “

0.16 for flat, open' country through 0.28 in woodland to 0.4 in urban areas. He also

estimated gradient he'ights, although these. are harder to define and reﬁable data a.t these

levels is reiatively scarce. In a subsequent. paper, Davenport (1963) summarized the ©

dependence of @ and zb on terrain roughness in a diagram shown here as Figure 3.2 .

(also given is the surface drag coefﬁcnent x, defined by u« 2= KV) 2).

As noted by Ham§ (1971), in bullt-up centres a is difficult to estabhsh due to the
locahsed influences of individual roughness elements (buildings), and S0 a }ugh index mdlcated

by anemometers at street level and on top of bulldmgs may not be appropnate in the

. upper regions of the boundary layer.’ lt may agam be preferabte,as with the logarithmic

model, to adopt a zero-plane displacement wx;h a flatter power-law profile.

< - ’ . ’ . ' ‘

So fi', nmwmd veering in the atfnospheric boundary layer has been disregarded.

-However, it is a phenomenon having unportant implications, for example in the

honzontal dispersion of a plume (Csanady, 1972). In the classical Ekman theary the

eddy viscosity, K, s assmned constant and the equatxons of motion solved to vield the

two velocity eompbnents

]

VG(I—cos exp(——-)) . o - (38)

-
]

VG;in%exp(ﬂgr_‘- | S (3.9)

&

S in whlch h is the depth of the Ekman layer, deﬁned by h =+ ZKff (f is the

Conoﬁs parameter) :




'I"his gives at least a dxialitafiile indication of the a‘symptotic approach to the
geosﬁcrophic wind,- .which is a fundamental feature of this and other spiral modtls.
Unfortunately the theory consrderably overestimates the angle between the shrface
"and geostrophic winds, typically less than half the predicted 250 In fact K / \
cannot be regarded as constant, and several later models hgve been.proposed to allow
for this. For example, Blackadar (1962) described the eddy viscosity as beiné some .
functJon of height and Lettau (1962) proposed an indirect relatnonshlp by assuming
a height dependence of the angle between the shear stress, T, and the vector dlfferenoe
of V and VG (see Fxgure 3 1) Although these and other sprrals can be fairly
.representatnve of the real atmOSphere, they are formulated in numerical terms and are of
‘ limited practical value. . ‘

3.2 A Recent Approach to Boundary Layer Description

v o

[

Considerations will again be Festricted to steady, neutrally stratified boundary

layers over homogeneous terrain, refernng to the coordinate system shown in Flgure 3.1.

Fustly, in the mner sublayer the equatlons of motion can be non-dlmenswna?md by the
l L

“velocity scale ua land the length scale Z4, SO that

-

= f, (3 (—) : ’ . : (3.10)
. 5
In the outer regions of the boundary layer however, it has been shown (Blackadar and
_ Tennekes, 1968, and Csanady, 1967) that a scalmg length h deﬁmng the top of the
layer, must be substltuted where

»

. \“u_!'
h,“ 7

Velocity-defect laws are then required, of the general form

;{;), : ‘{)




L Lt .
These satisfy the required boundary conditions, approaching zero at z = h, and ‘
are ,indepeﬁdent of the geostrophieveloéity. Both (3.10) and (3.12) depend solely on a

\'Rollssby numbei defined by ue/fz,,

Given that v is zere at the wall, or .ground'level; and so fy in Equatien 3.10is

ptotically zero, it ren{x)aips to reconcile both (3.10) and (3.12). This has been done
mthat they hold simﬁlfaneously in a “matched region”’ with a logarithmic
velocity ‘distri;LNQn, 4 process which yields (Blackadar and Tennekes, 1968).

4 . N " ‘ 4 | v(
! U x . .
—E.(ln (z—o)~+ A) B (3.13)

]

e

U

v N L] hd ) ~ ' N ¢ ""‘
. and . : \ ) . :

]

The
]
1

£ - S SN 1)

3.13) and (3.14) can be combin‘ed to give a relagionship between the geostrophic drag
coefﬁment cg( = uof VG) and the surface Rossby number, Ro, and an expressxon for

the angle between the surface and geostrophxc wilN vectors, a,

Thus, with
. % : : )
Ro = 2%, S N A . (3.15)
20 ‘ .
| / -] :
IrRo = k(r—-— - ( )) + 115 logjg =~ ~ A . (3.16)
C L c .
¥ | g
sin a, = —%cg . . B S (3.17)

The above eqﬁations were also .aeveloped by Csanady (1967) and their derivation
has been explained in'greater detail.by Plate (1971) and c'I‘ennc.:ke's (19730b). (_','sanady

v N -
e . . ,
9 . ST 1y \
1 '} N . .
Y . .
.
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-
i

went on to attempt to establish values.of the universal cddstants A and. B. Fitting
Equation 3.17 to observations by Lettau and associates at Le1p21g and Scilly, he
estimated BTk as 10.7 (B = 4.28 -with k = 0.4) and thea satised (3.16), @it

. = 1.52 for one particular spiral observed at Scilly. Since then Deacon ( 1973) has
surve}ed the paraméters for neutral boundary layers using .the more reliable data
in several pubhcatlons and calculated the meansof ‘4 ‘and B as 1.9 and 4. 7

0 L

respectwely.
. . . ’ . 3 ;
At this point brief mention will be-made of an alternative lationship between  °
the Rossby number and the geostropliic drag coefficient. This was first proposed by .
Taylor (1962) and later e?ctehded,by Davenport (1963) to give

"Cg = p.16 Rd_o'og ; T ] ‘.(’1(3.18)

! [

The npmerical constants are based partly on theoretical considerations and some '

3

-
-
>

&bservational data. The two curves (3.16) and (3.1%) are compared in Figure 3.3-.

Some recent work by Swi;ibank (1970), plso disexlssed in Plate (197Jl ), has
apparently-yielded a useful modé! relatmg the pressure gradlent (a:fd hence the geo-
strophlc wmd) wind structure and shea‘ stress throughott the Ekman layer. From

*tﬁe basm equations of motlon and assuming that 7 is parallel to V at all elevations, - ’

. o
s . . . U

< it can be shown that
¢
1

dr

T —fVGsm(a—-a.o) ' co % (3.19)

To proceed further w1th the solugon, Swinbank expanded T m a Taylor series about
z=h and obtamed the equat:ons _ ,° - '

. FY _‘ T } )
~ < -
sinfa ~a) = &1 (-h) ~ R (3.20)

v - r

and
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(o)

- JVG da R " . S P
T = -5 a?lh?h..—zfi o | ~ - ? 53.211). 7:3 .
" & ! i ’ ' p {‘:j) N Q ?‘a
-e These oquatlons are suppoSEd by data from the Leipzig profile for most of the

boundary layer depth. It must aalso be noted that Swmbank’s theoty apparently applies
to any thermal stratiﬁcanon '

T

&

v < %
9 § .

The final step, is to ﬂetermme the quantltles‘

z Iy and° h. This can be done%‘by
settmg z=0 and applymg Equation 3.17, so that - N

. sin a =El5h\= —-éy‘;ﬁ o, i (3.22)
- . ' G R ' _

3;"'

T T (3.23)

. . (4 ! N
. . . .
' [EARAN . ¢
. . ] . .
< ! s @

day _ B2 o :
Cdy = 2_'40 S T =

- Thus, the constant of proporthnahty between' A and u./f,. - deﬁnmg the depth of the A i
Ekman layer (see Equanon 3. Il) is approxrmately 0.2. C

[#4
.o -
[ e '*#..

"\'H

3.3 Deterministic Predlctlons'bf Surface Wmds from OMervahons at Gradlent Henght
7 o °

Fl

 To assess the usefulness of the etl;"eory just described, an inveStightion was earriéd out
- to predicty niean surface‘wirid lvectors from gradien°t vélocities and oompare them with -
the surface observatlons Only atmosphenc boundary layers of near neutral stab:hty
_were considered. Furthermore barotropnc oondmo/ns were assumed ‘(no thermal wmd

/ . . 3

component) ya < ' e

- " 1 R . . o @
.




if somewhat empmml degree of freedom.

Q

In many practical situations the necessary two of three d_eﬁning parameters .
(e, z'a; and VG) will not be directly available. One approach is to set h\, the

*. Ekman layer' thickness at a-generally acceptable gradient height and assume Ve 1s

the wind velocity observed at that level. If an estimate of the quantrty dz B is also

avarlable ‘the angle a, .can -be found wrthout relying on an a&sumed value of the

* constant B (Equations 3.24 and 3.22). B can then be “variable” ‘according 4o the
situation, thus giving the br)undary layer model! of Equations 3. 16 and 3. 17 an additional,

I\,.

A suitable level for which a large body of upper air data has been complled is
500 m although this. may be a low estimate of h. Since sin a, in (3.22) is hnearly
dependent on both d h and é: this may resu]t im low valués of a,, but offset by an

e§cpected increase in the detectable rotatron rate of the wind vector at the lower elevatron.

Now, the,mdependent vanable in (3.16) is J/c . which depends on the measureable

- quantities as

% , . .
_17 - e . 3.25)
¢ M L |

dzh

"0 that lle unpact of puttrng .h~ 500 m may again be offset-by the expected tendency

da |

- to mcrease/ 3z 'h and reduce the assumed value of V. If the surface Rossby number

stimated in this way, by invoking cither of Equations 3, 16 and 3.18, the surface
wind speed (at the standard anemometer height of lO-m) can be found by using the
resulting estimate of the r’oughness length in the loganthmrc law for the inner sublayer
The surface friction, velocity, ue, wrll be that obtamed from the deﬁmtron of \"! ‘

;v cg(u- —ngVG.)' . ' »

ind

In North hmeriea,’ useful sources of upper wind (and surface) d
Aldft Summanes prepared for afl extensrve network of Y.S. radi

writer has prepared srrrular summaries for ten Canadian statrons in the course of earher
_ research (Baynes, 971") These include wind frequency distributions and other statistics

for each month of the year and elevations in the range of interest here (surfaee,




* 300 mand 500 m). o - , T

-

In’ applymg the above theory %o this data, it should be remembered that the
fundamental velocity proﬁle functions in (3.10) and (3.12) depend on the smhng lengths

"z, and ue+/f. The selection of data: ‘should ‘therefore reﬂect as far as possrble distinct’
charactenstrcs of terrarn roughness and”wind speed drstrrbutron. A convenient approach
is to consider separately winds blowing from within prescribed directiori intervaiS' 450

- sectors are suggested. If, as in this study, it is requrred to predrct the surface wind from
the mean gradient wmd vector, then the vector mean will be close to "the sr.mple mean
wind speed wrtlun the sector. 'l'hrs statistic is given in the regular upper wind sumrnarres
(hoWever, the rotatron of the mean wind vector cannoi be found from such summanes,

in which case a value of the constant’ B must be assumed). *

+
i

In‘ this -inveetigation the data was seledted from ten‘year\s of upper air records at
three locations in Canada, Moosonce Sable Isjakyd and the Pas. Details of each station,
mcludrng descnpﬁons of the surroundrng terrain, are giverr in Appendrx V. Smce records
of the individual radiosonde balloon ascents were readily avarlable they were separately
screened to extract only those occ:erons when the boundary layer was vrrtually neutrally .
stratified. Other :icceptance crrtena were apphed and fmally the vector means’ were
calculated' at the surface, 300 m and 500 m 1evels and for ergr’t subsamples of profiles

ﬁ wrth observed surface wind directions wrthm the preecnbed ﬁSo intervals (see Appendrx
W) ‘ ]
' ; Q : ‘

Predfcﬁons of the 'sugace ve;tor rnea'n wirrds, together with their observed values, 7
are summanzed in Tables 3.1 — 3.3. Correspondmg eﬁmtes of the parameters us .
g,Roarrdzoarealsogrven . | | o

34 Departures t:rpm dre‘Deterministic Modet ' ‘ "

Jtis evidenr from the tables of results, and from Figure 3.4 which shows the

predrcted agamst ‘the observed angles -a,, that negatrve values occur rn some Aareas. l.n

", these instances the mean vector backs rather than veers wrth mcreasrng herght a situation
, . .
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wfuch is not allewed for in the Ekman spiral, excep&for vety small dn'ectlon changes
close to the asymptotrc solunon of geostropluc balance.

. e
. .
.
»
*

There are a number of possible reasons for ﬂus departur; from the model, for )
o \example the effects of thermal or topographrc features pecuhar to rhe locatlon As
‘ far as tys writer is aware these factors have not been mcorporated in a deterministic
l@undary layer descnptrpn in general terms, however; a supenmposed shear flow might
)

be m%ed in the equations of motlon and the theory reworked ’Fhrs has. been done
in Appendlx VI, to give |

da, E'(h)
dz

- O

() el |
I - [mT . ,

' e A ' (3.26)

& . T ; ' »

‘1‘ | ﬂ _ ia. _ Be Us

. =@ T,

‘\

i

-~ (32m)
.  where subscnpt €. denotes eqmvalent quantmes for the modxﬁed wind spiral. B, can

B, . E)

E(0)
2uf ” ./”2

be written as a function of B and the superimposed sheanng stress term- E(0) as
B, p212 - 7
-+ ( k) Ji / , .

... (3.28)
ek

.
_Although B cannot be other than a positive. quantity i can then be argued that, for

\

o

sltuatlons

certam supenmposed shear ﬂows, small negative values of the equrvalent cdnstan.t
and thus slight bdcking of the wind with height, can be predrctecl for some practrcal

[

£
i -

Figures 3 4 and 3.5 are scatter dragrams of the predlcted and observed aggles a.o
and surface winds V. Twenty-five per cent of the pomts in Figure 3.4 indicate

wmd backing wrth mcreasmg herght only two of these six being beyond the restriction

of reasonably small neganve ao There is a hrgh level of agreement between the predxcted
aLnd observed angles, but much less for the surface wind speeds when either of the °

latnonslups betweerr Ro and cg " were used' The percentage discrepencies in suiface
) D

«

6, *
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_ winds can be related 10 the geostrophlc drag coefﬁcrent as shosvn\n Frgure 3.6. Best

agreernent is apparently obtarned for c bétween abou.t 0. 01 and OM although the

. function ¢, = 0.16 Ro‘o 09 yielded consrderably better predictions than’ the alternative

g~

_ equation above 0. 02 This may be partly explamed by the empmcal denvatron of the

Y

|
B,

I

power law, whrch was fitted to data in the range Cq ;= 0 02 to 0.05
(Davenport 1963). It is 1nterestmg to note that,.for the’ four’ cases here “with’ cg
between .0.01 and O. 02 the mean estlmate of B is2. 57 srgmficantlylower than the

hitherto accepted value

)
@ ' y
’

In this study, no attempt was made to isolate the thermal wind, or geostrophlc

_veering, where it existed.’ A statistical study of wind veering in the atmosphenc boundary

~ }ayer has béen camed out by Mendephall (1967) ysing radrosonde data from six loca-

tlo‘ns The. thermal wind was computed and separated from ‘each obserwation so that

the mean devratron from the Ekman sprral due to th15 phenomenon could be obtamed, .
the layer chosen was between the-sytface and 900 mb((about 1000 m). Veerrng
assocrated wrth departures from neutral conditions was also 1solated The results ¢an be
sumn'lanzed for the “‘ideal” conditions of no thermal wind and a lapse rate of 6.5° C/Km
\(U.S. Standard Atmosphere). Mendenhall’s correction table is given here as Table 3.4,
from Wthh it is apparent that the contnbutron due to geostrophrc veering is relatrvely
small for the land-based, moderate latitude srte at Shreveport. he more significant
deviations, occuring during the summer days and vvmter nights, are also small when

“taken together over a one year period. Thus, there-appears to be some support for the

‘ predlctron of the mean wind direction at grouncl fevel from. wmds aloft using the model

of a nejval barotroprc atmosphere . o v ,

Since the mrcrochmates of the areas‘in whrch the three upper air stations are
situated have not been studied, it is, only posstble to discuss the mfluence of topogr hy.
in general quahtmve .terms. At Moosonee the statlon is adjacent to'the Moose River,
which empties into James Bay only 10 miles to the northeast. The channehng
effect of the river valley, although relatively shallow, and the convectlve phenomena
assocrated wrth the nearby coastlme may w. eflected in the surface wind g!lrmate.
Therefore model

5 ‘ o . . .

~ f
a B , -~
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| MEDIAN | CORRECTION .~ | ]
OBSERVED | e CORRECTED.
STATION , .
: . VEERING | GEOSTR.  LAPS _L VEERING
(deg) VEERING RAT TOTAL (deg) -
SHREVEPORT : R o
— summerday | . 6 +4 +9 +13 19
- summer night 28 ’ +1 -10 -9 19
- winter day ¥18 —6 C+7 +] 19
— winter night | = 38 -1 -18 -19 "} 19
JOHNSTON IS.| 4 6 82 +8 12
SHIPN 2 | o+ 4 +9 Y '
SHIESTandJ | 8 | -1 42 4 9 |
SWAN IS, 22 -1 . 0 - - 21

3

[}

TABLE 3.4 CORRECTION TABLE TO OBTAIN FRICTIONAL VEERING FOR
STANDARD CONDITIONS OF ZERO GEOSTROPHIC VEERING AND 6.5°C/Km
LAPSE RATE IN THE SURFACE TO 900 mb LAYER (Mendenhall (1967))




‘ dunes and ocean, the station at The Pas is situated on a slight rise, roughl§ at the centre o

. “* 101

predigtioqs for winds particula:l)' in the north to east quadrant should be regarded mtm

some caution; the resuits given in Table 3.1 would seem to bear this out.

‘Whilst at Sable Island the surroundings are quite uniform, consistiag of low sand |

of a large airport clearing, with a lake to®™he immediate north.’ In the east to south

quadrant the observed surface mean winds are well in excess of the values suggested

u by the theory. The general acceleratmg effect of rising terrain may be in ewdence

here.

3.5 A Model for Standard Deviations of Surface and Gradient Winds ,
- S 7 o - »

?ershina (1968) has used rawinsonde data from several aerological statiens in the

US.S.R. to show that the monthly mean wind speeds and standard dewatlons in the

-atmospheric boundary layer can be related by sxmple expressions of the form

o

(329) .

- . < ‘ /
! o “ . I

where —I;z and o, are tfie mean and standard deviation at elevation z. b ] varies. .
with height and b, adopts one of ‘two values, depending on whether the daté is
collected by, anerﬁometer or the rawinsonde. Above about 1 Km, b; isalsoa 2.
constant. | |
~ e

Now, it has been suggested that if winds-blowing from within certain 450 sectdrs
at the surface are treated separately, this 1s a convenient means of reﬂectmg distinct
upwmd terrain conditions and wind speed dlstnbutlons Under these c1rcumstances the

ve¢tor mean of the subsample approxlmates to the simple inean. This is also true of -

~ the standard de\qatlons, s0 it is possible to invoke: Pershma s fmdmgs t postu]ate a

-similar re}atgonslup between standard vector de\nat?ons and vector means at the surface

and gradient heigpt' The‘separatibn of climatic charaéteristics is achieved by grouping"

the data accordmg to surface wmd ‘direction, rather than month of the year as in the .

Russian study ¢ .




_' charactenstlcs In this study these have been apphed to ®me spec:ﬁc mean wind

* conditions (Appendlx V) The standard vector devgt:ons were computed and used

: connectlon has been proposed between the méan wind Vegtor and lts §tandard deviation

" at enther the surface or gradlent hexght These %wo mgreditnts themselves provnde the

. 102

B T B o .
N ) @

2 ‘ .

Agam data was drawn from thg radlosonde records for Moosonee, Sable Island
and The Pas to glve the surface, 300 m and 500 m winds under neutrally stratified

;-

w1th the obse’rved vector means of the precedmg mvestlgatlon (Sechon 3 3)ina linear.
pegressmn analysxs by the method of least squares “The resultmg functlons, of the form

of Equatlon 3.29, are shown in Flgure 3.7. For surface observanons it was foumf that

} - . *
v 57_ ‘g ’ ' % . ; 3 . ) ,
6, ~ 07V, — 26 T § o (330
ot I ' s v .
and, in the region of gradient height, ]
S AC ’ - -7
og ~W03Vg ¥ 27 . N : . (331)
The value of '-bo- was approxin;ately" the same for both the 300 m and 500 m levels.
. } . o | .
3.6 Probiabilistic Approaches*to the Surface/Gradient Wind Problem”  * .

) ; o ; : L 'u : .
The boundary layer desmpnons discussed hithertd provide some deterministic

AN

estimates of the surface wind velomty, given certain gradient wind condltlons and terram

vectors correspondmg to 459 sectorso,f wind dlrectlon In addmon, a strictly empirical

bas1s of a sxmphﬁed probabxhstlc mddel of wmd chmate at thg two levels of mterest

.
>
. o
-3

~Within a sufﬁcnently Iarg(: azimuth mterval “such as 45? the dlstnbutnon of wind
vectors can often be adequately represented by a bmmate normzﬂ dxstnbutlop of the
cxrcuiar type and centred on the vector mean (see Ssgxon 22). Writing the probablhty

»

density function in polar coordmates .ot -

|

Y (V2 + V2 ®zwcos(e o). e :
p(m) expl ) ' (3.32)
a7 202 ’ '

NP
v




\ 8 R
o Pl ’ G v :
c o pewsoom o T e
. 8- ‘ ‘8‘
® = . . \*;
L IR

’ -
:‘ ° a
0 | SRS N B NS I
0 2 4 6 8.310.°. 12 1
: e e 500<M/5)
. -
,2) 300M
8L . .o
v 030718 V3p0" 2:80

[ Y . )
» bl 2 0 v ; %. -
0 | 1 [ | 1 |
0 2% L s 8 10 12 14
o~ ! 37 STANDARD VECTOR DEVIAT(ON AND . VECTOR MEAN N
o “RELAT!ONSHIPS




3)/5 urface )

€

Op = .73Vg-2.57




S ,‘( '__»/, 4

. \ .

- . R ) . 3
13 .

where V is the vector mean wind with direction ¢ and ¢ is the standard deviation °

of vectors. Ttus is illustrated 'in Figure 3. 8 For small angles (8'—¢) it follows that

Ahe frequency of wind speeds within- the SCCtOy can be approxnmated by the normal

distribution: -
pv) = —L p(_(VOZ V’ _ ' (3.33)
) \/210 - ’ Cos
Hence, for the entire azimuth range, tl{e probability density per soctor is
oV = —I o p(_(V V@)F, AT (3.34)
V/270(8) 20%(0)

The necessary *parameters. for the surface wind distribution can then be estimated from the

above-mentioned boundary layer models, of the general form ?

V0) = ﬂ'VG(G)) 0,(0) = gmfo(a» e

These may be extended to continuous functions by a suitable harmonic series representa-

®

tion.
L
. Unfortunately, near ground level the normal distribution may be madequate to
describe the local wind chmate and other forms may be preferrr,d Two such distributions
have been employed by Davenport, Hogan and Isyumov (1969) and ‘Davenport and
’ Jandah (1973) and are discussed i in Chapter 2 (Equanons_ 2. 25 and 2.26). In the first
of these the gradient wind climate over Toronto was detcrrmned from surfaoe records
in and around the city. The relatronshlp of gradrent to surface winds was given in
general terms by | |

V(0) = K(0) VGH0) | o INEEY

so that, for any given wind direction S o .

il




A »
.
FIG 3.8 BIVARIATE NORMAL DISTRIBUTION
. “ WITHIN WINO DIRECTION INTERVAL °
-4 . ’ R _ . L.

106




107
I Vo o » |
py(Vyl) = ) PG(T"G) . ' ' QP L (3.37)

. The factor K was found, in this case, from a topographic wind tunnel mo_del'r

ln this and other specific studies reasonably good predictions of wmd regitnes have

been made but it appears from the literature that no attempt has yet been made to

formulate generahzed probabilistic rglatlonﬂups between climates dloft and ‘at snrface
level. This link is required in the many practical situations where adequate'meteorolbgical

records are not available. A first step in this direction is proposed below. .
. 3.7 A Basic Statisticil Model

. In a broad sense, it is possible.to think of the surface wind speed as dependent on
the wind difection at the time, thus incorporating the influence of the upstream terrain,
and the gradlent wind speed. In addition, the more uncertain effects of local topography
and convective activity can be included in some variable, which will be considered ran-

dom. This can be written

. Vp = ekOVg , | (338 .

1t will also be assumed that the surface wind di}cc;tion is given by ¢
6, = ¥ + (0, —a,(05)) : : - - (3.39)

v
foe

"¢.and ¥ are random variables independent of ¥z and 0, the,wind speed and
direction"at gradient height. The transformation from, the gradient probability

distribution to the surface distribution can then be found as foliows.

Now

PeVG86) = I pofVolo) | Cho S (340) )




where J is the Jacobian given by .
S Wby W¥e e o
o= = . (3.41)
o AVBe) T e, o ae, - | S
S| . WG|
: da
Therefore, writing c—ﬁ% as‘\a.;,
- ) . v 4
ek eVgK'|. ; . o
J = = eK(l - a}) - " (342)
0 (1-ay) ' C
| ' 1.
and A
_ ol Vgl . .
Py Voly) = m;)- , N A (3.43):

4

¢ Given the nature of €, thid'is not an’immediately useful equation. -However, from
. the expression for VO in (3.38), an indication of the climate of surface w:inds can be
gained in the form of the statistical moments. The expected value of V, . is given by

- N
. * -

“E(Vy) = [V, pV udV, | (3.44)
~ " | ' .‘ . . .
which, assuming independence of €, K and ¥, ‘becomes
T K Vo) = [[feKVple)pl K)p(V ;) dedeVG ' : (3.45)
This eventually reduces to (Appendix VII) '
R - | - g o ik
EV,) =5 Kogmeesplzofy) (3.46)

withde following conditions and definitions:

a) The gradient wind distribution can be represented by the central, ci'rcﬁlar bivariate
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normal model. The density function p( Ve 1s then Rayleigh. It was pornted
out earlier (Sectxon 2.4) that this is not an unreasonable simplification to hpply'

to upper wmds

'b) K is described by a harmonic series of.the form

’ oo ’ . .

=K+ I Licosifg+ T Msinio (347
i=1. G 1 ¢ R
= 4 I= . . ‘

c) € 15 log-normally dist'ri.uuted, where 5;ne is the standard deviation of Ine and
me is the median value. . Some support for this assumption can ‘be found in data
collected for the World Trade Center w1nd study by Davenport (unpublished).

‘ In this case geostrophrc wmd speeds were compared with mean hourlies recorded

‘at 108 m (355 ft.) above ground level (see Fig. 3.9).

It can be similarly shown that the second moment of the distribution of ¥, -is

E(VZ) 2ARZ + + 1 z] (LZ M) - Gmlepl2aly . (348)
Y 4 -
so that, to'summarize, '~ Lo~
Y, = V3 Kagm exp(2 02 J o (349)

and

%

=l

Since, as shall be shown, the parameters of the dnstnbunon of € can be regarded as
essentrally umversal (3. 49) and (3.50) are functlons solely of the standard deviation of
gradient wimd vectors, "G' and the average ratro of surface to gradient velocities, K.
The Hatter can be estimated from an exammanon of terrain roughness in conjunction
with one of the deterministic profile’ models such as the power law. Bec;ause oG xs
charactenstrc of the wind climate over a wrde area, this can be found from suitable

maps of upper wmg The above equations therefore appear to offer a convement

S
N -

N

109

o2 m2 explof,e) - 1(2K2 + % (L2 +M2)) 'exp(oz _ 57(21‘ (3.50)
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\ _ rneans of obtaining the surface wind speed climate directly from a single and com\monly
quoted statistic of gradient. wmds lf desned the Weibult dlstnbutlon corresponding to ~
the estimated mean and standard dev1at10n can be found stralghtforwardly, and

." extreme value theory mvoked to determme the maxrmum annual wind probabrhtles

Such a- procedure will be applied in Chapter Sin deterrmnmg extxeme wmd speeds ‘over

—

, // the open ocean, and it-will be shown how this method for estimating the annual mean

_/ wmd speed can be used to assess the potential for wind energy conversion at a given site.

a
3 > \r
. - .

.3.8 Parameters of the Statistical Model |

The statlstlcal parameters of the random funcnon ‘e. have been investigated usmg
the radlosonde data for Moosorsee, Sable Island and The Pas in neutra"’lly stratxﬁed
atmospheres (detailed in Appendix- V),

It follows from Equation 3.38 that

N V . . ‘ ~. »"‘
Ine = In(°) ~ InK | SR . 51
and if € follows the log~normal drstnbutron then it remains to fit nopmal probabrlrty
curves. to observations of the quantity In(V /VG) Usmg the meth’ad of maximum &

likelihood, it is readily found that this process reduces to find!hg In K-and Olhe

"from n records as

- V . ) N . ’ i .« -
mk =L & m 72, : ~ U (352)
. n.i= G . . - i N ! X
. ;
and - )
n V. ) ’ L .
C0fe = ,i, Z (in _(V—-%)i— nkf L e (3.53)
. i=1 ‘ '

\ ’ A 3

" The unbidsed estimate of Oine for small samples was obtained by putting

Be = g0 | o , 134
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It 'should be noted that, because the mean value of e must be zero,
N P A '

The computatrbns were carned out for the ‘three locations and for prescnbed in-

. tervals of gradient wmd speed and dlrectron ‘These were: , 5,

-

a) Twelve 30° azimuth intervals for all wind spe.ed.s. ‘ o . '3
b) Wind speed intervals of 2m/s for all directions.~

¢) Wmd speed intervals’ of 2m/s for wmds blowmg from within specified quadrants.
These. were chosen such that, as far as possrble the prevmlﬁig gradient wind
direction was included, vanatrons of the parameters wrthm the interval were
relatively sllght and the upstream fetch was essentially umform The purpose was
to isolate any effects due to wind speed alone, at the same trme retarmng a fairly

large sample. =

!
)
.

*

Results of the analysis are shown in Figures3.10 ~ 3.12. With the exception of |
Moosonee, where abnormally high deviations of the surface to gradient wind ratio seem ' ..
to be associated with strong winds out of the north td east q'uadrant the st‘andard L
" ‘ deviation 0}, appears rémarkably mdepend'ent of location, upstream fetch and, wmd

speed usually rangmg between values of 0. 2 and 0.3. Certainly, in terms of predrctmg
the surface chma’te from Bquatrons 3.49 and 3.50, such'a range will be of little , -
consequénce because both Vo and ¢, vary wrth the yterm exp( a,zne

LIS

* " Some verification for the magnitude of Olne obtamed here can be found in the
- World Trade Center Wmd study already mentroned and i Jin ‘which the ratios of geo-

strophic wind speed to hourly wind speed at 108 m were analysed for 108 m winds

. ' = greater than-J Om/s (22 mph) at Brookhaven, N.Y. The equrvalent parameter was

{ found to be 0.21. More reeently, McNamara (19'74) has fitted poWer laﬂproﬁles to
observations of neutral atmosphenc boundary layers at Cedar Hill; Texas estxmatmg

_ astandard deviafn in the power law index a ,of about 0.058 for VG above
3 ‘ I13mfs (30 mph.). In this case, gradrent hergh was taken as 433 m (1420 ft.). The

Al
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surface velocity, at 10 m, by the power law, is given by -

13

- B ~ . %
o _ (107 e : L L
R ANCE L : (3.55)
- l’
and ‘ k . '
o zn(F“c’; ) = -377a | 7 ' . (3.56)

Hence, the corresponding o, is approximatety 0.22.

~
G

2

An analysis of 900 mb and surface winds at two land-based and two ocean stanons
by Fmdlater et :ﬂ (1966) also provides an opportumty to examine the results of the
present study in the light of comparable statistics obtained elsewhere Findlater and

* his assocmtes-collecged radiosonde measurements at the 900°mb level at Crawley, '
England and Shanwell, Scotlanda and compared them with simultaneous surface observa- ’
tions at London Heathrow Airport and Leuthars respectively.” The data was grouped
accordmg to time of day, season, atmosphenc lapse rate, and 900 mb wmd speed apd .

- \dlrectlon The ocean observations were snmlarly grouped and the average ratio

Iy Vo/ Vggg, or K, was computed in each case. The components of this ratio along
and normal to the upper wind vectog were also found, tbgether with their respective

. star;giard deviations. The components will be denoted p and g. The v:aﬁance of
Vo/Vopp» Or €, is then given by . . |

i
AR
9y -

“

o2 = a2 % o2 | ‘ (357)

% = % * %

= . and the transformation tg2 find o, is .

. - ] . M .. - »
explo?. ) = —5 + 1 | ;oo - (3.58)
h ine '122 - - , . | .

O

(<]

. S 1186
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’
; Tables3. 5 and 3.6 have been -prepared in this way from ite values of Op O ‘and R
a Vo/ V900 pubhshed by Findlater et al. Estimates of "Ine are mdrcated for various
condmons of wind speed in roughly neutral stratifications, and for six s‘mblhty classes
when the 900 mb wmd is 15-19 m/s (30-39 knots) The sta'blhty classes are de
" in terms of specrﬁc lapse rates in Table 3.6; class 1 represents conquns of greatest s ‘

. ' instability and class 3 inclydes the dry adxabatrc or neutral tase. °

o

Referrmg to Table 3. 5 it is apparent that the values of Opre asocmted with the -
range of wind speeds consrdered at the three Canadian stations are pred}»mmantly \
between 0.4 and 0.3. lt will be noted that the w1r?ds in Fmdlater s lowest speed .category,
) : whlch give rise 0 higher values, would have been excluded from the Canadian data

Table 3.6 shows that peak values of oy, - generally occur in neutral or slightly stable
condmons over the ocean. Over land, the same pattem is discernible but less pro-
nounced,. particularly at Leuchars .
Although only a small portron of Findlater’s extensive data has been exammed here,
. the results lend support to the findings of- this investiggtion under the relevant conditions
of neutral stability and gradrent winds from about 10 to. 25 m/s Additional evidence .
is ptovided about the bemwr of the. parameter Ojpe in stable and unstable atmos-

b . phese boundary layers.’

@
2
B

‘ ' 'ln\the course of computing Ojpe» the mean raties of ¥, " to l”G * were obtained,

.- and these are also plotted in Figures 3.10 — 3.12. Values of K are higher than would
' be eXpeéted at Moosonee and the Pas, in the “bush country of the Canadian Shield; when

' considering only the selected quadrants of gradient wind azimuth (for example,

240° — 330° at Mdosonee) these are closer tothe predlctlons of the power law wind

proﬁle for this kind of terrain (K ~ 04)° Where the effects of wind speed have been

isolated, the expected decreasein K with increasing ¥ is in fact observed.

S !
3

‘ B
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900 mb WIND SPEED
STATION. | 10-19kt 20-29 kt = 30-39 kt| . 40-49 kt >S50kt | ALL
5— 9mfs 10-14mfs 15-19mf§ 20-24mfs >25mfs |SPEEDS

Ocean Stn.1 |  0.36 025. =~ 024 022 017 | 030
Ocean Stm. ] | 0.40 0.27 0.22 0.2 021 | 032
Heathrow , ’ . - :
(day-time) 0.47 0.30 0.18 014 | 038
Leuchars : ‘ ‘
(day-time) 0.62 0.45 0.31 021 | 051

\
P

. TABLE 3.5 VALUF.S OF Ojne FROM DATA OF FINDLATER ET AL (1966), - |
. LAPSE CLASS 3 ONLY (NEUTRAL STABILITY) 7
» 1 " LAPSE CLASS |
1 2 6
] 3ss
: | STATIONS 0F/1000fx 4.0-54 2.5-3.9 10-24 0.5-0.9. <-0.6 ALL
>10 .CLASSES
B OCIKm  7.3-9.9 45-7.2 18-44 L0.9-1. <10 |
‘Ocean g ®
Stn. [ 0.16 018 02¢ 020 L 020 012 | 020
.Ocean ' | ‘ -
Stn.J | 018 . 020 - 022 024 0,21 0.14 0.22
Heathrow ’ o . [\ ‘ :
(day-time) | 0.12 0.22 0.25 027 023 034 0.27
Leuchars , . ., e y?“ t
(day-time) | 0.23 029 . 029 041 o.{o 066 | 0.32

b .

k mm,s 3.6 VALUES OF o,,, FROM DATA OF anAm ET AL (1966),
- 900 MB WIND SPEEDS 15—19 M/S ONLY .

L ?"




3.9 Applying the Statistical Model

The principal obstacle in extenaing and applying the general relationship between
the surface and gradient probabrhty drstnbutxons (Equatron 343) is the uncertamty
surrounding the nature of the function ¥ and the average veering of the wmd between

the two levels.

Summanzmg the ewdence of the Canadlan data used in the preceding mvestlgatlon
the’ coefﬁcrent of variation of the veenng was large, generall‘y around 3.0, and there was.
no apparent consrstency in the standard deviation and hence the drstnbutron of . The ,

~ mean values fluctuated wildly at the land ‘based stations and were between 0° and 50,
at Sable Island for most exposures and wmd Speeds. Other observational data in the
Ig,terature is sparse, particularly as regards vy and the dependence of a,, on terrain
roughness Hgowe&er, Findlater et al (1966) and Mendenhall (1967) both suggest a,
is about 20° for locations in relatrvely smooth terram and 10° over the ocean. This

apphes to neutral barotroplc atmospheres ° : o

The deterministic approach to wind spiralling in the boundary layer has already
been discussed and, as a result of the theory developed by Csanady (l9@ and others,

"{proposed that ' - - ‘ o

-

it was

sima, = — C‘g

L

~ Since ¢ is some function of the Rossby ‘number Vé/fza, the average wind veering
! : » N ! N
canghe estimated from this expression, given the upstream terrain roughness and an

. average gradient wind condition. This would appear to offer the best approach to a

.
]
9 . ¢

m involving the generalized probability model.

¢

TuiL-ung to the application of the specrﬁc model for surface winds in Equatrons
3.49 and 3. 50 this relies ‘ultimately on the choice of the ‘Fourier ooefﬁcrents K L
and’ M;. It has been seen that .o;, . usually takes values between 0.2 and 0. 3,so that

i .




v.
5 Al

. with m, = ! and o, = 0.25,

Vo= 129Kog - | - o '(3.‘60)_
Al 3 \
and
02 = 1.06 0}40.55 K2 + 1.06 T (L2 + MZ)) (3:61)
. ,:1 s -

-
4

In most cases L and M; wﬂl be small compared with K, and

0.9 2 (L7 + M?) '
o, = 076 K gg{l. + ’1‘?’2 ) " (362)

Furtl%)ermore, if the_terrah is reasonably uniform around the site in qnestion

n
| Pe
. Figure 3.13 shows the dependency of 'K on terrain type and the oorresponding
* . NG surface roughness length. This is based on the power daw profile, usmg the parameters
' Asuggested by Davenport (1 963) and given in Flgure 3.2. The above equations can now
| ‘be apphed for ex.ample, to the wmd climate at the three Canadran stations p‘revrously

. consrdered

Detailed descriptions of the stations’ surroundmgs have been compl%d in Appendix
IV. On the basis of the available information, the terrain at Moosonee can be

L ‘ regarded as qurte umf.orm, even considering the proximity of the Moose River to the
east of the site. At Sable Island the exposure-is almost entirely aCror:s the open ocean.
Therefore, suitabie choices of K “Would be\Od and 0.7 respectively, with .
Li=M;=0. The presence of a sizeable lake to the north of the statron at The Pas
suggests that a srgmﬁcant Founer coefﬁcrent should be mcluded here K 1s taken

‘ | o 2s 0.5 with L ] or M; equal to 0.2. Estimates were made of the overall.annual

- climates of surface wind speéds using the standard vector deviations of gradient
(500 m) winds computed from radiosonde data by‘rt'he writer (Baynes, 1971)‘.‘ The

s

“3

05 = 0.76Kag = 0597, . - e
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resulting statistics are given in Table 3.7 alongside the observed values.

v » . . .
. . . v : s

For these examples, the statistical model for surface wind climate is remarkably

good, if somewhat conservatwe the ldeahzatlons adopted in the theoretical develop-
ment would not be. closely fol]owed by the annual climate. However, strong topographxc
effects are still likely to upset the predictions and these must be accounted for in
individual cases. Ij must also be emphhsxsed that the parameter 0p,., which has

.be‘en copsidered a universal constant, obtains only when upper winds have been
measured by a‘radiosonde system. It is expected that a portion of the variation in the

ratios of surface to gradient Wwinds is denved from the response characteristics of the

instrument. This point is investigated in Chapter 4. ‘ N
- . ’ . . ' '
3.10 Conclusions - . { ,
ﬂ? .. This chapter has been concerned with the problem of estlmatmg the climate of

mean/surface winds from a knowledge of the condmons prevaﬂmg at or near, gradlent
height. -This can be approached either determxmstlcally, in which certam boundary
layer profiles or splrals are applied to typlcal climatic sltuatxons or statlstlcally,
which a probablhstnc Jelatxonshxp is employed encomipassing all or a, selected sub-
sample of events. Both of these have been discussed, mainly in the context of

2

,neutral, barotroplc atmospheres as follows:
; a) The traditional methods available through the log law and pé),Wer‘ law profiles
were reviewed, including typical profile parameters for various terrains and the

use of a zero-plane displacément in particularly built-up'areas. ¢
, e

[}

b) A recent deterministic model was consxdered relating Rossby number and the wind'

!veermgl angle to the surface drag c’oefﬁcnent . Using selected rawinsonde observa-

*’ tions 'at three Canadian locations, the mean surface wind vectors mthm pre:
scribed direction intervals were estimated from the corresponding vectors at 500 m
above ground level. In some circumstances, especially where terrain conditions

were ideal, thé model predicted winds close to the observed value7. The agreement
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o " PREDICTED
PREDIC?‘ED | OBSER xfED OBSERVED
Vo - 04 Vo' . . O Vo % .
(mfs) « (mfs) | (mis) (mfs) |~ =
)}_!_oosonee ] ) ) ’ : -
(K=.4,05=929ms)- 479 282.| 414 237 1.16 . 1.19
Sable Island | 1 | _ -
(K=.7,00=1016mfs)- .| 1007 594 | 693 354 | 145 168
T_‘{u; Pas ,
(K='5’Li =.2‘ ., . i
oG = 8.35 m/s) 539  3.66 53F. 301 102 ; 122

- . .

‘

TABLE 3.7 PREDICTED AND OBSERVED MEANS AND STANDARD
DEVIATIONS OF SURFACE WINDS AT THREE CANADIAN LOCATIONS

-

2
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c)

d)'

e)

0
~

‘was generally closef for a-certain range of geostrophic drag coefficients. .

An er‘ripiriéal r'elationShip between the'm'eans and étandard deviations ;)f both the
surface and gﬁdient winds was’ invéstigatgd,_ again using Canadiah upper air

d‘ata.‘“' The resulting simple expressions can be applied in conjunction Wi.th the
determ_inistfé predictions of mean velocities. - _ .

»

Ex:stmg probablhstxc approaches were dlscussed A more general form was pro-
posed Wthh incorporated random functlons to describe devxatlons from the-

average surfaqe/gradnent wind ratios and angles of veering. The function paranieter ,
Ojye €an be regarded as a universal constant. ~ -

t

-

r

From this were derived the dxstnbutlon moments of surface wind speeds as functions

solely of the terrain rbughness and the standard vector dev1at10n of gradient

) w1nds In the absence of strong local winds, these are conmdered pamcularly

useful mdlcators of surface wind climate. A )




"¢ CHAPTER 4.

o®

4.1 Some Common Difficulties

. ’
To establrsh an appropnate statistical descnptron of the mean. wind chmate af
a specrﬁc site 1s often a complex problem mvolvmg sparse data ‘of diverse ongms
seldom are suitable direct measurements avaﬂable Ideally, the recording anemometer
should be situated away from the isolated flow reg1mes around individual obstacles,
and sufficiently close to the chosen site to detect the umque contributions of local .
terrain and topography Some good examples of the vanatron of surface wmd ch—
mate over quite short distances, have been given by Davenport (1968) From an
original study, by Graham and Hudson 1t was shown that the mean hourly wmds
transverse to. the deck of a suspension bndge m Chesapeake Bay were 1 6 times the
r@dmgs taken' at Baitimore Fnendslup A:rport in “more or less umform rolhng

te}ram some 32 km (20 mdes§ to the northwest. The geogaphy of the area is

-

&

shown in Figure 4.1.

-

LS

)

There is also a genera_l)dlscrepency betm-:en winds in cities and at nearby

' arrports due to a marked change of terrain roughness This is well illustrated by the
-5(*81 return winds quoted by Davenport for Several locations in the Umted States-
(see Table 4.1). - it will be noted that although the anemometer in each city centre

' .1s at-a higher elevation than its counterpart at the airport, the wmd speed in the urban

’, -

. surroundings is always significantly lower.

.-

- Ed

The effects of terram rouglmeg,s on- the vertical wmd proﬁle, and thus on the

measuréments, say, at the standard surface anemometer helght of 10 m, have been

’..

.
- 1
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Y 4
CITY ~,CITY OFFICE . AIRPORT
Anem. Ht. Wind Speed Anem. Hr. Wind Speed

) (fe) : (mph) (rt) (mph)
0 - ] ‘ ‘ ‘,.
Boston 188 72 63 103

" New Haven 155 .. 60 42 . 74
Chicago - . 57 38 .70
S.S. Marie . 52 63 33 85
Kansas City 181 . 63 76 95
Omaha 121 65 68 91

" Knoxville . 111 57, 71 89
Nashville 191 . 73 42 . 86
Spokane 110 51 ~29 78
‘ TABLE 4.1 50-YEAR RETURN WIND SPEEDS AT SOME U.S.

S CITIES (after DAVENPORT, 1968) ‘
——
4 J
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examined in Chapter 3. The topographic effects will hot be discussed in detail herg
but can be briefly 1dent1ﬁed These include accelerated flow on the windward faces
and tops of hills, and the funnellmg of winds along vaueys Local winds of a con-
vective nature must also be considered in the overall wind climate, particularly near
ground level. Fo} example, séa breezes extend inland some 16 to 40 km (20 to 30 -
miles) and may reach 4 to § m/s In hilly or mountainous reg:ons differential |
heating and cooling give nse to vailey and slope winds on'a dlurna] cycle, but perhaps
of more 1mportanee to the climate of strong winds are the so-called compensating

* winds which blow between extensive mountain ranges and level country. These are

[

again diurnal and convective in character and fn produce strong nocturnal down-slope
’ ﬂows espe&ally if channelled through a valley or pass and perhaps accentuated by
gla“cxer coolmg On a larger scales dramage of cool air from a mountam region can
occur along the valleys towards a re'latlvely warm body of water. Celebrated examples
of thisl are the Mistral of the Rhone valley in ‘France and the winds of the Santa Ana -
canyon of southern California. More detailed accounts of these and other related  *
phenomena can be foand in Humphreys (1964) and Geiger (1965). = -
v ‘ o7 . _ ‘
In a typical situation the available data may consist of surface vf/ind records at the

. ciosest meteorological stations {(these will eften pertain to various periods of years,
elevations and averaging times), radiosonde data collected at the nearest upper air

station, and perhaps -a limited number of readings taken at or very near the site in
.question. This information must be statistically analysed and reconciled, bearing i . -
mind the possible local influences suggested above, in order to synthesize a satisfactory"
de_sci'i.ption of wind climate. Many of the specific aspects of this process have beenq
covered‘in preyious chapters, but the overall approach wxll be reviewed in the -ﬁollowing ,

. section.

4.2 Apprpaches to a Synthesized Description of Wind Climate

.

" A number of meteorological studies, particularly relatixig to urban environments,

have been undertaken by Da,};enport and associates in the course of assessing wind loads
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on proposed tall buildings Jfor example, Davenport et al, 1969, 1971, 1972, 1973).

These have generally f8llowed certain logical steps from the available wind data to a

synthesned wind chmate description for the required site and elevation. A flow chart
representmg this process has been constructed (Figure 4.2), showing thc individual
steps and the roles of the three groups of input information, the meteorological data,

horizontal and vertical velocity relationships, and design considerations specific to the

\ ' ‘study. Typical input items, which may or may not be considered in a given case, are '
\‘\ ’ suggested in the ﬂow chart. Up to four drstmct stages in the process can usually be
\
o * 1dent1ﬁed as follows

P
>

a) Statisticsl analysis of eacl;, set of wind data. 'IlliS can be done on a monthly,
: seasonal or .annual basis. Upper level data, represcntmg the gradrent wind cllmate
- may be analysed acoordmg toa bxvanate normal model or, as with surface winds,
the frequency distributions may be ﬁtted to a more flexible form, such as those
- - given in Section 2.5 of this thesis. Drstnbutrons of wind speed regardless of
_direction and extreme g{alue statistics may also be found by methods consistent
with the available data. * - T -
’ b) . Sténdardization, if necessary, of surface wind staffstics relating to different
%3 averaging times; for examl;l‘e'ﬁr\ean_‘hourﬁes anrl 2-second gusts (see Chapter 2).

- -
-

13 —T

c) Wf the various distributions and statistics to apply at the required
- ’“f'" el site and elevation. This involves the obsetved or a'ssumed spatial wind: relation-
' ships, including velocity proﬁles'appropriate to the terrain and probabilistic models
linlti;)g surface and gradient wind climate (see Chapter 3). In the absence of oirect
experimental evidence, the horir{.fontal variations near ground‘leycl can be treated

€ . & “ . .
» by using the gradient climate as a reference common t the entire area. "

; B : ) . . . DB
d) Synthesis, iuvolving an assessment.of the suitability of the transformed distributions;
. such f‘actors as the rehablhty of the ongmal data and srgmﬁcant topographrc
effecl may be consrdered A partxcular distribution may be preferred or weighted

averages of certain relevant statistics m3y be obtained. For example, in an investigation

A
o] " 23

3
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\I n, . v . . ° . - T Q ';‘
‘ : of winds over Chicago, Davenport et al (1971) estimated from a number of

L o ) data sources the wind vectors echeded w1th a probablhty of 1079, 6 The

e blvanate distribution for Mndway A1rport was then adjusted so that the 1 0‘ 6

quantxles matched the averaged values. -

/ 43 UpperWindClimate_ ‘ . N ‘

[}

It tias peen suggestcd that the statistics of upper ivinds, conveniently at iradient
height, can be used as a common reference at various points in' an area of study. Because
_ lthe gradient winds are usually independent of terrain and topography, being just above’
the frictional influerice of the earth and most convectxve circulations, the climatic
parameters can be applied across broad geographic areas. Furthermore, they are generally
amenable to analysis based on the circular bivariate normal d:sthbutwn, defined simply
by #he vector mean, 4’ and standard vector deviation, 0. As noted in Chabter 2,
. thisis especxally true where only one dlstmct flgw regnne predominates in the overall
— wmd climate. The analysxs is therefore best performed on a monthly or seasonal basns
Crutcher and Halligan (1967) mdmte that the Iess convenient elliptical distributions are
3 © likely to be found where different regimes) occur together, such as in regions affected by
. - both westerlies and easterly trades, over mountain ranges and, above ooa§;tlines.

" The parameters T’ and o have Been mapped for most parts of the world and' ’
‘at the higher altitudes, utilizing data oollected by mwmsonde or. pilot balloon ABrooks
et-al, 1950, Henry, 1957 and Crutcher and Halligan, 1967) Recently an attempt has
been made to map-the gradient winds over Canada and ne1ghbourmg regions of the
Pnited S’tates, based on 10 years of rawinsonde observations at 300 m and 500 m abovc gound
level (Baynes, 1971). Contours of V and o at 500 m are reproduced in Flgures 4.3
‘and 44 for four months of the year, showing the pattern of seasonal chafiges. It can bé"_
seen that relatwely strong mean cnrculatxom, that is high vector means, prevail along the
eastern seaboard and, in‘the winter and autumn, to the west of the Greaf Lakes. "Shch
- mformatnonunbeansefulfmtmdlatorofthewmdenmonmentfmapmposed

o7

., . éngineering'project or activity. - . '

. . . .

¢ ‘ L4 " .
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\
The use of upber wind' data, especially at ﬁle ;ower levels, should be tempered by -
a realization of the limimtioﬁszgf the radiosonde and the data handlin_g system. The
ascending radiosonde, or more specifically the sensor srlspended below the. balloon, is
tracked by radar and its pdsition:is normally recorded *evergr 'minute. The horizontal
component of the vector differences between alternate fixes determines the mean wind

velocity associated with the inte‘r’jacent bcsitioh. In this way, the velocities are’ essentially

qyerlappiné two-minute means. Elevations can be'deterniined from the pressure »
‘recorder in the radiosonde and the hydrostatic equation. | '
The Canadian rawinsonde system now uses the concept oi’ “significant wind levels”,
by which wind data is selected so that “the plotted wind speed profile can be reproduced
to within 10 knots (5.14 m/s) of hneanty at all levels, and the wmd dlrectlon profile to
: within 30 degrees of linearity when wmd speeds are 1D knots or less” lTxtus 1970).
| 'The winds at thel standard isobaric surfaces (1000, 950, 900, 850, 800 mb, etc.) are then
computed by linear interpolation of the zonal and meridiona'l‘wind components at
adjacent “significant wind” levels. Conditions et ihe required elevations. above éroun(f

level can, in tum, be found from these by a similar _procesc of interpolatioﬁ.

An importént feature of rawirisonde observations is the frequen;y of balloon
releases, ‘normally twice daily at 00 and 12 hours GMT. Thus, only atmospheric
processes with frequency componentr below one cycle per day will be detectable, that is,

"*  well into the mesometeorological range (see Figure 1.6). The mfrequency of these

" observarions implies that the 's’ar;rphj‘_ng of short duration 1@1 storms such as thunder-
croms may be ir‘tadequatciﬁ Beczgus_e of the regularity cf the observatichs, the da® may
-also’be slightly biased by the diurnal cycle whereby winds ?t gradient height are
generally reduced in tie daytinre,\par,ticularly in unstable atmgspheres (Riehl, 1965).
> . :

The aspect of ramnsonde accuracy to be investigated in some detail below is

the contnbutxon of errors due 10 mstrumem characteristics and data reductxon pro-

“cedures to the tetal varranoe of wind velocities at gradient height. Corrections to the

climatic statistics obtaine’d from rawinsonde data can then be estimated and the impact '

. ) »
on the variance of the surface/gradient wind speed ratio can’be assessed.

. '
, & —
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D
44 ‘An Analysis of Rawinsonde Errors
. R ¢ .
itis pbssible to distinguish three classes of error in measurjng upper level winds. ~
Firstly, lack of precision in the trackihg techniques imi)ﬁes a ‘d.l'gcrepmcy'between the |
observed and actual positions of the sensor. Secondly, the behaviour of the balloon' ,

and sensor may be such as to produce extraneous motions which are of a time scale . .
" outside the range of interest, that is, outside the htésometeorological range. Atdower ”

elevations, the effects of atmospheric turbulence will be .felt.' Finally, the process of

averaging the motion of the sensor over a given time paiod to obtain tfre mean velocity

must be considered.

It has been suggested (Morriseey and Muller, 1968) that these various factors can be
represented in the form of power spectra, combined to give the spectrum $f recorded

wind velocity errors, as follows:

S} = RAn)(R2n). Sfn)"+ Sfni)+ Syn) (4.1)

in which Rg is an admittance function due to averaging the observed winds,
Rsz is the respbase of the sensor to- fluctuations in the wind field,
S;.
So s .

and S,. is the spectrum of wind fluctuations, particuf&ﬂy\atmospheric turbulence,

is the spectrum of self-induced motions,

is the spectrum of obse ational errors due to, ghe 'l'tracking system,

h When the obsepations are digitized the record is aliased such.that.the final

spectrum becomes

~

(4.2f
where n N is the folding or Nyquist frequency. A schematic diagram of the components -

Sdn) = S¢fnj + q}—-:I Sdn + 2qny)- + qfl Sin - 2qny)
. . ‘ ,

of S is shown in Figure 4.5. Fortunatety, most of thét terms have been- studied and
it is posgiﬁle to estimate S, and hence the error variance, for rawinsondg ﬂights‘-undgr

5 - representative atmosphcric. conditions.

L.

»
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The response of _the sensor to the wind field can be deni%d from the basic equa-

 tions of motion by representing the various components of the wino velocity and the
sensor motion as sums of mean and small perturbatxon quantities. Such a theory has .
been proposed recently by Fxchtl £1971) and is further descnbed in Appendix VIII. It

can be shown that the function Rf( n) can be written

N
]

2., _ 1+ (28Tanf’ ~ : :
KW = T+t~ - R (43)

where T and a are two parameters, being®unctions of balioon mass, m, its

"apparent mass, m ,~the mass of the air displaced, m

o the mean ascent rate; W, and

S

" the acceleration due to gravity, g. They are given by

_'_ (m+ m,)w ' m, ’ . ’
- Imo — mk , @ = A ) : :‘ - ‘ (4.4)'

and, in order to be'defined for.a given situation, require a relationship between the

balloon diameter, P, and its mean rate of ascent. It can be argued for ﬂights through

the atmosphenc boundary layer to around gradient height and ideajizing the balloon as ,

a sphere with a constant drag coeffic1ent that D and w are lmked by an expression

of the general form .

oD - b2 - F =0 - I (4.5)

4

Thc values adopted for a and b will’ depcnd on the surface atmosphenc density at
the time, the mass of the balloon and- gas, the speqﬁc grawty of the gas, and the

assumed drag coefﬁment for the sphere

o In this application;, the spectrum of wmd velomty ﬂuctuahons S,, can be
,descnbed by one of-a number of formulae pertalmng to turbplence in the atmosphcnc
boundary laycr (see Teumssen, 1970, for a summary of these) Davenport (1961)

suggests a normalflzed spéctrum of the form . .

-

13%
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KV,

to represent horizontal gustiness’ in strong wind conditions up to about 150 m above

ground level and, reasol‘lably adequatel-y', at higher altitudes in the boundary layér. Here
- K i§ the surface drag coefficiefit, dependmg on thesterrain roughness, V, is the mean

wind speed referred to the ird anemometer height of 10 m, and x is defined by

_1200n

Yo

(4.7)
An objection to Davegport’s spectrum can be raised on the grounds that S, should
approach a constant valug at very low frequencies. In facty this constant will be.
' proportlonal to the integral scale of turbulence. “However, (4.6) suggests mstead that

Syoxn ds n+ 0 An altematlve ?orm proposed by von Karman and later by Hams

(1971) is
. """'_7 = . N 5 L . X . ‘ . .
k Vo (24520 o |
~ where R ,
. _1800m R : ~
X = -—V:— - N . . ‘ ‘ : (4.9}
. . 1¥not only meets the theoretical requirements at low frequencies, buf also in-

<
corporates the results of more recent measurements whrch suggest an mcrease m the

length scale from 1200 to 1800 m. In consxderatlon of the fact that the sensor

. response admrts energy more stro,ngly tOWards the left-hand end of the turbulence

*
. spectrum, (4.8) has been used here, although it. must be noted that netther form w:ll
be particulary prec;se below a‘bOut 1 Cv/mm ’ P ’
. -e‘,‘—.-" . o v ’
N R
o ° . When the response Yunction, Rf. , 1s apphed to the spectrum of turbulence it is -

unphcttly assumed that the resultmg motlon is assocxated with the sengor package as *
well as the ballaon. The response of the, pendulum constrtuted by the sensor suspended
1+ beneath the balloon is neglected. d’lhis cdn reasonably-be supported by the fact that




the natural frequency of a typncal mstrument frain is about 0. 1 Hz, in a range where
the power of the turbulent fluctuatlons is relatively small. Thrs is especxally valid to- .
wards the top of the boundary layer, where the mertral subrange portion of the spectrum

in this frequency range is further suppressed

The spectrum of observational €ITOrS, S can be derived straightforwardly from
-the spectrum of dlsplacement errors, Sy The dxsplacement d, 1s the down\vmd
hozmtal distance to the sensor. A first assumptiodn is that Sq 1s “white” ‘up to the

f g t'requency, ny. It can then be demonstrated ‘that, for tthanadlan rawmsonde

; stem in wluch upper’ wmds are calculated from overlapping atrons taken every

minute,. S.d is related to the variance of the dlsplacement errors, 0[2; and the folding

frequency by - ; ' . . .

/ - ’
/ B
/ ;,,

Son) = 4nN-a§siﬁ2é‘:—'A‘,'; (_< ny (4.10) e

-
-

~ (see Appendix VIiI). In this case np ‘3:1/120 Hz.

Some estrmates of the magnitude of 0y can be found. in. t.he work of de J ong
(1966) an the “height-elevation” mode of operation, Wthh is standard forthe
.C.anadlan rawinsonde network, it’ has been shown that '

0] = ;;.33 ag + corzaaz o | (4.11)
where h 1s the h‘elgm and 5 is the angle of elevation. According to-de Jong, typxcal
values of .the standard dev1at10ns °h "and o5 in the height range of interest in this

A -

- study are gwen by

op = 0.02h;05 = 0.0° . - . (4.12)
Perhaps the least well-defined element of Equation 4.1 is the spectrum of self-induced
motions, S;. As a first estimate, it is possible toidealize the balloon as a rigid sphere:




e -

o

T ratlonahzed that the induced motions are narrow-banded about n

This approach has been followed in Apiaendix VI, from the theory of Fichtl,

deMandel and Kfivo (1972). Unfortunatefy; the self-induced motions pf the balloon are

. observed as motions of the sensor package suspended some distance below. An added

cgmplication is the flexible skin of the“balloon. Thus, the detected motion actﬁally

results from that of a pear;sﬁaped object anﬁ a simple 'pendulum.
» ". ' s .

The ‘theory for the rigid sphere is again derived from a first-order approximation

‘to the eqnations of motion, as used earlier by Fichtl (1971) to determine the Sensor

reéponse. . Fluctuating lift and drag terms are introduced; the components of the lift -

coefficient are treated as perturbation quantities and the drag coefficient is represented

by a mean and' perturbation quantity. This leads to expressions relating ‘the spectra f

of the mduced motijons to the spectra of the aerodynamic coefﬁcnents For a partxcular )
type of balloon w1th a roughened surface, the so-called JIMSPHERE Flchtl et al

o and then obtamed
a normalized spectrum of the forfn

| o L 2
oS{n) (1 - njny)
m«;z {" N BN .ﬁ;/éo )
i B/ 2r. 2.

-

in which B is assumed to be a universal constant. However, it was noted, based on

(4.13)

measurements by Rogers and f?amnitz' (19695), thai the bandwidﬂi for a smooth balloon
ié considefably larger. In fact, frg\m experiments with a ROSE balloon comparabie to. the
normal rawinsonde balloon, répresentative values of the defining par/ameters 'are given

as $=02 o0;= 2.6 mfs and n, = 0.15 Hz. These apply up to an altitude of 7 Km

g

and. for supercritical Reynolds numbers Re>25x1 >}, " _ )
SR . ) L
~ Some other pertinent evidence of the behavour of ascending batloons in the
atmosphere is reviewed in Appendix VI (McVehil, Pilie and Zigrossi, 1965, Murrow and
Henry, 1965, and Morrissey and Mu]]er 1968). From this it can be ‘concluded that.

~ (4.13) provides a reasonable descnptxon of self-induced motions for the rawmsonde

* sensor, taking .8 = 0.2, n, as the natural frequency of the suspended pendulum °

(~0.1 Hz) and o; as appro:gmately half the mean rate of ascent £~2.5 mjs).




A . |

Finally, the admittance function due to aveiaging, Rg , ‘must be considered. In
the rawinsonde system the sensor éffectively integrates the winds ‘over an interval of

time, 7. This is equivalent to averaging a continuous record of velocity using"a “box- \ :

. A\ !
car” weighting function as follows: . ‘ i //
. b ’ . )
we) =L, <t
\ 7T° c 2 '
W) = Lo =1 (4.14)
. r’ 2 :
. =0 +>T
W) =0;1t>5

PR

The corresponding spectral window is givén by the Fogriér transform of the function,
that is (Blackman and Tukey, 1958),
2., - singnr.2 : X\ ‘
 Rim T | . O - (4.15)
This is shown in Figure' 4.6. 1t can easily be appreciated that the “side lobes”, which

exist above n= 1/7, are mcreasmgly small so that, "although some power is allowed

to pass in thls range, it can be neglected for the purposesfthls study.

4.5 Estimates of Gradient Wind Variance die to Rawinsonde Errors
: s ) .-

. , NS
From the above considerations the overall spectrum of wind velocity g":r_rors'can be
syntﬁesi_zed for typical rawinsonde flights. The area englosed by the 'spe’trum 'S_‘! n) ;
represents the contribution to the recorded .variance. Three conditions of gradient
wind speed (V(z =10, 15 and 20 m/s) and thfee surface drag coefficients _ \
(x ~= 0 5,.015 and .005) have been considefed with gradient height taken as 500 m

above ground level in each case. The powet spectral models and other assumptxons

emﬂoyed are now summanzed

S ‘
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2)

b)

c)

d)

e)

4.15 with 7 =120 sec. . L o g

.&trn'osphe;ic:turbulence (s,) was represented by von Karman's equation (4.8).
The surface méan wind speed,‘ Vo, was determined by the t‘err;.in r(;ughnes“s
selected for each Tun (from Figures 3.2 and 3.13). ‘ o
Sérsof_response (Ry) was-defined by Fichtl’s expression (Equation 4.3). As
mentioned earlier, the parameters ) T and a depend :on the balloon diameter and
this, in turn, ié a function ‘ofthe mean ascent rate. In this synthesis it was assumed |
that thg balloon'has‘ a drag coefficieny of‘O-.3, the Sensor package mass is 1 kg, the
density of the ambient air is a constant 12 kg/m3 and the balloon gas is |
hydrogen. Referring to Apper{dix VIII, it can then be shown that the required

function reduces to - '
585D3 — 0144 W2D° — 1 = 0 S (4.1&'

<

and, ﬁth the balloon .inﬂated to ascent initially at about 5 m/s, the diameter is

145.m.

‘Self-igduced motions (S;) were represented by Equation 4.13, in which the con-

stant B is assigned a value of 0.2 and n, is the natural frequency of the’ -

pendulum, i.e., - ) i , '

. . ¢ .
=L /8 : ‘ ‘ ‘
no = 22 V7 : Q | - (447

I is 20 m, the length:of thé instrument train. It was assumed, from the evidence
presented by Murrow and Henry, that the remaining parameter, o;, takesa
value of 2.5 mfs.

The spectra 'IS,- and Rf.St “ wére aliased with a foldingffreqnenc& of 1/120 Hz before
the averaging function Rg was applied. The latter was given by Equation

.-

-Observational ‘errors (#,) were treated following de Jong's theory. At a height

of 500 m and with the typical values of a‘\miis'uggest‘ed by de Jong,

.~

-
¢ 9.
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t

(4.11) becomes

0017452
sin’ 8

a2 = 5002 + .02%cot%s) | s

At the relatxvely low altltudes with whxeh thxs synthesis is concerned, the angle of -

elevation can be approximated by

. . N
_ 2w .
tan® VoV (4.19)

o

Furthermore, the variance of the observational velocity .errors can be calculated

directly from.the variance of disp}_acemerit errors (see Appendix VIII) as:

263 -

Og = _1-2_ ‘ (4.20)
where, as before, 7 is 120 secs. This elimiriates the need for the. power spectrum. |
‘ - . 'y .

‘To obtain the variances due to self-induced motions, 0% . and the response of the

. i
sensor to atmospheric turbulence a‘t2 , the aliased and averaged spectra were mtegrated v
‘using Simpson® s rule w1th iog 10 mcrements of .05 over a range of log 10‘" from
-3 10 0. This contained almost all the energy assomated with these motions. The re-

- sults, together with the vanances of observational errors and the combined totals, are
listed in Table 4.2. In Flgure 4.7 these are shown as percentages of the variance of
the gradlent wind climate suggested »by the empirical formula derived in Chapter ;

™

i.e.,

L ok = (3Vg + 277 S . (4.21) -
©in which V¥ is the mean gradient wind speed.
O . & . - ., ‘ . T '
It is clear that the contribution of Observational errors is always small, Generally,
. + the effect of lﬂ&her pfadient vﬁnds is to decrease the percentage of the variance due

-
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to self-induced m.otions. Over rougher temains the total percentage is increased, mainly '
because of the sensor’s response to a greater degree of torbulence in the atmospheric

boundanryRlayer. Overall, the estunated values found here are reassuringly low, even for -

relatively low mean wind speeds

4:6 Estimates -of -Sqrfaoe/Gradient é‘.rror Vari'zmoe:g

‘ . . In the statistical ana!ysg of the surface to gradient wind speed ratio (Chapter 3)
‘“ * a random funofion € was introduted defined by , -

& e T L

Inhe =InV, ~InVe — InK | ‘ ‘

} . . , o .
-where K| is the average ratio appropriate to the upwmd terram for a glven wind °

<

(4.22)

\
‘ dxrectlon \The vanance of the unportant parameter Ine due to errors in measurements

.can therefore be represented by. ‘ ':" i
* . / ™ R . _
”g(lne)- = ag(ln Vo) * ‘?gﬂn VG? , | : i (.423)
Assummg that the errors in surface anemometenofeidmgs arej eghgx'ble cofhpared with
. those associated withthe, rawinsonde, it can then be shown t t ’
s . : 02 ﬂ'g( VG) . Uf ' -, )
ellne) = VZ = " "_ . i ) (424)
' G G

i

in which VG 'is the mean gradient wind veloc:ty and "e(V ) (= 0'2) is the vananoe
of errors in VG Ttus standard result denves from a l thmxc series representative of
°g(ln v G) with ae(V ) “small compared thh VG (see, for gxample Benjamin and
*“Comnell, 1970). This, the contribution of rawmsong(e error 0 the total variance of
' * Ine, regarded earlier as a umversal constant anth a value of a;\:ptgxxmattly 0. 252, can
i "o be estimated directly from 02 for vmous mean gr:xint wind speéds and terrain
.. rouﬁmesses _Some values of 102 are listed in Tabie 4. 2\and these hzye been used in the
. preparatlon of Flgure 4.8, wlnch mows the error variance/in Ine 4s akperoentage of the -

‘ . assumed universal constant. B ‘ : _ . ‘
D . \ - . /‘ - >

a

. : . {
! : » . : x\b
. ) '
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Apparently the varjance of Ine vanes over the range of conditions considered
here, from about 60% to 90% of the vziluewsuggested by the earlier analysis. .Based on
Ope = 0. 25, this correSponds to new r.m.s. values from 0.19 to 0. 24 still close to
the figures suggested by the other s)eurces discussed in Chapter 3. In the hght of these

L ﬁndmgs, a suitgble choice of Oppes for use with gradient wind data obtained from other -

°

than rawinsondes (e.g., tower-motnted a'nemofneters), would be 0.22.
"} 47 Geostrophic, Gradient and Thermal Winds S

A ﬁumber of references have already been ‘rﬁade to gradient and geostrophic winds,
and so far these have been taken to mean the free stream flow at the top of the .
atmospheric boundary layer. It-has been seen how the chmatlc properties of these wmds,
- as measured duectly by mdxosonde balloons, can be mapped and provide a useful .

- reference for extrapolatmg to lower elevatlons An altemaqve SOUFce of potential '
‘upper wind mformatlon exnsts by virtue of the fact that the. gradlent and geostmphlc
winds are, in their strict meteorologml deﬁmﬁons functxons of the horigontal gradrent
of atmospheric pressure. Before inyestigating tms as a practical possxbxhty it is first - }

necessary to define more closely. the terms involved.

gonmdenng horizontal, frictionless flow, the motion of unit volume of atmosphere

is governed by the balance of the pressure, centnfugal and Conohs forces and in the ~

absence of any tangentlal accelerations, the flow must be along the isobars. The | ~ Q
.equation of motion can be written ' . ' '
_dN = pa{—-—- + f VG) . ' ' ’. B e (425)

LY

. . »
) . PO

.- Lad
. .. ) s oy . [
where 2—%, is the pressure gradient, normal to the isobars and positive towards high
 pressure, \ “ ' ‘
~ pg s the ait densxty, | .
.t ¥V is the wind velocity satisfying the equatjon and known as the gradient

s . .- . .
7 windy . Lo~




R is the radius of curvature.of motion, taken as the radius of the isobars
and f s the Coﬁo}is coefficient, defined by ‘

[

f = 2wsink o S (4.26)

in which @ is the earth’s rotational speed (~7.29 x 1 0~ radjsec) andﬁ' \ is the -
angle of latitude. Clrculatron around a centre of low pressure in the northern hemis-

-phere is illustrated in Flgure 4. 9

It should be appreciated, however, that R is strictly the radius of the .
trajectory and, over an extended period of time, this is generally not the same as the
isobaric radius even though the trajectory may be instantaneously élong the isobars. _
There may bea consrderable dxfference between the two in ‘a rapidly moving weather' .
system Blaton’s equation (Haltmet and Martin, 1957) grves t)x)recrse refationship |

whrch in the context of thrs discussion, can be written o
' ) - . :f;:
c o ‘

= (1-—7(-;- cos y) - ¥ (4.27)

Ay

R trajectory

L

where c is the velocity of the system anrl v is the angle subtended by the vectors of
c. and VG, measured clockwise from the latter In the case of a depressron migrating
from west to east, this means that R is reduced on the. north side and correspondingly
mcreased on the south side of the centre' Therefore, on average, the effect on the

 overall wind chmate can-be neglected, provided the systems do not follow a markedlyi .

preferred track around a given location. Moreover, for most practical purposes, the,

. systems can be regdrded as refatively statipnary.
B F

A special case of gradient flow occurs where the isobatric 'curvature is zero, for

which Equation 4.25 reduces to _ \ s '
\ . ) c ' ) o o § . ’

- | , N 428).

. _ N

~where ¥ is calléd the geostrophic wind, again-in a direction paraliel to the isobars. -

’ . F ‘ v R ‘ ‘ s 9".. .
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Substituting for the pressure gradient in (4.25),

&5 . , .
> A3

,,2
—+fVG fVe =0 - . ' ' (4.29) .

~

. and, to a first apﬁroximétioh, it can be easily' shown that the gradient and geo-

LN

stroi)hic wind speeds are related by

<
2

VG=Vg:t]-,-%. - . L (4.30)

?

In the northern hermsphere, the p sitive srgn is operatwe for cu'culatxon around a
centre of high pressure and the ne around-low pressure, although the corrective
o term is usually small. 7
The third wind to be defined in this brief review is the thermal wind, describing the
vertical vanatxon of geostrophlc flow. Figure 4.10 illustrates the geostrophlc vectors,
VBI and V fos of two constant pressure gurfaces p; and p, (the helght contours, ’
z, for the 1sobanc surfaces are shown heré, rather than the isobars at two elevations;
. the contour spacing determmes the geostrophic velocity.in a sxmxlar way smce the equation | \
of mo;xon can be rearranged to the form — dz/dN = f Vp/g .or, in vector notation,
‘;?g=__§7.vzg?‘ - s

The vector difference AV, s referred to as the thermal wind, given by

av, = - L9 xk T S (4.32)
> ) g . f 1 ¢ . ,
in which Az is the vertical displacement or thickness between the pressure surfaces'
Py ark' /] 2 at a given location. Thus, the thermal wind is parallell.m\the lmes of

constant t}uckness (the. broken lines in Figure 4.10) w1t11 lowvalues on the left in the

. <" northern, hemlsphere, and is defined in terms analagous to the geostrophlc wind i m

" (4.31). Now, by invoking thé‘hydrostatlc equation and the gas Jaw for dry air, -

- Equation 4.32 can be recast in the form °




—

- £
AV, 7

~1

(4.33)

;°°=—°~=
'bl'B
B [~
"a
"‘ll

AS

' where & is the gas constant for air and T is the mean temperature of the thickness
bl [$] N .

-

LY

4.8 Gradient' anci Geostréphic Wirids from Synoptic Data

layer. Alternatively,

A-; s L AT T . ‘ »
s iT &aVTx k _ | , . - (4.34)
' » ' . .
In scalar térms thg thermal wind can be foﬁnd from

ol

dT
AV: = — £ A %2
§- TN

(4.35)
where dT/dN is the temperature gradient (strictly, on an isobaric surface) normal to
the isotherms and positive toivards high temperature. The wind direction is along the

isotherms, counter-clockwise around areas of low temperature ‘and clockwise around high

temperature. R

-

Recently, 1t has become possible to dqtermme w1th relatlve -ease the chmate of
computcd gradlent and geostrophic winds over Canada This has been facﬂltated by
the magnetic tape archiving of hourly mean sea level (m.s.l.) pressures and other surface
data in synoptxc, rather than station, order”. ' '

The proce§§ of computing the winds at-a particular time and location depends
essentially ‘on a valid objective analysis of the/Pattern of atmospheric pressure in the

vicinity. Some preliﬁlinary work on this problem. has been reported by Muller’ (1973),

He studied the surfgce geostréphic winds at Mont éa@ from simultaneous observations
of surface pressure at 16 statibns within a 400 km
and Qiregﬁona, obtained by four different methods, were compare'd w1th the winds

ias. The computed wind speeds"

estimated from manual isobaric analyses. Although this basis of comparison may be

-

.

*Data .commengcing May 1972 available at the Atmospheric Ehvir_onment Service,
Toronto, Canada @ : o

-

3




"

] open" to questiqn; Muller’s results give some indication of the sg‘itability of the various
I ‘ - e
/ computational techniques.

-t

The pressure pattem at any given txme was represented by elther a plane or

quadratlc surface, as &
. pPi.= apx; ¥ ay; + B . . (4.36)
or pi = apx; toay; 'ayf;? * a4y,-2.-+ agxy; + P ; O (437)

' . [y

where p; is the computed pressure at station i,
i v
Xpy; are the coordinate of station i

and p is the mean pressure take_ﬁ“ over all the observing stations. The errors
between the p,’s and observed pressures were minimized by the method of leasl

‘squares and the appropriate coefficients in (4.36) or (4 37) were obtained as a result.

In some cases a weighting function was applied to the- -errofs, according to the dlstaice
. d, of the stat:on from the mean position of all stations. Muller concluded that there
.was httle to distinguish the following three models, all of which gave quxte satisfactory

results:

“a) A quadratic. pressure surface, weighted as a rSughly sinusoidal and decreasing

A

_ function of d.

' b) A plane sufface, weighted as a linearly decreasing functioh of d. ' .

* ' L)

e
’
r - N .
4 ¢

’
‘In the present study m.s.l. pressures are 3lso roszented, in general, By Equation

c) An unweighted plane surface.

4.37 with cartesian coordmates x, y positive towards the east and north (see
N ‘Fxgure 4.9) and the origin. at the mean positiof of those observing stations contrlbutmg
.to the analysis. The pressure g;radnent at the point xi,y,, and hence the geOStl‘Opth

and gradlent winds, is then given by ~

w




- ) B o B 155

4
vyl

s dp? 112 12 ‘ h L
' - %"‘gg*%’./ =(Af*A3)/ (438 . .

in which the component gradients are

Apsep t g tdy, o
| o | 439 |
A2 = .02 + 2;4)1’ + a5xi ) ) " : ‘

In the estimation of gradient winds, the radius of curvature of the isobars, R, must be’

found from the standard relationship ’
! 3/2 . o :
, 12 \ re ' i «
R = (L%;;__)_ B . (4.40)

~

in which” y = fn(x) is the eguaiiori of the isobar through the required point. It can i
’be shown that, in terms of the ‘coe‘fﬁcients‘an‘d location oo(jrdinates, A S

_ (A3 + 3"
ZasA Ay ~ 2034, - 20447

A mathematical test must also be devised to determine whether the circulation is . |

(4.41)

. - .
cyclonic or anticyclonic, and hence the appropriate. sign in Equation 4.30. It turns

out that flow around a low pressure system can be identified if both of the following

conditions are met: -
A, . xex A yi—y - , b,
1 i o 2 i’
V —— = = . \ . 2

Xg Yo is the centre of curvature of the isobars and can be found from

1

‘ ' . ' 2 | " ‘h
xa = x ~ M.;:_Z._) " X . . . . (44‘:?) ‘ ._41\“.

| y
. ‘N - | ~ |
andy, =y e L L (444)

" Again, in terms of the. coefficients and location coordinates;

o
.
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ApA% 1+ 434D

(4.45) )

Cxp = ox b = ,
° JagA A, — 20343 — 20445
yo - yl + . (4.46)
2a5A1A2 2034% — 20447 - -

m . -

It must be empha31§ed that the w1nds computed in thrs 6@ are based on atmosphenc <o
| pressures corrected to m.s.l. and as such represent a hypothetrcal fnctronless ﬂow' " ‘
at that leveL Although they may closely correspond to the real flow regime existing at
the top of the boundary lay€r (gradient height), there may be s1g111ﬁcant differences
in the horizontal pressure pattern between the two levels. Under these conditions, known
as a baroclinic etmosphere, the thermal wind must’ be introduced in.order to obtain
the geostrophic wind at the tﬁgher elevation. |
The required thermal wind cannot be determined exgctly from the synoptic dqt{ ‘
alone, but it can be_approximated by considering a constant thickness layer (Az)
' from m.s.l. to 500 m, rep're,‘senting gradient height, and‘taking‘ T in (4.35) as the
observed surface temperakure The ﬁtting of an appropriate two-dimensional
temperature surface, and hence the grachent dT/dN can then proceed as for the ‘;
atmospheric pressures. There are, however, potenttal drfﬁcultres in applymg this, such |
as the effects of strictly local temperature variations, - /(; ?
’ _ In this investigation, as in Muller’s, the ethod of least squares“is utilized to fit
weighted and uhweighted quadrattc and plar&n(faces to m.s 1. pressures and surface
temperatures. The coefficients defining the surfaces can be computed for successive
synopses using a single transformation matrix for each specified location and ﬁtting
- procedure}hus effecting a considerabie saving in computational effort. Takmthe
general ouadratic surface to represent the horizontal _varia'tion‘ of m.s.]. pressure, the
method requites that the total squared érror be minimized with respect to a;, ay,

‘a 3 etc. With a weighting funct{on included the quantit'y to be minimizeu is

n n ‘ oy ' : . .
z W E,12 = I W{ip] —(ayx; +apy; + ayxi +a4y,z +'a5xiy,~))2 - (4.47)

i=1 =1 : T
[ - % ' . ’ C




. -~ “ N
where p; .is th¢ observed pressure departure from the mean €over n stations) and
W; is.the weighting factor fot station i. It can then be shown that the vector of
o coefficients is given by , L o . . 4
. . - e ’, .' : i “J
A =t P . s “(4‘48) ,
(5x1) - {5xn)  (nxl) s : '
. .
P is the vector of prassure departures and §‘ is the 1mp011ant transformatron matnx
definedas © | . _ < ‘ ) |
r,s l . 3 . ' ° . - ‘l.
B { . . L] . . v‘
¢ = ey lox L e " (4:49)
.o ) " - . " ) ‘
inwhich .. | . - . -
{ . R »
‘ { Xlwl“ . X?Wz \ ann
YW ¥Y2%2 Y¥nWn
=" . 2 2
X x3w1 x5H, xxW, - (4.50)
B 2 ¢ 4.
v, YaWn |
Wy xaW; L '
¢ s
. ' xz '. ‘y2 x%,' yf L -nyZ A . ,
and n .= o f " > (4.51)
ﬂ - . "‘ A .
’ o *n In "5 yﬁ Xr'n ‘ ;
-4,9 Some Computed Wind Climates. Yoo , ; .

Geostrophic and gradrent wmds were calculated for five Canadran locatlons at
threep'hourly intervals dunng the one year penod fro;n May 1972 to Apnl 1973 (de-
tails- of the data and analysis are contamed in tppendlx IX) Initially, three models
~c»f honzontal m. sl pressure and surface temperature vanatlons were used; a werghted -

quadratlc mxface, a2 werghted plane and an unwexghted planc These were apphed tQ

,. 4 "‘ &




' and standard devratrons of wind speeds are given in Table 4.3 and can be compared with 4

rcomputed wind- speeds wrth respect to those observed simultaneously at the 500 m level.

'jwmds were available. The results given m Frgures 4&11 —4.13 ﬂlustrate the improve-
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< ) L. . ’ N . ot

Iy . ‘ N
. . . : . . °

three data samples covering a six week perdd in May and June ‘19‘72,at both hﬁniwaki
and The Pas, and about three weeks in December 1972 at The Pas "The sample means

srmr]ar statlstrcs obtamed from rawinsonde observations at 300 m and 500 m above -

ground level. An analysrs was also cdrried out to find the correlation coefficients of the

o' g 4’

n

Generally the weighted quadratrc and werghted plane models produce the closest
agreement with upper wind Qbservaﬁons and thrs is supported by Muller’s findings for
Momntreal. There is some evidence that the weighted quadratic form) offers the best over-
all performance, and since it provides greater ﬂexibility with the capacity to predict B '
gradit;nt winds, it has been retained in further computations.

o

‘-

It is apparent Q}at‘ values of the correlation voéfficient gre often disappointingly :
low. As might be expe*ted when the computed wind speeds are assessesg-zgxi'lﬁt the
surface anemometer readrngs the coefﬁcrents are even smaller due to the interference
of local winds. However, many of such irregularities can be effectrvely removed by
averagr;ng~ the surfac?e observatrons over—a number of hours and reWorkrng the correlatjon
analysis. This has been done here by taking the,;mean of j(=1,335, 9 and 13)
three-hourly readings, centred on the hours for w’hrch the gradrent and geostrophrc
ment usually ach:eved as j ~is increased to 5 or 9, cdrrespondmg to-an averagrng ‘
time of between 12 and 24 hours l‘t is ‘also notable that the coeffrcrents are hrghest
for those data samples from which al] but the strongest wmd condrtrons have been
excluded values reach 0.8 ffor the’ Deeember—J uary perrod at Stephensnlle* l‘f?ndence
denved fronva similar analysrs based on observed §00.m winds also suggests an optimum
averagmg”trme of about 24 hours. B k/ |
“ - T é& L
’ The quadralrc descnptron of atmosﬁhenc pre:'urejas\aQ@edfﬁ this study " )
atter@pts to model the crreulatlon over a relatrvely large area 160Q km.in c'hameter
Given the scope of the synoptre data, this r: necessary in oyder to retam a reasonable
,“,‘ _ . . , : ]
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“MANIWAKI | ' THEPAS | THEPAS .
JjAYJUNE 1972 AMY-JUNE 1972 | DECEMBER 1972 ,

! It o PR ’

Al ” -
' \ N

-— " * —— - —

A Vv o “rinv e o rl-V: o
(m/sr (m'/s)f— . (m/s} .-(m/sl ~ {(mfs) (t:/s),
OBSERVED. ", & | ey BERARE
300 ' | s70° 32& 73 35477 |49 Fos
+ 500:m 648 358 - {801 396 ., |603 331

. scoupmp .’

1o MM_‘ L
Moo mulgeospr | 719 465 .66
. midged  .[712 435 .66]7.
500mgeostr 6;82 447 701

——

b} WCQ’! -‘ ) N . . ’ G .
} mslgeostr © ] 699 \463 .64 296 A8| 7.22
o 500mgdqstr? y 57T . ‘2.75“ "§6: 5.54

N
2g
- 4

d Grwegmerpane | - f 0 T
' sl g 1'7.96. 558 67} 7.92° 433 411864 446 10, |.
- 500  seostr 802 6.09 -.68] 773 4.69 '.’50117.11 311 .34, .

»
PR

V= na@l'enimn wbnd:peed S r = .correlation coefficient with, s
¢ smdard dmatwn (be:t esnmate) . respect 10 gbserved 500 m'wind
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number of contributing stations. Clearly, some mtermedrate flow situations assocrated
wrth small weather disturbances are likely to be distorted, although the very strong
winds of deeper depressions shotild be well represented This is reflected in the con-
srstently higher @orrelatlon coefﬁcrents shown, for example in Figure 4. 12 for
V > 10 mfs, as compared wrth the subsam;)le for which V =8 m/s.

'i'he month-by-month and'annual climates of geostrophic and gr'zrdrent winds have
. been obtained for the ﬁve selected locations. Since these«were developed from a ¢
smgle year of data the statistics are of little pracncal 1mportance Nevertheless, some
»;rdea of ‘their surtabrlrty, partrcularly regardmg the climate of strong winds, can be
gained by companng annual drstnbunons of extreme wind speeds derived from

' ‘ob]ectwe isobar analyses and upper air soundings. Recalling Equations 2. 39 and 2.40

the Fisher-Tippett Type I parameters, U and I/a, were derrved drrectly from the "
annual Weibull parameters, ¢ and k, as ° 1 r o ¢
. IR ok 1k -1 -
‘ . U =c¢(inN) f ;;é,: k(ln N / (4.52)

. .
with N-=876. The resulting distributions are shown in Figure 4.14. Where
significant discrepencies occur between the curves for the computed and observed winds

. » L I :
(as at Moosonee,. Stephenville and, to a lesser extent, at Maniwaki) this corresponds to

fow estrmates of the computed parameter k, possibly due fo the: above-mentroned

. effects of honzontal scale. .
. ) » P & v

s

Although the climates of upper winds 'esfimated from synopt;ic pressure qeta‘ ean
be reasoneble represer;tative, a high derrsity of 'o.béervin'g s_taﬁpns' is preferable. A serious
. Qttempt to establish a useful w;nd climatology for a counfry as extensive as Cana'da;
Would require large quantmes of data for considerably more than the 96 stations uséd
here and, when available, spanmng perhaps a period of ten years. Under present cucum-
stances this would muitiply many times the conslderable computatronal effort which

]

.*. was needed in this pilot mves’ugatron , ; I ' .

- ) Ay ’ L
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4.0 Conclusions

Problerﬁs relafing to the establishment of the climate of mean winds have béén
) dlscussed beginning with an outline’ of top&raphlc effects which might locally modlfy
the regnonal wind climate prevailing at around gradient height. A flow chart has been

constr‘ucted summanzmg -the methodology involved in the synthes:s of wmd chmatc

at a gwen site from variou$ data sources. Two further pomts concerning upper wmd

records were then investigated in some detail:

—d .
a) Sensor motions and measurement techniques contributing to errors in the

rawinsonde system were studied by- power si)ect;al methods. A numerical
synthesis was performed to assess the impact of such errors on -obsetved climatic
variances of gradient wmd speeds under representatwe conditions of wind, strength
and terram roughness The error variances were cstnmated as less than 8% of the.

-

_ total. The effect on the ratio of surface to gradient wind speeds was also
- “assessed; it was suggested -that the random function param Ojpe introduced

- in Chapter 3 be slightly reduced where rawinsonde data is not involved.

b) Methods of objective isobar :gnélysis using synoptic data were investigated with a

view to obtaining grvadient and geostfophic wind climates. A quadratic representa-

ti“0n of the horizontal patzem of atmospheric _pressures yielded rt’:aspnable results

28 measured against_ si;nl;itaneous uppes, air &a;a, despite th'e. relative sparseness of
* the évaﬂab}g observing stations.- Under present circumstaz':ces, this is not recom-

" mended as a practical approach in large scale climatic wind studies. : .

L2 »
. .
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CHAPTER 6
SOME APPLICATIONS AND GENERAL CONCLUSIONS
. \ v '
5.1 The Runway Orientation Problemj .

-

- ' A critical fector in a@r.port usability is the orientation of the tunways relative

_ to stroﬁg cross winds. In an accodnt of the effects of weather on present-day air
'transportatlon Beckwith (1971) has identified this as an area of considerable import-
ance in airline economics.- It is noted that modern jet aircraft are allowed to land on
dry runways ina cross wmd of up to'15.43 mfs (30 knots), but water, slush, ice dr
packed snow on runways may reduce this to 2 57 m/s (5 knots); other maxima for

particular alrcraft types may be determmed by the operators, 10.29 m/s (20 knots)

being a commonly quoted figure.
~ . : * -
o, , .

| In general the optimum runway layout will be that Wthh on the basxs of the
surface mean wind distribution, will be usable for the greatest proportion of the time.
" In some cucumstances the selection may be restncted by ether non-metcorologlcal
. constramts, such as the proximity of natural obstacles or heavily: populated areas.
Nevertheless, a ngorous analysis of the wmd chmate tan also be made to indicatg;
the best layout within any such constraints. ‘, n

One appreach to the optimizatidn preblem has ~been‘describe<i by Jacobs (1961)

and, more recéntl)'r, an assessment of ruﬁway alignments was included in a Stl:d)" of

» oL .
four sifes for the proposed third London affport (Dawson, 1972). With a view to the

construction of a landinglstrip'tjor space shuttle vehicles at Cape Kennedy, Falls a‘nd )

T

Brown (1972) have ?re/sented two methods for ﬁmjing the optimum alignment, one’

.
® &

9




B .
LI

a manual ‘method making use of the standard . summary of wind speed and direction \

frequencies, and, the other based on a bivariate normal Wistribution model. The latter

is particularly useful since, for any proposed -alignment, it permits easy computation

of the tross wind probability distribution from only a few defining parameters which

dre usuélly included in the wind summary. T‘w foIm of the bivariate normal density
function was given earlier as Equation 2.1, in terms of the zonal and meridional axes,
x and y. For any rotation-of the x . axis, ¢, corresponding to a proposed runway .
orientation, 1t can be shown that the dxs{nbutxon can be rewntten ih the same form,

. 'but with transformed parameters referred to the new system of coordinates x7;y'.

*These -are:

I~/xr = f’xcbs o + ?ysir,t ¢

. . . . .,

.

. “ ~Vyr‘ = VXCOS¢ + szm ¢:'
L | | (5.1)
.032‘» = aicoszd: + gﬁs;n2¢ + 2r y"x ycos ¢‘ sin ¢ R ' ' .

it

: of) o‘)%c032¢ + o'Jchin2¢ - Zf??y,ﬂxoyc?;f#iin 9,

-
*

in which ¥ Vy,. are the transformied component means and LR ate the

J’
component standard deviations. Txy is the correlation coefficient of’the original

‘components.  From this it follows that the distribution of cross winds is univariate

’  normal, that is v : . . . I
- (V- V) -
o ' - '
T . PV, = -——-——exp(--l’—az——,i—) L (5.2) .
' _ - .0 r\/21r 20y o A
! ¢ probability of exceedmg a ﬁréscnbed crosswmd can then be found from normal =~ ., @
o : .

probabﬂlty tables.

Although - this approach offers relative speed and corivenience; a distrii)uiioq model
A . . g . .
' - more flexible than the bivariate normal may be preferred; such may be the case where

verx stror:g winds are associated witlf’a particulif direction. In urban centres the !o.cal o

1]

. .
[ - . :
! . -




wind-climate is also much less likeiy to follow a regular form, and this will be a

consideratiorr in the planning of downtown terminals for short take-off and landing .

(STOLY aircraft. The synthems of a suitable statrstrcal d&cnptlon of the winds s

in these situations was dlscussed in Chapter 4 and, specifically in the context of STOL

operations, in.a recent report by Ramsdell and Powell (1973).

‘Approaching the prol_)lem‘in'general terms, it is"required that.the modulus of the wind

vector subtending an 'arngle ¢ with a given runway not exceed chbosec ¢! for that

runway to. be operdtional, where V. is the allowable cross wind component. Thus, in

the cise of two (or more) runways as stiown in Figure 5.1, the maximum permissible wind

.speed of azimuth ¢ is the 'greater of |V cosec ¢;] and |V cosec ¢5l. The event

of total airport unusability is then represented by the shaded area butsidé the locus of
. : ‘

m'ax.imum wind speeds and ifs probability can be conveniently estimated by taking small
r'4

" increments of ¢. This has been done in the 'followingkexample.

A surface mean wind summary was obtamed for the decade’ 1960-69 at Moosonee,

0&10 mcludlng the frequericy distribution between ten speed classes and sixteen

A

sectors of wind direction. This was fitted by 'the- method of least squares.to the

“bivariate model bg‘sed on a distinct Weibull distribution within each sector. Recalling

_~ the earlier discussion of Chapter 2, this can be written

[y

» B

AV,6) = 0(9)(1 - expl- (R—)lk(o) A Y. (53 | g'

5

and the functions' af B),P cf6) .and k(8) represented as finite term Fourier series.
. . : 6 &

{ In this study four harmonics ‘were employed for each, such that

4 4

k(0) = k, + Z. kjcosif + (T k. sin i ‘ B
=1 e i . ’ ‘ -
Vs 4 . & . ) ‘ ) .
1 d0) = c, + T cpcosi + I €2, sini§ (5.4)
‘ i-‘-‘I N i=1 R .
. v 4 4 .

() = a, + ,f]al cos i0 + E] a2 sin i - ‘ - , ’




FIG. 5.1 - .SHOWING PERMISSIBLE WIND SPEED
.V 'FROM DIRECTION © , FOR GIVEN
'MAXIMUM  CROSS-WIND , V¢
: I .
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" not correspond wrth erther the prevaﬂmg wind drrectnon (3159 or the’ direction of . .

_ to left dlagonal below.

5.2 Power Geéneration from the Wind . V7

, B is hardly a novel idea; there is some evrdence of the emstarr&\gf wmdmrlls in the

’ energy from the wind on a 1arger scale, thcre were fio further developments in thrs

o

with the necessary conditjoh‘ that’ . q ‘ ) '

. | | ,.
fMavip =1 . s (5.5)

——

The resulting fitted distribution is shown in Figure 5.2, and from this was com*

puted the probablhtres of airport unusability given pne or two runways wrth all possible
\

alignments at mtervals of 100 from north (Tables $.1 and 5.2). <The opnmum layouts e

consistent w1th maxunum cross wind components/of 10.29 and.15.43 m/s (20 and S0 knots)

are illustrated in Figure 5. 2 It will be noted that the smgle runway configuration does

the vector mean wind (2990) As a further pomt of gactrcal interest, it is cléar that
tables of" probablhtles srmrlar to those given here can be used stralghtfcﬁ'wardly to select a

second runway ‘where one already exists. This is achxeved by entermg the table at the
exrstmg ahggnent and searching for ‘the smallest value wrthm the_ colurﬂn and fight

3

°

. With'the mcreasmg cost and sometlmes curtailed supply of fossil fuels attention

+ has turned of late 40 a]ternatrve sources of energy, mc}udmg the natural wind. This

ancxent civilizations of the eastern Medrterranean and certamly they have been used in
westem Europe since the .12th century. Although employed pnmanly to grind corn
and pump water, in the _1920’§ and 1930’s the wmdrrull wgfommonly adapt_ed as

a, smail domeetic electrical "power generator rrotably in_gural areas away from the
commerchply lines. With the exception of sA:lated attempts to extract

ﬁeid until quite recent]y. "The lure of a “free”, if somewhat capncrous, power source
has reawakened mankind’s mterest in the wind as a constructive forice iThe followmg

ecuon w111 be concemed wrth the n;ﬂuence of wmd climate on power capacity and the

-

1dentrﬂeatron of surtable statlstrcal parame(ers e ' -,
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. 'RUNWAY 1 (DEG FROM NORTH) |,
0 10 20 30 40 S0 60 70 .80 90 100" {10 120 130 140 150 160 7

376 .258 466 .121 .266 444 5;3 583< 482 333 208 .139 .124 140 159 153 119 726
=5 =3 5 -4 4 -4 4 4 -4 -4 -4 M 4 -4 -4 -4 4 -5
154 160 406 .112 .241 .383 451 406291 177 105 796 862 107 117 100 647
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(631 112 .343 959 .198 .287 .299 .232 [143 .73 ‘500 462 .580 722’ ﬂ7 5/7
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The theory of windmills and fans has been gwen in Durand (1963) The energy *
of the air passmg through the fan disc of radrus R 'in umt time is proportronal s
‘'to the cube of the wind speed Voas = ‘ .

ThEs g s

where p ls the air density. However, it can be shown‘ that thethéoretical‘manimum |
power extrdcted is only 59.3% ( 1612:1) of this, and the ptoportion is further reduced |
by the profile and induced drag of the rotor, depending on the partlcular design. In

this respect a fast running windmill with only 3 few blades may be preferred ({p also

« ', requires less mechamcal gearing to drive a generator) over a slow running machme with a
L . large number of blades The latter will deliver a smalier _percentage of the available _
power at its best opgratmg speed, but a mgmﬁcant advantage is¥it’s hrgher starting torque :
thus enabhng a more rapid cut-m after a lull in the wmd Durand has shown that the .
optimum operatmg condition is detemnned by the tatio of the blade tip velocity to
| , the incident wind velocity; for fast funning wmd"ml_ls thls ratro may be 3 or higher and,‘”‘
for the slow ‘méchines, closer to unity. In practice, the desirnbility of mainta{ning this
ratio throughout the operatmg range of wm[]zpeeds must be offset agamst the need for
- afairly constant rotatronal velocity at the generator. It has been common to accept

some loss of performance up to the design or-rated wind speed for the rotor, and then

. to contro] the output above this speed by variable pitch_blades, ailerons or some other
. form of governor An additional decrease in the extracted power can be expected due to -
mechamcal and generator losses, and there is now some indication that atmosphenc |

turbulence contributes significantly to the overall reductron (Base, l974).

3 "

)
The final ratio of power generated to power available i in the incident ﬂow is termed

the overall power eoefﬁerent E\cen for a two bladed rotor this seldom exoeegs a value
- - N / » . N ‘,/
A of 04. L : :

To determine the effect of wind chmate on wmdmrll performance, it is neomy
to deﬁne three deslgn wind speeds; ﬁntly, the cut-m velocxa Vi at whrch electncal

power generation begins (when the power developed just overcomes the no—_load losees),
' " !

<




. overﬁl power coefficient is effethely cohstant over the operating range. Thé annual . v

¢

' . drameter woqunequued to produce as much power as a-faster manhme Ri also

- is governed such that a constant rated.power is develqed at and above ¥, and that the - .

+ distributions of' yrlnq speed and power can then be Tepresented by the velocrty- and ;

output of energy can be measured by the unshade? area undér the power-duratron curve,

secondly, the rated wind 'Speed Vp, and finally the furlmg spéed, Vf, at which it is

necessary to close down the plant to avoid wind damage. It is assumed, that the output .

p’

power-duration cﬁrves in' which thel power ordinate is simply the cube of the veioerty
ordinate at the same probability level (see!(,‘eoldmg, 1957, and Figure 5 3. The arfnual -

.expressed as a fraction of the rated power (or, strictly, the rectangﬁlar area

indicated in the figs®f, ) e ‘resulting pararrreter, catted the specific output, Tj, can be
mterpreted an eg 1vale}st proportron of the year during w}uch a wind plant, in the .
given-annuf] wind climate and with the particular design welocities, would deliver its full

rated pg er. \/
. ‘ S

* . Specific outfuts have been computed for Weibrill wind speed distributions regardless

L3

of direction (Equation 5.3, indepe;rdent of 0) having values of the parameter ¢ Betweerr :
Sand 20 m/sand k= 1.5, 2.0 (the R'ayleigh disrribution) or 2.5.. Windmills with rated
velocittes of 10, 15 and 20 m/s were considered and it was assumed in all cases that the

’
no—load loss is 15% of the rated power, lmplymg that

Vi = 05317, - S S

A furling'speed of 27.m/s was also assumed. The results, x‘hicfrpertain to typical
operating condmons, are shown in Figure 5.4. It is clear that windmills with lower |

rated velocmes wrll generally yreld hrgher specific outputs although 2 larger rotqr ‘

d climates characterized by low values of k offes some advantage
However, it has been noted (Hogan 1971) that this is usually accompamed by smaller
¢ values, and hence a reduced specrﬁc output. Furthermore, anure 5.4 shows that, in
the range of ¢ usually applicable to surface ‘wind chmate, the Raylergh drstnbutron

is an adequate model for these purposes ltﬂrollom that Ty canbe regarded aa ‘

appears that

M '
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f‘unctlon ‘of the ‘Tean anhual wmd speed and this is given in Frgure S5.5. The new cur\tes ‘
are srmnlar to those obtained empmcally by Tagg (1957) from observations at a nurnber
of potentral wmd power generating sites in the Bntrsh lsles )

A
e It has' ‘been seen- that the sole. statistic usually required to judge the’ smtatnhty of ’
the loeatmn of a proposed wmd plant is the mean annual wind speed. Fortunately,
this is commonly quoted in, clun}trc pubhcatrons, for example, “{‘I‘be Climate. of
Canada” (DOT, 1962). Table 5
source, lists 45 observing stations jn all parts of Canada ac\;ordmg to mean wind speed.

Aithough the values in individual cases may be unduly influenced by local factors, the -~

which has been prepared from data contained in this"

- most advantageous sites in Canada appear to be ‘along the Atlanuc seaboard and in some
areas of Mamtob/a and. atchewan. Perhaps a befter idea of the regional vanahons

"in wind clilate can be had by.consrdenng the sta.ndarq vector devratxon of gradxent
winds, o (see Figure 5.6). As sugsested in Chapter 3, the expected surface wind speed

/

can be estimated fror (Equation 3.60): . o | A
V.= 1.29 Kog R | YR

e

e \

dependmg on terrain and topography, this is represented in K the average ratio of ’
surfage to gradnent winds taken over all drrectro Of course, wherever possible it would :
be desirable to place the windmill in open ground, on top of a hill, or on 4 tower, al-
'though th‘elétter’cours\e‘rnrght impose unjustifiable capltal and mamtenanoe costs as
well as addltronal wind loadrng problems . ) S

ra ‘ . . ' e

Fmally, a note can be added on the expected duration Of any mterval when a

windmill'would be mOperatrve due to insufficient wind. This is of interest in Ihe desrgn

of energy s’tOrage devices whrch could ensure ,a continued power supply on such

-

occasrons Now, by oonsrdermg the wind speed as.a continuous random process wrth a
Rayleigh probabrhty density function, it has been suggested (see Rice, 1954, and *
“Davenport, 1968) that the expected number of crossings of a level ¥ in unit time is

. R * .
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" STATION
St. John's Nfd -

Swift Current . Sask

Gander N
Churchill Man .

Moncton ™~ NB Tr= 577
Regina ' Sask o © 577
_ Coral Harbour . NWT - 572
Winnipeg Man. 872
Sydney. cr NS 568"
Charlottetown - PEJ X 7
Camloiti ge Bay NWT 5.27
Yarmoyh - NS. T 523
Toronto . _ “Ont 5.19
 Saskatoon Sask 3.05

Montreal Que 4.96
Victoria "BC 496
Resolute . 483
Sept Illes v Que 48
Bagotville . Que ~ 478 -
. StJohn . © NB. 478
- North Bay Ont 474
ThePas ' 4.74
Frobisher Bay . NWT 4.65
Ottawa Ont 4.60
Halifax NS. - © 460
Knob Lake Que 456
" London Ont . - 451
Yellowknife . NwT 1451
Calgary © O Al ' 443
Kquskasing - Onmt 434
GooseBay N S 425
Grande Prairie -+ ° Alta ' 4.11
Thunder Bay © Ont 4.11
‘Quebec City Que 4.07
Chatham NB. 3.98
Edmonton = . Alta . 393
Whitehorse ’ Yuk 3.89
FYancouver - BC . 362 .

Penticton .. BC o 344 g L
Fr.Simpson . NWT 3.35‘
Prince George BC' 3.31
Aklavik NWT 291
Prince Rupert BC. - 286
Alert . NWT. 241
Fi, Nelson .. BC - 228

v
*

TABLE 5.3 MEAN ANNUAL WIND SPEEDS IN CANADA
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\/21 vy exp(— }-j——z— o ' -~ ‘ | (5.9)'
¢ . ’ ) . N . 3 |

where v is the'eifectiv'e cycling rate of the process, defined earliern Equation 2.36,

and ¢ is a' measure of the, statistical deviation reIatgd to tne parameter -¢ by

¢ =4/20. It is assumed that the dis;tribution of the rate of change of velocity, ¥, '1s

Gdns;ian .. and that ¥ and V' gndependent. The average length of the interval -

during which the process ‘dipsl below:!‘ue V can therefore be gi.venwby .

_A<Y) _d-ep- Vi ,
Ny © Ny . : '

?

(exp(—?-) - 1) o S (5100
t 2\/an 4 _—

Y

. ~ For this application, V 1s taken as the cut-in velocity, and since the mean wind speed \
is a constant’ propomon of ¢, T can be expressed as a function of V/V Thns 'S

_ has been done in Fxgure 5.7, with v glven a representative value of 0.1 cy/hr.
. [
.5.3 Extreme Winds and Wave Heights over Oceans

Since the generation of ocean. waves is linked' with the occurence of stro?lg winds,
it is reasonable to expect that the extréme value dnstnbutnons of both will be in some
way related. This notion is of some practical unportance because wind chmate, parti-
cularly at upper levels, is generally better deﬁnegl than the distribution of wave h_exghts.

_‘ Drawing on the statistical théory of waves as a randorh process, combined with the .
-exnpirical results rebprted in some rgcent publications, a \skmple appronch to the

prediction of extreme waves over the open oceanis discussed below. |

The statistical distribution of ‘waves has been considered by Cartwright and
' Longuet-ﬂiggins (1956), ’ ginning with the model of a continous,‘ random and
statlonary functmn, f t) The probablhty densxty of the normalized crest hexght is

then given by
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(eéxp(;--ﬂbj) + (1 — 62)17 expl — -
V2w 2 s ol :

T . 21/2
= s T . (I / exp(—!ﬁ)dn)

° in which € is deterfnined by the various moments; 'Rf,

-~ R - ‘-c A 1’2 '.'
' a-ﬁ:”—:\—%’/ . ' -
. i s - o4 - e .

k4
- .

n J4s nfeasure-d with respect to ‘the mean level of tha"f

c4/2
Ey. ?\0{ € takes a value between O and 1; the two hH

to an infinitely narrow-banded process with a Rayleig

! widply@distriiaixtéd énergy spectrum with a normal prol

can‘be physically realis;edawhere high-frequency ripples

- “on lower-frequency motion, or “swell’’. “{hen swell a
; - the waves whiclr persist away from the area of éengra
- R more\closety Raylejgh: - \ - : ) L

—

- " , b E

The extreme value distribution can be obtained
) Davenport 1964) with the restnctlons of efF1,%al

- -

val‘&es of n. It can be wntten

-
~ “ . N
. L]

TP(>m) =1 — expl— ”w;w expl(— 2?22))

. ——

éiving tfle‘ ;;roba;biliiy ‘of exceeding 7 in.‘a berio'd
chst:nbutlon of peak gust factors employed in Chapt
estnnated cycling rate of the wave proces‘ has bee
the samplmg {ate, Ny, has been shown by Rice (]

2N so it follows from the d ition-of € in (5.12) th

P Y
. \‘ M ) P

_ 1/2
. o w = N"f{jﬂ B
‘. , . .

. .- Clqlty, as € approftifes zero, the cycling rate ap
¢ & ) S ' :

ko -
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=
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r{ﬁ v 4 : ' A , . !
. (*" o propertres of the drstnbutron can be studied throuagh such statrstrcs as the mean
AL - vafire, the mode and‘ the standard deviafioH; given by Davenport for »,, why " large. -

Under these crrcumstances the drstrr'butron of extreme ¥rest herghts can be represented

s ..
. ¢ by the famrllar Tyge 1 form ¥
dq . A [} . . O‘
»‘h" o P D : , . " ! ‘w . o .
o + M) = edpl-exp(~an - U)] , (5.15)
¢ i 9 & o ‘ (
<, N ' v v rw ° N ‘ ¢ .
° B - m whrch the mode, , isgivenby ¥ - . &
, . - . . n .
' ¢ k ) o . :‘ 1.2 . ' -
. ’ i ‘ U = (?1“7 "vfw)‘/ a‘ " WG L . (5,]‘6)
o o, : c . . . ;
14 0. & - C : ‘ ’ . «. ) i . L
" and the dispersion . . . : %8
e P ‘ . ° o L hd ) ‘ a ) ' ‘ Q , . P '
A B ¢
A , | e = (2nyyry) ' . , - (5.17)
R <7~ R « . . ' 3 . ' .
' " The customary nteasure of ware height, H, is defined as the difference in level .
\ . T between a crest and the. precedmg trough Its theoretrcal drstnbutron is, in general
?/ i g more difficult to obtgin but if n is. Raylergh it is to be expected that H is
) ~ distributed in hke manner Furthermore, for the purposes of extreme wave predrctron,
’ 0 prooesses exhibiting a value of € mu?h greater than 7m0 but less than | mrght be. .
- similarly treatecFWrth ay equrvalent number of maxima per unit time, v Vs anda N
mean value grven by (}Vergel 1564) o
[ s | 0 / . / A ‘
R L \/20,,-&\4,,/201,(1-” S (s
S . where‘ "H '&the r.m.s. value of H. The cmnulatrve probability of H _can be o
7 ) — written ‘ ke | | .
. i o Lo ' e . ’b . t' R LI
) B = I By o (5.19)
¢ N Q( N ) B exp':-‘ .ZE‘ ' o ‘ °f - )
RS R AR “ .
TN ‘ . It 1s useful to, obtain from this the annugl extreme drstnbutron of wave heights i

. terms of the extreme wind climate. To do thrs, rt is f'rrst meessary to invoke some
: =7 ]
-

.
.

),(,«‘;

0

1+
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gglaﬁqnslﬁp,between the mean wave height and:.mean wind. Wiegel (1964) has collected

together some relevant data which suggest the following as a reasonable approximatiof:
- ‘ * 0 *

., ’ -
]

‘H =027V . . N \ e (5.20)

FE

in-which the constant has units of m'/r.n/s'ec.| This is a considerable simplification, and in
particular situafion‘s_ H will depend oh the ‘win)d duration and fetch, but overall it
‘ appears to be repre#entati’ve of extreme conditions in the‘oper'l oceang- Assuming ‘t;e -
- wind speea V, closely follows the Rayleigh distribution, Equations 5.18 and 5.20
.. €an now);)q used to give the cumulanve probabihty of oy

Ko

Olog) = 1 - éxpl=— ) | e s

L]
c -

~ where ¢ is the Rayleigh parameter of wind speed and K is a constant forrﬁed from

the coefficients in the e‘quétions.

Follomng'the approach used in the prevxous section to estunate the number of
cros$ings at a certain level of a random function, the expected crosmg rate at ‘H

for the Rayleigh distributed functlon is (Rice, 1954, and Davenport, 1968)

o N iaa
NH"'\/%ve—Eexp(_fg) X S IR *(5.22)
3‘4 - . ' R 7 ' .
where v, is the effective cycling rate of. the wave heights or.envelope of 7. The :.
" formulation must take account of the non-statidnarity implied by the variation of ¢ "o
over a one y%ar period. This can be done by integrating (5.22) over all Oy as S

~,
i




. o The pr;oba'bility‘ distribution of extrente valu‘es is then obtained by considerin§
.crossings at high. levels of *H ‘as rare events described by the Poisson distribution, Thit .‘
- results in a functron of the Frsher~Trppett Type . The expreseron can be srmphﬁed
by assuming that the drstnbutron is narrow about its mode in the manner prevrously .
adopted by Davenport (196§).. After some manipulation it is found that the Type 1 .

parameters ate given by

ay = \/2 = (1 SRR S , g o 15.25)
T ] . .
In — Vet

V2. - ‘

~and ‘ . , : . ,

'(\ Y agly = ijverL +‘Iﬁ(—1fi‘;l-1r—ver) ~ 1 o ' ‘(5.26).
Vi W2 ovh |

in which Uy and 1/ag are the @@nd ‘dis‘persi.on and 1 is the relevant period

(ene year). The grouping ayUy is apparently independent of rhe wind climate but

a‘difﬁculty arises iits evaluation due © the un ‘ clmg rate of the envelope

process. Empirically, Tho; (1973) has fitted wmrds of extreme waves to the

. ‘ Type 1 drstnbutron and suggests a universal value for the shape parameter of about 6.

. When thrs is transformed to the Type I by fitting the two' curves at a common mo’e

| (see Chapter 2), the correspondrng value of” aHU H is rdentlcal In the absence of more
direct evrdence this wrll be used in the forthcoming examples Also the dispeision can
be approxrmated in terms ofs the mode of the annual extreme distrrbutron of mean, wind
speeds Uy. Provided that the parent drstrﬂ)utron can be regarded as Raylergh thrs is

| Uy = din W)UZ " o 52

e ' where v is'the avera‘ge cycling rate of the wind process (about 0.1 cy/hir.). ln‘ srlmm’arv,

-

the distribution.function of maximum wave heights can be estimated from -

#

Uy = 044Uy ogly = 6 (528
o o L : ’ S
/ where the term (1 - sz) in K has beeh assigned the representative value of 0.8.




Table 5.4 shows calculated ma;rirnum wave heights at' 4 Ocean Sﬁtion \; is

(OSV’s) in the northwest Atlantic Smce surface wmd data for ocean reglons 1s usually

-»
. hmlted it is often necessary as, has becn done here, ta resort to the available’ charts of

" "upper air crrculatron such as those compiled by Brooks et a] (1950) This source gives

.. the standard vector deviations of winds at the 700 mb pressure surface, but those

i must be reduccd by about 10% to provrde esnmates of the same statistic at grachent

helght 0;- The expected surface wind speedthen follows from Equatlon 5.8, given

a suitable value for the avérage ratro of surface to gradlent winds (taken iferc as 0.8).

This in turn leads directly to the required parameters, given in the table together with the

10 and 50-year return period wave heights. The ﬁgures in parentheses are those pro—

- Jected by Thom (1971) f}om actual measuréments usmg the Typc IT model. The

comparison is further dﬁted in Figure 5.8 which shows complcte dlstnbutxons for :
OSVs Aand D. . IR . —_—

P

@
. .

It appears that the srmphﬁed procedure proposed above is both convement and"

A

' reasonably representative of actual conditions. Thereis reason to beheve jﬁwever

that thc approach should’ be modlﬁed for areas susceptrble to hurmicanes smoe ‘the wind

speeds recordcd in storms of tropwal ongm appear to follow scparate distributions.

Thom has proposed a mixed extreme distribution of wind speeds of the genera_l form -

4

V) = (Iap)P(V) +p V) - | __ (5.29) .

]

.

where subscripts e and ‘ refer respectively*fo iextratropical and tropical. winds and

p; is the probability of a-tropical storm occuring at a given location Referring to

‘Appendrx I of this thesis (Table 111.2), thxs mfluence is mamfested in some unusually

« high valués of the Type I parameter groupmg l/al, notably at statrons in India ,
Hong Kong and along the Atlanti¢ scaboard of the Umted States. =

-

n 5.4 General conclusions“

| P

K Several aspects of the statlstlcal propertles of strong winds have been studled

The principal features of the work and the conclusions arising from it have been given
. P < R
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12.51

37.9
353

16.7
359

- 23.1
(23.5)

27.6
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12.96

79.3

341

17.3

~.347
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(22.3)

28.6

(25.9)

11.52
. 350
© /384
154
.390

213 ¢
(22.3)

254
(25.9)

9.72

L2295

..455

+13.0

462

18.0
(19.8)

~

. 215
(23.8)

4

3

* TABLE 5.4 CALCULATED ANNUAL EXTREME WIND AND WAVE HEIGHT
- PARAMETERS AT OCEAN STATION VESSELS (OSV’S)
‘ IN THE NORTHWEST ATLANT[C

O
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at the end of each chapter,,but they will be surﬁm'ar_i;ed- as‘:f'oﬂows:

a)

- b)

¢)

)

€.

g)

192

- . - N -~
- o .

, ' .
* LI}

-

The Rayleigh dlstnbutron model of wmd speeds was re-exammed and 11;5 surtabrhty, :
partlcularly"at the upper levels, was general]y confirmed. . RN .

- b o -

‘Theoretlcal relationships between the extreme value distribations of peak gust

speeds and mean hourlies were developed and eompared thh so e observatxonal

data. ‘The evident scatter about the predicted functlons was at buteg in part to

. .non-uniform terrain roughness around the observing stations. . ; .

he . M - - ¥
e . N M s .
. e A

Considerations of such data propertles and the mteﬁre}atlomof various extreme

value dlstnbutrons then enabled the oompllatlon of a set of consrstent wmd

statistics for a number of locatlons around the woﬂd

e

e
4 r

A boundary layer s1m:lanty model was used to predlct the mean surface wmd from

the mean gradient wmd in neutrally stratified atmospheres However it appears PR

that this can only bg applied successfully under 1deal fetch condmons N - N

“
. . 4 * - A}
- * B * ' .«

s .
A general probabilistic approach to the prediction of surface wind tlimate was

formulated, ~1eading to a simple expression for the surface mean and 3tandard. - -

L}

‘ deviation as a function of the gradlent standard vector deviation. On the basis of ,

as

- of three Canadran srteé this model was judged to provrdc a part;cularly o

useful escrfptxon of surface wind speeds e . '
The ethodo]ogy for synthesising wmd climate at'a glven site was revrewed
Errors in the normal rawinsonde system for meas'ﬁring gradient winds were +

analysed and the effects on the recorded variance of wind speeds was assessed

for representatwe condmons The error contribution was found to be less than

ET AR R - |

4
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Lo} . . B

( , ﬁ)d Gradierit and geostrouhic wirrd ‘cliﬁr}nates at, a number c;f Canadian locations were
-Q L ‘, computed for a one year penod us;ng ob)ectrve isobar. analysrs In some cases the -
-results compared very favourably w1th statlstlcs denved from sunultaneous upper
. -a1r observatrdns, but this was not recommended asa practrcal approach because of-
: ," , the extensrve computatronal effort reqmred ‘
) By way of rllustratron three apphcatrons of wmd statlstrcs have beey drscussed

- utilizing some of the results of this work. A method fos computing Optrmum runway

-ahgnments from genera] bi anate dlstnbutrons of wmd velqeity was developed It was -
then shown that the inty& statistic in detetmmmg the best posrtron for a wind power
generatmg plant is ‘the.mean- annual wind speed and hence, drsregardmg locat mfluences |
'the standard vector devratron of gradlent winds. C/Fmally a new and apptently successful

methqd was proposed ‘for the predrctlon of extreme wave heights in relation to extreme

\

N  E 4. wind speeds over the open ocean. *
, C 5§ Recommendations for Future Reseagch 4 . .
U _— Many of the hmltatnons of the present st’udy, which age mdrvrdually identified in...

- the preceding chapters, wr{] themselves suggest further work on specific poihts. However,

. broader avenues of mvestrgatron can be 1dent1ﬁed as follows

. . » . . d 4
b - ’ ; ' Ty e ) ,
o ] _ ) a)” The practrcal sultablhty of the Werbull and Raylergh.dlstnbutror; functrons to © e

describe surface and upper level winds should be re-examined. A useful\]urse mrght .
be'to consider a variety of wind records classified accordmg to the terrain. and
topography around the observmg statlon, as well as the chmate type of the regron -
. ' b) There exists a 'contmurng requrrement for a general and easily applied ‘description

| of the mean wind spiral*in the atmosphenc boundary layer. l' the nieantime,

the probabrhstrc model introduced itk Chapter 3 ‘should be examined to include the

effects of wind veering; thus providing a bivariate smfaee distribution drrectly from -

the gradxent wind climate. ‘A t'urther statrstrcal study of wind veenng mighf be a

: R ' '
D _ frmtful first step. < . ) : s
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-

} ¢) - More myestlgatxo,n of axe rawmsonde system for measuring gradient. wmds is
. _-required. This would mclude 3 closer definition of gradient height and the bias arising

_ from the xegular 12 hour'spacmg of balloon ﬂlghts. As more upper level data becomes .-
) o available, a new study of gradient wind climate over Canada might be undertaken o
13 * .
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1.1 General ' ] -

A general relatronshrp between the parameters of the Frsher-Trppett Type 1 dnstn-
butrons of extreme mean\hw wind speeds and peak gusts will be .developed below.

This wﬂl of course, depend -on the nature of the upwind terram and the accepted

deﬁmtron of the termﬁ‘gust ‘these factors bemg reflected lﬁ a mean gust factor

approprrate to the srtuatron In a srmple approach it rmght be expected that the

-

) relatronsh.tp consrsts only of a propoﬂpnalrty between the regpectrve rnodes and dxs-/f

persrons, ‘the connecting constant being the mean gust factor. ﬂowever, this WOU]dy
-’

imply that the maximum feak gust always occurs in the same record mterval as the -

.u

~

maximum mean hourly, and this 1s not necessanly true

4

In approaching the problem a model will be required of the annual probabi]ity

of mean: wmds This couid be the Werbull drstnbutron thus provrdmg a straight- Py

- forward connection between its parameters and the )‘nous parameters of the distri-

butions of the maxima, or the more complex model derived from a consideration of

wind as.a continuous stochastic process Although the second rnodel perhaps offers

a truer picture, the multrtude of deﬁmng parameters would render the end result -

of this analysrs somewhat 1mpracucal Instead 2 slighitly less ngorous vanatron will

be emponed in which the annual record of wind speed will be taken as one continous

process with a Weibull probabrhty drstnbutron rather than a ber of: separate

'monthly or seasc'mal prooesses In this way the défining paramefers ot' the parent

distribution can be reduced to two .

The second essential mgredrent is a probabilistic description of the peak gust :

‘factor. 3"l"‘or this, reference will be made to some earher work by Davenport (1964), in




. whxch a general thicoretical distribution’ was obtained and compared qmte favourably
w1th some. observahons The exact form will be determined by the frequency response -
curve of the gust apemometer combined with a typical power spectrum of atmosphenc
tuﬁulence and a given meah wind speed. A mean gust factor, ingorporating these
effects and. consistont with the terrain roughness, fixes the position of ‘the. distribution.
. Davenport himself points out that the theoretical model may not be oompletely

- satxsfactory because of variations in terram roughness arpund the anemometer site,
dcvmtlon from the assumption of mdepcndence af gﬁ; factor and mean wind speed, and
other factors arising from the choice of turbulence spectrum. The most significant of these,
the %uestxon of \nhomogeneous roughnesss, 1s considered in Chapter 2. Meanwhile it will

be assumed that tlre mean gust factor wnll include such effects.
1.2 Mean Wind Speeds .

From the continuous model (see Section 2.6 -and Davenoort and Bay.?es, 1972)
with a single Weibull distribution of mean wind speeds, Vjy, for the entire year, it can
be shown that the distribution of the maxima becomes:

-

| Vg =1 Pk,
V) = expl-By (2" expt—-21)

.+ where v
BM,J,/Zz vMT‘- Yom. . Lu2)

and va is the average cycling rate of the process (usually about 0. l cycles per hour)
T is the appropriate time period (ono year),
oy is the standard deviation of the variate,

. ®
. k,c are the Weibull pafameters

‘0 M *for the Welbull distribution is given by the stam:lafa result

- A

’ : .
P ' // N )
- 2+ s e dy S £ )
’k . k : ' "
, Tho extreme distribution can be matched to a curve of fhe Fisher-Tippett Type I at the
< J . - . : .
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13 Gust Speeds

. The distribution of peak gust factors can be described by the following density.
function (Davenpdrt, 1964): k '

)

p(n) wew -y P . (£7)
w};e‘te £ ie defined by
: ii = vy T exp(—.T'-;-) _ . ' ' (1.8)

’ v, i the average cycling rate of the atmospheric turbulence as seen by the gust anemometer
S : and 7 is the avereging time of the mean hourly wind speed (usually either 10 minutes

- : o one hour). 7 \ o L {

. ' | If the mean wmd and the gust factor are regarded as independent, then the density

‘ funchon of the peak gusts can be wntten as:

PV = pln p(Vy)



7

' The probability distribution of exceeding VG 1s given by:

S

>V = [ [ VagdpnindV :
© S G jnz_mf?erVG/n p( M)P("?)ﬂ Mdn
o f VG k ® ¢
or P> VG) = é ‘exp(f(l?‘-r) )p(n)'rl:in
. ) S

[

Now, from (1.8)

v
C k Ve k
nespl~(=21) = nexpl—+-2) - 2lm» 7= 22/

AR kin
nexp(( )/(—m (*va,t )

[(2inw 1)1/3 ———5—7— In .1
Va (2lnvar)1 2 !

Mt

Q2

G- 11 Lkt |
. ,exp(( m,,.}kZ ”+21nva'r l"’{“ | - (1.12)

¥ o]

Assuming that k>I and neglecting terms of order (Zlnvar)_3/ 2 , this becomes

» ' R

, 1 A :
W22 - I expl (L G, )
wa (2inv, :)] 12 exp( ~ (2inv, k2 - ‘
= A B . N F ,(]

Therefore, with (1.7) and the derivative of (1.8) in (1.11), and ref)resenting the, quantity
(ZInuar)1 /2 by A, .

A
1S ﬁ D
. P>V = Aexp/"(*-) : k} f exp( E)dE : s
< 2 o L
-9 Yok %
1 G ._L Q . _
. el Gy el B S

) 4 - S C e '
The second integral is well known, being eq\'xal to —0.5772 (Euler’s constant), so that

3

LA VG) - 41 + l%i)exp( (Af) s

and the corresponding density function:is:



Co — ‘0.5772 VG k—1 Y6 K
@ vy = g1 #2200 )T exp(—ES)

e - .
This is in fact a modified Weibull distribution,

be found by the-fsaz_nt_e pracedure foilbwed for the m

. . T . o 7 - - . ,»
. " G k—1
V) = exp[ ‘BG ( ) expl — ( ) }l
where ‘ .
. ' » % 0.5772
) -and bG is the standard deviation of the peak gtrs
v& " is the average cycling rate of the peak gu
i Fitting this distribution to tl‘le Type( I, as for
- - . X
- ﬂ - - -
- UG k—1 - . UG k 1
,(ea exP(—(2x)) = Bg
N and
-4 = -
- Us k—1 —1
[( 71— k)» k e G ) .

cA cA

In order te evaluateé the parameters of the extrer
- of the peak gusts in Equation 1. 18 rnust be fo
parameters, k. and c. From the first and seco
(1.16), it can be shown that ! ]

o = a1+ 9--5;:772-; (X(1+3) +

C s 0.5772 0.5772 .
a2cy + 23772 ) . 1+ 9252
P | e A

-
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ltls assumed that the average cychng rate of the record of peak gusts is the same .

s the ¢yc\1ng rzrte of the mean winds. Since &n -accurate ﬁgure is not required in the

H

»

context of \ ’s formulatron it is reasonable to adopt the typrcal value of 0.1 cycles per

4

LY

hourmboth ases. T g Lo

v i, - \
' 0
K 4
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Fmally, it rs\ required to determine A. This wrlLbe a functron of terrain roughness
and the anemometer s response to atmosphenc turbulence From Davenport’s theory for

the dlstnbutroh of 5, it 1s related to the mean gust fac‘tor q, by

» ¥

=4y B2 o R LR ¥7)

‘, . e \

n ! [

AN
A is in fact the mode of the drstnbutron!. However, it must be noted that “in the theory

m, ©
%

Q

7 isa normahzed q,uantxty deﬁned by ' ;:,\

f e A
4= N * -

7= xa—f . ~ . (123)
~ x : (

' where x represents thev ongmal variate, the instantaneous gust veloclty as a ratio of

the mean wind, and ¥ is unity: Therefore, before using the results of the above

' 'argument A must be traqsformed to grve the ‘mode of the ‘drstnbutron of peak gust

B factors x. Since o, is often unknown,, this can be done by assigning a mean vadue for

X

- the maxima of x, hence giving the new mode as.a functron of thls and the mode of the

normalized peaks,

<

4
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~ APPENDIX 11

A COMPARISON OF THEORETICAL AND OBSERVED DISTRIBUTIONS OF
NG \ EXTREME GUSTS AND{IEAN WIND SPEEDS

1.1 Data el
\;\\ (-_..’

. The wmd observatlons u‘sed here are contained, in a compllatlon of “Wmd in

Western Europe recently prepared‘ b}(ﬁ the Laboratério Nacional de Engenhana le

Lisbon (1973). The mformatlon came ongmally from the various nat10na1 meteorologxcal

agencxes and includes listings of annua} maximum mean hourlies .and, where available,

‘peak gusts Accompanying each hstmg is an mdlcatlén of the surroundmg terrain

' roughness and the type and siting of the anemometers used at the observmg statidn.

For the purposes of this study, stations have been selected as foll s: . N ya

“a) Relatively smooth terrain in roughness categories A ahd B'.

b) ' .Records of maximum mean hourlies (one-hour averaging period) and gusts for a

4

-

minimum period of 10 years.

c)’ Anemometer height between 10 and 20 metres above gr.oumé level.

Some 25 locations in Czechoslovakia, Spain'and the United Kirfgdom were found to meet

these requirements.

- . ' ' . '

e S

o .Cat. A — open country with few trees;‘short or no vegetation
Cat. B — terrain with fairly numerous hedges and scattered trees, wind breaks,
buildings etc. “ ‘

201




202

\ . Sample means and standard devmtrons of maxima are given in the source reference \/)

and %em have been ysed to calculate the modes. and dispersions of the drstnbutlons
of ex emes by Gumbel’s method (see Section 2.6 and Gumbel, 1954). This is )
equlvalaht toa least squares fit of a Frsher~Trppett Type 1 distribution to the observed '
wind frequencres Table I1.1 gives the observing stauons separated according to terrain
roughness, together wrth the calculated ratios of drspersrons and modes, that is
1 /aMUM, UG/UM and a.M/aG (1/a denotes drspersron and U the mode; subscripts
"M and G refer to mean hourlies and peak gusts respectlvely). “
.2 Comparison:‘
. -;% - . ‘
In Flgure IL.1 va‘lnes obtamed for each station in category A have been plotted
over the theoretlcal mode and dispersion relatronshrps denved in Section 2:11 for mean
gust factors n . of 1.5 ind 1.6. A similar comparison is shown in Frgure H 2 for
category B and 7 values of 1.6 and 1.7. *
‘ \
The» observational data is mdely scattered, although it exhibits-a drscemrble trend to-
wards higher ratios of the modes arfl dlspersnons as the characteristic vanhble
1 /“MUM increases. If locahtles ih the U K are consrdered alone, the amount of scatter

is noticeably less, perhaps reﬂectxng the chmatlc character of that part of Europe where

strong mean winds and gusts are usually associated wrth large storm systems. The -

. brevailing conditions are therefore more _likely t; accord “‘rith\the underl'yingi assumptions
of the theoretical curves. The Spanish records, onthe ‘other hand, will be influenced .
to a greater- degree by -thermal‘ly induced winds and gusts. Any local effectsﬁ of terrain .
or,general topogr'laphy have not been determined. S

v .




GA TION

o~ .
Roughness (gt. A

Popard, Czechg)slovakia
De Leon, Spain
Pollensa

Villafria
Villanubla

. Fleetwood, UK.
R I 3
Lerwick ‘
Lizard_ ~
Point of Ayre
SciHJf | h “
Stormowagy

Tiree o \ |
Roughness Cat. £
- R \ N

Karlovy Vary, Czech. 3.91
Armilla, Spain - ; 1.88
“Cuateo Vientos ' 2.98
Ebro S X
Malaga _— ‘ - 210
Monflorite - : 1.90
San Javier ' . . -l 163 A
Santiago A 2.05
Aberporth, UK. . * o 144
Eskdalemuir  + -~ 100 | 1.68*
Manchester .095 - 1.78
Prestwick o 117 | 163
South Shields L d : -1.37

¢ -

o | . ' P
TABLE I OBSERVED RATIOS OF DISPERSIONS AND MODES
AT SOME EUROPEAN STATIONS - . %

/
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APPENDIX 11} '

‘A SURVEY OF SOME EXTREME WIND STATISTICS

IIL.1 Information Sources

This survey bnngs together some fifteen published accounts, of surface extreme \
wind climate in various parts of the world. It is-not exhaustive, but concentrates
on those studies employing the modern statistical approaches described in Chapter 2, \

~ and likely to provide useful and reasonably consistent information to the engineer.

fl

_The sources are listed in Table III.1, together with a summary of the type of data
employed in each case (observmg statrons, penod mstrumentatron) and the subsequent

statistical analysis (probablhty model, statistical parameters found presentation

“of results)
LY ' . + \
lII.LComparative Sta_tistics

To provrde an md;catron of extreme wmd clrmate in the regions covered by the
survey, the parameters of the Frsher-Txppett Type 1 dlstnbutnon of maximum mean |
hourlies have been estimated for a number of centres in each country Where these
parametem are given m the onginal reference they -have been quoted directly. Inso-
far as the information available.to the wnter specrfied the statistics were selected for
their applicability to relatively smooth terrain, with no more ‘than scattered buildings

and trees, and heights above ground level of around 10 metres.




“ AN

To mairitain a common basis of companson it was necessary in some cases to
transform peak gust statistics to mean hourlies usmg the relatlonslups developed in
Section 2. ll Where the Type II or some other extreme distribution was followed m

. + the data source, it was first necessary to estn‘nate the corresponding- Type I dlstnbutlon

again using the procedures descnbed in the main Sody of this thesxs (Sectmn 2. 7)

A4

* Table IIL.2 gives the rgsulting statistics, tabulated alphabetically by country. Details

- of any transforrnations are alq(f given. Since the ra'a'o of the dispersion to the mode of :
the extremes is often indicative of the strong wind climate, this has been included. A hlgh

’

value of this ratio may be connected with the. occasional incidence of cyclones or strong

lotal winds.

e ca il s e M L‘Mx‘a-: i



: : , DATA R . ANA
- REGION , REFERENCE STATIONS PERIOD ANEMME‘IE .SITING STATISTICS MODEL - ’ PARAMETERS .
Argentina Riera & Reimur| 65 seations - 196067~ Maxm, agal | FTTypell |8 M
; din (1970} Jsec, qusts g usi
: gus
J .
, "l : J/T‘\\ | ‘ * P -
Australis’ W 89 stations incl. Various um#mmybim Mostly ¢ror6& Maxm. annual | F-T.Type Uand lfa | Gu
{1964). Tesmania, N. 1910 and 1962 | anemogreph 10 m. dbove - a..]'10,20,50,100yr.
/ Guines, Cocos, Lord " ~ nd  retum gusts via
o oL Howe, Norfolk S ~
»
~ Wilis and Solo- , L . .
monls | ' . \,
Canads NRC (1970} Dhcto,u:nonr }0t0,22 yr. | Cup. anemom. AMam.mmwl F-TTypel " 30Gyr. nmrnmnn G
N " 1100 stations - Gust records = winds
O |Extreme pustz ot with Dines
* | addiionel 500 C o .
Denmark Jesend . Tortminde, Gedser Guixwym Dinés ttopof 23 m. M&rmgfym- Wmf ‘AmdB L
Frenck (1970) |and Tune ‘ Others 7 years . i : mic head, q th-BhP(q}
' Jfor gach storm where P(q) 18
' : - penege probab. of exceeding |
, ’ q in a given storm ) X
Frence uchene. |14 sarom incl. | 23y mam. | $cup 0wol3m | Mom ewmel | RTTypL, Mewn and sad. devn |
- Morullaz (1972) | Corsich e . | Papilion above ground at | 1-sec. guits {Type 11 and norme! of annual maxima
B . 3-cup at some’ 80% of stations dmrib.dsonudd) Overdll Uand 1/
starions from . ' for 3 z0nes
1] % 1968 [ ‘
. .~cd _
6| Hong Kong. Nackey (1972) |Royel Obs. 18341969t | #cwpanemo- (1066 20m. Maxm. andl | FTTypes LI
T ' + |Kowloon Roysl Obs. graph 10 1938 f-mmmd mean hourties | and Il
] * | Waglen 195319694t Dines anemo- _ and gusts
& Cheung Chau | 1935
nde ek | | 61020 owiom | Meom ol | ETTypel Yend lfa
~  Goydl (972 - sbovegrowid |
Jqlu* Hanel (1963) 3§mm I7wf8yn. MomyIOIoZOnn'Mnmduﬂy Exponentist o c‘mdb .
S | . R above ground AY)=1-s¢
N b ’
. . 1
' . . |
- % ‘.
TAIIEIIII mnvorbmmmmolmmu
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_ . o ANALYSIS B
MODEL PARAMETERS METHODS ' PRESENTATION | FURTHER DETAILS
FTTypen |8 - Maxm. likelihood fit | Gontour map of § Uniform whieofy * |
- " using logs of observed | Adtiional map of annual suggested for entirt «
gust speeds " | frequencies of thunder- - | country (0.82)
. ’ storms . | Results apply-1q 10m
’ above ground
annual | F-T Typel Uond Ifa Gumbel’s method using ||Contour maps.of all pare- | No adj:sstments of dar
10,20, 50,100yr. | means end standard de- . | meters . 10 a séandard height
' retum gusts A viations of ennual maxi- | Additiohal maps — wind
. ma roses of maxm. anmual gusts .
| preferved time of yr. for | .
\ maxm. gust, average .
a annual thunderday
| : o~ "
m, annudl | F-TVype | 307, retun mean | Gumbel'smethod - . | Contour map of 30yv. Empirical conversion
| winas * | return winds 10, 30, 100 | of gust deta to mean
¥ ’ . yr. renum wind pressures | Kourlies for the sddi- |
\ tabulated for ol stations | tional 500 statiom ¢
¢ 4 N . -
: ! )
em, dyna- | Exponentialing | Aend B - Least squares fit 1o .
heod,q | q=4-BinMg) * data , °
each storm | where Plq) is .
* | probeb. of expeeding
q in a given storm
m. dnial | F-T Type | Mesnand std. dewn. | Lesst squres fitto deta | Map of 3 zonea gceording | No edjustments of date
wec.qusts | (Typelandnormel | of swusiimexima | | |iomesnsend std. dewns. of | to a stendard height
distrib. also studied) | Overall U and Ifa ‘ annual maxima (light, mo- | Mean, std. den..and
: ‘ Jor 3 zomes erate and strong winds) | Type I paremeters of
Type | distrib. for each | maxima listed for each ~
h * Yaome station ~ - .
FTTypes 1, I Typer 1 and il fitied to | Distributins showni .- | Empirieal conversion of
and Ill. || data by least squares and graphically’ cup anemogreph resdings
| maxm. likeNhood. ‘ 10 Dines stgndard
Generil form of the 3. . No adjustments of date”
y R types fitted by curvi ’ to @ standdrd height
ETTypel * . |Usndlfa - Least squares fit o date | Contour mapd of 2, S, 10 .
b N 25,560,100, getm puse | :
\ , AT :
Mom. dally | Exponentid smdd Least squares fit to data | Distributions shown graphi-"| Coefficients apphied
P{V)-L—ce‘by ' ' cally for all stations to aliow for unemo-
) . . For 11 stations,‘iabulation | meter height and
1 k \ . . | of freq. of stotms with mean) proximity to ses-
K : Al winds grestérthan 10, 15 | shore ‘
Ut ., 20,25, 30mfsimporiod < |
AR 1949.58 ,
o : - .
N T (] '
Y OF EXTREME WIND INFORMATION \ e
[} " . X ‘ . , + 2
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10

1

12

4

15

Sweden

13| United Kingdom

“~
’

United States

Westers Ewope

Lee & Huh
(1972)

&

Johnzon
(1953)

“(1962)

Thom (1968)

LNEC(1973)

* P. Elizabeth,
. Ccpmm;

'| 14 stations »

8.:&!10;::

Johannesburg

Kimberiey, Durban

Bbemfourgh
E. London,

incl. off-shore
iskands

13 stations

56 stations -

150 satons
incl. Aleska,

Puerto Rico

158 stations in \

Denmark, Fin-
Germany, Iceland,
Ireland, Nether-
lends, Porivgs,
Spain, Sweden
Switzerjand end’

Uuk.

Qp 10‘60 yrs.~

141021 yrs

¢

1945-1969

Various
between 1875

nd Y950 ,

Various be-
tween 1913
and 1959

veeage recond

length 21 yrs

Various

Mostly near 10m
above ground
' . Hwolsm
abovcgvbmd .
eup 10 m, above
1 Robinson ground
Dines and cup ‘
anemonm.
| Dinesanemo- | Mostly near
graph 10m. above
. ground
A
Various Nominally at *
surface (10m)
.
Y
b N

« Maxm. annual

Maom. annual
mean hourlies

Maem. onual
mean hourlies
and gusts

mean houthies

. Maxm. ennual

medn hourlies:
ot Uppscls

mean hourlies

1 andgusts”

Maxm. annual

fastest mles

Maxm. erinual
mean hourties

 nd gusts

F-TTypel

FTTypel

FTTypel
<
F-TTypeland

normal distrib.

FTTypel

FTTypell

F-TTypel

Mean

-3




For 10, 25, 50, 100
“and 300 yr. return
periods, winds ex-
ceeded on average
| and with 95% prodab.

S0-yr. return winds &

IOm.aidgmdigm
ht.

{ s0and 100yr.
return winds

Means and std,
dml&‘of annual
maxima

Bend 7.2, 10, 25, S0,
100 yr. return winds
Y

L]

Means and s1d. devns.
{coeffs. of variation)

of mesn howriies end
| qusts

| deviations of annual

oxtreme winds

Method of mcments
using mean and std. dewny|
of annual maxima

&

treme distribs. of
howrlies and
plotted

Gumbel’s method using
means and stondard

maxima

\\

Maxm. likeliliod fir
using logs of observed

Extreme distribs.
plotted for each station

v

Maps giving 50-yr. return
winds '

.
©

M-mmdml'n
stations and 50, 100
7. return winds

\ Distributjons shown

graphically

\

Comtours maps of 50-

Jr. return mean hourlies
oand gusts. Tabulations of
U, 1/aend 10, 20, 50, 100
yr. return winds at all
stations

 { contour mapsof return
“} winds.Results for Hawsii

and Puerto Rico tabulated
separstely

Distributions shown
graphically .
Tables of other sml:n‘q

K

¥

No adjustments of

date to a standard height
Generally results apply
‘to 10 m. above ground

5Gyr. gradient winds

;| estimated from 50-yr.

surface winds using

I power lew with

index and gradient
ht. sccording to
terrain roughness

All winds reduced to .-
10 m. level by power
kaw with index of 0.17
Jor mean hourties and

.| 0.085 for gusts

Winds reduced.to 30ft.
level by power iow
with index of 17

Data drawn from re-
cords of the national
meteorological




. ) ESTIMATED PARAMETERS o
LOCATION | REF ,\[ Uy Iy IfUpay TRANSFORMATIONS
.. . i (mfs) (mfs) ‘ '
- ' ' g R & . ° ] . .
ARGENTINA N L R . - 'UG, I/aG from BG, G feqns. 2. 71and 2. 72
Buenos Aires .2 202 142 Uy, 1/apy from U, J/aG {b}"ig.DZ.IC) ‘
Cordoba ,1X.9, 213 143 | Vith mean peak gust factor 1.6
AUSRRALIA 20 c Uy Uaygfrom Ug, 1 (Fig. £18)
*| Adelaide - - 1 63 24 .125 | with mean peak gust factor 1.6
Melbourne. 163 206 127
| Peth . 149 1.56 104
Sydney -~ 145 273 188
CANADA . 3 h :
Edmonton - . 165 254 154, - o
Halifax 11729 . 308 A72 : ‘
_Montreal ‘ 179 170 095 | _
. Toronto , . _ - 188 254 . U35 ‘
' Vancouver : 164 254 1SS ’
Winnipeg . 291 ° 188  .098
CZECHOSLOVAKIA| 15 ' Gumbel’s method using mean and.
Karlovy Vary ~ . 120 105 © .088 |and standard deviation of annue] maxima
Poprad 191 3.55 186 ' , '
' N . L
EIRE 15 ‘ Gumbel’s method using mean and
, Dublin ar 7 2 114 | standard deviation of annual maxima
Lo _ Shannon . 223 277, 137 {{10-min. mean hourlies)
FRANCE - | 'S S Ug 1fag from Gumbe's method
& Brest Co| M6 183 133 Uy, oy from Ug, 1o (Fig. 2.16)
Lyon 137 2.68 195 | with mean peak gust factor 1.6
Marseilles 15.0 267 a7 | L
Paris 1 140 . 152 108 | o
GERMANY - | I5° - Gumbel’s method using meanand
Bremerhaven 199 - 270 .136 | standard deviation of annual maxima
Dusseldorf ) 14l 145 103 , '
Kiel | 156 218 40 , :
. Nurnberg 130 2.00 154 e
\ HONG KONG 6 \ h Upp Hayy estimated from Type I curve as
; Waglan %, 237 7216 302 |Uy=2Vig-Viop Hay=V1g9-V1923 |
: : wh.erexVIoa Vmoare 10and 100
) o year return mean winds
’ . TABLEIL2 ESTIMATED PARAMETERS «esaxmms MEAN WIND DISTRIBUTIONS
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Madrid
Malaga
Pollensa { Majorca)

TABLE II1.2 continued

k-4




N

SWEDEN \

Gotska Sandan | | 122 L77 % .45 | Ug ifag from Gumbel’s method-
Halsinghorg | 127 132 \ 104 | Upg ey fom U, Ljog (Fig. 2.6}
Skayor ' | 128 'I.Il “086 | with mean peak gust factor 1.6

UNITED KINGDOM ' N
Aberdeen 1“7, 200 143 ],
JBelfust ‘ 176 188 107
Qoham Cpnn 165 093 |
Liverpool . 29.3 148 072
London {Croydon) 167 L77 106
Pymouth . 218 211 097 .
Prestwick : 88 . 194 103 .

S A N A s e

UNITED STATES . ‘ 10, 100 yr. fastest mile return winds to
Anchorage 163 3.00 - .Ia - mean hourlies (Eqn. 2.81)

Atlanta ' 31 292 222 | Upy Hayy from By, vy of comes
Chicago : ] 159 212 .133 | ponding Type Il curves (Eqns. 2. 71and
Demver - 19.3 197 < .02 | 22

Fort Worth - | 179 126 . .07
Los Angeles .| 122 200, 163
Miami ' 186 L ET S [
New York us I am

Seattle ﬂ 174 tg.‘m 132

b ey ™ i o N“dn»-

3

TABLE I11.2 continued




APPENDIX IV

¢

UPPER AIR STATION DESCRIPTIONS

¥

v

.~ The folldwing information was obtained, in part, from the station histofx files
maintained at the Atmospheric Environment Service, Toronto. Maps of the country
sur;ounding the stations were extracted from the 1:50,000 series published by the ‘

[ &

Department of Energy, Mines and Resources, Ottawa. ) . . ‘.

Moosonee, Optaﬁo

it

Position: 519 16'N, 80°39W  Elevation: 10m . |
Local times of observations: 0700, 1900 EST i

Situation and local topography (see map, Figure IV.1): ‘ ;
" Station is | mile south of the O.N.R. station on the northwest bank of the
_Moosé River, 300 ft. from the river bank. Surrounding country, is very flat
muskeg, quite densely wooded, mostly with conifer?us ﬁees; n\imerous creeks LA X
draih‘ into the river. The station ’a‘rea was cleared of trees, and ditches p}ovidé '

| drainage. The instrument area was.built up and levelled.

' "The rwer runs southwest to northeut past the station, emptymg into James Bay

| about 10 miles to the northeast. 'I'he wmd fowet is located towards the centre
of the clearing, 300 ft. west of the Operations Bmldmg Trees of 20 to 30 ft
suﬁound the tower at 500 ft. to the south and 1000 ft to the west through
northeast. ‘ :
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Sable Island, Nova Scotia ‘ L

%

Position: 43° S6'N,'60° 0I'W . . Elevation: 4 in

Local times of abservations: 0800, 2000 EST

Sxtuauon and local topography (see map, Figure IV.2): -
Station is 1 mile east of the Mam Station and about 4 mdes east of the westerly

«tip of Sable Island, close to the north shore. The island situated in the
* Atlantic Ocean off the coast of Nova Scotta, consxsts of rolling sand dunes. The
dunes range in height up to about 75 ft., generally slopmg away towards the:
‘south shore. From the station, visibility is restricted by dunes, except for the

southeast to southwest quadrant where the ocean provides the horizon. .
. ' ' R '

Tne Pas, quitoba'

o )

Position: 54° S8'N, 1019 06'W = Elevation: 273 m

 Lokal times of observations: 0600,.1800 CST

Situation and focal topography (see map, Figure IV.3):
Located at The Pas airport, 12 mtles northeast of The Pas du'ect Exposure is .

215

fairly, level. Dense bush surrounds the asrport w1th Clearwater Lake immediately

northwest to northeast. Instruments are sited about 500 ft. southeast of the
Transair hangar Treelme is about Q. 6 miles to the east and 0.2. mdes to the

south. " « {
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-  APPENDIX V-

r

SELECTION OF NEUTRAL WIND PROFILES FROM UPPEi’l AIR DATA

)

v

Vi Data . o
The ‘data consisted of the -twice-daily radiosonde observ‘at'ions recorded'ove'r the
period 1960-69 at three Canadian upper air stations. These were Moosonee, Ontario,
Sable Island, N.S. and The Pas, Man’, slected for t}geir'situtions in relatively’unifohp
and'levél{terrain (see Appendix IV).

J
’

- The rédidsonde\ascents; were generally made at.0000 hrs. and 1200 hrs. GMT dailii. .

The foliowing observations were recorde’d for the éurﬁce and standard pressure susfaces

at 1000, 950, 900, 850, 800, 750 and 700 millibars: RN
I ) ,Elevation" above sea level (6r atmospheric pressure, in the case of the. surface |
obsemt{on). o o d Co - Lo e “
b) Temperature. . ‘ T . ‘ -
“¢) Relative humidity. - B Y “ A -

d) Wind speed and direction.

" V.3 Data Reduction S : : Lo

. ’. e - ' . r e %
' Since the investigation was to apply to neutrally stratified atmospheres only
- ) ' .

(Chapter 3),-it was necessary to specify the criteria for the selection ofeuseful observ'aﬁons..

In ‘establishing the defmiﬁon of neutral condjﬁons, the simple concept of static stability
of a dry atmoéphere, was applied. The tenrpetature distribution for neutral stability is

»
B

then given by

L 2




ov-Ily : S
Té—) o |

is the absolute, temperature at pressure p,

is the surface pressure,

-is the ratio of speciﬁc heats for dey air (~1.41)

1

“and” T’ is the potential temperature. i i
It is'required that ‘T' be unchanged with height' and eqﬁal' to‘g the su}facc absolute o :
» ' . . * . - . - {
temperature. - ‘ I . : i . - , i
C | 3 R '
]

The record of each radnosonjde ascent was examined in tuﬁ1 Firstly, all elevanons

were adjusted to gwe heights abdve ground level, then the data as tested against

three acceptance criteria, in the\/followmg order:

a).. Obsérvations at all ure surfaces, up fb that immediately above or ag 500 m,

must be complete.

> o 2 A

b) The potennal temperature up to 500 m must be within 29€ of the surface SR

absolu‘te temperature T -,

“¢)  The surface wind speed must be >5mf.

L - o, 2

- : L4 l‘: ‘

Tabie V | shows, Tor each of the three upper au stanons, the nfimber of ascents

reJected by these cntem and Jhe total number*ﬁ& records selec dv

’
* &
T A ~

“

, Finally, wind velocmes at the standard pressure surfaces yere translated into wmds

at 300 m and 500 m above ground level.: In vxew of the accufacy of the d&, it was
« felt adequate to, employ sunple linear mterpolatlon between easurements immediately

‘ﬁ

above and below the desxred elevanons The zonal and men dional velocity components

were separately interpolated.

-
1



- R ~2-
&
o TOTAL |  RECORDS EXCLUDED '|' TOTAL
STATION RECORDS BY CRITERIA - | RECORDS
' o . b ¢ | CHOSEN -
Moosonee 7300 - 36 5647 654 683
Sable Island . 7291 1000 4146 391 |- k154 "
The Pas 7297 164 4835 . 671 - 1627
- 1 . A
« j |

' 1




-

g dlscussed further by Plate (L97l) The splral model rests on the assumption that,

- where @ is defindd as the angle between the wind vectors at height -z and the ‘ ' i

| bank’s spiral can be studied by ijtroducing a supenmposed shear flow, also paralle]

APPENDIX VI

) . \ .
A MODIFICATION OF SWINBANK'S WIND SPIRAL

s L]

The following is an adaptation of the theory proposed by Swinbank (1970) aﬁd

e, -

everywhere m the Ekman layer the shearing stress, 7, is parallel to the direction

of the mean wind. The equations of motion then become

Ll
.

F

dr

) L S y JU
a-z-=—fVGm(a.;a0) ‘ - (Vi)

surface, a, is the corresponding angle at the height of geostrophic balance f is the Coriolis

parameter and VG is the geostrophrc wind (see Chapter 3, Figure 3.1).

The general influence of geostrophic veering or local topographic effects on Swin- _

to the wind vectot for all z. $
v a i % -
dI = _fVgsinla-a,) + E(2 ~ (V12

&

Expandmg 7 in a Taylor series about z=h, where h is the scalmg height of the
\ (=
Ekman layer, g

1 d4 | -
f—_zd22|(z—h)2 S . (vi3)

Therefore

' ‘ . : ' Sy

221



» _r da| _ Eh), )
sinfa - a,) = ;(— o 'h f‘V —)(h-1) + fV
|

1 .
It will be noted that, in Swinbank’s theory, the asymptotic solution as z

'approaches‘ h is assumed to hold for all z. Hence, at z =0
[ | ,

. E'(h) E(0)

sin @y = ( i -WG === )h fVG

" The corresponding qxpression for the original model of Equation (VL.1) is

1
i
i ’

| \

sin a, = gg— h ’ ' \\ : (VI.?)
h : ’ ’

Furthermore, froﬁ the similarity theory of Csanady (1967) and Blackadar and Tennekes
(1968) .and sirice anbank s siral applies also to the “matched reg:on” between the
‘inner and outer smblayers

(v18)

where us is the surface friction velocity. Slmxlarly, retammg the same scahng para- '

meters, - h and VG, (V1.6) can be rewritten in equivalent terms:

¥

-~

sinfa. - ag) = ' (h-z) , E(2) : S (VL)

and, from (VL4),




hz2f

0 ,
fVG\) 7 (viil)
P
B _ N '
-y L _ EO)
h.o = 2 P u..z) o . (VL12)
Substigu'ting for & in (V1.9) and rearranging
da|, Vg ‘Bez B, E(‘O) ) : | . ‘ S
(dZ h)e'?— t+t — —*}‘u—‘? =0 c .(VI.13)
;ﬂd * ﬂ , v ]
B0, (EOE 2@ G dal e
) / \ (VLi4)
. k ZUaf 4u§f2 ' n e
Consider now the case when the wind veering associated with the superirhposed i
P shear flow is negligible near z = h. This impliés that ;
{ - ‘
E(h)h + E0) ~ 0 ' : ’ (VL1S)
v : - ’ ! N

y
- Also, for the original model, it can be shown that

2y 12 ' ‘
8_, Y4 | ;
F= (- T &), Y (VLI6)
+  Equation V1.14 then becomes. o ‘ o
‘B 12 - ‘
Ze _ EO) E0)2 ., B .
% =St 55 f; X, . \ (VLI7)
_ This solution has two ;Asymptotes: \
R (/N (VL18),



B .
e _ E0) K0 oo :
aqd —k—-m e

“yielding only positive values of B, and permitting veering of the wind between the

surface and the top of the Ekman layer. . The alternatjve root gives,negative values but .

can only a‘pply for small angles, since the original sbiral allows just veering and, in this

formulation, it-has been assumed that

“w

dz h)e (d; h)' ; o " g (VI':ZO)

-In conclusion, this modification of Swinbank’s theory suggests that, for certain

J supeiimposed shear flows, wind veering and_small angles of wind backing in the
atmospheric boundary layer can be predicted using an expression of the fom of (VL.9)
with a variable coefficient B,

L)

,
{
J N

O

(VLi9)

b -




APPENDIX VI

MOMENTS OF THE DISTRIBUTION OF SURFACE WIN »
STATISTICAL SUR FACEIGRADIENT WIND

- .

».

VI1.1 "First Moment . .

oy . -

Let the surface wincff{)eed be represented thus:

- .
VO = e K VG
in which € is a random variable independent of the gradieht.
VG and 0., and K is some function of 6. Itis assumed
) » independent, so that the mean or expected vatue of ¥, isg
Al h
E(V,) = [ V,p(V,)dV,
. © N = IS e K Vg p(€) p(K) (V) dedK dV g
Now, N
p(K)dK = p(HG)dOG A -
so that B

@

L E(Vy) = SSfe K Vg ple) pl0:) p(V) de dé g dV g

2286




If ¥ follows the Rayleigh distribution °
N v‘ -~
W) - 5 e 8 |
) = L expf— (—%)) (VILG6)

"where oG is the standard@vector deviation of the bivariate normal distribution of velocities

from whnch the Raylexgh form is derived. This implies that 0 is umformly distributed

.and (VII 5) reduces to .

W o
E(V?‘ ~ (=) ple)de db ~aV . ‘ {Vil.
fff s, expl (20% ple)dedigadvg u 7)

i

The integral : S ‘ 7 '. .

V2 ex;';(-(zc—))dv
G 20% G
can be evaluated forall ¥ between 0 and o as o%\/;/_ﬁand Er'( V,) rewritten as

. . 0g e 2x | .
. BV = — ] tpe) K db; de " (VIL8)
NV e ?
The limits of integration have beén specified to cover all possible values of ¢ and 0.

(} .

I K canbe represeﬁted by a harmonic series of the form

[ ] - ] ' N N
N 17/ C T

K= K+ ELcoszOG+ EMszOG
l=.1 =l

 "the inner integal of (VIL8) becomes simply 24K and E(V,,) is further reduced to
i . ' o N N ) ;%

BV = \/g Kog f:c,pmdt ' (o
y,

On tbe basis of some. obsz@«atlonal ewdencext w1ll be assumed that ¢is log-nonnally

dlstnbutzd that i u

O 2 -—-f*—- br-‘-)z) wl“”
"m e

N o y

E

f. o
. 5
%
[
4
1

. & .
> e TN N N




R2AT

* M . ¢
. .

s whergwthe stapdard deviation of In¢ is written ob,e and mg is the ‘median value of

¢, Therefore, the remaiping integral becomes ' .
fw. plede = m exp(laé - o 718
{, endde = moentyof e ViLi2)
and ' - 3
‘
. : , z ! 1
v . . — 1 . @ o
BV, = V3 Kogmyexp(305,) ' (VILI3) -1
VIL2 Second Moment = ° . A . . . i

. ' ) ’ ! N
.

4 The sécond moment of l/'0 is defined as

B(VY) = [ WL p(Vy) dV, - | i), L f
= ff{éz K Vép(l;)p(K)p(V‘(';)dt dk dv - (VIE1S) .
Under the same set 'o% assﬁthtiqns and following the same steps as above, it can be - ',;
'+ shownthat ’ R ‘

w . .
BV = AR+ ] : (Lf + M{): o m{ e Qo) - . (VILIO

-



APPENDIX VIH

. SOME ASPECTS OF THE SPECTRAL ANALYSIS OF RAWINSONDE ERRORS

v

VIII.1 Response to Wind Flumlaﬁons

¢«
1 .

The following discussion will be con‘cémed with the response of the rawinsonde
Jalloon to fluctuations in the environmental wind field. In the main, it describes

the principal stages and assumptions of the theory probosed recently by Fichtl (1971).

¢

Thé basic equations of motion ,foi the balloon can be written (neglecting the

Bassett memoty terms)

oodu _ 1
ma}- - 2pa
o 1 > d,
maz = 3pLpAlVe - Vl(vﬁ— v+ my (v =)
[ i‘g = -
m& "2

*

- (mime

where A is the balloon cross-sectional area,

| Cp_ is the drag coefficent
g is the acceleration due to gravity
m s the balloon mass,

. m, s its appatent mass,

- m

, is the mass,of air displaced,

't is%time, -

- u, v are horizontal velocity compbnents,
N B 3

228

Cp ¥, - V1 iy - w) + my &tuy - w

L Cp AT, = Vitwy—w) + my iy = W)

/

¢ mem e e -

T e ke b ——
L
o

T nr‘"‘fw&ﬁw"‘ﬁw :; -',::"‘_"_ G o

(viil.1)



w is the \;értical compbnent of fvelocity, :
pg s the density of the atmosphere
and s'ubscript ¢ denotes the environmental wind tomponents. 7e -V is' the wind
vector relative to the sensor and the drag force is assumed alwaysr to act in a direction
opposed t& this vector. The effect of the-apparent mass, m,, *has been explained by
' Mllne-Thomson (1960) and will be exammed further towards the end of this discussion.

Aerodynamncally induced forces have been neglected.

Now, representing the motion and the various wind components as the sums of mean-

and perturbation quantities {e.g., u = i + u'(t), Ve =T, + v{th wy=wi1)), thento -

satisfy the equations of motion

and -éA_ PCp W0 = (my~mk. | (vimz)

Therefore, rewritting the equations of motion and neglecting i)roducts of the

perturbation quantities,
. 3u' ] — ' ‘ d ' '
"y o ma =§ﬁaCDAlwl(ue—u')+maa-t~(ue—u)‘
dv'

R |
ma = -z-paCDAlwllv'e—v I my {v V)
vy ’
: - ' d
‘ m‘id‘;’- = pCp AWl (), = W) + my LW, ~w) (viL3) o
mhﬂ: the ferm %PaCDA Wi lias been sibtituted for (m —m)g.
It is assumed that the motion of the balloon is rapid enough that temperal'ﬂuo
“ tuations of tl;e wind field can be neglected and the perturbations are functions of

height, z, alone. It will be noted, in explapation, that *
eight, 2 ,EW | , _, .

© i o #7 \
» N : ‘.

!

{

f

R fow'(:)dt ) “(VII4)
. ’. .




/

and the integral will tend to vary in sign )vhilst remaining small. Now, .

if) =g+ Ly | (vinLs)

where I' denotes the integral. Expanding u;, as a Maclaurin series about [/t = 0,

' [P d’ll'e ‘ Yo . ' \
ufz) = ufwe) + (25 I+ ... ’ . (viLe)

/ =wt -

Therefbre, to first order significance,

I R | (VilL.7)
It must also be noted that the reduced equationsv of motion (VIIL.3) are valid

only for sufﬁciéntly small perturbatiom;elocity differences ~compafed to the medn

~ ascenf rate of the sensor. Fichtl has ccg\cluded that this is certainly the case in the

. .trOposphere and lower stratosphere for spherical $ensors with rise rates of about 5 n}/s.
. A further implied assumption is that, fluctuations in aerodynamic coefficients can be
ignored. This is in some way supportable because the time for dominaht velocity"
fluctuations to be traversed by the balloon is usually much farger than the time for
2 waké to become estgb]ished as a resulf of agceieratiqns in the relative flow.

The deriva'ti(ln'x now proceeds by _means' of a Fourier representation suggested in
Lumley and Panofsky (1964). This, consists of priting thé random functions ', +',
w', u,, etc. in terms of other ra;ydom processes Z,(n), Z,(n), Z,(n), Z“e{ nj, ‘etc,
for example '

-~ 00

ult) = fm exp (2nint) dZ,
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Az ) = "Lim 1 exp (~21im), (1 ap iy vy
Tso =T it ‘ .
- By substituting the Fourier mtegrals for the perturbatlon quantmes in (Vlll 3)
xt can be shown that ‘ '
" ° : Fs *
(1+2xinT)dZ, = (1 + 2mianT) dZue

. “('1 + ZwinTi dz, = (1 2aianT) Lizve | (viirg)
‘r; + 2minT) dZ,, = (é ¥ éwit;ﬁT) dZw;

A where ' 0
] (m;ma),g,' e \~ma" . ‘ <
g a S wem - (v

So, the Fourier amplitudes of the sensor motions are given by'

?

_ 1+ 2nianT . B _ ‘

By the' Wlener Khmtchme theorem the processes Z,(n), etc., have orthogopal
increments, that is, the followmg ensemble averages are defined by (

B

'dZ»u(n])dZ‘;(nz} =0, mp ¥ ny

dZ,fn) dZn) = 8,fn) dn - - vmiy
9 o

wheré, dz;fn) 'is the complex conjugate of 'dZu(n) and §;(n) is the power spectfal

density of . 1t follows that

»




'S(") §,(n) 1+(2maT)2
50" 50 i

Sw(”} - 4+(21maT')2‘
Sw " 4£2mTP

(VIIL13)

L4

These are the response functions of the sensor to changes ini the environmental wind. °

In 6rd;:r'1o evaluaie the parameters T and aitis neéessary to'détenﬁme the apparént
mass term, m,. Now itcan be shown that, for a sphere moving with velocity ¥ in a
fluid at rest at infinity, the velocny potential and stream function expressed in polar
coordmates (r8) are (Milne-Thomson, 1960)

" (VIL14)

i

in which D is the sphere diameter. The kinetic éne;gy of the fluid if then givenby

~

Eeomledy - (viL1s)

Where p, is the density of the amibient fluid. In terms of the mass of fluid disp,laced,
) f - .

i

(VIILI6)

» /
‘f\

(VILIT)

| and the resistance of the fluid is given by

"2'0 ?: mag':'/ o L v

-‘ Thus, for a sphe'ri&aI balloon,




m o=, m o= B . o (VL
o Pa =g a = Pa 12\ | &5,. _ (, 1L19)
The vanous mass terms the ascent rate. and the balloon diameter wﬂl‘*depdnd on the

behaviour in the first few hundred metres the atmosphere, p,. can be consrdered

inflation tof the balloon and. amblent condr;rzms In the context of a study of’ sensor
) constant: and the drag coefﬁcnent for the Ldeahzed sphere taken as 0.3 (see Goldstein,
1965). With these sxmphﬁcgtrons it is 7snble to find a srmple selationship between

. balloan diameter and mean rate of ascert

¢

\

The equation of mean motion is
7 .

" mg*FD=’mog / - C

' . F . ‘ ‘
_ D
or m, hd mg - mo.'- -'é-//’ a ' (_V,HI.ZO)
| . .

/
0

where FD is the mean drag forge,

m is the Sensor mass}, consrstmg of the mass of the' containéd .gas, mg, and the
mass of the sonde, m '
The. left-hand side of (Vlll 20) is called the free hft ’Iherefore

&

L ‘ Wy R ' ' .
»—5—%-‘1)93 ' -g;ch2w2.+ m=o T

. -

L in wluch bg ‘is the density of the balloon gas assumed 1o be at the wame temperature K

and pressure as the amblent ﬂuld

® VIII.'Z Spectr\nn of Observaiional Errors n R -

vy,
Coa

-
. LI |
! M - 4 [ ]

L -»n . lt can be shown that” the spec'trum of velomty erTors due to 1mprecrs;on in the _
J-- S trackmg eqmpment can be denved strmghtforWardly from the spectmm of displacement

‘ " T erron The dlsplacemenf d, is deﬁned as-the downwind homontal dlstance to the .

. A,

sensor (see Frgure VIILL). It vnll be assumed that the dlsplacement error spectrum is
‘ “‘wlnte” up to the ﬂfhgfrequency, ny» so that .

¢
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" FIG. VI I . RAWINSONDE GEOMETRY
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FIG. VI 2~ WEIGHTING FUNCTION FOR DISPLACEMENT .
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. e dz A | .
- S4n) = —rTﬁ L (VIII.%ZI
whert_: S; is the power specxra! density and 0‘21 the variance of errors in d. Now, in

the rawinsonde system, upper winds are obtained lgy “finite difference” differentiation of

the dispiacement observations. 'I‘his is equivalent to applying a weighting function of the

form shown in Figure VIIL.2 with A = 0. The corresponding response function in the .

¢ ' frequency domain is then given by the Founer transform
2 2 ' AT
Rw!n) (f /ZW(t) expl~2rint)dt : - (VIL23)

1
A}

in which W(t) is the weighting function and 7 is the time between fixes on the sensor

position,

In the speciﬁé application of ihis thebry considered in Chapter 4, the rawinsonde’s °
e ‘7"* ., position is in'fact recorded ‘every minute and velocities computed from alternate |
qbservations {'r = 120 sec.), thus yneldmg over[iiapmg two-minute mean winds at one
: mmute mtervals Under these circumstances ny=1/r=1 /120 Hz and (VIll 23)

. becomes

. sinw L 2 -
R 2n) = 4x2n ( N | S (V24
L ;]} - !

Therefore, the spectrum of velocity errors is given by -

L]

S,(n) = R2fn)- $fn)

L}

! - 4”N"<21S""‘2”n"’;v" n < ny o (VH1.25)

‘ /
Following de Jong (1966), estimates of the magnitude of ¢4 can be found by
R ' consideﬁng first the basic geometry of rawinsonge tracking (shown in Figure VIIL.1). The
wind speed is obtained from the horizontal di&placements and azxmuthsﬂ the begmmng

PiadiN

. 4 and end of the period 7, as

. PaRTRAY
7 e e S O
¢ L TR
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'. (d%+d§ _ 2dd cos(8; - 8 g :
i} 172. 172 . (VIIL26)

.

(in the foregoing analysis of S, the term cos(; — @ 2)’” was considered as unity).

Clearly, d can be determined by one of several modes of opera&ion. The\\are:

“height-elevation” mode (h.8) 4

“yange-elevation” mode ( r8) | /_\/— ‘

“height-range”’ mode (hr)
'Lﬁ!’ v
rm of the latter

d out by de Jong.

e eléments, h, r and 8. The pre'cise fo

or a method utilizing all thre
zation procedure which has been came

can be found from an optimi
inimum displacement error varlance is then given by

" 1t has been shown that the mi
2. Aot + rzogof,sm% + Gotosts —
d . aszr126+r20%cos'25+a%l ‘ '

es equal to in turn yields the corres

Putting each of the components varianc ponding
s of particu]ar interest here '

error variances in the other three modes;

+ co‘tzb : aﬁ; (h,5) mode

~ sin®
. * : .
For the simplified case-of (87 — 02~ 0 in Equation VIIL.26 above, it fag¥s tha

4

variance of velocity errors is) .

2q - o \ (VIL29)

_which simply states that the variance of the difference <‘tw0 quantities equals the
" sum of the Separate variances.
ting 0y directly from 04 witho

For practical purposes,
- an avenue for estima ut involving the spectrum Sy

.
.

2 ‘ . ' :
% . (VII1.28)

t the

. therefore, there appears tobe

.
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VIIL3 Spectrum of Self-induced Motions C

Fichtl, deMandel and Krivo (1972) have developed a first-order th.eory of fluctuating
lift and drag coefficients for the acrodynamically induced motions of spherical se;xsors. ~
The eqUaﬁoris of motion are written as before (Equation VIIig) but with the addition '
of the induced™ift-forces due to vortex shedding and wake instability of the form

. -
L, 4GV, -V ‘ :
3 Py W, =V (VIIL30) .
Y
" The lift coefﬁcnent vector, CL, with components C Ly %L and o L

treated as a txme dependent perturbatlon quantxty

The Lift vector acts in a plane perpendicular to the relative wind vector which, con- |

sidering only first-order perturbations, is tilted only slightly from the horizontal. From

this it follows that C 7 is of second order and can be omitted from further considera--
y » :

tion. Also, the lift forces in the hprizontal x and y directions reduce to

l\

AW Cp and G, A a, (VHE31)

s
2

-1
2P

Now, representing the drag coefficient as

o

, g 5@“ +cy (VIlL32)

" and eliminating second order terms from the drag forces, the equations of motion becomg'

v m%:zpaCDAfwl(u u)+madt(u—u)+2paCL AWZ
o — i, 2
”’% = 300 Cp AW = ¥) + my grlig=v) + 3pCp AW

m%’ - _pab—;AlWl(rﬁs W)+ maa%f(w;-w') - %p,‘, C'D:A wiwl

(VIIL.33)




Again, following the theory for the responsoe of the sensor to wind flictuations,
the time dependent quantities are transformed to random functions in the frequency

domain by the Fourier-Stieltjes integrals. Substituting these in the equations’of motion,

\ e Cp

SV "/
(1+ 20inT)d2, = (1+ 2nianT) dZ, + —X. .

' L wldZ
(14 20T} dZ, = (14 2nianT) dZ, + -t
: e . O

: Wiz,
(2 + 2ainT) dZ,, = (2 + 2xianT) dzZ,, - ——
. [

(VI 34)
p

where dZ (n), de’,’(nJ and dZZ&) are the Fourier amplitudes of ¢ . C L}‘, and
. X
’ C’D respectively. The parameters T and @ are defined as before. '

t

If the Fourier amplitudes of the aerodynamic coefficients can be assumed inde-
pendent of those of the environmental wind components, then the ﬂu‘éﬁng aero-
dynamic terms can be analysed separately. Multiplying each of the Fourier amplitudés
by its complex conjugate’ and taking an ensemble averége, the spectra of the induced

motions are obtained in terms of the spectra of aerodynamic polfﬁcients, as follows:
. - Py - N l ‘}
W S y
ch (1+ (2mTP) -
Z‘ fn)

W
cﬁ (1+(2mnTF)

37 ) WZ Ez(n)
Ziy™ 7, ¢} (4 +(2enTP)

(viHL3s)

Ei c S §; ¥are the two-sided power spectral densify functions of the induced
u v fwo ‘ ,

motion components (§; =5/2).

»
v v

o

Ficﬁtl et al estimated the r.m.s..lift and drag coefficients for the JIMSPHERE based s
on a qmow—band descrip?'on of the spectra of ii;duced m’btions. However, it was' ,
noted that measurements with a smooth ROSE billopn by Rogers and Camnitz (1965)
Aindicate that the bafld.Widﬂi of motions .pf a smooth balloo(h)is gonsiderably ngeate:r than

e
1

o




that of the JIMSPHERE. In fact, for a.2 m ROSE balloon at é

and for supercritical Reynolds.numbers (Re > 2.5 x'10°), R

suggest that the spectrum of veloc1ty fluctuations be gwe ‘ot |
. n,, Sfn) ; (I"——-;—)

- ; - = —— 9
T T T eym T 4

with the universal constant 8= 0. 2 the velocxty varian

- o

n .15 Hz. The above normalized spectrum was also usd -J ¥

(o]
JIMSPHERE, the value of 8 being approximately 0009

- » .

- Some other evidence of the nature of self-induced bal
- summaﬁzed as follows:

a)n McVehll Pili¢ and Zigrossi (1965)
Pulse Doppler radar was used to track 1 m and 2.m g
Between 2 and 8 Kﬁm above ground level the 22 m b
standard deviation of radial velocities of 2.52 rn‘/s )
energy in the range 0.1 to 0 25 Hz; much of the o‘b
due to self-induced motions: ' ’

b) Momss!y and Muller (1968)
- ‘ Spectra were obtained ‘from two rawmsonde fhg.hts »Q

tracked at 6-second intervals. Several spectral pea

greates than 1 cy/min (0.167 Hz), and partlcqlarly B 1
- ) cy/min. (.05 to .0833 Hz). With a folding freque t

. o . attributed to aliased self-induced and pendulum m g

-

When the estin;ated instrument errors were reimovég 3

mdre pronounced. ’ It was pointed out that thiS-‘C fild

- : _ 'before aliasing at around 0.7 cy/ miin. (0.11 Hz) e
.

.was of the same magnitude as that of the Induceffm

o - - RE -
: -

without an instrument package rising at the samdeis
. 7
1965).

[

¥
-
-

of the 20 m ;nstrument train. It was also notegd




| | "‘- | IR A Al
| "‘ o L .L r‘ .

RE

| 1965) ' ‘
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APPENDIX 1X

DATA AND ANALYSIS FOR COMPUTED
GRADlENT AND GEOSTROPHIC WINDS

Dat‘a‘

Two distinct sets of data, both cxtcndmg over a penod of one year from May

1972 to Apnl 1973, were used: i in the investigation:

a) Hourly synoptic data for 96 selecte® observing stations in Canada and the
_ United States. These are given in Table IX.1 and their distribution across the

'oontinent‘is shown in Figure IX.1." Each hourly record contains the mean sea level

@
S b o a1

(m. sl ) pressure, surface temperature mean surface wind speed and direction,

and the peak gust speed hsted by statlon and in a consistent ordér for easy

xdentxﬁcatxon

Upper air data for § Canadlan stations:; Edmonton, Alta., Mamwakl Que.,
Moosonee, Ont Stephenvﬂle, Nfid., and the Pas, Man. (also identified in Figure _
IX. l) These thce-dally records are of the standard form previously descnbed o §

‘in Apbendlx V. - ' o L . D

[

Varic;us estimates of the geostrophxc and gradient winds wére obtained for the '
;clec;ed uppér gir stations: listed above (following the theory described in Chapter 4).
. All;nalyscswerecampdoutforthe set times of 00 hrs, GMT and. every threehours ° .
thereafter. In order to determine those stations cqx'm'ibutmg to thc ﬁtb:ng of pressure -
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)
cd

* Baie Comeau

Que

Battle Harbour Nfd *
Cape St, James Bc
Dease Lake BC

. Dauphin’ " Man
Border Que
EdmontonInt. . Alta-
Ennadai Lake . NWT

: Esteve;i’ Sask
Lake Eon Que
Edson “Alta
Fort Reliance NWT

. Fort Simpson NWT
Gaspe Que
Grindstone Is Que
Poste de la Baleine ~ Cue -
Hope | BC *
Hay River - NWT
Halifax Int. A NS
Stephenville Nfld,.
Lac la Biche Alfa
Moosonee ont. ‘
Maniwgki Que

" Natashquan " Que
Nitchequon - Que .
Pease River .~ Alta ~
Fort Chipewyan - Alta,
QuebecCity ¥ Que

, The Pas © Man
Windsor Ont
Yarmouth NS
Moncton . NB

" Thunder Bay S ont

* North Battleford Sask

QY
RI,
RL

» RV

SA

o

=I5B

Ve
Vo
WG
WK
WL
WR
XH

. Xle”

X7
XS
" XT
YC

YE:

YJ
YL
YN
Yo
Yo

YR

Yw
YZ

. IT

Zw

Sydney
Rqberval
Red Luake

" Revelstoke

Sable Is. -
Sudbury

, Thompson

Trout Lake

- Timmins

Twillingate .

~ Monteal int. A

La Ronke,

- Vad'Or

Winnipeg
Wabush Eake
Williams Lake
White River
Medicine Hat
Killaloe

Fort St. John
Prince George
Terrace -
Calgary Int. A
Fort Nelson

" Victoria Int. A

Lynn Lake
Swift Current
Wynyard
Churchill
Goose

~ Armstrong .
Toronto Int. A .

Port Hardy _
Teslin -

-

Q.
1

)

t

NS
Que”
Ont 1

- BC (
“N§

Ont
Man
Ont
Ont
Nfld

- Que .

"Susk
Que,
Man
Nfid
BC
Ont.
Alta
Ont
BC
BC
BC
Alta
BC
BC
Man
Sask
Sask
Man
Nfid

Ont

Yuk

P




Nantucket
Arpeng

© Astoria
Wdusau
" Bangor

Billings
Bismarck
Caribou

<

" Concord

- Dayton

¥

Duluth
Fargo

Kalispell . Mont

Spokane Wash

Glasgow Mont

Great Falls Mont
International Falls ~ Minn

Williamsport . @Pa

'New York Kennedy ANY

Muskegon Mich
Marquette Mich

" Minneapolis - ‘Minn

Rockford i
Syracuse . - NY
Yakima

Youngstdﬂvry

TABLE IX.Ib SYNOPTIC OBSERVING STATIONS (U.S.A.)

¥

-
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and temperature surfaces, a maximum distance of 800 km from the upper air stations
was prescriberl. In"the evept of missing pressure or temperature data at any observation -
point, ghe mean of the readings one hour before and after the analysis time _vras taken.
If both of these were missing the mean over all statiens for that hour was adopted, pro-

- -vided that no more than three pressure or temperature values were determined in this

way, othemse that analysis was omitted. (An altematrve treatment of the problem
of mlssmg data is to assign a weight. of zero to the observmg station mvolved but thls
.approach was rejected here because of the necess1ty of repeatedly forrmng a new

. transformation matrix.) '

e

In the initial stages of this study three models were used to describe both the
m sl pressures and surface temperatures (only the weighted quadratxc form was .

retained throughont) 'I‘hese were:
a) % A quadratic surface, weighted as \)

e ) d<800km¥ e (1X.1)

= -(1 + 008 3rmT— 800k

where d is the distance of the observirrg station from the mean position

of all stations considered in that analysis.

5
-

. ‘ . A
’ . : .« . A
' . ' N

b) + A plane surface, weighted as

e | d<800 km b (1X.2)

. - - (1 - 5505 I ' - ‘
. T8 ‘
c) An unweighted plane, for d < 400 km.
¢ ' Le These methods led to separate estimates of the f'ollowing:' :
a) - The m.s.]. geostrophxc wind vector. - , - 5.

- b) The m.s.l. gradient wind speed (by the quadratic surface model only). -
9 - ¢) The thermal wind vector for. the thrclrness layer between m.s.l. axrd 500 m

3

Al
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above. ground level.

‘ .4) The resulting 500 m geostrophic ﬁnd vector.

IX.3 Observed Gradient Winds

‘ [}

For purposes of comparison, the observed winds at~elevatiqns of 300 m énd S00 m
were extracted from the upper air data in the manner adopted earlier '(see Chapter 3
and Appendlx V). Briefly, this consisted of sunple linear interpolation with respect to
height of the zonal and meridional wind. components recorded, at the adjacent standard -

o

pressure surfaces.
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